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Dedicated to:
Vaccinologists (who work hard developing vaccines) and 
 Healthcare workers in developing countries (who risk their lives vaccinating people) 
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   “We are protecting children from polio at the cost of our lives.”—
Sabeeha Begum (a lady healthcare worker providing polio vaccines in 
Quetta, Pakistan) 

   Vaccinations have helped in preventing several diseases; however, as yet, there are only two 
diseases that have been eradicated globally. Mass awareness programs and aggressive vac-
cination strategies in the twentieth century were able to control smallpox, and the  disease 
was offi cially declared eradicated in 1980. Rinderpest, a serious disease of cattle, was offi -
cially eradicated in 2011, thereby becoming only the second disease to be completely eradi-
cated. Recently, the Americas (North and South America) were declared free of endemic 
transmission of rubella, a contagious viral disease that can cause multiple birth defects as 
well as fetal death when contracted by women during pregnancy. The achievement was due 
to a 15-year effort that involved widespread administration of the vaccine against measles, 
mumps, and rubella (MMR) throughout the Western Hemisphere. 

 One of the dreaded diseases—poliomyelitis—is in the last phases of eradication, thanks 
to the effective vaccines against the disease. The public health effort to eliminate poliomy-
elitis infection around the world began in 1988, and vaccination strategies have reduced the 
number of annual diagnosed cases of polio from the hundreds of thousands to couple of 
hundreds. Nigeria was the last country in Africa to eradicate polio; as of writing this book, 
no polio is reported in Nigeria since last year. Currently, polio remains endemic in two 
countries—Afghanistan and Pakistan. Until poliovirus transmission is interrupted in these 
countries, all other countries remain at risk of importation of polio. Illiteracy, ignorance to 
 vaccines, death threats, as well as killing of healthcare workers providing polio vaccines have 
slowed immunization programs in Pakistan. This toxic scenario coupled with the migration 
of people has led to the persistence of polio in Pakistan and neighboring Afghanistan. With 
awareness for the need of vaccination, knowledge on the importance of vaccination, and 
new rules that may penalize resistance to vaccination, it may be possible to eliminate polio 
by the end of the decade. 

 When I was given the opportunity to author this book ( Vaccine Design: Methods and 
Protocols ), I wished to have at least one chapter on vaccine design or vaccine development 
from every country. Unfortunately, it dawned on me later that not every country invests in 
science! It was also unfortunate to realize that research and development on vaccines is not 
a priority even in some developed countries with resources or infl uence. New sustainable 
technologies are to be developed to create more jobs and improve the well-being of humans 
as well as conservation of nature; hence it is high time countries invest at least 5 % of their 
GDP for science including vaccine development. 

  Vaccine Design: Methods and Protocols  is a practical guide providing step-by-step proto-
col to design and develop vaccines. The purpose of the book is to help vaccinologists 
develop novel vaccines for diseases that are yet to have vaccines based on currently available 
vaccination protocols and strategies. The book will provide protocols for developing novel 
vaccines against infectious bacteria, viruses, and parasites for humans and animals as well as 
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vaccines for cancer, allergy, and substance abuse. The book also contains chapters on how 
antigenic proteins for vaccines should be selected and designed in silico, vectors for produc-
ing recombinant antigenic proteins, and the production of antigenic proteins in plant sys-
tems. Most vaccinologists are not aware of the intellectual property (IP) of vaccines, the 
importance of patents before commercialization, and what components of vaccines could 
be patented; hence chapters on these aspects are also included in the book. The book also 
contains a chapter on the regulatory evaluation and testing requirements for vaccines. 

 The  Methods in Molecular Biology ™ series  Vaccine Design: Methods and Protocols  con-
tains 103 chapters in two volumes. Volume 1,  Vaccines for Human Diseases,  has an intro-
ductory section on how vaccines impact diseases, the immunological mechanism of vaccines, 
and future challenges for vaccinologists and current trends in vaccinology. The design of 
human vaccines for viral, bacterial, fungal, parasitic, and prion diseases as well as vaccines 
for drug abuse, allergy, and tumor are also described in this volume. Volume 2,  Vaccines for 
Veterinary Diseases , includes vaccines for farm animals and fi shes, vaccine vectors and pro-
duction, vaccine delivery systems, vaccine bioinformatics, vaccine regulation, and intellec-
tual property. 

 It has been 220 years since Edward Jenner vaccinated his fi rst patient in 1796. This 
book is a tribute to the pioneering effort of his work. My sincere thanks to all the authors 
for contributing to  Vaccine Design: Methods and Protocols  Volume 1 ( Vaccines for Human 
Diseases ) and Volume 2 ( Vaccines for Veterinary Diseases ) .  The book would not have mate-
rialized without the effort of authors from all over the world. I would also like to thank the 
series editor of  Methods in Molecular Biology ™, Prof. John M. Walker, for giving me the 
opportunity to edit this book. My profound thanks to my wife Jyothi, for the encourage-
ment and support, and also to our twins—Teresa and Thomas—for patiently waiting for me 
while editing this book. Working on the book was not an excuse for missing story time, and 
I made sure that you were told a couple of stories every day before bedtime.  

  Wynnewood, PA, USA     Sunil     Thomas     
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    Chapter 1   

 Challenges in Veterinary Vaccine Development 
and Immunization                     

     Mark     A.     Chambers     ,     Simon     P.     Graham    , and     Roberto     M.     La     Ragione     

     Abbreviations 

  AI(V)    Avian infl uenza (virus)   
  BVD    Bovine viral diarrhea, caused by the Pestivirus, BVDV   
  FMD    Foot-and-mouth disease, caused by the Picornavirus, FMDV   
  IB    Avian infectious bronchitis caused by the Coronavirus, IBV   
  IBD    Infectious bursal disease caused by the Birnavirus, IBDV   
  ILT    Infectious laryngotracheitis, caused by the Herpesvirus, Gallid herpesvirus 1 

(GaHV-1/ILTV)   
  MDV    Marek’s disease, caused by the Herpesvirus, Gallid herpesvirus 2 (GaHV-2/MDV)   
  ND    Newcastle disease, caused by the Paramyxovirus, NDV   
  PRRS    Porcine reproductive and respiratory syndrome, caused by the Arterivirus, PRRSV   
  PRV    Pseudorabies virus (Suid herpesvirus 1), the causative agent of Aujeszky’s 

disease   

1         Introduction 

 Infectious diseases of livestock have a direct major fi nancial impact 
globally through production losses arising from morbidity and 
mortality. Such losses can include poor weight gain or productivity, 
condemnation of product, lower commercial return, and inability 
to trade nationally and internationally. A number of infectious dis-
eases of mammals and birds are of additional global concern due to 
their zoonotic potential, their ability to be carried across geograph-
ical boundaries, their ability to jump species, and to evade or sub-
vert host immune defenses and to throw-off more virulent variants. 
Examples include infl uenza viruses,  Salmonella , and  Leishmania . 
The direct and indirect social and economic costs associated with 
infection are hard to assess [ 1 ], but can be dramatic. For example, 
the H1N1 infl uenza pandemic in Mexico in 2009 directly affected 
tourism, the service sector, retail trade, transport, entertainment, 
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the agricultural industry (particularly pig farmers) and depressed 
international investment. The outbreak is estimated to have 
reduced economic activity by 0.3–0.5 % of gross domestic product 
(i.e., between US$ 2.7 and 4.5 billion) [ 2 ]. The 2001 foot and 
mouth disease (FMD) outbreak in the UK took 7 months to eradi-
cate, resulted in the slaughter of more than six million animals and 
was estimated to cost £8 billion to the public and private sectors 
[ 3 ], as well as having considerable environmental costs [ 4 ]. 

 Vaccines can be used to prevent, manage, or eradicate disease 
and are set to become increasingly important as front-line control 
tools, especially as bacteria progressively emerge with wide resist-
ance to available antibiotics and the burden of parasites resistant to 
antiparasitics increases. The demand for alternative means of con-
trolling disease and enhancing livestock health is driven by increas-
ing concern of consumers over the potential for drug and antibiotic 
residues in meat [ 5 ] and greater awareness of the burden of antibi-
otic resistance in the environment [ 6 ]. However, vaccines are not 
a “silver bullet.” To be most effective they invariably need to be 
deployed within comprehensive control strategies that include 
detailed understanding of the disease epidemiology, biosecurity, 
quarantine, surveillance, diagnosis, education, and control of the 
disease vector or reservoir species. It was this combination of meas-
ures that resulted in the eradication of Rinderpest through vaccina-
tion [ 7 ]. Indeed, veterinary vaccines can be remarkably effective. 
As well as enabling Rinderpest to be eradicated, the development 
of safe, affordable rabies vaccines efficacious in a variety of species 
has resulted in dramatic reductions in the burden of this devastat-
ing disease in some continents [ 8 ] and vaccination against the par-
asitic protozoa Eimeria has been a major success in the fight against 
avian coccidiosis, arguably one of the most economically important 
livestock diseases in the world [ 9 ]. The recent deployment of the 
first genetically modified live bacterial vaccine for avian pathogenic 
 E. coli  has opened the market for a new range of vaccines [ 10 ]. 

 The focus of this review is on vaccination against infectious 
disease. Other applications of vaccination include those designed 
to provide protection against noninfectious diseases such as aller-
gies and cancers, and those designed to control fertility and pro-
duction. For consideration of vaccination for these applications in 
veterinary species the reader is directed to the excellent review of 
Meeusen et al. [ 11 ]. The reader may also wish to read the recent 
review by Knight-Jones et al. that describes aspects of the evalua-
tion of veterinary vaccines and how this compares and contrasts 
with human vaccine evaluation [ 12 ]. 

 In the following fi gure (Fig.  1 ) we present a framework that 
 describes   the different elements that may be considered when 
developing veterinary vaccines. This review focuses more on the 
scientifi c elements at the center of the fi gure, but the cost of devel-
opment, practicality of use, challenges to licensing, and the even-
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tual market value of the vaccine are all crucial considerations that 
may ultimately dictate whether a veterinary vaccine proceeds to 
market. Readers are directed to the excellent online resource, 
Vetvac (  http://www.vetvac.org/index.php    ), a free searchable 
global database of commercially available livestock vaccines. One 
can search by vaccine name,  pathogen  , manufacturer, host species, 
and country of interest, and combine search terms. For access to 
research data for commercial vaccines and vaccines in clinical trials 
or in early stages of research, readers are directed to the  Vaccine 
Investigation and Online Information Network (VIOLIN)   data-
base (  http://www.violinet.org    ). For researchers in the UK, the 
Veterinary Vaccinology Network (  www.vetvaccnet.org    ) is a multi-
disciplinary network with the aims of facilitating knowledge 
exchange and discussion, fostering development and uptake of 
novel tools and technologies, and addressing unmet needs in 
 protective immunity in the fi eld of veterinary vaccinology [ 13 ].

2       Choice of Target Species 

 The target host species for vaccine development is often dictated 
by the economic impact of the disease or the risk the species repre-
sents for onward transmission of a  pathogen  , although it may also 
be a candidate for vaccination if it is valuable to protect in its own 
right, e.g., companion animals, rare species or zoological 
 collections. Typically the species of concern is targeted directly for 
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  Fig. 1    Different elements that have to be considered when developing veterinary vaccines       
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vaccination. However, it may be that the vaccine is targeted to a 
reservoir species that presents a risk. For example, European 
 badgers ( Meles meles ) may be vaccinated against bovine  tuberculo-
sis (TB)   in England and Wales with BCG (Bacillus Calmette–
Guérin) (BadgerBCG, Animal and Plant Health Agency, UK) in an 
effort to break the transmission of   Mycobacterium bovis    infection 
between badgers and cattle. There are also experimental vaccines 
against   Toxoplasma gondii    infection of domestic cats that could be 
used to reduce excretion of oocytes into the environment, thereby 
protecting  sheep   from infection with the parasite resulting in 
 abortion [ 14 ]. Another important application of vaccination of 
veterinary species is to protect humans from  zoonoses  . Examples 
of this include vaccination of domestic dogs and sylvatic carnivore 
species to protect against  rabies   in humans and domestic and 
 companion animals; vaccination of  poultry   and pigs against 
 zoonotic serovars of  Salmonella spp. ; vaccination of cattle against 
enterohemorrhagic   Escherichia coli    O157:H7 [ 15 ]; and the 
 proposed vaccination of dogs against   Leishmania     spp.  to protect 
humans against  visceral leishmaniasis   [ 16 ]. 

 Where there are multiple host species for the same  pathogen  , 
there may be a lack of information on the effi cacy of a vaccine in all 
affected species. The effi cacy of a vaccine may vary between  species, 
making extrapolation from one to another diffi cult. For example, 
because of their commercial value,  chickens   and turkeys are the 
focus of avian infl uenza (AI) vaccination and the only bird species 
for which there are licensed vaccines. Whilst ducks and geese may 
be signifi cant reservoirs of AI viruses, including highly pathogenic 
variants, the performance of vaccines in these species is largely 
unknown.  

3    Choice of Vaccine Approach 

   There are many examples of the use of inactivated whole- pathogens as 
successful veterinary vaccines spanning several decades. These include 
inactivated viruses, e.g., for swine and avian infl uenza and bovine viral 
diarrhea (BVD), parasites, e.g., for leishmaniasis and spontaneous 
abortion in cattle caused by  Neospora caninum , and bacteria, e.g., 
immunization of dogs against   Borrelia    spp. Inactivation is usually 
brought about by heat or chemical treatment or irradiation. 

 The advantage of vaccines based on the whole-pathogen is that 
they are generally stable and retain a high proportion of the 
  antigens   of the live  pathogen  . However, by defi nition they are 
unable to infect or replicate in the host or express antigens associ-
ated with active metabolism, replication, or other life-cycle stages. 
As a consequence, inactivated whole-pathogen vaccines often 
require booster immunizations and the inclusion of  adjuvant  s to 
achieve adequate protection. 

3.1  Inactivated 
Whole-Pathogen
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 One novel approach involves the creation of bacterial “ghosts.” 
Bacterial ghosts are nonliving gram-negative bacterial cell envelopes 
devoid of cytoplasmic contents while maintaining their cellular 
morphology and native surface antigenic structures. They are pro-
duced by bacteriophage protein-mediated lysis of the bacteria. As 
well as containing intrinsic adjuvant properties, bacterial ghost 
preparations can be made containing additional  antigens   that are 
expressed in the envelope complex of the bacteria before they are 
lysed. The advantages of bacterial ghosts include the simplicity of 
the production method, safety, independence from the  cold chain  , 
and versatility to express multiple antigens as a combination  vaccine. 
We are not aware of any commercial vaccines based on bacterial 
ghost preparations. Recent experimental evaluation of ghosts 
 prepared from  Salmonella enterica  serovar Enteritidis carrying the 
 E.    coli    heat-labile enterotoxin B subunit as an  adjuvant   gave very 
encouraging protection to  chickens   against challenge with a  virulent 
Salmonella Enteritidis strain [ 17 ]. 

 Inactivated whole-virus vaccines may not induce cross-protec-
tion from one viral geno/sero-type to another, e.g., for FMDV, 
possibly due to inactivated whole-pathogen vaccines working via 
the induction of antibody-mediated immunity and not via the 
induction of cell- mediated  immune responses   which may be more 
broadly cross- reactive, although this limitation may be overcome by 
including multiple inactivated types in the same vaccine preparation.  

   Live attenuated vaccines are reduced  virulence   versions of the tar-
get pathogen that retain the ability to undergo limited replication 
within the host, thereby inducing cellular and/or humoral  immune 
responses   that are relevant to conferring protection against the 
fully virulent organism. As a consequence, live attenuated vaccines 
rarely require an  adjuvant   to be effective and can be administered 
in a way that mimics the natural route of infection. They can be 
highly effective vaccines capable of providing lifelong immunity. 
For example, the eradication of Rinderpest virus, only the second 
pathogen after smallpox virus to have been eliminated via human 
intervention, was the result of the targeted use of an effi cacious live 
attenuated vaccine [ 7 ]. Vaccination against  Trichophyton verruco-
sum  with an attenuated strain of  T. verrucosum  (Bovilis Ringvac 
LTF-130, Merck Animal Health) has all but eradicated bovine 
ringworm from the national herd in Norway [ 18 ]. 

 A signifi cant advantage of live vaccines is that they express a 
wider range of relevant pathogen  antigens  , including those that 
require active metabolism. This is particularly important for vaccines 
against  protozoa  n or helminth parasites since antigens may be dif-
ferentially expressed between life cycle stages. The commercial 
protozoal vaccine Toxovax (MSD Animal Health) protects ewes 
against infection with   Toxoplasma gondii   . The attenuated vaccine 
strain of  T. gondii  (S48) cannot form cysts and is therefore unable 

3.2   Live Attenuated 
Pathogens
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to persist. The commercial helminthic vaccine Bovilis ®  Huskvac 
(MSD Animal Health) protects cattle against the lungworm 
 Dictyocaulus viviparus . The vaccine contains 1000–2000 viable  D. 
viviparus  infective third stage larvae that are irradiated to prevent 
their development into the mature adult stage. 

 Pathogen attenuation is often induced by serial passage 
through in vitro culture or infection of alternative hosts with reli-
ance on random mutations to result in reduced virulence in the 
target host. The paradigm for such a vaccine was the development 
of BCG vaccine against  TB  . Starting with a virulent bovine strain 
 of    M. bovis,  Albert Calmette and Camille Guérin cultured the 
 bacteria on a medium composed of ox bile, glycerine and potato 
and then subcultured the bacteria at roughly 3 weekly intervals. 
After 11 years or approximately 230 subcultures the bacteria failed 
to produce progressive  TB   when injected into a variety of mam-
malian species, including cattle. Since that time, BCG remains the 
only TB vaccine licensed for use in humans and has been the sub-
ject of numerous trials in cattle to test its ability to protect against 
bovine TB. As has been observed for humans, BCG’s ability to 
confer protection to bovine TB is highly variable. However, its 
main limitation is that it can sensitize cattle to produce a positive 
tuberculin skin-test reaction, the mainstay of surveillance and 
 control for bovine  TB  . Defi ning the genetic lesions in BCG respon-
sible for attenuation became possible with the advent of whole-
genome sequencing. The availability of the complete genome 
sequence data for many pathogens now permits selective deletion 
or disruption of genes to result in targeted attenuation. A good 
example of this is the recently launched avian pathogenic  E.    coli  
  vaccine, Poulvac ®   E. coli  (Zoetis) [ 10 ]. 

 Despite their success for some diseases, there are a number of 
problems with many inactivated whole-pathogen or live attenuated 
vaccines including that the  immune responses   they induce are often 
indistinguishable from those elicited by natural infection. Thus, 
they do not readily allow for differentiation between infected versus 
vaccinated animals (DIVA), which makes them less suitable for use 
in disease eradication efforts. Some notable examples include foot-
and-mouth disease (FMD), leptospirosis, brucellosis and bovine 
 TB  . Vaccines may interference with surveillance methods in two 
different ways: either it is not possible to differentiate the wild-type 
pathogen from its vaccine strain in a diagnostic sample, e.g., for 
infectious bursal disease (IBD), Newcastle disease (ND), and FMD; 
or a vaccine generates false positivity in an immunodiagnostic test. 
For example, seroconversion following vaccination against IBD or 
sensitization of vaccinated livestock to the single bovine intradermal 
tuberculin test as a consequence of vaccination with the paratuber-
culosis/Johne’s disease vaccine, Silirum ®  (CZ Veterinaria) [ 19 ] or 
BCG. In the latter case, considerable effort has been invested in the 
characterization and validation of DIVA diagnostic reagents that 
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might permit the use of BCG in cattle. In some cases, the gene 
product disrupted for  attenuation may encode an immunodomi-
nant, unprotective, nonessential  antigen   and this can be used as the 
basis of a DIVA test to discriminate vaccination from infection with 
wild-type pathogen. 

 Attenuated virus vaccines are generally considered more effi ca-
cious than inactivated whole-virus vaccines since they induce stron-
ger T cell responses, high titers of virus-neutralizing antibodies and 
provide a longer duration of protection from clinical disease. 
However, there is a risk that the vaccine virus can revert to a  virulent 
form or recombine with fi eld viruses and cause disease. This was 
seen with attenuated vaccines for both BVD and porcine reproduc-
tive and respiratory syndrome (PRRS). In the case of attenuated 
vaccines against AI, there is an inherent risk of gene reassortment 
with wild-type viruses and the emergence of pathogenic variants. 
Infectious laryngotracheitis (ILT) is a particular problem for the 
intensive  poultry   industry. Attenuated vaccines for ILT,  particularly 
those derived by passage in  chicken   embryos, have been associated 
with a number of side effects, including residual virulence,  transmission 
to naïve birds, latent infection with subsequent  reactivation and shed-
ding of virus, and reversion to virulence after passage in vivo. Most 
recently, recombination between attenuated ILT vaccines in the fi eld 
has been shown to be responsible for the emergence of new virulent 
viruses that have caused widespread disease. 

 In pregnant animals, live vaccines present a risk of vertical 
transmission of the attenuated pathogen that can result in fetal 
complications or persistent infection [ 20 ]. As a result, some live 
attenuated viral vaccines are not licensed in a number of countries. 
Attenuated bacterial vaccines may also retain a degree of virulence 
that provides impetus to developing safer vaccines of equal effi cacy. 
For example, the most widely used live attenuated vaccines for 
 Brucella abortus  and  B. melitensis  can induce abortion in the host 
and brucellosis in people.   

   The major advantage of  subunit vaccines   is their safety. However, 
their production as recombinant protein relies on knowledge of 
the protective  antigen  . In many cases this is either unknown or 
protection is mediated through a variety of antigens. The latter 
may not necessarily be an issue, as exemplifi ed by commercial 
 vaccines available for porcine contagious pleuropneumonia where 
four or fi ve recombinant proteins from the causative organism 
 Actinobacillus pleuropneumoniae  are combined to provide protec-
tion against all known  A. pleuropneumoniae  serotypes. A further 
limitation is that the recombinant form of the antigen may not 
induce the same type or extent of  immune response   as the native 
 antigen   because it doesn’t preserve native conformation. This is a 
particular issue for vaccines against parasites and viruses where the 
target for vaccination is often a glycoprotein. 

3.3  Protein Subunit
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 As for inactivated whole-pathogen vaccines, subunit  protein 
vaccines   are often poorly immunogenic and require booster immu-
nizations and inclusion of  adjuvants   to achieve adequate  protection. 
When added to their relatively high cost of production, this makes 
them less attractive commercially. Nonetheless, there are some 
commercial  subunit vaccines   based on recombinant protein, e.g., 
the Porcilis PCV vaccine (MSD Animal Health) is based on the 
baculovirus-vectored expression of recombinant ORF2 protein of 
porcine circovirus type 2 (PCV2), the causative virus of porcine 
circoviral disease including the post-weaning multi-systemic 
 wasting syndrome of pigs. 

 More rarely, the subunits may be native proteins often isolated 
from the supernatants of  pathogen   cultures. An example of this is 
the soluble parasite  antigens   released by culture of  Babesia canis . 
When combined with  adjuvant  , these  antigens   form effective 
 vaccines against canine babesiosis.  

   Exogenous vaccine genes can be presented and expressed in the con-
text of a vector organism. Frequently the vector is a virus, such as a 
herpesvirus,  adenovirus  , or poxvirus, but bacterial vectors are also 
used, including BCG and  Salmonella , as well as bacterial endospores 
[ 21 ]. Some recombinant vector vaccines are licensed for use, such as 
a vaccine for H5 clade AI based on a recombinant fowlpox  virus vec-
tor   (Trovac-AIV H5, Merial), a vaccine for equine infl uenza based 
on canarypox virus (Proteq-Flu/Recombitek, Merial) and rabies 
vaccine based on recombinant vaccinia virus. Recombinant poxvi-
ruses are particularly attractive vaccine vehicles as they are environ-
mentally robust, genetically stable, safe, produce long-lasting 
immunity and can accommodate a large amount of foreign 
DNA. The vaccinia virus vectored rabies vaccine has been particu-
larly successful as an  oral vaccine   vector against rabies in wild carni-
vores, resulting in substantial control of the disease throughout 
Western Europe and the USA. Virally vectored  recombinant vac-
cines   have been developed against ILT in an effort to address the 
numerous side-effects seen with attenuated viral  vaccines (reviewed 
in Ref. [ 22 ]). Some of these have been licensed recently for use in 
some areas of North and South America, such as Vectormune ®  (FP-
LT, Ceva Animal Health), based on a recombinant fowlpox vector. 

 An attractive approach is to make an attenuated form of a tar-
get  pathogen   as the vector organism with the aim of generating a 
bivalent vaccine eliciting protective immunity to both the vector 
and the heterologous antigen(s)    it expresses. No such vaccines 
have yet been licensed using a bacterial or parasite vector but have 
been for viral  vectors  . Simultaneous protection against Marek’s 
disease virus (MDV) and either IBDV (Vaxxitek HVT + IBD, 
Merial) or  ILTV   (Innovax ® –ILT, Intervet International B.V; 
Vectormune ®  HVT-LT, Ceva Biomune) has been possible using 
turkey herpesvirus as the vector to express IBDV or ILTV  anti-

3.4  Recombinant 
Vector
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gens  . Turkey herpesvirus is nonpathogenic for  chickens   but confers 
cross-protection to MDV. Encouraging results have also been seen 
with live   Salmonella  vectors   expressing peptide  epitopes   from 
 Campylobacter  proteins [ 23 ]. Recent progress in the genetic 
manipulation of  Eimeria  species presents the exciting opportunity 
for the creation of  transgenic parasite   lines as host-specifi c vaccine 
delivery vectors expressing one or more foreign proteins to provide 
simultaneous protection against coccidiosis and other veterinary or 
 zoonotic   pathogens [ 24 ]. However, it is also worth noting that 
preexisting anti-vector immunity can neutralize these vaccines and 
signifi cantly diminish their  immunogenicity  .  

    DNA vaccines   are based on the ability of injected plasmids to 
express vaccine  antigens  , under the control of an appropriate 
eukaryotic promoter, in host tissue, in particular muscle cells and 
skin epithelia. Recombinant plasmid DNA is both relatively cheap 
to produce and sufficiently stable to avoid the necessity for a cold-
chain in many cases. However, the level of protective immunity 
induced by DNA vaccination is often low unless relatively large quan-
tities of DNA are injected, so as for recombinant  protein vaccines  , 
their cost is often prohibitive. One application where they have been 
found to be particularly successful is in protecting fish against viral 
diseases, such as infectious hematopoietic necrosis in Atlantic salmon 
(Apex-IHN, Novartis). At present, fish must be injected with the 
DNA vaccine intramuscularly, a process that is surprisingly efficient 
 (see videos at   http://www.norvacc.com/video-7.html    ).  

   The expression of  recombinant vaccine   antigen(s) in plants that 
could be fed to target species in order to generate and maintain pro-
tective immunity is an attractive option that has been explored for 
two decades; recently in the EU FP7 project PLAPROVA (project 
reference: 227056). This 3 year project completed in 2012 (  http://
cordis.europa.eu/project/rcn/89887_en.html    ) and focussed on 
AIV, blue tongue virus and PRRSV. There have also been encourag-
ing results using recombinant antibodies against  E.    coli    O157:H7 
produced in plants [ 25 ,  26 ]. A challenge is  overcoming the propen-
sity for  oral vaccines   to induce immune  tolerance. The fi rst plant-
based vaccine (for ND) was licensed in 2005. As well as protecting 
against viruses of domestic species, the approach also shows promise 
for the delivery of parasite  antigens   to the gut associated lymphoid 
tissues (e.g., for  fasciolosis  , schistosomiasis, poultry coccidiosis, por-
cine cysticercosis and ascariosis) or passive immunization through 
the delivery of plant-expressed antibodies. The reader with an inter-
est in progress in plant-based, edible vaccines is directed to recent 
reviews of the subject [ 27 – 29 ]. Despite the promise of plant-based 
vaccines there are concerns with public acceptance of GM foodstuffs 
for livestock and the risk they pose to contamination of the human 
food chain or the environment [ 30 ].  

3.5   DNA Vaccine

3.6  Plant-Based/
Edible Vaccines
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   Some approaches to vaccination exploit a synergy where two 
 different vaccines to the same  pathogen   are combined to augment 
protective immunity. We break these down into two broad approaches. 
The fi rst has been termed, heterologous  prime-boost  . The second 
approach exploits what we refer to as combination vaccines. 

   In this scenario, the host is fi rst  primed   with one type of vaccine, 
such as a live viral vector expressing  antigen  (s), followed by 
 boosting with another vaccine, such as a live attenuated vaccine 
that expresses the same antigen(s) present in the priming vaccine. 
The objective is to boost or enhance immunity to the antigen(s) in 
a way that is more effective than using the same vaccine for priming 
and boosting. Comprehensive proof of principle for this approach 
has been demonstrated for vaccination against  M.    bovis    ,  the cause 
of bovine TB. A number of vaccination strategies have been evalu-
ated for their protective effect in a bovine challenge model 
(reviewed in Ref. [ 31 ]). Currently the most effective vaccination 
strategy against bovine  TB   is based on priming the immune system 
with the live attenuated BCG vaccine followed by boosting with a 
subunit  vaccine   containing protective  antigens   that are present in 
BCG. A number of these heterologous prime-boost regimes have 
conferred greater relative protection to cattle than immunization 
with BCG alone. The most promising combinations combine a 
prime with BCG followed by boosting with either modifi ed  vaccinia 
virus Ankara strain (MVA) or attenuated  adenoviruses   expressing 
the mycobacterial  antigen   Ag85A [ 32 ]. 

 Another example is the comprehensive evaluation of heterolo-
gous prime-boost vaccination regimes against pseudorabies virus 
(PRV) infection causing Aujeszky’s disease in pigs [ 33 ]. In this 
study the effi cacy of a conventional modifi ed  live vaccine   was com-
pared with the effi cacy of different prime-boost regimes. These 
consisted of homologous prime-boost regimes (DNA–DNA 
 vaccination or parapox virus–virus vaccination) or heterologous 
prime-boost regimes ( DNA–virus   or virus–DNA), all expressing 
glycoprotein D of PRV. The different prime-boost regimes resulted 
in variable levels of  immunogenicity   and protection against chal-
lenge infection. Most effective was the regime of priming with 
DNA followed by boosting with the parapoxvirus vector. This 
regime resulted in strong antibody responses comparable to the 
responses obtained after prime-boost vaccination with the  modifi ed 
 live vaccine   and a level of protection to challenge better than the 
other prime-boost regimes. From a practical perspective, heterolo-
gous prime-boost approaches can suffer from the disadvantage that 
two vaccines must be produced/administered in the place of one. 
Furthermore, there is added practical complexity that the two 
 vaccines must be administered often in the correct sequence to 
achieve the required protection.   

3.7  Heterologous 
Approaches

3.7.1   Heterologous 
Prime-Boost
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   In this scenario two different vaccines to the same  pathogen   are 
administered simultaneously, with the objective of enhancing pro-
tective immunity. There are numerous successful examples of this 
approach. Typically the combination is against different strains of 
the same pathogen using the same vaccine form. An example of 
this is Poulvac IB Primer (Zoetis), a lyophilized vaccine containing 
two attenuated strains of avian infectious bronchitis virus (IBV): 
Massachusetts serotype H120 and Dutch variant strains D207/
D274. Alternatively, the combination may be based on different 
vaccine types. For example, the simultaneous administration of live 
and inactivated vaccines against  NDV   provides better protection 
and has been used successfully in control programs in areas of 
intense  poultry   production. In some cases the licensed vaccine 
contains multiple vaccines against different  pathogens  , e.g., the 
RECOMBITEK ®  C4 (Merial) vaccine comprises a modifi ed live 
virus and a canarypox vector to confer protection against canine 
distemper, Adenovirus Type 2, Parainfl uenza, and Parvovirus, and 
the RECOMBITEK ®  C6 (Merial) vaccine adds a liquid suspension 
of inactivated cultures of  Leptospira canicola  and  L. icterohaemor-
rhagiae  to confer additional protection against Leptospirosis.    

4    Choice of Antigen 

 Many of the points relating to the choice of vaccine  antigen   have 
been alluded to already. An essential consideration is whether suf-
fi cient protective immunity can be produced using a single antigen 
or whether multiple antigens are required. Indeed, it may not even 
be known what the protective  antigens   are or the mechanisms of 
protective immunity, which may guide an antigen identifi cation or 
evaluation strategy. Even if the protective  antigen   is known there 
are still important considerations and constraints that often dictate 
the type of vaccine that is developed; for example, the extent to 
which the antigen varies naturally and whether it is necessary to 
retain native  antigen   conformation to establish protective immu-
nity with the vaccine. Single-stranded  RNA viruses  , such as 
 infl uenza, lentiviruses including feline immunodefi ciency virus 
(FIV) and  nidoviruses   such as IBV and PRRSV evolve rapidly by 
 antigenic drift and shift meaning a vaccine developed to one  variant 
may provide limited cross-protection to heterologous variants, 
presenting a major obstacle for vaccine development. In some 
cases, vaccination with two genetically divergent vaccines to 
broaden the protection against heterologous types can be effective, 
as in the case of the Poulvac IB Primer (Zoetis) vaccine to avian 
IBV, described above. 

 A novel experimental vaccine for leishmaniasis extends consid-
eration of the vaccine  antigen   to targets beyond the  pathogen 
  itself. In this study, vaccination was to the bite of the sand fl y 

3.7.2  Combination 
Vaccines
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 vector. Immunity generated in a hamster model to a fl y salivary 
protein resulted in protection against  Leishmania infantum , 
 suggesting a new approach to vaccination against infections trans-
mitted by ectoparasites [ 34 ].  

5     Choice of Immune Response To Be Targeted 

 This is frequently an aspect of vaccination that is poorly defi ned  for   
the  pathogen   and/or the target species. This is exacerbated if the 
pathogen is diffi cult to work with experimentally or relatively little 
is known about the immune response of the target species and suit-
able reagents for its study are lacking. Good examples for this are 
the development of equine vaccines (reviewed in Ref. [ 35 ]) and 
vaccines against avian infl uenza (AI) in Anseriformes, such as ducks 
and geese [ 36 ,  37 ]. Only since 2004 has the full complement of 
horse immunoglobulin heavy chain constant region genes been 
described. The horse is atypical in that it expresses seven IgG 
 subclasses. To achieve maximal protection to infections mediated 
by Fc receptor or complement-mediated elimination mechanisms, 
it appears vaccines should elicit IgG antibodies of particular IgG 
subclasses; other subclasses offering less effective protection [ 38 ]. 
Importantly, as the authors of this work point out, since IgG plays 
key roles in both serum and mucosal compartments in the horse, 
these considerations are applicable to both systemic and mucosal 
vaccination strategies. Vaccination of Anseriformes with existing 
AI vaccines requires a higher dose of  antigen   compared with  chick-
ens   or the addition of a strong stimulator for the immune response 
to be effective. Differing immunoglobulin genetics is considered 
to be a signifi cant contributing factor to this [ 36 ]. 

 This said it is debatable whether it is necessary to have a clear 
understanding of the protective immune mechanisms before 
 vaccine development can proceed. However, a good understand-
ing of immunological correlates/surrogates of protection can 
reduce the need for expensive challenge experiments as part of the 
vaccine development process. Commercial vaccines, such as BCG 
for  TB   and Fel-O-Vax FIV for FIV are widely used vaccines yet the 
precise basis for their protection is unclear. This means we do not 
know why they fail to protect certain individuals. Poor understand-
ing of the basis for protective immunity makes it hard to develop 
improved vaccines on a rational basis. 

 Even when a signifi cant amount is known about the nature of 
protective immunity, the challenge may be that effective protection 
requires stimulation of different elements of immunity at different 
stages and in different anatomical locations. For example, antibod-
ies only protect at the initial site of infl uenza infection whereas 
cellular responses, especially cytotoxic T-lymphocytes (CTL)    are 
needed once initial infection has occurred. These considerations 
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dictate how the  antigen   is presented, e.g., vaccine-derived anti-
genic peptides must be processed and presented by MHC class I 
cytosolic or cross-presentation pathways for  CTL   responses to be 
generated. 

 In addition, the immune response required to protect against 
one  pathogen   may be antagonistic to the response required to 
another type of pathogen. This is best exemplifi ed by the  difference 
in protective immunity required against helminthic pathogens, 
that is characterized by the type 2 immune response, compared to 
the response required for intracellular pathogens, that is character-
ized by type 1 immune responses. This of course is a generalization 
but it highlights how antagonism between the two broad arms of 
immunity can be a hurdle to vaccination; underlying concomitant 
infections may skew the immune response making redirection of 
the immune response by vaccination a challenge. 

 As  innate immunity   is considered to be evolutionary primitive 
compared to acquired immunity, many elements of the innate 
response are common amongst veterinary species, such as the 
 universal existence of pattern recognition receptors (PRRs) able to 
respond to  pathogen-associated molecular patterns   (reviewed in 
Ref. [ 39 ]). Increasing our understanding of the innate immune 
response to pathogens should result in the development of 
 molecular  adjuvants   to enhance and/or refi ne the host response to 
vaccination.   

6     Adjuvants 

 An adjuvant enhances the magnitude or duration  of   immunity, can 
accelerate the onset of immunity, direct its nature, prolong immu-
nological memory, reduce the dose of  antigen   required to establish 
immunity, or a combination of these actions. They do this by either 
sequestering the antigen or targeting it to an antigen-presenting 
cell (APC), by activating the APC, or modifying the behavior of 
 T-cells  . Some vaccines contain inherent adjuvanticity due to their 
ability to stimulate the innate immune system via engagement of 
PRRs. Inactivated whole-virus or  subunit vaccines   invariably need 
an adjuvant to boost delayed or weak protective immunity, e.g., for 
swine  infl uenza virus   or PRRSV, especially where the  pathogen 
  downregulates host immunity, e.g., PRRSV and to overcome the 
effects of maternal antibodies on young animals (a form of vaccine 
interference— see  Subheading  9 ). 

 The choice of adjuvants is considerable. One advantage faced 
by those developing vaccines for veterinary species compared to 
human is that the use of adjuvants is currently less restricted. There 
have been numerous reviews of adjuvants for use in humans and 
animals over the last 20 years and we would refer readers to those 
listed below in particular. In the following table (Table  1 ) we  present 
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a synthesis of information described in these reviews and gleaned 
from other published studies. It is almost certainly not exhaustive 
but serves to describe the wide range and nature of adjuvants avail-
able or under development. Some adjuvants could be described 
under more than one type but these, e.g., saponin and CpG oligo-
nucleotides, are listed only once for simplicity. Many veterinary 
adjuvant-vaccine  formulations   are proprietary and their composi-
tions have not been disclosed. The reviews provide more detail for 
the different adjuvants regarding their composition, structure, 
mode of action, type of  immune response   they stimulate (where 
known), target host species, and  pathogen   for which they have 
been evaluated.

   The use of adjuvants in veterinary species has not been without 
notable side effects. For example, the occurrence of vaccine- associated 
malignant sarcomas in cats is attributed to the use of aluminum salt 

   Table 1  
  Summary of  adjuvants   available for veterinary vaccine development by type   

 Type of adjuvant 

 Examples (incl. brand name where appropriate) 

 Notes  Those underlined are in use in licensed vaccines 

 Oil emulsion  Freund’s Complete and  Incomplete Adjuvants , 
  Montanide    ® , Titermax ® , Ribi ® , SAF ® , MF59 

 May be W/O (water in 
oil) or O/W (oil in 
water), or further 
combinations, e.g., 
W/O/W 

 Microparticle   Aluminum hydroxide ,  potassium aluminum sulfate 
(alum) ,  aluminum phosphate (alhydrogel) , calcium 
phosphate, immune stimulating complexes of Quillaja 
saponins (ISCOMs), poly(lactide-co-glycolide) (PLG), 
alginate, liposomes, non-ionic block copolymers, 
virosomes, cochleates, poloxamers, virus-like particles 
(VLPs) 

 (Immuno)-active 
compounds 

 Saponin (Quil A or  QS-21 ), DDA, Monophosphoryl 
lipid A (MPL A), cytokines (IL-1, -2, -6, -8, -12, 
TNF-α, GM-CSF, MIP-2, type I interferons),  chitosan   

 Cytokines have been 
evaluated particularly 
in ruminants, pigs, 
and birds 

 Microbial derived  Heat-labile enterotoxin and cholera toxin (LT, CT) and 
mutants thereof (LTK63, LTR72), 
(lipo) polysaccharides  , CpG oligonucleotides, 
lipopeptides, fl agellin and other Toll-like receptor 
agonists 

 Synthetic 
polymers 

 Polyanhydrides, polyesters, polyester amides, dextran 

  Information in this table was partly taken from data presented in the following reviews to which the interested reader is 
directed: [ 40 – 44 ]  
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adjuvanted vaccines [ 45 ]. The hemorrhagic  disorder; bovine neona-
tal pancytopenia (“bleeding calf syndrome”) that emerged in 2007 in 
several European countries was reported to be linked to the use of 
the BVDV vaccine PregSure ® BVD. Moreover, this association was 
attributed by some to the presence of signifi cant amounts of biopro-
cess impurities within the vaccine combined with a powerful adjuvant 
system [ 46 ]. This apparent association led to the withdrawal of the 
product from the market in 2011.   

7     Route of Vaccination/Effi cacy of Delivery 

 Considerations over the most appropriate route of delivery for the 
vaccine may be driven by practicality, concerns over local reactoge-
nicity, or attempts to enhance or direct the  immune response   in a 
desired way. Since the route of entry for many  pathogens   is at 
mucosal surfaces, the induction of immunity at mucosal surfaces is 
critical to prevent infection. Therefore numerous attempts have 
been made to deliver vaccines to mucosal surfaces (oral, ocular, 
nasal). It is often generalized that a common mucosal immune 
 system exists whereby antigenic stimulation of immunity at one 
mucosal site results in the secretion of IgA at a distant mucosal site. 
However, in many cases this has shown not to be the case. Instead 
there is functional compartmentalization and limited reciprocity 
between sites. Basic understanding of the extent to which the  target 
species shares a common mucosal immune system is an essential 
consideration in determining the most appropriate route of 
 immunization. For instance, whilst  oral immunization   may  confer 
 protection in the respiratory tract, the converse may not be true. 

 The oral route is likely to be the favored route for targeting 
populations or larger groups of animals, especially wildlife species 
and  poultry  . However, in the case of vaccine delivery for wildlife it 
is dependent on presentation in bait and the most suitable bait and 
baiting strategy may differ between species and contexts, as 
 exemplifi ed by  rabies   vaccination [ 47 ]. Automated  in ovo  vaccina-
tion is an emerging technology for  poultry  , e.g., using the 
Inovoject ®  System (an Embrex ®  BioDevice from Zoetis) to deliver 
Inovocox ®  vaccine against coccidiosis. The manufacturers claim 
advantages for the system over oral or parenteral vaccination of 
chicks such as consistent and uniform vaccine delivery, reduced 
chick stress, earlier  immune response   and protection, and  signifi cant 
labor savings. DNA vaccination may be improved through attempts 
to improve transfection effi ciency, such as transcutaneous  injection, 
biolistic particle delivery, or  electroporation   (reviewed in Ref. 
[ 48 ]), but these methods are not yet in routine use with livestock. 
For fi sh, the route of vaccine delivery is an important factor in 
infl uencing effi cacy. The most effi cient delivery route at present is 
intramuscular (IM) injection [ 49 ], but suitable delivery strategies 
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for mass vaccination of small juvenile fi sh have yet to be developed. 
Other methods evaluated for vaccination of fi sh include  scarifi cation 
of the skin, intraperitoneal injection, intrabuccal administration, 
cutaneous particle bombardment using a gene gun, or immersion 
[ 50 ,  51 ]. The ideal approach would be oral or  immersion   delivery 
of vaccine, but so far gene gun mediated delivery appears the most 
promising alternative to IM injection although it remains at the 
research stage.  

8    Illustrative Examples 

 The challenges and the diversity of approaches taken to veterinary 
vaccine development are well illustrated by a few examples for 
which the authors have particular experience. 

   PRRS is arguably the most important disease impacting the swine 
industry worldwide. Improving the effi cacy of vaccination against 
PRRS is a major challenge particularly since the PRRS virus 
(PRRSV) is rapidly evolving and diversifying. Progress is hampered 
by uncertainty over the viral targets of protective immunity and 
signifi cant knowledge gaps in the understanding of the mecha-
nisms of host protective immunity to PRRSV infection. The lack of 
reliable correlates of immunity that mean novel vaccines need to be 
tested empirically and the genetic diversity of PRRSV means 
extrapolation of results between isolates is risky. 

 According to   www.vetvac.org    , there are currently 25 commer-
cially available PRRSV vaccines; 15 live attenuated and ten inacti-
vated vaccines, which are derived from both the North American 
and European PRRSV genotypes. Modifi ed live vaccines (MLVs) 
were rapidly developed following the almost simultaneous 
 emergence of the two PRRSV genotypes in North America and 
Western Europe some 25 years ago. The market leading MLV 
(Ingelvac PRRS MLV, Boehringer Ingelheim) was based on a 
North American genotype isolate and it has now been attributed as 
being responsible for the introduction of North American PRRSV 
to over eight countries outside of this continent [ 52 ]. This sharply 
illustrates the capacity of attenuated PRRSV to revert to virulence, 
a property facilitated by a high-mutation rate during PRRSV 
 replication. In addition, there are numerous reports of PRRS dis-
ease outbreaks being caused by “vaccine-like” isolates [ 53 – 58 ]. 
Despite these safety issues, MLVs continue to be widely used, 
which is undoubtedly driven by the limited effi cacy of inactivated 
vaccines particularly against heterologous strains. Inactivated 
PRRSV vaccines are therefore best suited as autogenous or “farm-
specifi c” vaccines as proposed by Geldhof et al. [ 59 ,  60 ]. 

 PRRSV-specifi c antibody responses can be observed from 7 to 
10 days post-infection [ 61 ], however, these antibodies often do 
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not neutralize PRRSV infectivity [ 62 ]. Neutralizing antibodies 
(nAbs) may not be observed until at least 4 weeks post-infection, 
and titers, when measurable, are lower than those elicited by other 
viral infections [ 61 ,  63 ,  64 ]. Passive transfer experiments have 
shown that nAbs can provide a dose-dependent protection against 
PRRSV [ 65 – 67 ] and whilst data on protection against heterolo-
gous strains by passive transfer is limited, these studies suggest that 
vaccination strategies inducing high-titer nAbs may be effi cacious. 
Consequently, the majority of approaches to develop the next 
 generation of PRRSV vaccines have focussed on targeting the nAb 
response. During PRRSV infection antibodies are directed against 
a broad range of viral  antigens   and nAb responses have been 
mapped to GP2, GP3, GP4, GP5, and M proteins [ 68 – 76 ]. The 
early identifi cation of highly conserved linear  epitopes   in the 
ectodomain of the major glycoprotein GP5 [ 73 ,  74 ,  77 ,  78 ] 
focussed vaccine development efforts on this antigen. However, 
recombinant GP5 protein was poorly immunogenic, failed to 
 provide protection and could exacerbate disease upon challenge 
[ 79 – 82 ]. Expression of GP5 by plasmid DNA or viral  vectors  , 
alone or in conjunction with other PRRSV structural proteins, 
showed better  immunogenicity  , but typically failed to induce high 
titer nAbs and at best conferred only a degree of protection [ 83 –
 92 ]. Other studies have shed doubt on whether GP5 represents 
the prime vaccine candidate, including: the observation that glyco-
sylation sites on GP5, proposed to mask antibody  epitopes  , are 
highly variable amongst strains [ 93 ]; studies  with   chimeric viruses 
have shown that GP5 is nonessential for infection of macrophages 
[ 94 ]; pigs engineered to lack the GP5 receptor sialoadhesin show 
an unaltered course of PRRSV infection [ 95 ]; and affi nity purifi ed 
GP5- specifi c Ab fail to neutralize PRRSV infectivity in vitro [ 76 , 
 96 ]. There is consequently an increased focus on the minor enve-
lope proteins, GP2, GP3, and GP4, which form a glycosylated 
complex essential for infectivity [ 97 – 99 ]. The evaluation of the 
neutralization of PRRSV strains by hyperimmune sera revealed 
 signifi cant differences in the sensitivity to neutralization that did 
not associate with the sequences of previously described linear nAb 
 epitopes   nor to N-linked glycosylation sites [ 100 ]. Interestingly, a 
proportion of sera exhibited signifi cant neutralizing activity against 
all isolates suggesting that these sera contain nAb specifi c for 
 conserved epitopes that may be poorly exposed and consequently 
immunogenic in most PRRSV strains. This study highlights our 
limited understanding of the nAb response to PRRSV but suggests 
that the identifi cation of the structures recognized by these broadly 
cross- neutralizing Ab should be a priority for the PRRS research 
community. 

 Since the resolution of viremia typically precedes the appear-
ance of nAbs, it is likely that T cell responses are more important 
to the control and clearance of the virus. Upon PRRSV infection, 
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virus specifi c IFN-γ secreting T cells are typically detected in blood 
after 7–14 days and continue to increase with time long after the 
resolution of viremia [ 101 ], which may refl ect the persistence and 
delayed clearance of  antigen   in the lungs or lymphoid tissues. Few 
studies have attempted to characterize the PRRSV-specifi c T cell 
response in any detail. CD4 T cells are necessary to drive PRRSV- 
specifi c proliferative responses in vitro [ 102 ], CD8 T cells are the 
predominant population expanded by PRRSV stimulation in vitro 
[ 103 ] and both CD4 and CD8 T cells contribute to PRRSV- 
specifi c IFN-γ responses [ 104 ]. While IFN-γ is known to inhibit 
PRRSV replication at least in vitro [ 105 ,  106 ], cytotoxic killing of 
infected cells by CD8 T cell may represent a more effective 
 protective effector mechanism [ 107 ], although this has yet to be 
shown convincingly for PRRSV [ 103 ]. CD8 T cells are the 
 dominant population infi ltrating the lungs during PRRSV infec-
tion [ 108 ] and during resolution of infection they are the major 
source of PRRSV-specifi c IFN-γ (Graham et al. unpublished data). 
Investigation into the PRRSV antigen-specifi city of T cells is 
 limited and often the phenotype of responding T cells was not 
discerned. T cell reactivity against both structural and non- 
structural proteins has been described [ 104 ,  109 – 112 ]. However 
more research is required to better defi ne PRRSV T cell  antigens 
  and to test whether they may be used to induce  protective immune 
responses  .  

   BVD is an economically important infectious disease of cattle 
caused by infection with the pestivirus BVD virus (BVDV). BVD 
is characterized by leucopoenia, fever, depression, diarrhea, dehy-
dration, anorexia, salivation, nasal discharge, gastrointestinal 
 erosions, and tissue hemorrhages. However, clinical presentation is 
dependent on a number of factors including virus strain, immune, 
reproductive, and age status of the host, as well as the presence of 
co-infections. The majority of BVDV strains cause a transient acute 
infection in healthy animals that is cleared within 10–14 days. 
Transient immunosuppression, thought to be a consequence of 
immune cell death within lymph nodes and gut-associated 
 lymphoid tissue and reduced numbers of circulating leukocytes, 
increases susceptibility to secondary infection resulting in respira-
tory and enteric disease [ 113 ]. BVDV infection has a major impact 
on the reproductive success of the host and may result in abortions 
or the birth of persistently infected calves that play a key role in the 
epidemiology of BVD [ 114 ]. 

 Refl ecting its commercial impact BVD neatly illustrates the 
range of approaches available for vaccine development. There are 
around 140 registered BVD vaccine products currently in use 
around the world (  www.vetvac.org    ). These are culture attenuated 
modifi ed live virus (MLV) or inactivated/killed virus vaccines, 
 formulated as either monovalent BVDV preparations or  multiva-
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lent vaccines   including other  pathogens   implicated in the bovine 
respiratory disease complex [ 115 ]. Whilst good cross protection is 
observed against BVDV type 1 strains, the failure of existing 
BVDV-1 based vaccines to protect against some emerging BVDV 
type 2 strains has resulted in inclusion of the latter in new vaccine 
preparations [ 116 ]. MLV vaccines are generally thought to be 
more effi cacious since they evoke stronger virus-specifi c T cell 
responses, induce high titers of virus neutralizing antibodies and 
provide a longer duration of protection from clinical disease than 
inactivated vaccines. However, there are safety concerns over the 
potential for MLVs to revert to virulence or recombine with fi eld 
viruses and cause disease. In addition, MLV-vaccinated animals 
may develop transient viremia and shed vaccine virus [ 117 ,  118 ] 
and in the case of pregnant animals, MLVs pose the risk of vertical 
transmission of the vaccine strain that can result in fetal complica-
tions or persistent infection [ 20 ]. Consequently, MLVs are not 
licensed in a number of countries including the UK. Neither MLV 
nor inactivated vaccines allow for differentiation between infected 
versus vaccinated animals (DIVA), which limits their utility in 
efforts to eradicate BVDV [ 119 ]. 

 The development of next-generation BVD vaccines have 
 primarily focussed on the delivery of the E2 glycoprotein since it 
represents the major target of the neutralizing antibody response. 
A variety of approaches have been experimentally evaluated in 
 cattle. These include DNA plasmids [ 120 – 122 ], eukaryotically 
expressed recombinant protein to preserve conformational  epit-
opes   [ 123 – 125 ], or combined heterologous DNA prime-protein 
boost regimes [ 126 ,  127 ] or via live viral  vectors   [ 128 – 131 ]. 
Whilst many of these studies have shown encouraging results, to 
date none of these vaccines has been licensed.  

    Salmonella  are an economically important cause of diarrhea and 
systemic infections in animals. Furthermore, they are a  zoonotic 
  pathogens and a major cause of diarrhea and systemic disease in 
humans world-wide, most commonly as a result of consumption of 
 contaminated foodstuffs of animal origin. In the European Union 
(EU), over 100,000 human cases are reported each year. The 
European Food Safety Authority (EFSA) has estimated that the 
overall economic burden of human salmonellosis could be as high 
as EUR 3 billion a year. Poultry meat, eggs, and egg products are 
frequently associated with  Salmonella  outbreaks as is pork and 
 contact with infected animals. 

  Salmonella  Enteritidis, Typhimurium, Virchow, Hadar, and 
Infantis are the most commonly implicated serotypes in human 
disease in Europe. They are also the most commonly isolated 
 serotypes from  poultry  . Moreover,  Salmonella  Enteritidis (SE) and 
to a lesser extent,  Salmonella  Typhimurium (ST) are commonly 
associated with egg related outbreaks [ 132 ]. More recently the 
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emergence of monophasic strains has complicated diagnosis and 
indeed vaccination programs [ 133 ]. Despite these challenges the 
use of  Salmonella  vaccines in laying fl ocks has contributed to a 
signifi cant reduction in human cases of salmonellosis in the UK. It 
is widely accepted that vaccination of laying hens confers  protection 
against  Salmonella  infection and results in decreased level of on 
farm contamination [ 134 ] and has contributed to the decline of 
the  Salmonella  Enteritidis epidemic [ 135 ]. Interestingly, in some 
European countries (Austria, Belgium, The Czech Republic, 
Germany, and Hungary) vaccination of laying fl ocks is compulsory. 
In other countries it is permitted and often recommended 
(Bulgaria, Belgium, Cyprus, Estonia, France, Greece, Italy, Latvia, 
Lithuania, The Netherlands, Poland, Portugal, Romania, Slovakia, 
Slovenia, Spain, and the UK). Conversely, in a few countries 
 vaccination is prohibited (Denmark, Finland, Sweden and Ireland) 
[ 136 ]. In the UK, the majority of commercial scale egg producers 
subscribe to the British Egg Industry Council (BEIC) Quality 
Assurance Scheme that provides a code of practice (Lion Code) on 
farm hygiene and welfare standards, including  Salmonella  vaccina-
tion. Vaccination against  Salmonella  began in laying fl ocks in the 
UK in 1998 for farms that subscribe to the BEIC Lion Code 
Scheme [ 137 – 139 ]. 

 At present, both live and inactivated vaccines are commercially 
available to vaccinate laying fl ocks [ 140 ]. Live vaccines generally confer 
better protection than the inactivated ones, as they are able to induce 
both cell mediated and humoral  immune responses   [ 136 ,  141 ]. 
However, they may persist in the environment and can present issues 
for the clinical diagnostic microbiology laboratory. As SE and ST are 
considered to be the most important serovars for  public health   in 
Europe, existing commercially available live and inactivated  Salmonella  
vaccines for  poultry   are generally targeted against one or both of these 
serovars. In the UK, three live vaccines and two inactivated vaccines are 
currently available [ 141 – 143 ]. These vaccines are used singularly or 
combined. To maximize protection, vaccination programs that com-
bine live and inactivated vaccines are sometimes used [ 144 ]. Within 
these vaccination programs,  oral vaccines   are administered in two or 
three doses during the rearing period of the pullets and are comple-
mented by one or two injections of killed vaccine (normally close to 
point of lay) [ 140 ]. Currently used  vaccination programs are licensed 
for use against biphasic variants of ST, that is expressing two different 
fl agellar antigenic specifi cities. Their effi cacy against monophasic 
Salmonella Typhimurium (mST), which only express a single fl agellar 
antigenic specifi city, has not yet been fully investigated [ 133 ,  144 ]. It is 
likely that ST vaccines have a similar protective effect for mST as for 
biphasic ST. However, there are no data available concerning the effi -
cacy of current vaccination  programs [ 145 ]. 

 A long term goal is to develop vaccines for broiler  chickens   and 
also to investigate the use of vectored vaccines that could be used 
to protect layers, broilers and breeders against a number of  patho-
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gens  , including  Campylobacter ,  E.    coli   ,  Salmonella ,  Brachyspira , 
and  Clostridia  through the use of a single economically viable 
commercial vaccine.  

   Bovine tuberculosis (bTB) is a major challenge  for   livestock glob-
ally, a  zoonosis  , and a signifi cant threat to the cattle industry of 
England and Wales. Efforts to eradicate the disease from the bovine 
population are hampered where there is a wildlife reservoir of 
infection. In England and Wales, the primary wildlife reservoir is 
the European badger ( Meles meles ), a species protected under 
national law. In these countries it will take a combination of 
 measures targeting both cattle and wildlife to eradicate bTB. One 
of the disease control measures being pursued is vaccination, both 
of badgers and cattle. 

 At present, the developed vaccine agent for tackling bTB in 
both cattle and badgers is the live attenuated BCG strain of  M. 
bovis . It has been administered to humans since 1927 and is one of 
the most widely used of all current human vaccines. BCG was 
licensed for intramuscular vaccination of badgers against bTB by 
the UK Competent Authority (Veterinary Medicines Directorate) 
in 2010, following 10 years of studies carried out by the Animal 
and Plant Health Agency (APHA; formerly the Animal Health and 
Veterinary Laboratories Agency, AHVLA and the National Wildlife 
Management Centre of the Food and Environment Research 
Agency, FERA, now also part of APHA). The licensed vaccine 
“BadgerBCG” (APHA) has a Limited Marketing Authorization 
and is currently available for use in the UK by vets and trained lay 
vaccinators under prescription from a veterinary surgeon. 

 Use of BadgerBCG over large geographical areas is restricted 
by the need to trap badgers and inject them, an approach that is 
relatively expensive and labor intensive. More practical would be 
an oral form of BCG that could be delivered to badgers in baits. 
The effi cacy of BCG given orally has been demonstrated for cattle, 
brushtail possums ( Trichosurus vulpecula ) [ 146 ], wild boar ( Sus 
scrofa ) [ 147 ], and white-tailed deer ( Odocoileus virginianus ) [ 148 ], 
as well as badgers [ 149 ]; each following experimental  M. bovis  
infection of captive animals, but also against natural infection in 
wild possums [ 150 ]. However the dose for effective oral adminis-
tration of BCG is higher than that given parenterally because BCG 
is killed and degraded in the gut and uptake is relatively ineffi cient 
[ 151 ]. Experimental studies in possums have suggested that in 
order to generate immunity it is necessary for oral BCG to retain 
viability to the point of delivery to the intestine [ 152 ]. This has 
been facilitated through  formulation   of BCG in a lipid matrix that 
provides a stable storage and delivery vehicle that protects the live 
attenuated bacillus during passage through the stomach [ 146 ]. 
Recent success using heat-inactivated  M. bovis  to experimentally 
vaccinate wild boar orally has increased the number of candidate 
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 oral vaccines   for bTB [ 153 ,  154 ]. The Governments of England 
and Wales have funded research into the development of an oral 
vaccine for badgers since 2005. Candidate vaccine baits for badgers 
have been identifi ed and are being evaluated for palatability and 
effi cacy (degree of protection afforded to badgers that consume a 
vaccine bait), but the  formulation   of the vaccine itself is only one 
element. Linked to this is the need for a practical deployment 
 strategy which will maximize uptake among the target badger 
 population and, as far as possible, minimize consumption by other 
wildlife species or cattle [ 155 ]. 

 Regarding cattle, BCG was fi rst demonstrated to be an effi ca-
cious vaccine against bTB in 1911 (reviewed in Ref. [ 156 ]). 
Extensive work has been carried out since to optimize the dose 
and route of administration of BCG vaccine to cattle. Whilst no 
single vaccine currently offers equal or superior performance to 
BCG, when used in combination with BCG several offer enhanced 
protection, e.g., recombinant human adenovirus-vectored myco-
bacterial  antigens   [ 157 ,  158 ]. Further assessment of this adenovi-
rus-based strategy as well as development of other approaches 
should result in vaccine protocols that impart better protection 
than with BCG alone, and in particular could prolong the dura-
tion of immunity. For the foreseeable future, vaccine strategies for 
bTB in cattle will need to include BCG. The problem with this is 
that vaccination with BCG sensitizes cattle to tuberculin-based 
diagnostic tests, including the single intradermal comparative cer-
vical skin test (SICCT). This sensitization is the reason a diagnos-
tic test is needed that will allow accurate detection of infected 
cattle amongst the vaccinated animals (a so-called DIVA test) and 
so allow use of a BCG-based vaccine for bTB control alongside a 
test and slaughter program [ 159 ]. A longer-term research goal is 
the development of vaccines that do not sensitize cattle to tuber-
culin-based diagnostic tests. This would allow the SICCT to be 
used alongside  vaccination. Close communication and collabora-
tion with research groups working to develop novel human  TB 
  vaccines means there is a route to evaluate promising bTB candi-
dates in cattle (embracing a “ One Health  ” approach to vaccine 
development).    

9     Conclusions, Issues, and Needs 

 Vaccination of veterinary species has a long and  successful   history 
and remains an extremely active area of research. Review of 
PubMed.gov shows that since 2004 there have been an average of 
over 500 publications each year on veterinary vaccination, reaching 
their peak over the last 3 years. In writing this overview we have 
only been able to dip our toe into this vast sea of literature. However, 
we identifi ed a number of particular issues and  cross- cutting needs 
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that require further attention by the research community, compa-
nies, government, and regulators. We  summarize these here. 

   Vaccine interference is an aspect of veterinary vaccination that 
requires further evaluation and discussion. The term itself is 
 confusing and is variably interpreted as either referring to the situ-
ation where vaccination against one  pathogen   may compromise 
the protective immunity induced by vaccination to another, or 
where the presence of maternally derived antibodies interfere with 
vaccination in newborn animals. The reader is referred to a helpful 
review of this subject [ 160 ]. The review focuses on experience 
from human vaccine development and considers vaccine interfer-
ence in the contexts of the nature and dose of the individual  vaccine 
components, the presence of preexisting immunity, the stage of 
immunological maturation, genetic and environmental back-
ground, vaccine schedule, and mode of vaccine delivery. 

 The presence of interfering maternal antibodies is a signifi cant 
consideration in a variety of veterinary vaccine settings. They cause 
problems for the vaccination of young piglets against infl uenza, 
they are the most important obstacle in the establishment of 
 control programs against IBD, they are the primary cause of failure 
of canine parvovirus type 2 vaccination, and interference by high 
titers of maternal antibodies prevents the development of an 
 antibody response following vaccination with either a killed or 
attenuated BVDV vaccine. In countries where control of FMD 
relies predominantly on vaccination, newborn animals ingest 
 specifi c anti-FMDV antibodies in the colostrum. This maternally 
derived antibody provides immediate protection against infection 
with FMDV but also interferes with the development of active 
immunity following vaccination leaving young animals susceptible 
to FMDV infection when maternal antibodies wane. Currently 
available vaccines for FMD cannot overcome this effect.  

   Vaccines rarely produce sterilizing immunity and in some cases 
exert a powerful selective pressure on  pathogens  , resulting in the 
emergence of variants for which the vaccine no longer provides 
adequate protection. This does not have to arise from the emer-
gence of a new variant but could simply arise from the use of a 
vaccine that does not provide suffi cient cross-protection from one 
pathogen geno/sero-type to another resulting in the dominance of 
one type already in circulation. This may be part of the explanation 
of the failure to control canine distemper virus (CDV) infection in 
Korea, where at least two different CDV genotypes are in circula-
tion that differ signifi cantly from the genotypes present in vaccine 
strains [ 161 ]. Ensuring a vaccine is effective against a range of 
 circulating strains or variants can be secured by including multiple 
types in the same vaccine preparation but there is a signifi cant cost 
to such a strategy. Alternatively autogenous vaccines can be used. 

9.1  Vaccine 
Interference

9.2  Incomplete 
Protection 
and Vaccine Escape 
Variants
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Autogenous vaccines are derived directly from the variant(s) 
responsible for the disease outbreak, e.g., for  Mycoplasma bovis . 
However, this approach cannot prevent the emergence of new 
 variants that escape vaccine-induced immunity through mutation. 
This is particularly the case for viral  pathogens   where a high 
 infectious load combined with a low fi delity of genome replication 
provide an environment for the selection of new variants. There are 
some good examples of this. First is the TJ strain of PRV, which is 
a variant of PRV that appears to be emerging along with others in 
China’s pig population in the face of vaccination with the live 
attenuated vaccine strain, Bartha-K61, which until now has played 
a critical role in the control of Aujeszky’s disease in China [ 162 ]. 
Sequence analysis indicates that these emerging PRV variants 
 cluster to a relatively independent clade in the phylogenetic tree 
and that protection against these variants with the Bartha-K61 
 vaccine is incomplete [ 163 ]. Second is IB in  poultry  . IB is caused 
by an  RNA virus   that readily undergoes mutation and recombina-
tion so that important antigenic variants appear which evade exist-
ing vaccine protection. While conventional vaccines work well 
against homologous types, new strategies are needed to counter 
this instability. The simple use of two genetically different vaccines 
to protect against a wide range of heterologous types is now a 
widespread practice that has been very effective thus far (reviewed 
in Ref. [ 164 ]).  

   Mass application of vaccines can be an important consideration in 
reducing the cost of vaccination by avoiding the need to vaccinate 
individual animals manually and as a tool in combating disease 
outbreaks. Mass vaccination of  poultry   is already performed regu-
larly against a variety of respiratory and gastric  pathogens   using 
application by aerosol/spray or in drinking water. Mucosal 
 vaccination has the advantage of inducing both local and systemic 
 immune responses  .  In ovo  vaccination offers the advantage of 
reduced labor costs, mass administration and the induction of an 
earlier immune response, as described in Subheading  7 . For rapid 
intervention with vaccine during a disease outbreak such as AI, 
mass application of vaccine is desirable in order to achieve rapid 
coverage of susceptible birds. An AI vaccine that could be applied 
by spray or aerosol would be ideal, but aerosol vaccination using 
live virus is not desirable because of its zoonotic potential and 
because of the risk for virus reassortment. The next generation of 
AI vaccines based on recombinant vectors holds out hope for 
safe and effi cacious mass vaccination of susceptible birds as an 
 alternative to preemptive culling in an outbreak [ 165 ]. 

 The success of  rabies   vaccination in the European continent 
was undoubtedly the result of a safe, effective, and cost-effective 
vaccine combined with the ease of mass distribution of millions of 

9.3  Mass Application 
of Vaccines
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edible vaccine baits over large geographical areas. However, there 
can be a naïve assumption that successful disease eradication is 
 simply a matter of vaccinating enough susceptible animals. The 
successful eradication of Rinderpest required detailed consider-
ation of the principle of herd immunity and careful application of 
the vaccine based on detailed epidemiological information. Readers 
are directed to the excellent review of Roeder and Taylor that sets 
out the principle of herd immunity and some of the factors which 
militate against mass vaccination achieving effective levels of herd 
immunity [ 166 ].  

   Before embarking on the lengthy and costly road towards a 
licensed vaccine, initial impact assessment is necessary in order to 
assess the relative merits of different disease intervention options, 
including vaccination. This is most likely to be meaningful when 
it is done in partnership between policy-makers, vaccine manufac-
turers, funders, and stakeholders. Even when a compelling bene-
fi t–cost ratio is found it does not mean a vaccine will necessarily 
follow [ 167 ]. Disease control programs that utilize vaccination 
but rely on its voluntary uptake are at risk of failure if willingness 
to vaccinate is too low to reach satisfactory vaccination coverage 
to stop the spread of the disease. There have been a number of 
interesting studies exploring the willingness of stakeholders (typi-
cally livestock farmers) to vaccinate and the factors that infl uence 
this decision. These include studies on Bluetongue in the 
Netherlands [ 168 ], poultry vaccination in developing countries 
[ 169 ] and farmers’  confi dence in vaccinating badgers as a means 
to controlling bTB in cattle in the UK [ 170 ]. Important lessons 
emerge from these studies, such as the importance of fi nancial 
incentives and when they should be applied during a disease 
 control program, the characteristics of the disease, farmers' per-
ceptions of disease risk, the effi cacy of the vaccine and other avail-
able control options, the availability of resources, and the existence 
and effectiveness of the veterinary infrastructure, and the wider 
social and political context. Where there is little incentive to use a 
vaccine, the best endeavors can fail. An excellent example of this is 
the  vaccination of cattle against  E.    coli    O157:H7, reviewed 
recently by Matthews et al. [ 171 ]. These authors point out that in 
Canada, where the fi rst  E. coli  O157:H7 vaccine was developed 
and fully licensed, uptake of the vaccine is currently less than 5 % 
of the market. The authors suggest that this is a likely consequence 
of the fact that the infection causes no clinical disease in cattle. 
Therefore, there is  little economic incentive for the farmer who 
bears the cost of  vaccination, but receives no direct perceived ben-
efi t. For a wider consideration of the economics of veterinary vac-
cination, the reader is also referred to the review of McLeod and 
Rushton [ 172 ].  

9.4  Economics 
and Incentives
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   The separation of licensing bodies for human and veterinary  medicines 
has been cited as a reason for delays in the licensing of veterinary vaccines 
[ 171 ]. Whilst the International Conference on Harmonisation of 
Technical Requirements for Registration of Pharmaceuticals for Human 
Use (ICH) and its veterinary counterpart, VICH, have been pivotal over 
the last two decades in harmonizing technical requirements for 
human and veterinary product registration respectively across Europe, 
Japan, and the USA there needs to be greater join up between the 
human and veterinary sectors, not least regarding how the cost might 
be shared across stakeholders if the conceptual benefi ts of a “ One 
Health  ” approach are to become a reality [ 173 ]. Progress is being 
made. For example, STAR-IDAZ (  http://www.star-idaz.net/    ) is a 
recently established network of 24 partners in 18 countries brought 
together with funding from the European Commission for the pur-
pose of sharing information, improving collaboration on research 
activities and working towards common research agendas and coor-
dinated research funding on major animal diseases affecting livestock 
production and/or human  health.      
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    Chapter 2   

 Development of  Mycoplasma hyopneumoniae  Recombinant 
Vaccines                     

     Silvana     Beutinger     Marchioro     ,     Simone     Simionatto     , and     Odir     Dellagostin      

1        Introduction 

   Respiratory diseases  are   among the  most   important health 
 problems associated with swine production.  Mycoplasma hyopneu-
moniae  is the principal etiological agent responsible  for   enzootic 
pneumonia (EP), a chronic respiratory disease in pigs. This infec-
tion is highly prevalent (ranging between 38 and 100 %), in 
almost all areas of pig production worldwide, and  M. hyopneu-
moniae  infections cause signifi cant economic losses [ 1 ]. The con-
trol of EP should focus on the optimization of management 
practices and housing conditions [ 2 ], the use of antimicrobial 
medication [ 3 ], and vaccination. Several commercial vaccines 
consisting of the inactivated  adjuvanted whole cell lysates of  M. 
hyopneumoniae  are available and used worldwide. Though these 
vaccines have been proven to be  effective in reducing the clinical 
signs, they provide only partial protection against the develop-
ment of lesions [ 4 ]. 

 Recombinant DNA technology could be employed to over-
come problems encountered with conventional vaccines. The small 
genome of this  pathogen  , as well as the limited number of secreted 
or surface proteins, favors the use of  reverse vaccinology   approach 
[ 5 ]. However,  Mycoplasma  sp. uses an unusual genetic code. The 
amino acid tryptophan is not encoded by TGG, as in most 
 organisms, but by TGA, which is a stop codon [ 6 ]. This difference 
has hampered the expression of genes of  M. hyopneumoniae  
 containing TGA codons in   Escherichia coli   , the most attractive 
 system used for production of recombinant proteins [ 7 ]. However, 
mutations that can replace TGA codons with TGG have been used 
to solve this problem [ 8 ]. 



40

 Constant effort is being directed toward the investigation of 
new vaccines that may offer a better protection against  M. hyopneu-
moniae  infections. Several studies have evaluated recombinant 
 proteins of  M. hyopneumoniae , in different forms of administration 
and  formulations  , seeking to develop more effective vaccines 
against EP. Some of them were evaluated individually [ 9 ,  10 ], and 
others were associated with attenuated bacterial or viral  vectors   
[ 11 – 18 ], fused to mucosal  adjuvants   [ 19 ,  20 ], and also evaluated 
as a cocktail of  antigens   [ 21 ,  22 ]. Only a few of these recombinant 
proteins were used in challenge experiments in pigs; most of them 
were evaluated only in mice. Differences in the immunity induced 
by these  antigens   were observed, which can be infl uenced by 
 differences in the vaccine construction, the route of immunization, 
the correct folding, and/or other posttranslational modifi cation 
that may contribute to the ability to generate antibodies by the 
antigens [ 23 ]. However, these evaluations suggest that these new 
vaccine approaches may represent promising new strategies and 
may be economically feasible to control EP.  

2    Materials 

       1.     M. hyopneumoniae  strain for genomic DNA extraction.   
   2.     E.    coli    TOP10 (Invitrogen, USA) as a host strain.   
   3.     E.    coli    BL21 (DE3) RIL (Invitrogen, USA) as expression strain.   
   4.    Vector Champion pET200D/TOPO (Invitrogen, USA) for 

 cloning   and expression.      

       1.    Bioinformatics softwares: Pfam,  SignalP  , PROSITE, and 
NNPREDICT for in silico selection of coding sequences.   

   2.    Vector NTI ®  11 (Invitrogen, USA) for primer design.      

       1.    Genomic DNA extracted of  M. hyopneumoniae  strains.   
   2.    GFX genomic blood DNA and gel band purifi cation kit (GE 

Healthcare, USA).   
   3.    PCR reagents: 50 ng of  M. hyopneumoniae  genomic DNA, 

0.2 mM dNTP, 2.5 mM MgCl 2 , 10 pmol of each primer, 
2.5 units of Platinum  Pfx  DNA polymerase, 1× reaction buffer, 
and 1× enhancer buffer (Invitrogen, USA).   

   4.    Champion pET200D/TOPO (Invitrogen, USA) expression 
vector.   

   5.    Restriction enzymes and 10× buffers (Invitrogen, USA).   
   6.    T4 DNA ligase and 10× buffers (Invitrogen, USA).   
   7.    Agarose, loading dye, and nucleic acid stain suitable for gel 

electrophoresis (Invitrogen, USA).   

2.1  Strains 
and Plasmids

2.2   Bioinformatics   
Software

2.3   Cloning 
of   M. hyopneumoniae  
Coding Sequences
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   8.    Agarose gel electrophoresis (for 150 ml of 1.0 % agarose gel, 
use 1.5 g of ultrapure agarose with 150 ml of 1× TBE. Prepare 
1 l of 1× TBE solution in ultrapure water with 10.8 g of Tris 
base, 5.5 g of boric acid, and 4 ml of EDTA 0.5 M, and adjust 
to pH 8.0).   

   9.    Gel documentation system (Loccus, Brazil) or equivalent.   
   10.    QIAquick Gel Extraction Kit (Qiagen,   Germany    ).   
   11.     E.    coli    TOP10 electro-competent cells (Invitrogen, USA).   
   12.    Electroporator: Bio-Rad Gene Pulser ® II, BTX ®  ECM ®  630 

(Bio-Rad, USA) or equivalent.   
   13.     Electroporation   cuvette of 0.1 cm (Bio-Rad, USA) or equivalent.   
   14.     Luria–Bertani (LB) medium   (to 900 ml of distilled H 2 O, add 

10 g Bacto Tryptone, 5 g Bacto Yeast Extract, 10 g NaCl. 
Adjust to 1 l with distilled H 2 O. Sterilize by autoclaving and 
store up to 3 months at room temperature).   

   15.    Kanamycin (100 μg/ml) (Sigma-Aldrich, USA).   
   16.    Phenol–chloroform (Sigma-Aldrich, USA) and lysis buffer 

(sample buffer 6× [ 24 ]: 3 ml glycerol (30 %); 25 mg bromo-
phenol blue (0.25 %); dH 2 O to 10 ml. Lysis buffer: 100 μl of 
sample buffer + 900 μl of dH 2 O + 1 μl RNAse).   

   17.    DYEnamic ET Terminator Cycle Sequencing Kit (GE 
Healthcare, USA).   

   18.    MegaBACE 500 (GE Healthcare, USA) or equivalent.   
   19.    Shaking and non-shaking incubator at 37 °C (DeLeo, Brazil) 

or equivalent.   
   20.    Illustra plasmidPrep Mini Spin Kit (GE Healthcare, USA).      

        1.     E.    coli    BL21 (DE3) RIL (Invitrogen, USA) expression compe-
tent cells.   

   2.    Recombinant plasmid DNA.   
   3.    Solid and liquid LB medium (to 900 ml of distilled H 2 O, add 

10 g Bacto Tryptone, 5 g Bacto Yeast Extract, 10 g NaCl. 
Adjust to 1 l with distilled H 2 O. Sterilize by autoclaving and 
store up to 3 months at room temperature. For solid medium, 
add 1.5 % of agar).   

   4.    Kanamycin (100 μg/ml) (Sigma-Aldrich, USA).   
   5.    Isopropylthio-b- d -galactosidase (IPTG) (Invitrogen, USA) 

with a fi nal concentration of 0.3 mM.   
   6.    Sterile inoculation loops.   
   7.    Sterile round-bottom snap-cap tubes of 15 ml (Sigma-Aldrich, 

USA).   
   8.    UV spectrophotometer (Biochrom, USA) or equivalent.   

2.4  Expression 
of Recombinant 
Proteins and Solubility 
Testing

Mycoplasma hyopneumoniae Recombinant Vaccines
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   9.    Shaking and non-shaking incubator (DeLeo/Brazil).   
   10.    Phosphate-buffered saline 0.1 M (PBS, pH 7.4).   
   11.    Loading buffer: (5×) (62.5 mM Tris–HCl pH 6.8, 10 %  glycerol, 

5 % 2β-mercaptoethanol, 2 % SDS).   
   12.    Sodium dodecyl sulfate–polyacrylamide gel electrophoresis 

( SDS–PAGE  ) 12 % running gel: 10.2 ml of H 2 O; 7.5 ml of 
1.5 M Tris–HCl pH 8.8; 0.15 ml of 20 % (w/v) SDS; 12.0 ml 
of acrylamide/bis-acrylamide (30 %/0.8 % w/v); 0.15 ml of 
10 % (w/v) ammonium persulfate (APS); 0.02 ml of 
TEMED. Cast gel within a 7.25 cm × 10 cm × 1.5 mm gel cas-
sette. Allow space for stacking the gel and gently overlay with 
water. Prepare the stacking gel by mixing 3 ml of H 2 O; 1.25 ml 
of 0.5 M Tris–HCl pH 6.8; 0.1 ml of 20 % (w/v) SDS; 0.67 ml 
of acrylamide/bis-acrylamide (30 %/0.8 % w/v); 0.04 ml of 
10 % (w/v) ammonium persulfate (APS); 0.005 ml of 
TEMED. Insert a ten-well gel comb immediately without 
introducing air bubbles.   

   13.    Coomassie Blue (Sigma-Aldrich, USA).   
   14.    Lysozyme 1 mg/ml (Sigma-Aldrich, USA).   
   15.    Phenylmethanesulfonyl fl uoride (PMSF) 1 mM (Sigma- 

Aldrich, USA).   
   16.    Microcentrifuges (Thermo Scientifi c, USA).   
   17.    Ultrasonic probe sonicator (Qsonica LLC, USA).      

       1.    Buffer A: (200 mM NaH 2 PO 4 , 500 mM NaCl, 5 mM imidaz-
ole, pH 8.0) containing 8 M urea (Sigma-Aldrich, USA).   

   2.    HisTrap™ HP 1 ml columns prepacked with precharged Ni 
Sepharose™ (GE Healthcare, USA).   

   3.    Buffer B: (200 mM NaH 2 PO 4 , 500 mM NaCl, 500 mM imid-
azole) containing 8 M urea (Sigma-Aldrich, USA).   

   4.    Sodium dodecyl sulfate–polyacrylamide gel electrophoresis 
( SDS–PAGE  ) 12 % ( see  Subheading  2.4 ).   

   5.    PBS (pH 7.4) containing 0.05 % Triton X-100 (Sigma-Aldrich, 
USA).   

   6.    Refrigerated ultracentrifuge (Thermo Scientifi c™ Sorvall™ 
WX Floor, USA).   

   7.    ÄKTAprime™ automated liquid chromatography system (GE 
Healthcare, USA).   

   8.    Dialysis tubing membrane (Sigma-Aldrich, USA).      

       1.    Nitrocellulose membranes (GE Healthcare, USA).   
   2.    Western blot transfer buffer (0.025 M Tris, 0.192 M glycine, 

and 20 % ethanol) (Sigma-Aldrich, USA).   

2.5  Solubilization 
and Purifi cation 
of Recombinant 
Proteins

2.6  Immunoblotting 
Components
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   3.    PBS containing 0.05 % Tween-20 (PBST) (Sigma-Aldrich, 
USA).   

   4.    Blocking solution (5 % powdered milk in PBS). Store at 4 °C.   
   5.    Diluent solution (5 % powdered milk in PBST). Store at 4 °C.   
   6.    Mini- PROTEAN   ®  3 system glass plates (Bio-Rad, USA) or 

equivalent.   
   7.    Whatman no. 3 fi lter paper (GE Healthcare, USA) or similar.   
   8.      Monoclonal  antibodies   anti-6 ×  His IgG     (Sigma-Aldrich, USA).   
   9.    4-Chloro-1-naphthol.   
   10.    Hydrogen peroxidase.   
   11.    BenchMark TM  Prestained Protein Ladder (Invitrogen, USA) or 

equivalent.      

       1.    BCA TM  protein assay kit (Pierce, USA).   
   2.       Purifi ed recombinant proteins.   
   3.    Aluminum hydroxide or similar  adjuvants  .       

3    Methods 

       1.    Coding DNA sequences (CDS) encoding surface-exposed, 
secreted proteins, related to pathogenesis with up to three 
tryptophan (TGA) codons should be selected by bioinformat-
ics software.   

   2.    Primers are designed based on GenBank genome sequences by 
Vector NTI ®  11.   

   3.    The mutagenesis procedure required four oligonucleotides: 
two fl anking primers, which are positioned upstream (U) and 
downstream (D) of the mutation site, and two mutagenic prim-
ers, forward (FM) and reverse mutagenic (RM) with at least a 
15 bp overlap between adjacent fragments. The mutation site 
should be located in the middle of the mutagenic primers.   

   4.     Cloning   into Champion pET200D/TOPO His-tag expres-
sion vector is necessary to add four bases (CACC) in the for-
ward fl anking primer to anneal a complementary overhang 
(GTGG) in the vector.      

       1.    Genomic DNA extraction of  M. hyopneumoniae  strains can be 
performed with GFX genomic blood DNA purifi cation kit.   

   2.    Site-directed mutagenesis is carried out using a two-step PCR 
procedure to replace the TGA codons using an overlap exten-
sion PCR method [ 4 ].   

   3.    The fi rst step, two simultaneous PCR reactions are performed. 
One reaction is performed with a primer pair that included the 

2.7   Vaccine   
Formulation

3.1   S election 
of Coding Sequences 
and Primer Design

3.2  The Site- Directed 
  Mutagenesis Method
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U primer and the RM primer; the other reaction contained the 
D primer and the FM primer. PCR reactions are carried out 
with a fi nal volume of 25 μl.   

   4.    PCR reactions are carried out using 50 ng of  M. hyopneu-
moniae  genomic DNA, 0.2 mM dNTPs, 2.5 mM MgCl 2 , 
10 pmol of each primer, 2 units of Platinum ®   Pfx  DNA poly-
merase (extension temperature 68 °C), and 1× reaction buffer 
in a 25 μl reaction volume. For amplifi cation, a Mastercycler 
gradient is used with the following settings: 7 min at 95 °C 
followed by 30 cycles of 60 s at 95 °C, 60 s at 55 °C and 60 s 
at 68 °C, and then a fi nal extension of 7 min at 68 °C.   

   5.    PCR products are analyzed by 1 % agarose gel electrophoresis 
and gel band purifi ed using the GFX PCR DNA and gel band 
purifi cation kit, according to the manufacturer’s instructions. 
To obtain full-length mutated fragments, the two products 
from the fi rst PCR are mixed in equimolar concentrations 
(approximately 0.4–0.8 pmol) and used as templates during 
the second PCR reaction, with the U and D primers. The reac-
tion is performed using the same conditions as fi rst PCR.      

       1.    The overlap extension PCR yields a full-length DNA fragment 
that is ligated into Champion pET200D/TOPO expression 
vector following the manufacturer’s instructions (Fig.  1 ). The 
vector contains the T7 promoter and allows expression of the 
recombinant protein fused to His-tag at the N-terminus.

       2.    The ligation products are transformed ( see   Note 1 ) into  E.    coli  
  TOP10 electro-competent cells following the manufacturer’s 
instructions.   

   3.    Recombinant clones are identifi ed by lysis cells ( see   Note 2 ).   
   4.    The identity of the inserts is determined by DNA sequencing 

( see   Note 3 ) using the DYEnamic ET Dye Terminator Cycle 
Sequencing Kit for MegaBACE DNA Analysis Systems—
MegaBACE 500.      

       1.    Recombinant plasmids are transformed into  E.    coli    BL21(DE3) 
RIL expression competent cells by  electroporation   following a 
standard method ( see   Note 1 ).   

   2.    One recombinant clone of each plasmid is used to inoculate 5 ml 
of  Luria–Bertani (LB) medium   containing 100 μg/ml kanamy-
cin, incubated in shaker at 37 °C and 1 ×  g  until OD 600  = 0.6.   

   3.    Expression of the recombinant proteins is induced with IPTG 
with a fi nal concentration of 0.3 mM and the culture is grown 
at 37 °C for 3 h.   

   4.    A volume of 500 μl of culture growth is centrifuged at 
14,000 ×  g  for 2 min, and the pellet is solubilized in 80 μl of 
0.1 M phosphate- buffered saline (PBS, pH 7.4) containing 
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20 μl of 5× loading buffer. After boiling for 10 min, a volume 
of 8 μl of the supernatant is submitted to 12 %  SDS–PAGE   ( see  
 Note 4 ).   

   5.    Expression of recombinant proteins is identifi ed by staining 
the gel with Coomassie Blue and visualization of an extra 
 protein band of the predicted size.   

   6.    Clones that expressed the recombinant protein are tested 
regarding the solubility of the protein. For that, a volume of 
2 ml of culture growth is centrifuged at 14,000 ×  g  for 2 min, 
and the pellet is solubilized in 500 μl of PBS containing 1 mg/
ml lysozyme and 1 mM PMSF. Cells are lysed by sonication 
(6× 10 s pulses) in ice-water bath. The soluble and insoluble 
 fractions are separated by centrifugation at 10,000 ×  g  for 5 min 
at 4 °C. Soluble proteins remained in the supernatant and 
insoluble proteins are found in the pellet. Both fractions are 
submitted to 12 %  SDS–PAGE   ( see   Note 4 ) for identifi cation 
of the protein localization.      

       1.    Proteins expressed in  E.    coli    as insoluble particles are solubilized 
with 8 M urea. For solubilization, a pellet obtained from a 
500 ml culture (approximately 1 g cells) is solubilized in 30 ml 
of buffer A. After incubation at 4 °C for 60 min, the cell lysate 
is centrifuged at 14,000 ×  g  for 60 min at 4 °C ( see   Note 5 ).   

3.5  Solubilization 
and Purifi cation 
of Recombinant 
Proteins

  Fig. 1    Schematic representation of  the   cloning of  Mycoplasma hyopneumoniae  coding sequences into 
Champion pET200D/TOPO His-tag expression vector       
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   2.    The recombinant proteins are purifi ed from the supernatant by 
affi nity chromatography using HisTrap™ HP 1 ml columns 
prepacked with precharged Ni Sepharose™ using the 
ÄKTAprime™ automated liquid chromatography system. The 
recombinant protein is eluted with a linear gradient from 5 to 
500 mM imidazole. Fractions of 1 ml are collected and 5 μl is 
applied to 12 %  SDS–PAGE   ( see   Note 4 ).   

   3.    Fractions of 10 ml containing the recombinant protein are 
pooled in a dialysis tubing membrane (Sigma-Aldrich, USA), 
with a concentration ranging from 0.6 to 16 mg and submit-
ted to an extended stepwise dialysis in 10 l of PBS (pH 7.4) at 
4 °C for 120 h, containing 0.05 % Triton X-100 to remove 
imidazole and urea and to promote protein refolding.   

   4.    Purifi cation of soluble proteins is performed under non- 
denaturing conditions with buffer A without urea or 
 N -lauroylsarcosine.      

       1.    Immediately following  SDS–PAGE  , when the dye front reaches 
the end of the gel, turn off the power supply. Separate the gel 
plates with the help of a spatula or similar tool. Remove the 
stacking gel.   

   2.    Excise the gel with recombinant proteins such that there is one 
lane with the protein markers and one with the recombinant 
proteins.   

   3.    Gently lay one nitrocellulose membrane, cut to the shape of 
the gel, on top of the gel ( see   Note 6 ).   

   4.    Gently lift the gel–membrane sandwich from the glass plate 
and place it on a Whatman no. 3 fi lter (place membrane side 
directly on the fi lter paper and the exposed gel side on top) cut 
to the size of the gel.   

   5.    Place a second Whatman no. 3 fi lter paper cut similarly ( see  
 Note 6 ).   

   6.    Place the nitrocellulose–gel–fi lter paper sandwich between two 
mini- PROTEAN   ®  3 system running modules with transfer 
buffer.   

   7.    Place this assembly in a Mini Trans-Blot and run at 37 °C for 
60 min at 200 V. Remove the membrane for immunoblotting.      

       1.    The molecular mass of the recombinant proteins expressed in 
 E.    coli    is assessed by Western blot using anti-His antibody.   

   2.    Purifi ed  recombinant   proteins are separated by 12 %  SDS–PAGE 
  ( see   Note 4 ), electrotransferred into a nitrocellulose membrane, 
and blocked with 5 % nonfat dry milk in PBS at 37 °C for 2 h. 
After washing with PBST, the membrane is incubated with 
mouse peroxidase-conjugated monoclonal anti-6× His IgG.   

3.6  Electrophoretic 
Transfer

3.7   Western Blot 
Analysis
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   3.    Immunoreactive protein bands are detected with 0.005 % 
(w/v) 4-chloro-1-naphthol and 0.015 % (v/v) hydrogen 
 peroxidase in PBS (0.005 % (w/v) of 4-chloro-1-naphthol in 
10 ml Tris–HCl 50 mM pH 7.5). Add 10 μl H 2 O 2  just before 
adding to the membrane.   

   4.    Figure  2  shows step-by-step procedure for the generation of 
recombinant protein   vaccines  .

              1.    BCA TM  Protein Assay kit is used to measure the recombinant 
protein concentrations according to the instructions provided 
by the manufacturer.   

   2.    Recombinant proteins are used in a concentration ranging 
between 20 and 50 μg in 15 % aluminum hydroxide or similar 
 adjuvants  .       

3.8  Vaccine 
Formulation

  Fig. 2    Step-by-step recombinant protein vaccine production       
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4    Notes 

     1.    Set up electroporator Genepulser II (Bio-Rad, USA) for bacte-
rial transformation following the manufacturer’s instructions. 
Add 1–2 μl of each ligation reaction to the volume of cells 
recommended by the manufacturer (may be less than 50 μl). 
Mix gently with pipette tip. Do not mix by pipetting up and 
down. Transfer the cells to the chilled  electroporation   cuvette 
(0.1 or 0.2 cm) on ice. Electroporate the cells as per the manu-
facturer’s recommended protocol. Quickly add 250 μl room 
temperature LB medium and mix gently. Transfer the solution 
to a 15 ml snap-cap tube (i.e., Falcon) and shake for at least 1 h 
at 37 °C to allow expression of the  antibiotic resistance   gene. 
Spread 10–150 μl from each transformation on a pre-warmed 
LB plate containing kanamycin (100 μg/ml). The remaining 
 transformation mix may be stored at 4 °C and plated out the 
next day, if desired. Incubate the plates overnight at 
37 °C. Select colonies and lyse the cells for plasmid isolation.   

   2.    Identifi cation and selection of colonies on the plate. To the 
Eppendorf tube, add 15 μl of phenol–chloroform solution and 
15 μl of lysis buffer. Add one identifi ed colony to this tube, 
shake and centrifuge at 14,000 ×  g  for 4 min. Apply the upper 
phase (approximately 15 μl) in agarose gel 0.8 %. It is important 
to use as a control the plasmid DNA from the vector in the gel 
to differentiate DNA recombinant from not recombinant clones.   

   3.    Assemble each sequencing reaction as follows: template DNA 
(0.1–0.2 pmol), primer (5 pmol), sequencing reagent premix 
(8 μl—DYEnamic ET Terminator Cycle Sequencing Kit, GE 
Healthcare, USA), and water to a total volume of 20 μl. For 
sequencing with this DYEnamic ET Terminator Cycle 
Sequencing Kit, a sequencing reagent premix is combined with 
template DNA and primer and thermally cycled. The reaction 
products are then precipitated with ethanol to remove unincor-
porated dye-labeled terminators. Samples are fi nally dissolved 
in an appropriate loading solution for separation and detection 
using the MegaBACE DNA Analysis Systems—MegaBACE 
500 (GE Healthcare, USA) sequence instruments.   

   4.    Mix the recombinant protein 4:1 with the sample buffer 
(10 % w/v SDS; 10 mM dithiothreitol, or beta-mercapto- 
ethanol; 20 % v/v glycerol; 0.2 M Tris–HCl, pH 6.8; 
0.05 % w/v bromophenol blue). Heat the samples at 95 °C for 
5–10 min. Clamp in your gel and fi ll both buffer chambers 
with gel running buffer (25 mM Tris–HCl; 200 mM glycine; 
0.1 % w/v SDS) according to the instructions for your specifi c 
apparatus. Add the sample into the gel adjusting the volume 
according to the amount of protein. Be sure to include a lane 
with molecular weight standards. Electrophorese at 15 mA 
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until the sample has entered the gel and then continue at 25 mA 
till the dye front reaches the bottom of the gel. Remove the gel 
for the power supply and process further. Visualize your pro-
teins using Coomassie Blue or any of the other protein stains.   

   5.    N-lauroylsarcosine (0.2 %) is used to replace 8 M urea for 
 solubilization of insoluble proteins that reaggregated during 
dialysis. In this case, the inclusion bodies are solubilized in 
 buffer A, containing 0.2 % N-lauroylsarcosine instead of 8 M 
urea, incubated at 4 °C for 72 h for complete solubilization. 
Purifi cation and dialysis are performed as described above.   

   6.    Hold the two top corners of the membranes with each hand. 
Lower the bottom part of the membrane fi rst on the lower part 
of the gel and gently release the membrane slowly to lay the 
complete membrane on the gel. This will prevent trapping of 
bubbles in between the gel and the membrane.           
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    Chapter 3   

 Computational Prediction of Immunodominant Epitopes 
on Outer Membrane Protein (Omp) H of  Pasteurella 
multocida  Toward Designing of a Peptide Vaccine                     

     Bhaskar     Ganguly      

1           Introduction 

 The fi rst step in  contemporary    vaccine   development  is   the identifi -
cation of those aspects of an infective organism that can evoke a 
safe, non-life-threatening  immune response   without causing a state 
of disease [ 1 ]. This step often follows a protracted course in the 
wet lab and can prove exceedingly labor and resource intensive. 
Computational  immunology   is evolving in its abilities to distin-
guish the immunogenic components of a  pathogen  , and the naïve 
tools of this science offer suffi cient speed and cost effectiveness, 
making computational studies increasingly important in the overall 
vaccine development process [ 2 ]. However, the tools of computa-
tional immunology, naïve, as they have been already stated to be, 
cannot afford enough reliability. A compromising solution to this 
problem lies in the simultaneous use of several good-performing 
methods [ 3 ] and to abide with the consensus. Many approaches 
entailing weighted matrices and decision algorithms have been 
described that render the consensus quantitative; however, such 
approaches leave little space for an extremely important input in 
vaccinology—intuition. The prediction approach must not 
 overlook the “underdog” immunogen, which just might fare 
 better in the biological  milieu . It can be safely stated at this point 
that sensitivity must fi nd greater priority over specifi city while 
 making the computational predictions. 

 Most vaccines target the humoral  immune response   that relies 
on the Class II pathway for processing of the exogenous  antigen   
[ 1 ]. Figure  1  presents an oversimplistic view of the processes 
involved during this response. The current state of the art allows 
the outcomes of only three of these processes to be predicted com-
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putationally with varying confi dence, namely,  B-cell   antigenicity, 
 MHC-II   binding, and T h -cell antigenicity. While many servers are 
available for the computational identifi cation of these processes in 
humans, the corresponding number for animals is scant.  P. multo-
cida  is a major scourge in livestock, especially in the tropics, where 
it causes recurring epidemics of hemorrhagic septicemia in cattle. 
It also primarily causes enzootic pneumonia in ruminants, fowl 
cholera in  poultry  , atrophic rhinitis in pigs, snuffl es in rabbits, and 
meningitis and appendicitis in humans. As an opportunistic  patho-
gen  , it causes secondary diseases including bronchitis, pneumonia, 
wound infections, cellulitis, osteomyelitis, and appendicial abscesses 
[ 4 ]. Outer membrane protein (Omp) H, variably known as  protein 
H   or major outer membrane protein, is a conserved protein in the 
envelope of  P. multocida  that has been targeted by some workers as 
a protective  antigen    [ 5 ]. In the sections to follow, we attempt to 
computationally identify the immunodominant B-cell epitopes on 
outer membrane protein (Omp) H of  Pasteurella multocida  toward 
designing of a peptide vaccine for livestock.

  Fig. 1    Humoral  immune response   depends on Class II pathway for processing of 
the exogenous  antigen   . “Ps” have been used to identify the steps that can be 
predicted computationally (artwork courtesy Ms. Vandana Sharma)       
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2       Materials 

   Amino acid sequences of OmpH of  P. multocida  can be obtained 
from any of the protein databases, the NCBI Protein database, for 
example ( see   Note 1 ).  

   The latest version of MEGA [ 6 ] can be downloaded for free from 
  http://www.megasoftware.net    . For system requirements, installa-
tion instructions, and troubleshooting, please refer to the software 
documentation provided at the website.  

    BioEdit sequence alignment editor   can be downloaded for free 
from   http://www.mbio.ncsu.edu/bioedit/bioedit.html    . Newer 
versions of BioEdit have not been available since November, 2013. 
However, the available version ( v  7.2.5) works very satisfactorily 
for the requisite purposes.  

    EditSeq   and  PROTEAN   are proprietary software from  DNASTAR  . 
A limited period trial version of this is available for free at   https://
www.dnastar.com/t-editseq.aspx     and   https://www.dnastar.com/t-
protean.aspx    , respectively. Users interested in regular application 
may prefer to have the commercially licensed versions ( see   Note 2 ).  

    BepiPred   is one of the best-performing linear  B-cell epitope 
 prediction   methods [ 7 ] available for free at   http://www.immunee-
pitope.org    .  

   The  ElliPro web server   [ 8 ], for identifi cation of conformational 
B-cell epitopes, can be accessed at   http://tools.immuneepitope.
org/tools/ElliPro    . A large number of other web servers that can 
be used for identifi cation of conformational epitopes are also 
available.   

3    Methods 

   Open the  FASTA   fi le containing OmpH sequences with MEGA 
and select all sequences in the alignment explorer. Select Alignment 
>>Align by ClustalW to run a multiple sequence alignment (MSA) 
with default parameters. Once the alignment is completed, click the 
tab “Data” and export the alignment as a new  FASTA   (.fasta/ .fas) 
fi le. Exit MEGA.  

   Start  BioEdit sequence alignment editor  . Select all sequences (Edit 
>>Select all sequences) and view the alignment entropy (Alignment 
>>Entropy Hx Plot;  see   Notes 3  and  4 ). Select Alignment >>Find 
Conserved Regions. Allow two exceptions in maximum entropy 
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 per  position. Let all other parameters at their default values and 
start. This will yield a text fi le containing the conserved regions. 
Save the fi le ( see   Note 5 ). Generate a consensus sequence based on 
the MSA (Alignment >>Create Consensus Sequence) and save it as 
a text fi le ( see   Notes 6  and  7 ). Exit BioEdit.  

   To result in an optimum humoral response, the peptide should not 
only bear B-cell epitopes but also  T-helper cell   agretopes within or 
fl anking the  B-cell   epitopes. Further, the peptide should also be 
capable of binding  MHC-II  . These properties can be predicted on 
the basis of certain structural motifs and biochemical propensities. 
However, since none of these methods is absolutely reliable, as 
stated earlier, these must be applied in consensus. 

 Start  EditSeq  , select File >>New >>New Protein. Copy and 
paste the consensus OmpH sequence. Save as a Protein (.PRO) 
fi le. Exit EditSeq. Start  PROTEAN   and open the Protein (.PRO) 
fi le containing the consensus OmpH sequence. To apply a particu-
lar method, drag and drop the name of the method in to the active 
window. Use Hopp-Woods and Kyte-Doolittle hydrophilic regions’ 
plots, Eisenberg hydrophobicity plot, Karplus-Schulz fl exible 
regions’ plot, and Emini surface regions plot for prediction of lin-
ear B-cell epitopes. Similarly, use Chou-Fasman alpha regions, 
Eisenberg alpha amphipathic regions, AMPHI alpha-helix plot, 
AMPHI regions, and Rothbard-Taylor T-cell motif methods for 
 T h -cell agretope prediction  . Sette MHC motif should be used for 
the prediction of  MHC-II   binding regions. Save the results as a 
Protean (.pad) fi le. Exit  PROTEAN  . 

 Using the consensus sequence of OmpH as an input, predict 
the linear B-cell epitopes using  BepiPred   and the conformational 
 B-cell   epitopes using ElliPro ( see   Note 8 ). Once all the methods 
have been completed, look for linear B-cell epitopes that contain or 
that are fl anked by T h -cell agretopes and  MHC-II   binding regions 
( see   Note 9 ) within the conserved regions of OmpH. Involvement 
of these linear epitopes in the formation of conformational epitopes 
suggests a good potential for inclusion in the peptide vaccine. To 
reiterate, for qualifying as an  immunodominant region for inclusion 
in the peptide vaccine, the region must have all of the following 
properties:

 ●    It must lie within a conserved region of the MSA.  
 ●   It must have a linear  B-cell   antigenic nature, as evident from 

the consensus of the prediction methods.  
 ●   It must bear at least one T h -cell agretope and  MHC-II   binding 

region within or abounding it.  
 ●   The predicted linear B-cell epitopic residues should participate 

in the formation of conformational  B-cell   epitopes.      

3.3  Identifying 
Immunodominant 
Epitopes 
and Agretopes
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4    Notes 

     1.    It is important that as many sequences as possible are selected. 
However, incomplete sequences that are lesser than half of the 
complete sequence may not be selected if a large number of 
complete/near-complete sequences are already available. 
Short, incomplete sequences are only likely to add entropy to 
the multiple sequence alignment at the next step. All sequences 
should be saved as a single  FASTA   (.fasta/.fas) fi le.   

   2.     PROTEAN   bundles several epitope prediction utilities in a single 
package and deriving the consensus prediction is easier; however, 
most of these utilities can also be accessed individually on  different 
web servers. BioEdit also serves few of these utilities.   

   3.    Sequences that yield alignments with high entropy are not 
likely to be good vaccine candidates. High entropy shows that 
the different sequences ( antigens   ) vary from each other con-
siderably. Hence, antibodies against one antigen will not rec-
ognize a different antigen.   

   4.    Within alignments of low entropy, the regions corresponding 
to very low entropy are those of interest for the purpose of 
 peptide vaccine  design  . Since these regions are conserved across 
 antigens  , antibodies to such peptides will provide protection 
against  pathogens   from different sources. Moreover, the highly 
conserved nature of these regions is, in most cases, suggestive 
of some essential function—these regions are not likely to 
mutate under a positive selection pressure and binding of anti-
bodies to these regions renders the essential function disabled.   

   5.    Though not actually a part of the stated problem, it is worth-
while to check the conserved sequences for homologues in the 
host proteome before proceeding any further. This is easily 
done by running a BLASTp search with the conserved 
sequences as inputs and restricting the search to hosts for 
which the vaccine is intended. Many  pathogens   harbor  proteins 
that are homologous to one or many of the host proteins; 
immunization with such peptides may result either in a poor 
antibody response or self-reacting antibodies.   

   6.    The consensus sequence will almost always contain several 
gaps. These must be manually fi lled based on the most  common 
amino acid residue at that particular position in the MSA. This 
process is tedious and may appear burdensome, but it must be 
exercised with utmost care.   

   7.    Corresponding to some gaps in the consensus sequence, more 
than one amino acid may appear with nearly equal frequencies 
in the MSA. These gaps may be fi lled with any of these amino 
acids; however, the biochemical characteristics of the amino 
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acids should be given due importance. For example, if at a 
particular position in the MSA, arginine (R), lysine (K), and 
methionine (M) appear with near-equal frequencies, then the 
gap in the consensus sequence should be fi lled with either R or 
K but not M.   

   8.    Only about 10 % of all  B-cell   epitopes are linear; the rest are 
conformational. ElliPro determines the occurrence of amino 
acid residues within these conformational epitopes based on 
homology with existing antigen-antibody complexes. The 
input can be provided in the form of single letter amino acid 
sequence of the protein or as a structural coordinate fi le in the 
.pdb format. For most  antigens   , the single letter amino acid 
code is suffi cient, but sometimes, ElliPro may not determine 
homology to existing antigen-antibody complexes. In such 
events, input of the  antigen    in the form of structural 
 coordinates, i.e., .pdb format, may be preferred. Determination 
of 3D structures of proteins is beyond the scope of this 
 discussion. However, it may suffi ce to state that automated 
protein structure prediction with good web servers is available 
for free and generally satisfi es the purpose.   

   9.    For the preliminary screening stage, the approach outlined 
above should generally suffi ce. If, however, in vivo testing 
shows poor results, heteroclitic modifi cations in the peptides 
should be made computationally. Molecular docking studies 
with the peptide and host-specifi c  MHC-II   should be 
 performed and following molecular dynamics, the free energy 
changes during the binding of the native peptide and the 
 modifi ed peptide should be compared. These applications are 
beyond the scope of the stated problem. However, the 
Schrödinger suite is a personal favorite of the author in the face 
of such applications   .         
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Chapter 4

DNA Vaccines Against Maedi–Visna Virus

Ana M. Henriques, Miguel Fevereiro, and Gabriel A. Monteiro

1 Introduction

Maedi–visna virus (MVV) is a retrovirus of the genus Lentivirus, 
responsible for a slowly progressive disease in sheep, characterized 
by a relatively long asymptomatic period in which virus persists in 
the presence of strong humoral and cellular responses [1]. The 
virus derives its Icelandic name from the symptoms of the disease 
it causes in sheep. Maedi (dyspnea) is used to describe a slow 
 progressive interstitial pneumonia, while visna (wasting) is a condi-
tion resulting from a slow progressive inflammatory disease of the 
central nervous system, which causes paralysis. The 9.2 kb genome 
of MVV has three major genes, gag, pol, and env, which encode 
the virus structural proteins. The core proteins p16, p25, and p14 
are encoded by the gag gene, while pol encodes the virus 
 polymerase, and env encodes the envelope glycoproteins gp41 
(TM) and gp135 (SU) [2–4]. With the exception of Australia and 
New Zealand, MVV is spread all over the world. The high levels of 
infection triggered the application of eradication and control 
 measures in several countries. Cutlip et al. developed an inactivated 
virus vaccine against MVV; however they were found to be 
 ineffective as the antibodies generated did not protect the animals 
from infection [5]. Also attenuated MVV vaccines readily 
 stimulated the production of precipitating antibodies in sheep; 
however they were not able to prevent MVV infection [6]. Since 
the conventional vaccines have not proven effective in protecting 
sheep against MVV, DNA vaccines may constitute an alternative 
approach. This technology has shown to be effective against 
 infection by other members of the Lentivirus genus, including FIV 
[7], CAEV [8], SIV [9], and HIV [10, 11]. DNA vaccines 
 represent a new form of vaccination, where instead of being admin-
istered directly, the antigen of interest is encoded in a vector [12]. 
After administration, the DNA is internalized by the host cells, 
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wherein the in vivo transcription of the gene of interest occurs 
 followed by the synthesis of the protein encoded by the DNA 
 vaccine [13]. The protein is processed and the resulting peptides 
are presented on the cell surface by MHC I molecules, triggering 
a cellular response. Moreover, the protein produced in the cell may 
be secreted and is then internalized by an antigen-presenting cell 
(APC). Once inside the APC, the protein is processed and  presented 
by MHC II molecules, which elicit a humoral response. Among 
the main advantages of this type of vaccine are the development of 
both cellular and humoral immune responses, the production of 
antibodies against the native form of the protein, the absence of 
any infection risk and low cost, associated with ease of develop-
ment, production, storage, and transportation [14].

A possible drawback of this vaccination technology is related 
with the weak immune response generated. In order to enhance 
the immunity of DNA vaccines, targeting sequences may be added 
to the DNA vector to direct the antigenic protein to specific cell 
compartments where it may be more easily recognized by antigen- 
presenting cells and therefore will elicit an enhanced immune 
response. The secretion signal, composed of the first 21 amino 
acids of the tissue plasminogen activator (tPA) signal, constitutes 
one of the targeting sequences that can be used to improve DNA 
vaccination. The targeting of the antigen to the extracellular 
medium increases its exposition to APCs, which is a desirable 
property, since the most likely pathway for antigen presentation 
involves uptake of the DNA vaccine by a cell (non-APC), followed 
by expression and transmission of the antigen to APCs for presen-
tation [15]. The encoded immunogen expressed in the transfected 
cells should be taken up by the APCs so as to enter the MHC II 
antigen-processing and presentation pathways, which convention-
ally operate only in APCs [16]. Henriques et al. showed that a 
DNA vaccine against MVV including the Sc-targeting sequence 
could elicit a stronger humoral response than that induced by the 
MVV protein alone [2]. Also LAMP (lysosome-associated  membrane 
protein), which directs the antigen to the lysosome where it is 
 proteolytically degraded, can be used as targeting sequence [17]. 
The resulting peptides are then transported by MHC class II 
 molecules to the cell surface where they are  presented to T-helper 
cells. The targeting of antigens to the lysosome will promote the 
degradation of proteins synthesized within the cell and activate the 
MHC II pathway, leading to an increase of both humoral and 
 cellular responses [16, 18]. Another sequence frequently used is 
E1A, which directs the antigen synthesized to the endoplasmic 
reticulum (ER). The ER promotes the association of the antigen 
with MHC I molecules favoring the MHC I pathway and a subse-
quent cellular response. Furthermore, the MHC II pathway and a 
subsequent humoral response can be promoted since the ER is also 
responsible for the trafficking of MHC II molecules through the 
Golgi to the endocytic route [19].

Ana M. Henriques et al.
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Another possible drawback of DNA vaccination is the low 
 levels of protein expression, often due to the low efficiency with 
which DNA enters the cells. This can be circumvented by the use 
of alternative delivery methods for the transport of the vaccine, 
such as cationic liposomes that not only assist DNA into  penetrating 
the cell but also prevent its degradation by cellular endonucleases 
[20]. Cationic liposomes are also stimulators of innate immunity. 
This approach was successfully used in the development of a DNA 
vaccine against MVV, since significantly higher transfection 
 efficiencies and humoral responses were obtained in vitro and 
in vivo, respectively, when lipoplexes were used [21].

A heterologous prime-boost immunization with DNA and 
protein has proven useful in most cases [22]. This strategy has the 
potential for inducing a stronger immune response, probably 
because boosting with a formulation containing only the relevant 
epitope in common with the prime immunization may allow 
 preferential expansion of preexisting memory T cells to the epitope 
of interest [23].

This chapter describes the engineering of DNA vaccines in 
order to encode for the MVV p16 (matrix protein) and p25  (capsid 
protein). These proteins were selected since they are core proteins, 
therefore less likely to mutate. Targeting sequences Sc and LAMP 
will be also included to enhance the immune response. The experi-
mental designs described in this chapter include the following steps 
in Subheadings 1.1–1.3.

The DNA vaccines are constructed by cloning MVV p16 and p25 
encoding genes under the control of a eukaryotic promoter such as 
the human cytomegalovirus (HCMV). Also an efficient transcrip-
tion termination/polyadenylation (polyA) signal sequence is 
 necessary to promote gene expression in vaccine recipients [24]. 
Other essential elements of the plasmid backbone are a prokaryotic 
origin, an antibiotic selection marker for kanamycin, for example, 
a multiple cloning site (MCS) and immunostimulatory sequences 
such as CpG motifs. Plasmids are engineered by directional  cloning, 
using two restriction enzymes that generate cohesive ends. Double 
digestions with different enzymes allow the generation of 
 compatible cohesive ends for cloning of the genes in the correct 
orientation. The targeting sequences Sc and LAMP are cloned by 
the same procedure. All constructs are made to create Kozak 
sequences flanking the AUG codon sequences, an important 
 feature for recognition by eukaryotic ribosomes. The green 
 fluorescent protein (GFP) reporter gene when fused to the 
 antigenic protein gene allows the assessment of its expression and 
cellular localization.

Chinese hamster ovary (CHO) cell line and several ovine primary cells 
can be used to test plasmids and their biological activity and  integrity. 
Protein expression is analyzed in terms of GFP reporter gene 

1.1 Design 
of the DNA Vaccines

1.2 In Vitro Studies

DNA Vaccines Against Maedi–Visna Virus
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 expression, measured by flow cytometry, a semiquantitative analysis, 
essential to verify if the plasmids are correctly constructed for expres-
sion of the MVV-recombined protein with and without the targeting 
sequences. The transfection efficiency and mean fluorescence levels of 
cultured cells are analyzed. These studies are also useful to check for 
differences among the MVV-GFP fusion proteins containing  targeting 
sequences, which should be directed for processing in different 
compartments.

In vivo experiments are performed to focus on the evaluation of 
the antibody response in mice in order to check the efficiency of 
the plasmids as DNA vaccines, after vaccination with MVV DNA 
prototype vaccines. A heterologous prime-boost strategy is used. 
The humoral response in mice vaccinated with the different 
 constructs is measured by enzyme-linked immunosorbent assay 
(ELISA) in sera collected regularly during the in vivo assays.

2 Materials

 1. Genomic DNA of P1OLV MVV Portuguese isolate [25] 
obtained from lung cells (see Note 1).

 2. Forward and reverse primers (see Table 1).
 3. Taq DNA polymerase and respective reaction buffer.
 4. Deoxynucleotide mixture (10 mM of dATP, dCTP, dGTP, 

dTTP).
 5. MgSO4 25 mM.
 6. Agarose.
 7. TBE 1×: 89 mM Tris base, 89 mM Boric acid, 2 mM EDTA.
 8. Ethidium bromide 0.5 mg/ml.

1.3 In Vivo Studies

2.1 Design 
of the DNA Vaccines

2.1.1 Cloning of the MVV 
p16 and p25 Encoding 
Sequences

Table 1 
Primers used in the amplification of p16 and p25 MVV encoding genes

Primer Sequence
Amplicon 
length Annealing (°C) Extension (s)

Nhe-p16-F

Afl-p16-R

GCGCGCTAGCATGGCGAAGCAA 
GGCTCAAAGGAG

GCGCCTTAAGCCGTAGACCTCC 
TTATGTGTCTC

451 bp 50 90

Nhe-p25-F

Afl-p25-R

GCGCGCTAGCATGGCCATAGTAAAT 
TTACAAGCAG

GATACTTAAGCCCAATTGCATTTTAA 
ATCCTTCTG

694 bp 52 120

Restriction sites are underlined and the start codon is in bold

Ana M. Henriques et al.
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 9. Loading buffer 6×: 60 mM Tris–HCl pH 8.6, 100 mM NaCl, 
2 mM β-mercaptoethanol.

 10. DNA molecular weight marker.
 11. UV protection mask.
 12. Scalpel tip.
 13. Transilluminator.
 14. Gel extraction kit such as QIAquick Gel Extraction Kit 

(QIAGEN).
 15. Preheated sterilized MilliQ water at 65 °C.
 16. Spectrophotometer.
 17. Plasmid pVAX-GFP (see Note 2).
 18. Restriction enzymes NheI and AflII and respective buffer.
 19. T4 DNA ligase and respective buffer.
 20. E. coli DH5α cells.
 21. TSS buffer: 10 ml LB 2×, 1 ml MgCl2 1 M, 2 g PEG 8000, 

1 ml DMSO, in a final volume of 20 ml.
 22. Luria–Bertani (LB) broth medium: yeast extract 5 g/l, sodium 

chloride 10 g/l, tryptone 10 g/l).
 23. LB agar: tryptone 10 g/l, yeast extract 5 g/l, NaCl 5 g/l, agar 

15 g/l.
 24. Kanamycin 50 mg/ml, 0.2 μm filtered.
 25. Water bath.
 26. Orbital incubator 37 °C.
 27. Plasmid purification kit such as High Pure Plasmid Isolation 

kit (Roche).
 28. Cryovials.
 29. Glycerol for molecular biology (99 %).
 30. Plasmid midi purification kit such as Plasmid Purification Midi 

(QIAGEN).
 31. Isopropanol 100 % (v/v).
 32. Ethanol 70 % (v/v).
 33. Phosphate-buffered saline (PBS): 0.9 % NaCl, 10 mM sodium 

phosphate, pH 7.2.

 1. Sc and LAMP forward and reverse synthetic oligonucleotides 
(see Table 2).

 2. Taq DNA polymerase and respective reaction buffer.
 3. Deoxynucleotide mixture (10 mM of dATP, dCTP, dGTP, 

dTTP).
 4. Plasmids VAX-p16 and VAX-p25.

2.1.2 Cloning of the Sc- 
and LAMP- Targeting 
Sequences

DNA Vaccines Against Maedi–Visna Virus
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 5. Restriction enzymes BstEII, NheI, XhoI and DraII, and 
respective buffers.

 6. Agarose.
 7. TBE 1×: 89 mM Tris base, 89 mM Boric acid, 2 mM EDTA.
 8. Ethidium bromide 0.5 mg/ml.
 9. Loading buffer.
 10. DNA molecular weight marker.
 11. UV protection mask.
 12. Scalpel tip.
 13. Transilluminator.
 14. Gel extraction kit such as QIAquick Gel Extraction Kit 

(QIAGEN).
 15. Preheated sterilized MilliQ water at 65 °C.
 16. Spectrophotometer.
 17. T4 DNA ligase and respective buffer.
 18. E. coli DH5α cells.
 19. TSS buffer (10 ml LB 2×, 1 ml MgCl2 1 M, 2 g PEG 8000, 

1 ml DMSO, in a final volume of 20 ml).
 20. Luria–Bertani (LB) broth medium: yeast extract 5 g/l; sodium 

chloride 10 g/l; tryptone 10 g/l.
 21. LB agar: tryptone 10 g/l; yeast extract 5 g/l; NaCl 5 g/l; agar 

15 g/l.
 22. Kanamycin 50 mg/ml, 0.2 μm filtered.
 23. Water bath.
 24. Orbital incubator 37 °C.
 25. Plasmid mini purification kit such as High Pure Plasmid 

Isolation kit (Roche).

Table 2 
Sequence of synthetic oligonucleotides used to introduce the targeting sequences

Sequence

Sc Forward: GGGGGTGACCATGGACGCCATGAAGCGCGGCCTGTGCTGCGTGCTGC 
TGCTGTG

Reverse: CCCGCTAGCGCGGGCGCTCACGAACACGGCGCCGCACAGCAGCAGCAC 
GCAGCAC

LAMP Forward: GGGCTCGAGTCTTGAACAACATGTTGATCCCCATTGCTGTGGGCGGT 
GCCCTGGCAGGGCTGGTCCTCATCGTCCTCATTGCCTACC

Reverse: CCCGGGCCCTCTAGATGGTCTGATAGCCGGCGTGACTCCTCT 
TCCTGCCAATGAGGTAGGCAATGAGGACGATGAGGAC

Restriction sites are underlined and the regions complementary in the two oligonucleotides are shown in bold

Ana M. Henriques et al.
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 26. Cryovials.
 27. Glycerol for molecular biology (99 %).
 28. Plasmid midi purification kit such as Plasmid Purification Midi 

(QIAGEN).
 29. Isopropanol 100 % (v/v).
 30. Ethanol 70 % (v/v).
 31. Phosphate-buffered saline (PBS): 0.9 % NaCl, 10 mM sodium 

phosphate, pH 7.2.

 1. 75 cm2 T flasks.
 2. F12 (HAM) culture medium (Invitrogen): 22.5 ml of F12 

(HAM) nutrient mixture 1×, 1 % of antibiotic-antimycotic 
100×, 1 % of modified Eagle medium-nonessential amino acids 
(MEM-NEAA) 100×, 1 % of 100 mM sodium pyruvate, 0.1 % 
of gentamicin (50 mg/ml), 1.5 ml of inactivated fetal bovine 
serum (FBS).

 3. One vial of CHO cells (with approximately 4× 106 cells) resus-
pended in 1 ml of FBS with 10 % DMSO.

 4. DMEM culture medium (Invitrogen): 22.5 ml of DMEM 
nutrient mixture 1×, 1 % of antibiotic-antimycotic 100×, 1 % of 
modified Eagle medium-nonessential amino acids (MEM- 
NEAA) 100×, 1 % of 100 mM sodium pyruvate, 0.1 % of 
 gentamicin (50 mg/ml), 1.5 ml of inactivated fetal bovine 
serum (FBS).

 5. One vial of SCP (sheep choroid plexus), OSM (ovine synovial 
membrane), TO (sheep testicle), and OSk (ovine skin) cells 
(with approximately 4× 106 cells) resuspended in 1 ml of FBS 
with 10 % DMSO.

 6. Incubator at 37 °C and 5 % of CO2-humidified environment.
 7. 50-ml conical centrifuge tubes.
 8. Lipofectamine™ 2000 (Invitrogen).
 9. Candidate DNA vaccines.
 10. Incomplete F12 (HAM) medium (without antibiotics).
 11. Incomplete DMEM medium (without antibiotics).
 12. Trypsin-Versene solution: 8 g/l NaCl, 0.4 g/l KCl, 1 g/l glu-

cose, 0.58 g/l NaHCO3, 0.5 g trypsin (1:250), 0.2 g/l EDTA, 
pH 7.2–7.4.

 13. Sterile 24-well plates.
 14. Sterilized PBS: 0.9 % NaCl, 10 mM sodium phosphate, pH 7.2.
 15. Paraformaldehyde (PFA) 2 % (w/v).
 16. 15-ml conical centrifuge tubes.
 17. 5-ml polystyrene round-bottom tubes and aluminum foil to 

protect samples from light.

2.2 In Vitro Assays

DNA Vaccines Against Maedi–Visna Virus
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 1. Candidate DNA vaccines.
 2. MVV-purified virus 0.45 μg/μl.
 3. Octyl-2 % in PBS.
 4. Six- to eight-week-old female BALB/c mice.
 5. Microneedles (27G × 1/2″, 0.4 × 12 mm, 1 ml).
 6. 96-well ELISA plates.
 7. ELISA plate washing machine.
 8. Pool of mouse sera.
 9. 3D9 MVV monoclonal antibody.
 10. Carbonate–bicarbonate buffer: 15 mM Na2CO3, 35 mM 

NaHCO3, pH 9.6.
 11. Washing buffer: H2O/Tween 0.05 %.
 12. Serum dilution buffer: 2.5 mM NaH2PO4, 7.5 mM Na2HPO4, 

500 mM NaCl, 0.05 % Tween 80.
 13. Horseradish peroxidase-conjugated rabbit anti-mouse 

immunoglobulin.
 14. Fetal ovine serum.
 15. Peroxidase substrate: 10 mg OPD (o-Phenylenediamine dihy-

drochloride) in 25 ml citrate/phosphate buffer (35 mM citric 
acid, 67 mM Na2HPO4) with 10 μl de H2O2.

 16. Stop solution: H2SO4 10 %.
 17. Absorbance microplate reader.

3 Methods

 1. Amplify the p16 and p25 encoding genes by PCR, using prim-
ers indicated in Table 1 (see Notes 3–5).

 2. Use 500 ng genomic DNA (see Note 1), 100 pmol of each 
primer, 5 U Taq DNA polymerase, 400 μM dNTPs, 10 μl buf-
fer reaction 10×, and 4 μl MgSO4 25 mM in a final volume of 
100 μl.

 3. Put the reactions in a thermocycler under the following ampli-
fication program: initial denaturation at 94 °C for 2 min, fol-
lowed by 35 cycles of 30 s denaturation at 94 °C, 30 s annealing 
at variable temperature (see Table 1) and extension at 72 °C for 
variable time (see Table 1). The program ends with a final 
extension period of 10 min at 72 °C.

 4. Check the size of the expected fragments (see Table 1) by aga-
rose gel electrophoresis.

 5. Set up a 1 % agarose gel by adding 0.5 g of agarose to 50 ml 
TBE 1×.

2.3 In Vivo Assays

3.1 Design 
of the DNA Vaccines

3.1.1 Cloning of the MVV 
p16 and p25 Encoding 
Sequences in pVAX-GFP
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 6. Melt the agarose, add 2.5 μl ethidium bromide, transfer the 
mixture to a tray, and allow the gel to polymerize for 30 min 
(see Note 6).

 7. Place the tray with the gel inside the electrophoresis chamber 
and apply the PCR product with 5 μl of sixfold loading buffer. 
In one well apply 5 μl of the molecular weight marker.

 8. Run the 1 % agarose gel electrophoresis at 120 V for 45 min.
 9. After electrophoresis, remove the gel from the electrophoresis 

chamber, put it under UV light, and check for the presence of 
the desired bands.

 10. Excise the band corresponding to the amplicon.
 11. Purify the DNA from the agarose gel slices with an appropriate 

commercial kit such as QIAquick Gel Extraction Kit (QIAGEN) 
following the manufacturer’s instructions.

 12. Measure the concentration of the amplified fragment at 
260 nm (see Note 7).

 13. Double digest the amplicon and the vector pVAX-GFP (see 
Note 2) with NheI and XhoI restriction enzymes (see Note 8), 
using 1 μl of NheI (10 U/μl), 0.5 μl of XhoI (20 U/μl), ten-
fold enzyme buffer, MilliQ sterilized water, and 3 μg of plas-
mid DNA or 5 μg amplified fragment.

 14. Incubate the mixture for 2 h at 37 °C.
 15. Purify the restricted fragments and vector with an appropriate 

commercial kit such as QIAquick Gel Extraction Kit (QIAGEN) 
following the manufacturer’s instructions (see Note 9).

 16. Measure the concentration of the amplified fragment and the 
vector at 260 nm (see Note 7).

 17. Perform a ligation mixture with 1 U of T4 DNA ligase and 
4 μl of fivefold T4 ligase buffer, for a final volume of 20 μl, 
considering the mass of insert and vector needed for the 
 reaction (see Note 10).

 18. Incubate the mixture for 3 h at room temperature.
 19. Transform 50 μl of competent E. coli DH5α cells (see Note 11) 

with 10 μl of ligation mixture.
 20. Incubate the cells with the 10 μl of the ligation mixture for 

30 min on ice.
 21. Heat the mixture for 30 s at 42 °C and subsequently cool it on 

ice for 2 min.
 22. Add immediately 250 μl of sterile liquid LB medium, and 

 incubate the cells at 37 °C with agitation for 1 h.
 23. Plate in LB agar supplemented with 50 mg/ml kanamycin.
 24. Incubate overnight at 37 °C.
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 25. After incubation, recombinants can be observed. To confirm 
the presence of the expected clones, pick and inoculate several 
colonies in 5 ml of LB medium with kanamycin at 37 °C, over-
night with agitation.

 26. Purify the plasmids with a commercial kit such as High Pure 
Plasmid Isolation kit (Roche), following the manufacturer’s 
instructions.

 27. To check for the presence of fragments of interest, double 
digest 1 μg plasmid DNA for 1 h at 37 °C with 10 U of NheI 
and AflII in the corresponding buffer.

 28. Run the mixtures in 1 % agarose gel in order to confirm the 
correct size of the fragments.

 29. Prepare cell banks of the correct clones as follows. Inoculate 
one single colony in 5 ml of LB medium with 5 μl of  kanamycin 
(50 μg/ml) overnight at 37 °C and 250 rpm in an orbital 
shaker. Distribute 160 μl of culture into cryovials containing 
40 μl of glycerol, mix well, and store at −80 °C.

 30. Prepare high amounts of plasmids VAX-p16 and VAX- p25, 
using a plasmid midi purification kit such as Plasmid Purification 
Midi (QIAGEN), according to the manufacturer’s instructions 
from 200 ml of LB medium supplemented with kanamycin.

 1. Double digest Sc targeting sequence (see Note 12) with 
BstEII and NheI and the LAMP signal (see Note 12) with 
XhoI and DraII restriction enzymes, as indicated in step 13 of 
Subheading 3.1.1, for 2 h at 37 °C.

 2. Double digest plasmids VAX-16 and VAX-p25 with the same 
enzymes (BstEII/NheI and XhoI/DraII each), as indicated in 
step 13 of Subheading 3.1.1, for 2 h at 37 °C.

 3. Separate the restricted fragments in an agarose gel as indicated 
in Subheading 3.1.1, steps 5–9.

 4. Excise the bands corresponding to cleaved plasmids and tar-
geting sequences.

 5. Purify the DNA from the agarose gel slices with an appropriate 
commercial kit such as QIAquick Gel Extraction Kit (QIAGEN) 
following the manufacturer’s instructions.

 6. Measure the concentration of the fragments at 260 nm (see 
Note 7).

 7. Perform a ligation mixture with 1 U of T4 DNA ligase and 
4 μl of the fivefold T4 ligase buffer, for a final volume of 20 μl, 
considering the mass of sequence and plasmid needed for the 
reaction (see Note 10).

 8. Incubate the mixture for 3 h at room temperature.
 9. Transform 50 μl of competent E. coli DH5α cells (see Note 11) 

as indicated in steps 19–24 of Subheading 3.1.1 with 10 μl of 
ligation mixture.

3.1.2 Cloning of the Sc 
and LAMP Targeting 
Sequences
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 10. Pick and inoculate several colonies in 5 ml of LB medium with 
kanamycin at 37 °C, overnight with agitation and purify the 
plasmids with a commercial kit such as High Pure Plasmid 
Isolation kit (Roche), following the manufacturer’s 
instructions.

 11. To check for the presence of fragments of interest, double 
digest 1 μg of plasmid DNA for 1 h at 37 °C with 10 U of 
BstEII and NheI for Sc and XhoI and DraII for LAMP, in the 
corresponding buffer.

 12. Run the mixtures in 1 % agarose gel in order to confirm the 
correct size of the fragments.

 13. Prepare cell banks of the correct clones as indicated in step 29 
of Subheading 3.1.1.

 14. Prepare high amounts of plasmids Sc-p16, Sc-p25, p16- LAMP, 
and p25-LAMP, using a plasmid midi purification kit such as 
Plasmid Purification Midi (QIAGEN), according to the manu-
facturer’s instructions from 200 ml of LB medium supple-
mented with kanamycin.

 1. Grow a starting culture of CHO (Chinese hamster ovary) cells 
by adding one vial of frozen cells to a 75 cm2 T flask with 
22.5 ml of supplemented F12 (HAM) nutrient mixture and 
1.5 ml of inactivated FBS. Grow starting cultures of SCP (sheep 
choroid plexus), OSM (ovine synovial membrane), TO (sheep 
testicle), and OSk (ovine skin) cells by adding one vial of frozen 
cells to a 75 cm2 T flask with 22.5 ml of supplemented DMEM 
nutrient mixture and 1.5 ml of inactivated FBS.

 2. Incubate the T flasks at 37 °C in a 5 % of CO2-humidified envi-
ronment up to a confluence of 80–90 %.

 3. Discard the culture medium from each T flask and perform a 
quick wash of the cells with 8 ml of PBS.

 4. Trypsinize the cells with 8 ml of trypsin for 5–10 min at 37 °C.
 5. Transfer cells on the trypsin solution to 50-ml conical centri-

fuge tubes and centrifuge at 230 × g for 10 min.
 6. Discard the supernatants and resuspend the pellets in 5 ml of 

PBS.
 7. Perform 1:10 dilutions in PBS. Take a sample from the diluted 

solutions and count the cells in a Neubauer chamber.
 8. Make appropriate dilutions in order to have a final volume of 

500 μl containing 2 × 105 cells per well. Consider three wells 
per each plasmid and three wells for the negative control (cells 
without plasmid).

 9. Centrifuge at 230 × g for 10 min.
 10. Resuspend the pellets in a mixture containing 450 μl medium 

without antibiotics and 50 μl of inactivated FBS per well and 
distribute 500 μl of the mixture per well of a 24-well plate.

3.2 In Vitro Assays

3.2.1 Culture 
and Transfection of Cells
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 11. Incubate the plates at 37 °C in a 5 % of CO2-humidified envi-
ronment for 24 h in order to reach a confluence of 80–90 %.

 12. For each well prepare separately one mixture containing 2 μl of 
Lipofectamine and 48 μl of incomplete medium and one 
 mixture containing 1 μg of plasmid DNA and incomplete 
medium up to a final volume of 50 μl. For the negative  controls, 
prepare a mixture of 2 μl Lipofectamine and 98 μl of incom-
plete medium. Consider performing triplicates for both 
 plasmid DNAs and negative controls.

 13. Prepare a transfection mixture with a final volume of 100 μl by 
mixing the two solutions and incubate at room temperature 
for 20 min.

 14. Discard 250 μl of medium from each well.
 15. Add 100 μl of the transfection mixture to each well in the 

plate. Add 100 μl of the plasmid-free transfection mixture to 
each of the negative control wells.

 16. Incubate the 24-well plates at 37 °C in a 5 % of CO2- humidified 
environment for 4–6 h.

 17. Remove the medium and transfection mixture from each well 
and add fresh complete medium with antibiotics and 10 % FBS 
up to a final volume of 500 μl per well.

 18. Incubate cells for 48 h at 37 °C in a 5 % of CO2-humidified 
environment.

 1. Harvest transfected cells after 48 h of incubation.
 2. Discard the complete medium and wash each well with 800 μl 

of sterilized PBS.
 3. Add 200 μl of trypsin to each well, and incubate the plates for 

5 min at 37 °C.
 4. Centrifuge the cells from each well in 15-ml conical centrifuge 

tubes.
 5. Add 1 ml of PBS to each well in order to recover cell leftovers 

and transfer to the corresponding centrifuge tube.
 6. Centrifuge at 230 × g for 10 min.
 7. Discard the supernatant, and resuspend the resulting pellets in 

800 μl of 2 % PFA, fixing cells and allowing flow cytometry 
analysis to be postponed.

 8. Cover the tubes with aluminum foil and keep at 4 °C until flow 
cytometry analysis.

 9. Analyze the green fluorescence intensity corresponding to GFP 
expression level and determine the transfection efficiency and the 
mean fluorescence, using appropriate software (see Note 13).

3.2.2 Analysis of Protein 
Expression by Flow 
Cytometry
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 1. Divide the 6–8 weeks female BALB/c mice in groups of five 
animals. Prepare seven groups of mice for testing VAX-p16, 
VAX-p25, Sc-p16, Sc-p25, p16-LAMP, and p25-LAMP. The 
negative control group receives pVAX without insert.

 2. Immunize mice subcutaneously or intramuscularly with 50 μg 
of each DNA vaccine prototypes in 100 μl of PBS.

 3. Perform two boost immunizations at 3 weeks interval.
 4. Perform a heterologous boost 3 weeks after the last DNA 

administration. Since MVV does not infect mice, 5 mg of puri-
fied MVV (see Note 14) is administered as protein boost. 
Inoculate also the negative control group of mice with purified 
virus.

 5. Regularly bleed up mice by facial venipuncture.
 6. Centrifuge the blood at 2000 × g for 5 min and collect the 

serum fraction.
 7. Prepare pools of sera from each group by adding the same 

 volume of each mice serum. Store all samples at −20 °C.

 1. Coat a 96-well ELISA plate with 50 μl MVV-purified virus (see 
Note 14) diluted 1:500 in carbonate–bicarbonate buffer after 
pretreatment (1:1) with 2 % octyl for 15 min at 4 °C in order 
to prevent clump formation.

 2. Incubate the ELISA plate overnight at 4 °C.
 3. Wash the plate four times with washing solution.
 4. Prepare four serial dilutions of serum samples from 1:100 to 

1:800 in serum dilution buffer and transfer of each dilution to 
the coated plate. To one well add 50 μl 3D9 MVV monoclonal 
antibody as positive control.

 5. Incubate the ELISA plate at 37 °C for 1 h.
 6. Wash the plate four times with washing solution.
 7. Add 50 μl horseradish peroxidase-conjugated rabbit anti- 

mouse immunoglobulin diluted 1:1000 in serum dilution 
 buffer with 5 % fetal ovine serum.

 8. Incubate the plate at room temperature for 1 h and then wash 
four times with washing solution.

 9. Add 50 μl OPD solution (10 mg OPD tablet dissolved in 
25 ml citrate/phosphate buffer with H2O2).

 10. Incubate for 1 h in the dark, at room temperature.
 11. Stop the reaction by adding 50 μl of 10 % sulfuric acid.
 12. Measure the absorbance at 492 nm in a microplate reader.

3.3 In Vivo Assays

3.3.1 Immunization 
of Mice

3.3.2 Evaluation 
of Humoral Response
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4 Notes

 1. As a retrovirus, MVV is an RNA virus. After the retroviral 
genome enters the host cell, the enzyme reverse transcriptase 
catalyzes the synthesis of a DNA strand using the viral RNA 
chain as template. The same enzyme catalyzes the synthesis of 
a second DNA strand complementary to the first, yielding a 
double-stranded DNA fragment. The resulting double- 
stranded DNA can then be integrated into the chromosomal 
double-stranded DNA of the host cell, a process that occurs 
through the integrase enzyme activity. For that reason, the 
amplification of MVV encoding genes can be performed by 
RT-PCR through genomic RNA or by PCR from DNA inte-
grated in the host cell. For being less expensive and easier to 
perform, the later approach must be adopted, and therefore 
the template for amplification can be obtained by genomic 
DNA extraction using a commercial kit such as Wizard DNA 
Genomic Purification kit (Promega), according to the manu-
facturer’s instructions.

 2. pVAX-GFP may be used as vector. This plasmid is derived from 
pVAX1lacZ (Invitrogen), in which the lacZ reporter gene was 
replaced by the eGFP gene, cloned between the XbaI and 
EcoRI restriction sites by Azzoni et al. [26].

 3. This technique allows exponential amplification of a DNA 
sequence using two primers that delimit the region to be 
amplified. This amplification is usually carried out by a high 
temperature-resistant polymerase extracted from the bacte-
rium Thermus aquaticus (Taq polymerase). The primers 
hybridize to each of the template DNA strands serving as 
 initiators for the polymerization reaction, which takes place 
from both the 5′ ends by the addition of nucleotides by Taq 
polymerase enzyme. The reaction is subjected to a series of 
cycles, about 35, comprising denaturation (94–95 °C), anneal-
ing of primers (depending of the pair of primers used), and 
extension (68–72 °C), wherein each formed strand of DNA 
serves as a template for the synthesis of a new strand. Sometimes, 
the sequences of the primers are slightly modified in order to 
facilitate future cloning.

 4. Forward primers are designed to contain a small tail of four 
bases at the 5′ end to allow enzymatic digestion, followed by 
restriction site NheI (GCTAGC). In forward primer used for 
amplification of sequence encoding the p25 protein, it is 
 necessary to introduce the ATG start codon, since this protein 
is encoded by a precursor gene, which is then processed to give 
protein p25. A Kozak sequence (ANNATGG) is known to 
facilitate the initiation of translation [27–29]. Since the 
 penultimate base of the introduced NheI restriction site is an 
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adenine, the Kozak sequence is created only by changing the 
first base after the start codon to a guanine (ATGG).

 5. Regarding reverse primers, a small tail of four bases is intro-
duced to facilitate digestion, followed by the restriction site for 
AflII enzyme (GAATTC) and about 20 bp complementary to 
the DNA template. In order to put the gene in the same ORF 
of the GFP encoding gene located downstream, thus allowing 
the expression of a fusion protein, two additional bases were 
introduced between the restriction site and the protein-encod-
ing gene.

 6. It is advised to mix vigorously and perform microwave heating 
without boiling, until all agarose is melted. Use a pipette tip to 
remove bubbles before agarose jellifies in the tray.

 7. Perform the calibration of the spectrophotometer using the 
same solution used to elute the DNA in order to obtain a more 
reliable concentration value. Make a 1:50 dilution using 2 μl of 
sample and 98 μl of MilliQ water. The Abs 260 nm readings 
are converted into mass concentrations by the following 
 correlation: 1 U Abs 260 nm = 50 μg/ml of DNA.

 8. The fragments are digested with two different enzymes, NheI 
which cleaves at the 5′ end and AflII which cleaves at the other 
end. This double digestion aims to force the fragment to be 
inserted into the vector in the correct direction, i.e., with the 
initiation codon at the 5′ end. The pVAX-GFP vector is 
digested with the same restriction enzymes, to give cohesive 
ends compatible with the fragment, allowing the ligation.

 9. This purification step is essential to remove enzymes, buffer, 
and the cleaved fragments to eliminate.

 10. The ligation between the fragment and the vector is made 
through the enzyme T4 DNA ligase, which catalyzes the for-
mation of a phosphodiester bond between the phosphate 
group of the 5′ end of the fragment and the OH group of the 
3′ end of the vector and vice versa. For the reaction mixture, 
consider a 3:1 insert/vector molar ratio and a mass of vector of 
approximately 50 ng. Do the calculations according to the 
 following equation:

 
ng

ng kb

kbfragment
vector fragment

vector

=
´

´3
 

 11. The competence is previously induced after cell growth to an 
optical density of 0.4 with 0.1 culture volumes of buffer TSS 
(10 ml LB 2×, 1 ml MgCl2 1 M, 2 g PEG 8000, 1 ml DMSO, 
in a total volume of 20 ml).

 12. The sequence used as a secretion signal is the first 21 amino 
acids of the tissue plasminogen activator (tPA) signal and the 
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gene encoding this protein is cloned at the 5′ end of the 
sequence encoding the MVV proteins, giving rise to plasmids 
Sc-p16 and Sc-p25. As a targeting sequence to lysosome, a 
DNA fragment encoding the transmembrane domain of 24 
amino acids and 11-amino acid cytoplasmic tail of LAMP 
 protein is cloned at the 3′ end of GFP encoding gene in VAX-
p16 and VAX-p25, yielding the plasmids p16-LAMP and p25- 
LAMP, respectively.

The targeting sequences Sc and LAMP are obtained from 
two synthetic oligonucleotides, one containing the 5′ end of 
the gene and another containing its 3′ end. Both oligonucle-
otides contain the core region of the gene and thus can 
 hybridize one to another. The forward and reverse synthetic 
oligonucleotide still had the BstEII/NheI and XhoI/DraII 
restriction sites, for Sc and LAMP cloning, respectively (see 
Table 2). To complete the sequence in both directions, a PCR 
reaction is carried using as template the region of DNA oligo-
nucleotides not hybridized. Each reaction is performed with 
100 pmol of each primer, 400 μM each dNTP, 2.5 U of Taq 
DNA polymerase, and respective reaction buffer diluted 
 tenfold in a final volume of 50 μl. The amplification program 
consists of an initial denaturation of 2 min at 94 °C, followed 
by a series of 35 cycles of 30 s denaturation at 94 °C, 30 s 
annealing at 65 °C, and 2 min extension at 72 °C. A final 
extension for 7 min at 72 °C is also recommended.

 13. Perform flow cytometry up to 4 days after cell harvesting. 
Always use the same time for each set of experiments. Use the 
cytometer to record the forward scatter (FSC), side scatter 
(SSC), and green fluorescence (FL1) in each run. For each 
sample, the cytometer discriminates cells from the debris due 
to their characteristics of FSC versus SSC, distinguishing cells 
from debris that are outside the gate. Background autofluores-
cence of non-transfected cells is taken into account considering 
the difference between total cell population inside the gate and 
the background autofluorescence of non-transfected cells indi-
cated by FL1 parameter. This establishes the M1 and M2 
parameters, corresponding to non-transfected and transfected 
cells with green fluorescence, respectively. Transfection 
 efficiency is defined as the percentage of cells that express 
 fluorescence above a threshold level, defined by autofluores-
cence of non-transfected cells. Cells transfected with plasmids 
Sc-p16 and Sc-p25 tend to show less fluorescence than cells 
transfected with VAX-p16 or VAX-p25, because this protein is 
likely to be secreted to the extracellular space and therefore is 
no longer available in the cytoplasm for detection. Low 
 fluorescence values are also anticipated for cells transfected 
with p16-LAMP or p25-LAMP, because sorting to lysosomes 
and subsequent degradation are expected. Cells expressing the 
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non-fused GFP protein are expected to exhibit higher levels of 
fluorescence due to the expression of GFP molecules instead of 
a fusion protein.

 14. To obtain viral antigen, MVV is grown in SCP cells and the 
supernatants of cultures showing 80 % cytopathic effect are 
clarified by centrifugation. The virus is precipitated by the 
addition of PEG and purified in a discontinuous sucrose gradi-
ent as previously described by Fevereiro et al. [30].
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    Chapter 5   

 Detection of Avian Antigen-Specifi c T Cells Induced by Viral 
Vaccines                     

     Tina     Sørensen     Dalgaard     ,     Liselotte     Rothmann     Norup    , 
and     Helle     Risdahl     Juul-Madsen     

1         Introduction 

    Poultry   is  a   worldwide  important   food resource and the produc-
tion sector continues to grow.  Chickens   are susceptible to a range 
of  pathogens  , some of which are also transmissible to and disease 
causing in humans, e.g., avian  influenza virus  . Apart from this, a 
range of viral diseases is a threat to the animals and causes extensive 
losses in the chicken production industry. 

 In a historic perspective, the study of the chicken immune  system 
has contributed to our understanding of fundamental immunological 
principles as reviewed by [ 1 ,  2 ]. Thus, the chicken bursa of Fabricius 
provided the fi rst evidence of two major lineages of lymphocytes and 
also understanding of Ig diversifi cation by gene conversion. The chief 
understanding of MHC-related disease resistance is also derived from 
studies in   chickens  . Notably, the research by Louis Pasteur leading to 
the fi rst attenuated vaccine comprised fowl cholera infection studies 
in  chickens  . Later, the fi rst vaccine against a  natural occurring cancer 
agent, Marek’s disease virus, was  developed in  chickens  . 

 Live attenuated viral vaccines are widely used in commercial 
 poultry   production, and evidence that intensive vaccination may 
lead to increased virulence has been reported for some  patho-
gens  , e.g., Marek’s disease virus. Indeed, the new viral strains 
from each successive wave acquired ability to overcome the 
immunity induced by the previously used vaccine strain [ 3 ]. This 
warns of the need to use more sustainable vaccination strategies 
that do not drive the  pathogen   to ever increasing virulence. 
Thus, it is of interest to develop new effective inactivated/ subunit 
vaccines   with capacity to induce long-lasting protecting immu-
nity in  commercial   chickens.   

1.1   Vaccination 
of Chickens
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   Cell-mediated immunity (CMI) induced by viral vaccines is impor-
tant for disease protection. For years, the possibilities to measure 
the specifi city and magnitude of CMI in  chickens   were hampered 
due to lack of reagents. Tools were restricted to “classical assays” 
such as proliferation measured by  3 H-thymidine incorporation and 
 CTL   activity measured by  51 Cr release. These techniques have 
 limitations, e.g., in their suitability for studying MHC-undefi ned 
individuals and in their ability to distinguish between different 
reactive cell subsets. However, rational vaccine  design   demands 
establishment of robust T cell assays with the ability to assess 
 phenotype and function of chicken T cell subsets. 

 Few reports exist on developed  chicken   tetramers [ 4 ,  5 ] and 
the reagents are not yet commercially available. Thus, studies of 
chicken antigen-specifi c T cells are primarily based on analyses 
ex vivo after activating the cells with recall antigen. There is a 
 particular interest in developing robust high-throughput assays as 
chicken vaccine trials usually comprise many individuals (of several 
different MHC haplotypes). Growing numbers of monoclonal 
 antibodies   to chicken lymphocyte surface markers and cytokines 
are now available, which provides new opportunities for addressing 
chicken CMI in recall assays.  

   Responses to  pathogens   are similar in birds and mammals; features 
of innate, adaptive, humoral, and cell-mediated immunity are 
 present in both [ 2 ,  6 ,  7 ]. But in many respects, details of organs, 
cell types, and molecules differ between birds and  mammals. Just 
to mention a few,  chickens   lack lymph nodes and have a  different 
repertoire of immunoglobulins, cytokines/chemokines, and pat-
tern recognition receptors. Moreover,  chickens   lack  neutrophils 
which are replaced by the apparent functional equivalents, hetero-
phils. Also, a large proportion of circulating T cells (20–50 %) 
express γδ T cell receptors (TCR) rather than αβ TCR. Finally, 
chickens have nucleated thrombocytes as well as nucleated eryth-
rocytes. Both cell types have been shown to respond to TLR 
ligands and are therefore suggested to have immunological func-
tions [ 8 ,  9 ]. 

 These differences in the avian immune system result in  diffi culties 
in adapting mammalian protocols directly to  chicken   studies. For the 
antigen stimulation assays, it is still unclear exactly which cell types 
are needed in the chicken samples to ensure suffi cient MHC presen-
tation of the recall antigen. Notably, density gradient preparations of 
chicken peripheral blood mononuclear cells (PBMC) differ from 
human PBMC preparations with respect to at least two cell types. 
(1) First of all, the samples may contain a  signifi cant amount of 
nucleated thrombocytes.  Chicken   thrombocytes have been reported 
as the primary blood phagocyte [ 10 ]. They can phagocytose 1.7 
times as many bacteria three times as rapidly as heterophils and 
monocytes, but it is not clear if they may also function as APCs for 
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induction of T cell responses in the  chicken  . Interestingly, a signifi -
cant increase  in   MHC class I expression was observed on thrombo-
cytes upon recall stimulation (Fig.  1 ). (2) A large proportion of T 
cells in a sample may be constituted by γδ T cells. Their possible 
involvement in the initiation of chicken  adaptive immunity   remains 
unclear, but they are able to professionally take up and present 
 soluble antigen via the classical MHC class II loading pathway and 
induce CD4+ T cell proliferation in humans [ 11 ]. Also, the  chicken 
  γδ T cells show signifi cantly increased MHC class I expression upon 
recall stimulation (Fig.  1 ). Whether or not the presence of high 
numbers of chicken γδ T cells is important for the induction of T cell 
proliferation in the CFSE assay still remains to be elucidated, but the 
γδ cells do certainly respond vigorously to specifi c antigen and 
 proliferation and IFN-γ production is easily induced in this T cell 
subset [ 12 ]. Therefore, it is crucial for robust chicken T cell assays to 
distinguish between different cellular subsets. For this purpose, 
simultaneous phenotypic and functional studies at single-cell level, 
e.g., by  fl ow cytometry  , remain the optimal choice.

      The  lymphocyte   activation can be evaluated by different methods 
using functional readouts such as proliferation, expression of 
 surface activation markers, or cytokine production [ 13 ]. Apart 
from the popular  ELISPOT   technique (which provides informa-
tion on the frequency of responding cells but not their phenotype), 
only few reports exist on studies of avian antigen-specifi c T cells at 
single- cell level. 

1.4   Readouts 
after Recall Activation

  Fig. 1    MHC-I expression on different PMBC subsets. Cells were isolated from a 
 chicken   immunized with commercial live Newcastle disease virus (NDV) vaccine. 
Mean fl uorescence intensities (MFI) of MHC class I staining were determined on 
different PBMC subsets after stimulation with UV-inactivated NDV antigen (Ag) 
overnight and compared to the expression on cells in medium alone. Standard 
deviations are indicated between triplicate determinations       
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 The very informative intracellular cytokine staining (ICS) tech-
nique that allows visualization of single cells and their cytokine 
 production, frequency, and phenotype has been used extensively in 
human medical research [ 14 ,  15 ]. The method is not yet widely used in 
avian  immunology   research, but two reports describe the ICS method 
used to study IFN-γ production in splenic T cell  subsets [ 16 ,  17 ]. 

 The carboxyfl uorescein succinimidyl ester (CFSE) test 
described in this chapter has been adapted to  chicken   cells and has 
so far been the most frequently published fl ow cytometric tech-
nique used to study chicken antigen-specifi c T cells [ 12 ,  18 – 20 ]. 
In this test, cells are loaded with CFSE by passive diffusion of the 
chemical into the cytoplasm where intracellular esterases cleave its 
acetate groups yielding a highly fl uorescent product. The succin-
imidyl ester group covalently binds to cellular amines forming 
 fl uorescent conjugates that are retained in the cells even through-
out division. This leads to daughter cells containing half the 
 fl uorescence of their parents. When lymphocytes are loaded with 
CFSE prior to ex vivo stimulation, the measurement of serial 
 halving of its fl uorescence by  fl ow cytometry   identifi es the cells 
responding to the stimulation.    

2    Materials 

       1.    Peripheral blood mononuclear cells (PBMC) prepared by 
Ficoll-Paque PLUS (GE Healthcare) density gradient centrifu-
gation ( see   Note 1 ).   

   2.    Phosphate-buffered saline (PBS).   
   3.    Culture medium, e.g., RPMI-1640 (Lonza), supplemented 

with heat-inactivated fetal calf serum (FCS) ( see   Note 2 ).   
   4.    Specifi c protein/peptides for antigen stimulation ( see   Note 3 ).   
   5.    Concanavalin A (ConA) (Sigma) for positive stimulation con-

trol. Prepare stock solution in PBS and use 5–10 μg/ml as fi nal 
concentration in stimulated cell cultures ( see   Note 4 ).   

   6.    CellTrace™ CFSE Cell Proliferation Kit (Molecular Probes).   
   7.    Penicillin–Streptomycin (Gibco).   
   8.    15-ml sterile conical polypropylene centrifugation tubes.   
   9.    96-well culture plates (Nunclon Delta surface, Nunc).   
   10.    CO 2  incubator (5 %) at 41 °C.      

       1.    Ethylenediaminetetraacetate (EDTA) in sterile PBS—fi nal 
concentration 2 mM for cell detachment.   

   2.    Anti-chicken antibodies directed against, e.g., CD3, CD4, and 
CD8, conjugated to suitable fl uorochromes ( see   Note 5 ).   

   3.    Staining/washing buffer (FACS buffer), e.g., PBS supple-
mented with 0.2 % BSA, 0.2 % azide, and 0.05 % horse serum.      

2.1  CFSE Staining 
of PBMC 
and Activation 
by Specifi c Antigen/
Mitogen

2.2  Surface Staining 
of  Phenotypic   Markers 
before Flow Cytometry
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       1.    Suitable fl ow cytometer.   
   2.    Data analysis software, e.g., BD FACSDiva or FlowJo.       

3    Methods 

 PBMC must be isolated by Ficoll density gradient centrifugation 
from blood sampled from vaccinated/immune  chickens   under 
sterile conditions ( see   Note 6 ). For the recall stimulation culture in 
96-well plates, 1–2 × 10 6  cells are used per well in a fi nal concentra-
tion of 1 × 10 7  cells/ml. As cells may be lost during the washing 
steps in the CFSE staining protocol, it is recommended to stain at 
least twice as many PBMC as desired for the subsequent culture in 
the presence of antigen/mitogen. 

       1.    After gradient centrifugation, transfer the interphase and the 
supernatant above it to a new centrifugation tube.   

   2.    Wash twice with PBS.   
   3.    Resuspend in PBS, count the cells using a hemocytometer.   
   4.    In a separate tube, prepare a 0.5 μM CFSE solution (e.g., add 

1 μl CFSE [5 mM stock in DMSO] to 10 ml of PBS) ( see   Note 
7 ).   

   5.    Pellet the desired number of PBMC and next discard all PBS.   
   6.    Thoroughly resuspend cells in the 0.5 μM CFSE solution at a 

concentration of 1 × 10 7  cells/ml.   
   7.    Wrap the tube in foil, mix/vortex gently, and place it in a water 

bath at 25–37 °C ( see   Note 8 ) for 10 min. (Vortex gently again 
after 5 min as it is important to stain cells as uniformly as 
possible).   

   8.    Wash cells twice with large volumes of RPMI, e.g., stain 2 × 10 7  
cells in a 15-ml tube and use 6–10 ml RPMI for each wash.   

   9.    Resuspend cells in RPMI supplemented with FCS (5 %), penicil-
lin (100 U/ml), and streptomycin (100 mg/ml). Adjust cell 
concentration to 1–2 × 10 7 /ml and add 50–100 μl to each well in 
a cell culture plate. (Remember to fi ll some additional wells with 
unstained PBMC to be used for  fl ow cytometry   compensation).      

       1.    Add recall antigen or mitogen in 50–100 μl RPMI supple-
mented with FCS (5 %), penicillin (100 U/ml), and strepto-
mycin (100 mg/ml). The optimal concentration of recall 
antigen/antigenic peptides must be determined by titration 
( see   Note 9 ). The optimal fi nal concentration of the positive 
control ConA is usually 5–10 μg/ml.   

   2.    As negative control, add 50–100 μl RPMI supplemented with 
FCS (5 %), penicillin (100 U/ml), and streptomycin (100 mg/
ml) without mitogen or antigen to each well ( see   Note 10 ).   

2.3   Flow Cytometry 
   and   Data Analysis

3.1  CFSE Staining 
of PBMC

3.2  Culture 
with Recall Antigen
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   3.    Incubate the cells for 3–5 days in a CO 2  incubator (5 %) at 
41 °C ( see   Note 11 ).   

   4.    If subsequent staining for phenotypic markers will not be per-
formed, e.g., in a screening/optimization setup, cells can be 
analyzed directly by  fl ow cytometry   at this step.      

       1.    At day 5 add 20 mM EDTA to all wells to a fi nal concentration 
of 2 mM ( see   Note 12 ).   

   2.    Leave the plate for 5 min on  a   gentle plate shaker followed by 
10 min in the CO 2  incubator.   

   3.    Mix well by pipetting and pellet the cells by centrifugation at 
300 ×  g  for 5 min.   

   5.    Add fl uorochrome-conjugated antibodies directed against sur-
face CD or activation markers in 100 μl FACS buffer and mix 
gently by pipetting.   

   4.    Incubate the plate for 15 min in the dark at 4 °C.   
   5.    Wash the cells two times with FACS buffer using centrifuga-

tion at 300 ×  g  between each wash.   
   6.    Resuspend cells in FACS buffer or PBS.      

       1.    Fluorescence parameters should be acquired with logarithmic 
amplifi cation. The PMT voltages for surface phenotypic and 
activation markers should be set, so the negative population is 
in the fi rst decade (lowest) of the logarithmic scale. The PMT 
for CFSE detection should be set so that un-proliferated cells 
(negative control) are in the top decade of the logarithmic scale.   

   2.    Forward scatter and side scatter should be acquired with linear 
amplifi cation and allow gating to exclude debris and dead cells 
( see   Note 13 ).   

   3.    Gating strategy should comprise exclusion of dead cells by via-
bility dye staining. In some cases (e.g., if erythrocyte contami-
nation), it is convenient to gate on singlet cells bearing in mind 
that this doublet exclusion would also exclude dividing cells in 
late mitotic phases.   

   4.    Results can be shown directly by frequency of proliferating 
cells (corrected for background proliferation). Additional  data 
analysis   can be performed using software such as ModFit to 
calculate precursor  frequencies.       

4    Notes 

     1.    Preferably, use heparin-stabilized blood. However, EDTA- 
stabilized blood can be used if cells are carefully washed in 
Dulbecco’s PBS, and culture is performed in medium 
 supplemented with  chicken   serum to ensure optimal  calcium 
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restoration [ 20 ]. The assay can also be performed using 
 single-cell suspensions from lymphoid tissue, e.g., spleen.   

   2.    RPMI supplemented with 5–10 % FCS is useful for short-term 
cultures (2–3 days). However, for longer-term cultures (4–6 
days), we found that substituting RPMI/FCS with a serum- 
free medium (e.g., X-VIVO™15, Lonza) reduced background 
proliferation in the negative controls signifi cantly [ 12 ].   

   3.    The use of synthetic immunogenic peptides as recall antigen 
for chicken T cells has been reported by others [ 17 ,  21 ,  22 ]. 
Alternatively, UV-inactivated commercial vaccine virus can be 
used directly [ 12 ], but in order to avoid contaminating com-
pounds from the vaccine production process, it may be useful 
to purify the virus antigen on sucrose gradient [ 23 ].   

   4.    Higher ConA concentrations than 10 μg/ml can be used for 
short-term cultures, but this will compromise viability in long- 
term cultures.   

   5.    It is important to include a viability dye in the staining panel as it 
is usually not possible to exclude all dead cells by FSC/SSC gat-
ing. Furthermore, CFSE shows signifi cant spillover in the PE 
detector of many instruments. Resolution sensitivity will be lost 
by compensation, and the PE detector should only be used to 
study brightly expressed surface phenotyping antigens. When 
phenotyping circulating chicken CD8+ cells, it is important to 
distinguish between TCR usage of the cells. CD8+ γδ T cells are 
abundant in many individuals, and they proliferate vigorously in 
response to stimulation with specifi c antigens [ 12 ]. Furthermore, 
the chicken CD8α gene is polymorphic and different isoforms of 
the molecule exist. When testing three different clones of CD8α 
antibodies on PBMC from inbred white leghorn  chickens   (AU 
lines/Tjele, [ 24 ]), we observed different specifi cities of the anti-
bodies—only the Clone 3–298 appeared to recognize all CD8α 
isoforms present in the tested chicken lines [ 20 ].   

   6.    As an alternative to Ficoll gradient isolation of PBMC, slow- speed 
centrifugation of PBS-diluted blood (350 ×  g  for 10 min) can be 
used. In our hands, mitogen-induced proliferation is lower in 
PBMC isolated by Ficoll gradient centrifugation as compared 
with PBMC isolated by slow-speed centrifugation, which has also 
been reported by others [ 25 ]. However, we found that PBMC 
isolated by Ficoll gradient centrifugation contained monocytes, 
whereas PBMC prepared by slow  centrifugation were almost 
devoid of monocytes (Fig.  2 ). This confi rms the fi ndings of 
Schaefer et al. [ 26 ], who reported that monocytes were the 
 suppressive element of impaired  mitogenic responses in Ficoll 
samples. Clearly, ex vivo mitogen and antigen-specifi c activation 
involve different cellular mechanisms, and we observed no inhibi-
tion of antigen- specifi c proliferation in Ficoll-isolated PBMC 
(Fig.  3 ). In the current recall assay, the responding T cells rely on 
antigen-presenting cells (e.g.,  B cells   and monocytes) present 
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within the sample. As Ficoll gradient centrifugation leads to a 
higher frequency of monocytes that are potentially important for 
proper MHC presentation of recall antigen [ 27 ], this method was 
chosen for preparation of PBMC. Apart from monocytes, 
 thrombocytes are also present in higher numbers in Ficoll samples 
as compared to slow spin samples [ 28 ].

        7.    The optimal CFSE concentration must be determined by titra-
tion to ensure bright staining throughout the experiment. For 
long-term culture, higher concentrations are usually needed, 
but this may lead to decreased viability and compensation dif-
fi culties. In our hands, 0.5 μM CFSE proved optimal for 
chicken PBMC kept 3–6 days in culture.   

   8.    According to the manufacturer, CFSE staining should take 
place at 37 °C. This works very well for  chicken   PBMC, how-
ever, we fi nd that staining at 25 °C works equally well, but 
provides slightly better viability of the stained cells.   

  Fig. 2    Flow cytometric comparison of  chicken   PBMC isolated by Ficoll gradient or by slow-speed centrifugation. 
( a ) Thrombocytes and erythrocytes were identifi ed by their FCS/SSC characteristics in the two different PBMC 
preparations. ( b ) Monocytes were identifi ed as being KUL-01 and MHC class II positive. Monocyte  frequencies in 
the different PBMC preparations were identifi ed and results from one representative individual are shown       
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   9.    Others suggest to let the cells rest at least 5 h after CFSE 
 staining [ 29 ]. Indeed, we fi nd that antigen-induced (but not 
mitogen- induced) proliferative response increases if cells are 
allowed to rest. For practical reasons, we let them rest  overnight 
in the CO 2  incubator.   

   10.    It is important to keep wells of unstimulated cells for compen-
sation throughout the culture. For proper compensation, wells 
of both CFSE-stained and non-stained cells are needed. FITC 
is not the proper compensation control as CFSE has a slightly 
different emission spectrum. Furthermore, we observe slight 
differences in CFSE brightness of the stained cells between 
experiments, and therefore, the current batch of CFSE-stained 
cells should always be used for compensation.   

   11.    In general, problems with background proliferation increase 
with the amount of time cells are kept in culture. Obviously, 
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  Fig. 3    Comparison of antigen-induced proliferation in PBMC isolated either by Ficoll gradient or slow-speed 
centrifugation. Cells from one representative  chicken   immunized with commercial live Newcastle disease 
virus (NDV) vaccine are shown. Cells were CFSE stained, rested O/N, and subsequently stimulated with 
UV-inactivated NDV antigen. Cells were analyzed by fl ow cytometry after another 4 days in culture, and the 
percentages of proliferated CD4+ and CD8+ cells were recorded       
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the frequency of circulating antigen-specifi c T cells varies 
between different vaccination/infection models, and the 
 optimal length of incubation should be determined for each 
experiment. This is not always feasible, but in our hands, O/N 
rest followed by 4 days of culture in the presence of antigen 
generally works well for assessment of T cell responses induced 
by live attenuated viral  vaccines   in chickens.   

   12.    Activated T cells may display “culture plate stickiness.” As shown 
in Fig.  4 , cell detachment by EDTA prior to fl ow  cytometric 
analysis resulted in improved detection of the  proliferation of 
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  Fig. 4    Effect of EDTA detachment before fl ow cytometric analysis. Results are 
shown from one representative  chicken   immunized with commercial live 
Newcastle disease virus (NDV) vaccine. PBMC were CFSE stained, rested O/N, 
and left in culture for another 4 days with different recall antigen preparations. 
The NDV vaccine antigen was inactivated by either UV light and ultrasound, heat 
alone, or heat and ultrasound. The frequencies of proliferated CD4+ and CD8+ 
cells were determined by CFSE dilution with or without EDTA treatment prior to 
fl ow cytometric analysis. Standard deviations are indicated between triplicate 
determinations       
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CD4+ cells. Furthermore, the EDTA treatment appeared to 
lower the variation between duplicate measurements (data not 
shown) in both the CD4 and the CD8 compartment.

       13.    When gating to exclude debris, it is important not to exclude 
cells with increased  FSC/SSC.         
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    Chapter 6   

 Generation of Newcastle Disease Virus (NDV) 
Recombinants Expressing the Infectious Laryngotracheitis 
Virus (ILTV) Glycoprotein gB or gD as Dual Vaccines                     

     Wei     Zhao    ,     Stephen     Spatz    ,     Laszlo     Zsak    , and     Qingzhong     Yu      

1            Introduction 

 Infectious laryngotracheitis (ILT) is  a   highly  contagious    acute 
   respiratory   disease of  chickens   that has become a major problem in 
the US  poultry   industry in recent years [ 1 ]. The disease is  controlled 
mainly through biosecurity and vaccination with live attenuated 
strains of infectious laryngotracheitis virus (ILTV) and vectored 
vaccines based on turkey herpesvirus (HVT) and fowlpox virus 
(FPV) [ 2 – 5 ]. The current live attenuated vaccines (chicken embryo 
origin [CEO] and tissue culture origin [TCO]), although effec-
tive, can regain virulence. ILT vaccines based on HVT and FPV 
vectors are less effi cacious than live attenuated vaccines [ 5 – 7 ]. 
Therefore, there is a pressing need to develop safer and more 
 effi cacious ILT vaccines. 

 Newcastle disease virus (NDV) is the causative agent of 
Newcastle disease (ND), one of the most important  poultry   
 diseases worldwide, affecting a wide variety of birds and causing 
signifi cant economic losses to the poultry industry [ 8 ]. The NDV 
LaSota  strain  , a naturally occurring low-virulence NDV strain, 
has been routinely used as a  live vaccine   throughout the world 
[ 9 ]. This vaccine strain induces strong immunity both locally and 
systemically and can be readily administered through drinking 
water supplies or by direct spray [ 10 ]. For the last 60 years, the 
LaSota vaccine has been proven to be safe and stable, with no 
reports of reversion to virulence or recombination with fi eld 
strains. During the past decade, the LaSota vaccine and other 
NDV strains have been developed as vectors using  reverse genet-
ics   technology in order to express foreign genes for vaccine or 
gene therapy purposes [ 11 – 13 ]. 
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 Here, we describe the strategy and protocol for the construc-
tion of NDV  LaSota   vaccine strain-based cDNA clones vectoring 
the glycoprotein genes (gB and gD) of ILTV and the rescue of 
infectious NDV recombinants from cloned cDNAs, as dual  vaccines 
against ILT and ND using reverse genetics technology.  

2    Materials 

       1.    The  ILTV   strain (63140/C/08/BR) [ 14 ].   
   2.    10 mM deoxynucleotide triphosphate (dNTP) mix (New 

England Biolabs, Ipswich, MA).   
   3.    Primers used for cloning: 

 Plant-gB/GFP F: 5′-ATAGTTGTAGCACCATGCAATCCTA
CATCG-3′. 
 Plant-gB/GFP R: 5′-GTAGTTACACACAGCTTATTCGTCT
TCGCTTTC-3′. 
 Plant-gD/GFP F: 5′-ATAGTTGTAGCACCATGCACCGTCC
TCATC-3′. 
 Plant-gD/GFP R: 5′-GTAGTTACACACAGCTTAGCTACG
CGCGCAT-3′.   

   4.     PfuUltra  II fusion HS DNA polymerase (Agilent Technologies, 
La Jolla, CA).   

   5.    Agarose.   
   6.    1× TAE buffer.   
   7.    1 kb Plus DNA Ladder (Life Technologies, Carlsbad, CA).   
   8.    SYBR ®  Safe DNA gel stain (Life Technologies).   
   9.    QIAquick gel extraction kit (Qiagen, Valencia, CA).   
   10.    Isopropanol.      

       1.    The pLS-GFP plasmid [ 15 ].   
   2.    Primers used for linearizing NDV vector: 

 Insert vec up: 5′-GGTGGCTACAACTATCAACTAAACT-3′. 
 Insert vec down: 5′-GTGTGTAACTACCGTGTACTAAGC-3′.   

   3.     PfuUltra  II fusion HS DNA polymerase (Agilent Technologies).   
   4.     Dpn I (New England Biolabs).   
   5.    Agarose.   
   6.    1× TAE buffer.   
   7.    1 kb Plus DNA Ladder (Life Technologies).   
   8.    SYBR ®  Safe DNA gel stain (Life Technologies).   
   9.    QIAquick gel extraction kit  (Qiagen).   
   10.    Isopropanol.      

2.1   Cloning ILTV gB 
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       1.    In-Fusion  PCR   cloning kit (Clontech, Mountain View, CA).   
   2.    17 × 100 mm Falcon ®  2059 tubes (Falcon, Oxnard, CA).   
   3.    MAX Effi ciency ®  Stbl2 competent cells (Life Technologies).   
   4.    Ampicillin containing bacterial selection LB (Luria Broth, 

Difco) agar plates.   
   5.    QIAprep Spin Miniprep Kit  (Qiagen).      

       1.     PfuUltra  II fusion HS DNA polymerase (Agilent Technologies).   
   2.    Primers used in screening: 

 Sequencing primer forward: 5′-AGTTTAGTTGATAGTT
GTA-3′. 
 Sequencing primer reverse: 5′-GTACACGGTAGTTACA
CAC-3′.   

   3.     Dpn I (New England Biolabs, Ipswich, MA).   
   4.    Agarose.   
   5.    1× TAE buffer.   
   6.    1 kb Plus DNA Ladder (Life Technologies).   
   7.    SYBR ®  Safe DNA gel stain (Life Technologies).   
   8.    QIAprep Spin Miniprep Kit (Qiagen).      

       1.    The HEp-2 (CCL-81; ATCC) cell line was grown in growth 
medium at 37 °C in a 5 % CO 2  atmosphere.   

   2.    Cell growth medium: Dulbecco’s Modifi ed Eagle’s Medium 
(DMEM) (Life Technologies)    supplemented with 10 % fetal 
bovine serum (FBS) (Life Technologies) and antibiotics (100 U/
ml penicillin, 100 μg/ml streptomycin, and 0.25 μg/ml ampho-
tericin B; Thermo Scientifi c, Suwanee, GA).   

   3.    Cell maintenance medium: DMEM (Life Technologies) supple-
mented with 2 % FBS (Life Technologies) and antibiotics 
(100 U/ml penicillin, 100 μg/ml streptomycin, and 0.25 μg/ml 
amphotericin B; Thermo Scientifi c, Suwanee, GA).   

   4.    The modifi ed vaccinia Ankara/T7  recombinant virus   (MVA- 
T7) used during virus rescue to provide the bacteriophage T7 
RNA polymerase [ 16 ].   

   5.     Lipofectamine ®  2000   transfection reagent (Life Technologies).   
   6.    Opti-MEM ®  I Reduced Serum Medium (Life Technologies).   
   7.    NDV transfection supporting plasmids (pTM-NP, pTM-P, 

pTM-L) [ 17 ].   
   8.    6-well fl at bottom cell culture plate.   
   9.    1 ml syringe (BD, Franklin Lakes, NJ).   
   10.    9-day-old specifi c pathogen-free (SPF) chicken embryos.   
   11.    Glue (Elmer’s Products, Inc.,  Westerville, OH).      

2.3   In-Fusion 
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       1.    0.5 % SPF chicken red blood cells.   
   2.    96-well round-bottomed microplates.   
   3.    Phosphate-buffered saline (1× PBS) buffer (Life Technologies).      

       1.    Anti-ILTV chicken serum [ 15 ].   
   2.    NDV-specifi c monoclonal antibody (MAb)    against the HN 

protein [ 15 ].   
   3.    10 % zinc  formalin   (Fisher Scientifi c, Pittsburgh, PA).   
   4.    0.5 % Triton X-100 (Sigma, St. Louis, MO).   
   5.    Blocking buffer: 1× PBS containing 5 % goat serum 

(SouthernBiotech, Birmingham, AL).   
   6.    Fluorescein isothiocyanate (FITC)-labeled goat anti-chicken 

IgG (H + L) (SouthernBiotech).   
   7.    Alexa Fluor ®  568 goat anti-mouse IgG (H + L) antibody, 

highly cross-adsorbed (Life Technologies).   
   8.    The DF-1 (CRL-12203; ATCC) cell line was grown in growth 

medium at 37 °C in a 5 % CO 2  atmosphere.   
   9.    Cell growth medium: DMEM (Life Technologies) supple-

mented with 10 % fetal bovine serum (FBS) (Life Technologies) 
and antibiotics (100 U/ml penicillin, 100 μg/ml streptomy-
cin, and 0.25 μg/ml amphotericin B; Thermo Scientifi c).   

   10.    Virus supporting medium: DMEM (Life Technologies) 
 supplemented with 2 % FBS (Life Technologies), 10 %  allantoic 
fl uid and antibiotics (100 U/ml penicillin, 100 μg/ml strepto-
mycin, and 0.25 μg/ml amphotericin B; Thermo Scientifi c).   

   11.    1× PBS (Life  Technologies).       

3    Methods 

       1.    Gently vortex  mix   and briefl y centrifuge all PCR solutions after 
thawing.   

   2.    For amplifying the gB gene of ILTV: Place a thin-walled PCR 
tube on ice and add the PCR amplifi cation reagents: 10× 
 PfuUltra  HF reaction buffer, 5.0 μl; dNTPs (25 mM each 
dNTP), 1.0 μl; 10 μM forward primer (Plant-gB/GFP F), 
1.0 μl; 10 μM reverse primer (Plant-gB/GFP R), 1.0 μl; genomic 
DNA of ILTV strain 63140/C/08/BR, 100 ng;  PfuUltra  HF 
DNA polymerase (2.5 U/μl), 1.0 μl; and distilled water (dH 2 O) 
up to 50.0 μl.   

   3.    For amplifying the gD gene of ILTV: Place a thin-walled PCR 
tube on ice and add the PCR amplifi cation reagents: 10× 
 PfuUltra  HF reaction buffer, 5.0 μl; dNTPs (25 mM each 
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dNTP), 1.0 μl; 10 μM forward primer (Plant-gD/GFP F), 
1.0 μl; 10 μM reverse primer (Plant-gD/GFP R), 1.0 μl; genomic 
DNA of ILTV strain 63140/C/08/BR, 100 ng;  PfuUltra  HF 
DNA polymerase (2.5 U/μl), 1.0 μl; and distilled water (dH 2 O) 
up to 50.0 μl.   

   4.    Gently mix the reaction and collect all liquid to the bottom of 
the tube by a short low centrifugation spin if necessary ( see  
 Note 1 ).   

   5.    Two reaction mixtures are subjected to the amplifi cation ther-
mocycling conditions as follows: After initial denaturation at 
95 °C for 30 s, 30 cycles of amplifi cation were performed, with 
95 °C for 20 s denaturation time, 55 °C for 20 s annealing, 
68 °C for 2 min extension, and a fi nal extension of 68 °C for 
10 min.   

   6.    Measure out 1.0 g of agarose and pour into the microwavable 
fl ask along with 100 ml of 1× TAE ( see   Note 2 ).   

   7.    Microwave for 1–3 min (until the agarose is completely dis-
solved). Let the agarose solution cool down for 5 min. Add 
10 μl of 10,000× SYBR ®  Safe stain concentrate to the solution 
and pour the agarose into a gel tray with the well comb in place 
( see   Note 3 ).   

   8.    Let the newly poured gel sit at room temperature for 
20–30 min, until it has completely solidifi ed.   

   9.    Place the gel in electrophoresis chamber and submerge the gel 
completely with 1× TAE.   

   10.    Load the appropriate amount (4–10 μl) of the PCR products 
and the DNA marker on the gel. Run the gel at 80–150 V until 
the dye line is approximately 75–80 % down the length of the 
gel. Use any device that has UV light to visualize and analyze 
the DNA fragments  ( see   Note 4 ).   

   11.    Excise the DNA fragment from the agarose gel using a clean, 
sharp scalpel ( see   Note 5 ).   

   12.    Weigh the gel slice in a colorless tube. Add three volumes of 
buffer QG to one volume of gel (100 mg–100 μl) ( see   Note 6 ).   

   13.    Incubate at 50 °C for 10 min (or until the gel slice has 
 completely dissolved). To help dissolve gel, mix on a vortex 
mixer every 2–3 min during the incubation.   

   14.    After the gel slice has dissolved completely, check to ensure the 
color of the mixture remained yellow (similar to buffer QG 
without dissolved agarose) ( see   Note 7 ).   

   15.    Add 1 gel volume of isopropanol to the sample and mix ( see  
 Note 8 ).   

   16.    Place a QIAquick spin column in a 2 ml collection tube.   

Recombinant Bivalent Vaccines Against ILT and ND
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   17.    To bind the DNA, apply the sample from  step 15  to the 
QIAquick column, and centrifuge at 16,100 ×  g  (~13,200 rpm) 
for 1 min in a conventional, tabletop microcentrifuge.   

   18.    Discard the fl ow-through and place the QIAquick column 
back in the same collection tube.   

   19.    Wash the QIAquick column with 0.75 ml of buffer PE and 
centrifuge for 1 min.   

   20.    Discard the fl ow-through and recentrifuge the QIAquick col-
umn for an additional 1 min at 16,100 ×  g  (~13,200 rpm) ( see  
 Note 9 ).   

   21.    Place QIAquick column into a clean 1.5 ml microcentrifuge 
tube.   

   22.    Elute the DNA with 50 μl buffer EB (10 mM Tris–Cl, pH 8.5) 
or H 2 O, let the column stand for 1 min, and then centrifuge 
for 1 min at 16,100 ×  g  (~13,200 rpm) ( see   Note 10 ).      

       1.    Place a thin-walled PCR tube on ice and add the PCR amplifi -
cation reagents: 10×  PfuUltra  HF reaction buffer, 5.0 μl; 
dNTPs (25 mM each dNTP), 1.0 μl; 10 μM forward primer 
(insert vec down), 1.0 μl; 10 μM reverse primer (Insert vec 
Up), 1.0 μl; the pLS-GFP plasmid, 100 ng;  PfuUltra  HF DNA 
polymerase (2.5 U/μl), 1.0 μl; and distilled water (dH 2 O) up 
to 50.0 μl.   

   2.    Gently mix the reaction by pipetting up and down and 
microfuge briefl y.   

   3.    The reaction mixture is subjected to the amplifi cation thermo-
cycling conditions as follows: After initial denaturation at 95 °C 
for 30 s, 30 cycles of amplifi cation were performed, with 95 °C 
for 20 s denaturation time, 55 °C for 20 s annealing, 68 °C for 
10 min extension, and a fi nal extension of 68 °C for 10 min.   

   4.    Analyze the PCR amplifi cation product on a 0.7–1.0 % (w/v) 
agarose gel as described above.   

   5.    Remove residual pLS-GFP plasmid contamination by  Dpn  I 
digestion. Set up the following reaction: 44.0 μl of gel extracted 
PCR product, 5.0 μl of 10× CutSmart buffer, and 1.0 μl of 
 Dpn  I.   

   6.    Gently mix the reaction and then incubate at 37 °C for 1 h.   
   7.    Run an agarose gel and then purifi ed the NDV vector by using 

gel extraction kit as described above.      

       1.    Set up the In-Fusion  cloning   reaction as follows: 2 μl of 5× In- 
Fusion HD enzyme premix, 150 ng of gB or gD gene of ILTV, 
and 400 ng of linearized vector.   

   2.    Adjust the total reaction volume to 10 μl using deionized H 2 O.   

3.2  Preparation 
of a Linearized NDV 
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   3.    Gently mix the reaction by pipetting up and down and 
microfuge briefl y.   

   4.    Incubate the reaction for 15 min at 50 °C, and then place on 
ice.   

   5.    Thaw competent cells on wet ice. Place the required number 
of 17 × 100 mm Falcon ®  2059 tubes or similarly shaped poly-
propylene tubes on ice ( see   Note 11 ).   

   6.    Gently mix the cells, and then aliquot 100 μl of competent 
cells into chilled tubes.   

   7.    Refreeze any unused cells in a dry ice/ethanol bath for 5 min 
before returning them to the −85 to −68 °C freezer. Do not 
use liquid nitrogen ( see   Note 12 ).   

   8.    Dilute the In-Fusion reaction mix with fi ve volumes of 1× TE 
[10 mM Tris–HCl (pH 7.5) and 1 mM EDTA]. Add 1 μl of 
the diluted DNA to the cells, moving the pipette through the 
cells while dispensing the DNA. Gently tap the tubes to mix.   

   9.    Incubate the cells on ice for 30 min.   
   10.    Heat-shock the cells for 25 s in a 42 °C water bath; do not 

shake the cells.   
   11.    Place the cells on ice for 2 min.   
   12.    Add 0.9 ml of room-temperature SOC medium ( see   Note 13 ).   
   13.    Shake the tubes containing transformed  E.    coli    at 225 rpm 

(30 °C) for 90 min.   
   14.    Spread 100 μl of this reaction mix on LB plates with 100 μg/

ml ampicillin.   
   15.    Incubate plates overnight  at 37 °C.      

       1.    Determine the number of colonies to be tested.   
   2.    Assemble the following PCR mixture per reaction: 1.0 μl of 

10×  PfuUltra  HF reaction buffer; 0.2 μl of dNTPs (25 mM 
each dNTP); 0.2 μl of 10 μM sequencing primer forward; 
0.2 μl of 10 μM sequencing prime reverse; 0.2 μl of  PfuUltra  
HF DNA polymerase (2.5 U/μl); and 7.2 μl of distilled water 
(dH 2 O).   

   3.    Use a micropipette tip to pick a single colony. Insert the tip 
into the PCR mixture and pipette up and down.   

   4.    Reserve the bacteria from each PCR mixture by removing 1 μl 
and placing into 100 μl of LB broth in a labeled tube.   

   5.    Conduct PCR according to the following thermal cycling pro-
fi le: 95 °C for 10 min, 30 cycles of 95 °C for 20 s, 55 °C for 
20 s, 68 °C for 1 min extension, and a fi nal extension at 68 °C 
for 10 min.   

   6.    Run the amplifi cation reactions on an agarose gel to identify 
the positive clone.   

3.4  PCR Screening 
and Plasmid 
Purifi cation
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   7.    Add 3 ml of LB broth with 100 μg/ml ampicillin to desired 
clones from the reserved bacteria, and incubate for 12–16 h at 
37 °C with vigorous shaking ( see   Note 14 ).   

   8.    Harvest the bacterial cells by centrifugation at 5900 ×  g  
(~8000 rpm) in a conventional, tabletop microcentrifuge for 
3 min at room temperature ( see   Note 15 ).   

   9.    Resuspend pelleted bacterial cells in 250 μl buffer P1 and 
transfer to a microcentrifuge tube ( see   Note 16 ).   

   10.    Add 250 μl buffer P2 and mix thoroughly by inverting the 
tube four to six times ( see   Note 17 ).   

   11.    Add 350 μl buffer N3 and mix immediately and thoroughly by 
inverting the tube four to six times ( see   Note 18 ).   

   12.    Centrifuge for 10 min at 16,100 ×  g  (~13,200 rpm) in a table-
top microcentrifuge.   

   13.    Apply the supernatants from  step 4  to the QIAprep spin 
 column by decanting or pipetting.   

   14.    Centrifuge for 30–60 s. Discard the fl ow-through.   
   15.    Wash QIAprep spin column by adding 0.75 ml buffer PE and 

centrifuging for 30–60 s.   
   16.    Discard the fl ow-through, and centrifuge at full speed for an 

additional 1 min to remove residual wash buffer ( see   Note 19 ).   
   17.    Place the QIAprep column in a clean 1.5 ml microcentrifuge 

tube. To elute DNA, add 50 μl buffer EB (10 mM Tris–Cl, pH 
8.5) or water to the center of each QIAprep spin column, let 
stand for 1 min, and centrifuge for 1 min.   

   18.    The resulting recombinants are designated pLS/ILTV-gB 
(carrying gB gene of ILTV) or pLS/ILTV-gD (carrying gD 
gene of ILTV).      

       1.    One day  before   transfection, HEp-2 cells were seeded at 
1 × 10 6  cells/well in 6-well tissue culture plate with a volume of 
3 ml growth medium without antibiotics per well, so that they will 
be 90–95 % confl uent at the time of transfection ( see   Note 20 ).   

   2.    For each transfection sample, prepare DNA-Lipofectamine 
2000 complexes as follows:
   (a)     Add 2 μl of pLS/ILTV-gB or pLS/ILTV-gD (1.0 μg/μl) 

along with 1 μl of pTM-NP (1.0 μg/μl), 1.0 μl of pTM-P 
(500 ng/μl), and 1.0 μl of pTM-L (100 ng/μl) to 250 μl of 
Opti-MEM ®  I Reduced Serum Medium without serum in a 
microcentrifuge tube at room temperature. Mix gently.   

  (b)     Mix  Lipofectamine   2000 gently before use, and then 
dilute 6 μl of Lipofectamine 2000 in 250 μl of Opti-MEM ®  
I Reduced Serum Medium without antibiotics in a micro-
centrifuge tube. Gently mix and incubate at RT for 5 min 
( see   Note 21 ).   

3.5   Virus Rescue 
and Propagation
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  (c)     After the 5 min incubation, combine the diluted DNA with 
the diluted  Lipofectamine   2000. Mix gently and incubate 
for 20 min at room temperature to allow the DNA- 
Lipofectamine 2000 complexes to form. The solution may 
appear cloudy, but this will not inhibit the transfection.       

   3.    Wash HEp-2 cells once with 3 ml 1× PBS, and then wash with 
1 ml of Opti-MEM ®  I Reduced Serum Medium without anti-
biotics to remove traces of PBS.   

   4.    Sonicate the MVA-T7 virus twice for 1 min, and then infect 
HEp-2 cells at a multiplicity of infection (MOI) of 3 to provide 
the T7 polymerase.   

   5.    Add the DNA-Lipofectamine 2000 complexes to the corre-
sponding well. Mix gently by rocking the plate back and forth.   

   6.    Incubate the cells at 37 °C in a CO 2  incubator for 6 h.   
   7.    At 6 h post-transfection, remove the culture medium contain-

ing the DNA-Lipofectamine complexes and wash the cells 
once with 3 ml of 1× PBS and then add 3 ml of cell mainte-
nance medium.   

   8.    Incubate the cells at 37 °C for 3 days.   
   9.    At 72 h post-infection, the rescued virus, rLS/ILTV-gB or 

rLS/ILTV-gD, is harvested by freeze-thawing the infected 
cells three times.   

   10.    Candle the egg and select an area of the chorioallantoic mem-
brane free of large blood vessels. Discard any eggs that are 
infertile, have cracks, are underdeveloped, or that appear to 
have a porous shell.   

   11.    Wipe the tops of the eggs with 70 % ethanol and drill a small 
hole through the shell over the air sac.   

   12.    Aspirate 1 ml of infected cells into a tuberculin syringe with a 
22 gauge, 1½ in. needle.   

   13.    Insert the needle into the hole of the egg. Use a short stabbing 
motion, pierce the amniotic membrane, and inoculate 100 μl 
into the amniotic cavity.   

   14.    Seal the holes in the eggs with a drop of glue.   
   15.    Incubate the eggs at 37 °C in an egg incubator  for 4 days.      

       1.    Eggs are chilled at 4 °C overnight or for 4 h before testing.   
   2.    Add 50 μl PBS to each well.   
   3.    Use a micropipette to remove 50 μl of allantoic fl uid from each 

egg and dispense into the fi rst column.   
   4.    Mix each well and transfer 50 μl to the next well on its right. 

Perform a serial dilution using a 50 µl microtiter transfer. 
Discard 50 μl from the last well into a bleach solution.   

3.6  HA Test
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   5.    Add 50 μl of 0.5 % red blood cell to each well. Mix gently.   
   6.    Leave at room temperature for 30–60 min to agglutinate.   
   7.    The HA-positive allantoic fl uid is used to amplify the rescued 

virus in SPF chicken embryos three times and then harvested.      

       1.    Grow the DF-1  cells   in 6-well plate with 3 ml cell growth 
medium for 24 h.   

   2.    Remove the medium from the cells and infect cells with the 
 recombinant viruses   (rLS/ILTV-gB or rLS/ILTV-gD) at an 
MOI of 0.01.   

   3.    Allow inoculum to adsorb for 1 h at 37 °C.   
   4.    Remove the medium containing unabsorbed virus and add 

3 ml of cell maintenance medium.   
   5.    Incubate at 37 °C for 24 h.   
   6.    At 24 h post-infection, the infected cells are washed three 

times with 1× PBS and are fi xed with 10 % zinc formalin for 
15 min at room temperature.   

   7.    Add 0.5 % Triton X-100 in 1× PBS to permeabilize the cells for 
10 min at room temperature.   

   8.    Block the permeabilized cells with blocking buffer for 30 min 
at 37 °C.   

   9.    Incubate with a mixture of anti-ILTV serum and mouse anti- 
NDV  HN   MAb.   

   10.    Wash cells with 1× PBS and incubate with a mixture of fl uores-
cein isothiocyanate (FITC)-labeled goat anti-chicken IgG 
(H + L) (1:1000 dilution in blocking buffer) and Alexa Fluor 
568-conjugated goat anti-mouse IgG (1:1000 dilution in 
blocking buffer) for 1 h at 37 °C.   

   11.    Monitor and digitally photograph the fl uorescence images 
using an inverted fl uorescence microscope at a magnifi cation 
of 100× with matching excitation/emission fi lters for FITC or 
Alexa Fluor 568. The ILTV-gB or ILTV-gD protein should be 
stained with green fl uorescence, whereas the NDV HN pro-
tein will be stained with red  fl uorescence.       

4    Notes 

     1.    Transfer PCR tubes from ice to a PCR machine with the block 
preheated to 95 °C and begin thermocycling. When using 
thermal cyclers without a heated lid, overlay the reaction mix-
ture with 25 μl of mineral oil.   

   2.    Agarose gels are commonly used in concentrations of 0.7–2 % 
depending on the size of bands needed to be separated. Simply 
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adjust the amount of starting agarose to % g/100 ml 1× TAE 
(i.e., 2 g/100 ml will give you 2 %). TBE can be used instead 
of TAE, labs usually use one or the other, but there is very little 
difference between the two. However, elution of DNA from 
1× TBE agarose slices can be problematic.   

   3.    Pour slowly to avoid bubbles which will disrupt the gel. Any 
bubbles can be pushed away from the well comb or toward the 
sides/edges of the gel with a pipette tip.   

   4.    When using UV light, protect your skin by wearing safety gog-
gles or a face shield, gloves, and a lab coat. Expose the gel for 
the shortest time possible to minimize UV damage to the 
DNA.   

   5.    Minimizing the gel slice size by removing extra agarose around 
the DNA band will increase the yield of DNA.   

   6.    For >2 % agarose gels, add six volumes of buffer QG.   
   7.    If the color of the mixture is orange or violet, add 10 μl of 3 M 

sodium acetate, pH 5.0, and mix. The color of the mixture will 
turn to yellow.   

   8.    For example, if the agarose gel slice is 100 mg, add 100 μl iso-
propanol. This step increases the yield of DNA fragments 
<500 bp and >4 kb. For DNA fragments between 500 bp and 
4 kb, addition of isopropanol has no effect on yield. Do not 
centrifuge the sample at this stage.   

   9.    Residual ethanol from buffer PE will not be completely 
removed unless the fl ow-through is discarded before the addi-
tional centrifugation.   

   10.    Ensure that the elution buffer is dispensed directly onto the 
QIAquick membrane for complete elution of bound 
DNA. Elution effi ciency is dependent on pH. The maximum 
elution effi ciency is achieved between pH 7.0 and 8.5. When 
using water, make sure that the pH value is within this range, 
and store the DNA at –20 °C as DNA may degrade in the 
absence of a chelating agent. The purifi ed DNA can also be 
eluted in TE (10 mM Tris–Cl, 1 mM EDTA, pH 8.0), but the 
EDTA may inhibit subsequent enzymatic reactions.   

   11.    Falcon ®  2059 tubes or other similarly shaped 17 × 100 mm 
polypropylene tubes are required for optimal transformation 
effi ciency. You may use microcentrifuge tubes (1.5 ml), but 
the transformation effi ciency will be reduced three- to 
tenfold.   

   12.    For optimal results, thaw each vial of cells only once. Although 
the cells can be refrozen, subsequent freeze-thaw cycles will 
lower the transformation frequency by approximately 
twofold.   
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   13.    You may use media other than SOC medium, but the transfor-
mation effi ciency will be reduced. Suspension in Luria Broth 
can reduce transformation effi ciency by a minimum of two- to 
threefold.   

   14.    Growth for more than 16 h is not recommended since cells 
begin to lyse and plasmid yields may be reduced. Use a tube or 
fl ask with a volume of at least four times the volume of the 
culture.   

   15.    Remove all traces of supernatant by inverting the open centri-
fuge tube until all medium has been drained.   

   16.    Ensure that RNase A has been added to buffer P1. No cell 
clumps should be visible after suspension of the pellet. The 
bacteria should be dissolved, suspended completely by vortex 
mixing or pipetting up and down until no cell clumps are 
visible.   

   17.    Mixing should result in a homogeneously colored suspension. 
If the suspension contains localized colorless regions or if 
brownish cell clumps are still visible, continue mixing the solu-
tion until a homogeneously colored suspension is achieved.   

   18.    To avoid localized precipitation, mix the solution thoroughly, 
immediately after addition of buffer N3. The solution should 
become cloudy with white fl occules.   

   19.    Residual wash buffer will not be completely removed unless 
the fl ow-through is discarded before the additional centrifuga-
tion. Residual ethanol from buffer PE may inhibit subsequent 
enzymatic reactions.   

   20.    Transfect cells at a high cell density. 90–95 % confl uency at the 
time of transfection is recommended to obtain high effi ciency 
and expression levels and to minimize decreased cell growth 
associated with high transfection activity. Lower cell densities 
are suitable with optimization of conditions. Take care to 
maintain a standard seeding protocol between experiments 
because transfection effi ciency is sensitive to culture confl u-
ence. Do not add antibiotics to media during transfection as 
this will cause cell death.   

   21.    Combine the diluted  Lipofectamine   2000 with the diluted 
DNA within 5 min. Longer incubation times may     decrease 
activity.         
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    Chapter 7   

 A Reverse Genetics Approach for the Design 
of Methyltransferase-Defective Live Attenuated Avian 
Metapneumovirus Vaccines                     

     Yu     Zhang    ,     Jing     Sun    ,     Yongwei     Wei    , and     Jianrong     Li      

1          Introduction 

 Avian metapneumovirus (aMPV),     also   known as avian pneumovi-
rus (APV) or turkey rhinotracheitis virus, is an economically 
important  pathogen   that causes an acute, highly contagious 
respiratory disease in turkeys and is the etiological agent of “swol-
len head syndrome” in  chickens   [ 1 ,  2 ]. Since the isolation of 
aMPV in South Africa in 1978, the virus has become prevalent 
worldwide [ 1 – 4 ]. Based on antigenicity and genetic diversity, 
four subtypes of aMPV, designated A, B, C, and D, have been 
characterized [ 2 ]. Subtypes A, B, and D are found mainly in 
Europe and Asia [ 3 – 6 ]. In the USA, aMPV was fi rst identifi ed in 
1996, in a commercial turkey fl ock with respiratory disease in 
Colorado [ 7 ]. The virus was classifi ed as subtype C due to low 
sequence identity to subtype A and B viruses [ 7 – 9 ]. Subsequently, 
it emerged in turkey fl ocks in Minnesota and became a major 
problem in the turkey industry in the USA [ 8 – 12 ]. Epidemiological 
studies suggest that aMPV subtype C is distributed in a wide 
range of avian species such as  chickens  , ducks, geese, American 
crows, cattle egrets, American coots, and pigeons. A recent 
 phylogenetic analysis showed that two distinct sub-lineages of 
aMPV subtype C exist in the USA [ 11 ]. Clinical signs of aMPV 
in turkeys are characterized by coughing, sneezing, nasal dis-
charge, and swollen infraorbital sinuses. Infected fl ocks have high 
morbidity (50–100 %) at all ages, with mortality ranging from 
0.5 % in adult turkeys to 80 % in  young   poultry [ 6 – 11 ]. Direct 
economic losses caused by this virus include poor weight gain, 
sharply reduced egg production, poor egg quality, and high mor-
bidity and mortality. 
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 aMPV is a non-segmented negative-sense (NNS)  RNA virus  , 
belonging to the genus  Metapneumovirus  in the subfamily 
 Pneumovirinae  of the family   Paramyxoviridae   . The only other 
member in the genus  Metapneumovirus  is human metapneumovi-
rus (hMPV), which was fi rst identifi ed in infants and children with 
acute respiratory tract infections in 2001 in the Netherlands [ 13 ]. 
Soon after its discovery, hMPV was recognized as a globally preva-
lent  pathogen   and is a major causative agent of acute respiratory 
tract disease in individuals of all ages, especially infants, children, 
the elderly, and immunocompromised individuals [ 14 ,  15 ]. 
Interestingly, aMPV subtype C shares more homology with hMPV 
than the other three aMPV subtypes. In addition, turkeys were 
shown to be susceptible to hMPV infection [ 16 ]. Paramyxoviruses 
include many other important human  pathogens   such as human 
respiratory syncytial virus (RSV), human parainfl uenza virus type 3 
(PIV3),  measles   virus, and  mumps   virus. The family also contains 
highly lethal emerging  pathogens   such as  Nipah virus   and Hendra 
virus, as well as agriculturally important viruses such as  Newcastle 
disease virus (NDV)  . For many of these viruses, there are no effec-
tive vaccines or  antiviral drugs  . 

 The traditional strategy for virus attenuation is to pass the 
 virulent strain blindly in cell culture. Using this strategy, live atten-
uated aMPV vaccines have been developed in Europe and are used 
for the prevention of aMPV type A and B viruses [ 17 ,  18 ]. After 
the emergence of aMPV in the USA, a subtype C strain, aMPV/
MN-1a, has been attenuated through 63 serial passages of the virus 
in cell culture [ 19 ,  20 ]. This strain triggered a considerable level of 
antibody response and protected  poultry   from challenge with viru-
lent virus. In addition, a live vectored vaccine candidate has been 
reported for aMPV [ 21 ]. A recombinant  Newcastle disease virus 
(NDV)   LaSota  strain   expressing aMPV  attachment   glycoprotein 
(G) was constructed [ 21 ]. The resultant bivalent vaccine was 
immunogenic and provided full protection against NDV but was 
not suffi cient to protect against aMPV infection. Since both  surface 
glycoproteins (attachment glycoprotein G and fusion protein F) 
are essential for neutralizing antibody production, a single surface 
protein may not be suffi cient to induce protective immunity 
against aMPV infection. Although these vaccines showed consider-
able effi cacy in commercial turkeys, outbreaks of aMPV still occur 
worldwide [ 1 ,  2 ,  5 – 10 ,  21 ]. Major problems for these traditional 
live attenuated vaccines include genetic instability, insuffi cient 
attenuation and  immunogenicity  , and/or poor virus growth 
in vitro. In fact, several live aMPV vaccines reverted back to viru-
lent strains and became persistent in the fi eld [ 22 ,  23 ]. Therefore, 
there is an urgent need to develop a more stable and effi cacious 
vaccine for aMPV. 

 We hypothesize that viral mRNA  cap   methyltransferase (MTase) 
is an excellent target to rationally attenuate aMPV for the develop-
ment of live attenuated vaccines. Messenger RNA modifi cation is 
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105

an essential step in paramyxovirus gene expression and replication 
[ 24 ]. During viral RNA synthesis, paramyxoviruses produce capped, 
methylated, and polyadenylated mRNAs. The paramyxovirus 
mRNA cap structure is typically methylated at the guanine-N-7 
(G-N-7) and ribose 2′-O positions [ 25 – 27 ]. The large (L) poly-
merase protein of paramyxoviruses catalyzes all of the enzymatic 
activities for mRNA synthesis and mRNA modifi cations including 
capping, methylation, and polyadenylation [ 28 – 30 ]. The  conserved 
region VI (CR VI) of L protein possesses both G-N-7 and ribose-
2′-O MTases [ 26 – 30 ]. CR VI of L protein is a typical S-adenosyl 
methionine (SAM)-dependent MTase containing a  catalytic K-D-
K-E tetrad and a SAM binding site (GxGxG….D) [ 26 – 30 ]. By 
introducing mutations in the MTase region in the viral L protein, a 
panel of recombinant aMPVs that are specifi cally  defective in meth-
ylation at positions G-N-7, 2′-O, or both can be generated by a 
reverse genetics approach. These recombinant aMPVs will exhibit 
different degrees of attenuation characteristics dependent on the 
specifi c methyl group involved and the degree of the defect in 
mRNA cap methylation (defective in methylation at one position or 
both positions). By combining multiple substitutions in the MTase 
region of L protein, it should be possible to generate an attenuated 
virus that is genetically stable, because reversion to wild type at any 
single amino acid should not provide a fi tness gain. 

 Using this novel strategy, we recovered a panel of recombinant 
aMPVs carrying mutations in the SAM binding site of L protein. 
These  recombinant viruses   were defective mRNA cap MTase, 
genetically stable, were attenuated in cell culture and young 
 turkeys, and retained high  immunogenicity  . Thus, these MTase- 
defective aMPVs are excellent vaccine candidates for aMPV. Here, 
we provide detailed materials and methods to generate these 
MTase-defective aMPVs and methods to evaluate the genetic  sta-
bility  , attenuation, and  immunogenicity   of these vaccines.  

2    Materials 

       1.    Plasmid (paMPV) encoding the full-length anti-genomic 
cDNA  of   avian metapneumovirus subtype C Colorado strain 
(aMPV/Colorado/turkey/96).   

   2.    Support plasmids expressing aMPV nucleocapsid (pCDNA3-
 N), phosphoprotein (pCDNA3-P), large (L) polymerase 
(pCDNA3-L), and matrix M2-1 (pCDNA3-M2-1).   

   3.    DH5-alpha (NEB) and STBL2 competent cells (Invitrogen), 
stored at −80 °C.   

   4.    QuickChange Site-Directed Mutagenesis Kit (Stratagene,  La 
Jolla, CA).      

2.1   Preparation 
of Plasmids and Site- 
Directed Mutagenesis

Design Novel Avian Metapneumovirus Vaccine
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       1.    Cell lines.    Vero E6 cells (ATCC No. CRL-1586) and BHK-
SR19-T7 cells (Apath) were grown in Dulbecco’s modifi ed 
Eagle’s medium (DMEM; Life Technologies Bethesda, MD) 
supplemented with 10 % FBS. The medium of the BHK-
SR19-T7 cells was supplemented with 10 μg/mL puromycin 
(Life Technologies) during every other passage to select for 
T7 RNA polymerase-expressing cells. LLC-MK2 (ATCC No. 
CCL-7) cells were maintained in Opti-MEM (Life Technologies) 
supplemented with 2 % fetal bovine serum (FBS). All cell 
lines were maintained in a 37 °C incubator with 5 % CO 2  
atmosphere.   

   2.    Puromycin dihydrochloride stock solution (10 mg/mL), 
stored at −20 °C.   

   3.     Lipofectamine 2000   transfection reagent (Life Technologies), 
stored at 4 °C.      

       1.    Ultrapure low melt point (LMP) agarose (Invitrogen).   
   2.    1 M HEPES pH 7.7 solution.   
   3.    7.5 % sodium bicarbonate (NaHCO 3 ) solution.   
   4.    1 M  l -Glutamine stock solution, stored at −20 °C.   
   5.    Penicillin, kanamycin, and streptomycin stock solution con-

tains 20,000 units of penicillin G, 4 mg of kanamycin, and 
4 mg of streptomycin per mL, stored at −20 °C.   

   6.    10 % formaldehyde in PBS.   
   7.    0.05 % crystal violet in distilled water.   
   8.    Overlay medium preparation (Table  1 ).

2.2  Components 
for Recovery of Avian 
Metapneumovirus 
from an Infectious 
Clone

2.3  Avian 
Metapneumovirus 
Plaque Assay 
Reagents

   Table 1  
  Components for overlay medium   

 Name  Volume 

 2× Autoclavable MEM  50 mL 

 0.75 % Sodium bicarbonate  1.6 mL 

 1 M HEPES (pH 7.7)  2.5 mL 

 0.2 M  l -Glutamine  1.0 mL 

 200× Penicillin, streptomycin, kanamycin (PKS) stock solution  0.5 mL 

 Actinomycin-D stock solution (1 mg/mL)  10 μL 

 Distilled water  19.4 mL 

 1 % Agarose solution  25 mL 

 Total  100 mL 
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              1.    Actinomycin-D stock solution (1 mg/mL), stored at −20 °C 
and avoid exposure to light.   

   2.    Trizol reagent for RNA isolation (Life Technologies).   
   3.    Dynabeads mRNA isolation kit (Life Technologies).   
   4.    [ 3 H]- S -adenosyl methionine (SAM) (85 Ci/mmol, 

PerkinElmer, Wellesley, MA).   
   5.    Vaccinia m7G Capping Kit (Cellscript, Madison, WI).   
   6.    Vaccinia 2′-O-Methyltransferase Kit (Cellscript).      

       1.    Two-week-old specifi c pathogen-free (SPF) turkeys.   
   2.    10 % neutral buffered formaldehyde.   
   3.    Hematoxylin and eosin.   
   4.    CO 2  gas cylinder.   
   5.    CO 2  euthanasia chamber.      

       1.    RNeasy Mini Kit (Qiagen).   
   2.    One-step RT-PCR kit (Qiagen).   
   3.    Gene-specifi c primers targeting aMPV L gene (Table  2 ).

              1.    RNeasy Mini Kit (Qiagen).   
   2.    Power SYBR Green RNA-to-Ct 1-step kit (Applied Biosystems).   
   3.    Primers targeting aMPV genomic RNA (Table  3 ).
       4.    Real-time PCR system (Applied Biosystems).       

2.4  In Vitro  trans  
Methylation Assay 
Reagents

2.5  Animal 
Experiment Reagents

2.6  Reverse 
Transcription 
Polymerase Chain 
Reaction (RT-PCR) 
and Sequencing

2.7  Quantifi cation 
of Viral Genomic RNA 
by Real- Time RT-PCR

   Table 2  
  Primers targeting the conserved region VI of aMPV L gene   

 Primer name  Primer sequence 

 aMPV-L-12938- Forward  5′-CAGCTCTACCGGTTGCAAAATAAGTG
TCAAAGCATGT-3′ 

 aMPV-L-13464- Reverse  5′-TAGAAGGACATAACACTCGGATCCTG
ACAGTTT-3′ 

    Table 3  
  Primers used for quantifi cation of aMPV genomic RNA by real-time 
RT-PCR   

 Primer name  Primer sequence 

 aMPV-Le-11-Forward  5′-AAACGCATATAAGACAACTTCCAA-3′ 

 aMPV-N-132-Reverse  5′-AGCTGTGGTTGTCCCCACATCTCT-3′ 

Design Novel Avian Metapneumovirus Vaccine
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3    Methods 

       1.    Transform plasmid (paMPV) encoding the aMPV full-length 
anti-genomic cDNA to STBL2 competent cells following 
manufacturer’s instructions. Transform support plasmids 
expressing aMPV N (pCDNA3-N), P (pCDNA3-P), L 
(pCDNA3-L), and M2-1 (pCDNA3-M2-1) to DH5-alpha 
cells. Plate the cells to agar plates containing 100 μg/mL 
ampicillin.   

   2.    Incubate the plates at 37 °C incubator for 36–48 h.   
   3.    Pick single colony from the plate and inoculate into 5 mL of 

LB culture medium in test tubes containing 100 μg/mL 
ampicillin.   

   4.    Incubate the culture at 37 °C shaking at 200 rpm for 36–48 h.   
   5.    Subculture 2.5 mL of the culture to 100 mL of LB medium 

containing 100 μg/mL ampicillin and incubate at 37 °C shak-
ing at 200 rpm for 36–48 h.   

   6.    Collect the cells by centrifuge the cultures at 3000 ×  g .   
   7.    Extract fi ve plasmids (paMPV, pCDNA3-N, pCDNA3-P, 

pCDNA3-L, and pCDNA3-M2-1) from the bacterial cultures 
using Midi-prep kit following the manufacturer’s instructions.   

   8.    Determine the DNA concentration of each plasmid and freeze 
in aliquots at −20 °C.      

       1.    Select L proteins of representative members of non-segmented 
negative-sense  RNA viruses   from GenBank. The selected L 
sequences include the   Paramyxoviridae    (HMPV, human meta-
pneumovirus; aMPVC, avian metapneumovirus subtype C; 
HRSV, human respiratory syncytial virus; BRSV, bovine respi-
ratory syncytial virus; PVM, pneumonia virus of mice; PIV3, 
parainfl uenza virus type 3;    NDV, Newcastle disease virus), 
 Filoviridae  (EBOM,  Ebola virus  ), and   Rhabdoviridae    (VSIV, 
 vesicular stomatitis virus   Indiana serotype).   

   2.    Align the conserved domain VI of L proteins with two known 
2′-O MTase structures, VP39 and RRMJ using DNA Star soft-
ware ( Lasergene  ).   

   3.    Identify MTase active site (K-D-K-E tetrad) and SAM binding 
site (GXGXG … D).   

   4.    Select amino acids (G1696, G1698, G1700, N1701, and 
D1755) in SAM binding site for mutagenesis. Each of these 
amino acid residues is changed to alanine in the L gene of 
paMPV plasmid.   

   5.    An example of sequence alignment is presented in Fig.  1 .

3.1  Preparation 
of Plasmids

3.2  Sequence 
Analysis of Conserved 
Region VI of aMPV L 
Protein

Yu Zhang et al.
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              1.    Design  mutagenesis   primers containing the desired mutations 
and anneal to the same sequence on opposite strand of the 
plasmid. The forward and reverse primers should be reverse 
complimentary and both primers should contain the desired 
mutation in the middle of the primer, with 15–20 bases of 
 correct sequence fl anked on both sides.   

   2.    Set up site-directed mutagenesis reaction on thermocycler.   
   3.    Digest the mutagenesis reaction mix by adding 1 unit of Dpn 

I enzyme.   
   4.    Mix the reaction mix by pipetting and incubate in a 37 °C 

water bath for 1 h.   
   5.    Transform 1–10 μL STBL2 competent cells according to 

 manufacturer’s instructions.   

3.3   Site-Directed 
Mutagenesis

  Fig. 1    Sequence alignment of conserved region VI (CR VI) of hMPV L proteins and modeling with two known 
2′-O MTase structures, VP39 and RRMJ. ( a ) Conserved regions (CRs) in the L proteins of paramyxoviruses. 
Amino acid sequence alignment identifi ed six CRs, numbered I to VI, in L proteins. ( b ) Sequence alignment of 
CR VI in L proteins. STR, structure of RRMJ, and VP39. Predicted or known alpha-helical regions are shown as 
cylinders, and the β-sheet regions are shown as arrows. The conserved motifs (motifs X and I to VIII) corre-
sponding to the SAM-dependent MTase superfamily are indicated. The predicted MTase active site (K-D-K-E 
tetrad) is shown by yellow boxes. The predicted SAM binding site (GXGXG … D) is shown by gray boxes. The 
sequences of representative members of the   Paramyxoviridae    ( aMPVC  avian metapneumovirus subtype C, 
 HMPV  human metapneumovirus,  HRSV  human respiratory syncytial virus,  BRSV  bovine respiratory syncytial 
virus,  PVM  pneumonia virus of mice,  PIV3  parainfl uenza virus type 3,     NDV  Newcastle disease virus),  Filoviridae  
(EBOM,  Ebola virus  ), and   Rhabdoviridae    (VSIV,  vesicular stomatitis virus   Indiana serotype) are shown       
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   6.    Plate the cells to agar plates containing 100 μg/mL ampicillin.   
   7.    Incubate the plates at 37 °C for 36–48 h.   
   8.    Pick colonies from the plates and inoculate to 5 mL of LB cul-

ture medium containing 100 μg/mL ampicillin and incubate 
in 37 °C shaking (200 rpm) for 36–48 h.   

   9.    Extract plasmid from the cell culture using Qiagen mini-prep 
kit.   

   10.    Digest wild-type and mutant paMPV plasmids using the Pst I 
restriction enzyme and incubate at 37 °C for 1 h.   

   11.    Electrophoresis the digestion product on 1 % agarose gel at 
100 V for 40 min.   

   12.    Stain the gel in 0.5 μg/mL ethidium bromide for 20 min.   
   13.    Visualize the restriction digestion product under UV light.   
   14.    Compare the digestion pattern of wild-type and mutant 

paMPV plasmids. The mutant plasmid with a same digestion 
pattern with wild-type plasmid indicates a correct backbone 
compared with wild-type plasmid.   

   15.    Sequence the plasmids.   
   16.    Select plasmids containing the desired mutations in CR VI of 

L gene. These plasmids were designated as paMPV-G1696A, 
G1698A, G1700A, N1701A , and D1755A.      

       1.    Seed BHK-SR19-T7 cells to six-well plates 24 h before 
transfection.   

   2.    Dilute 5.0 μg of paMPV, 2.0 μg of pCDNA3-N, 2.0 μg of 
pCDNA3-P, 1.0 μg of pCDNA3-L, and 1.0 μg of pCDNA3- 
M2- 1 in 0.5 mL of Opti-MEM and mix gently.   

   3.    Dilute 10 μL of  Lipofectamine   2000 to 0.5 mL Opti- 
MEM. Mix gently and incubate for 5 min at room 
temperature.   

   4.    Combine the plasmid cocktail with the diluted Lipofectamine 
2000 solution, mix gently, and incubate at room temperature 
for 20 min.   

   5.    Wash BHK-SR19-T7 twice with Opti-MEM.   
   6.    Add the DNA-Lipofectamine 2000 mixture to BHK-SR19- T7 

cells and incubate at 30 °C in CO 2  incubator overnight.   
   7.    Remove the DNA-Lipofectamine 2000 mixture 18 h after 

transfection and add 2 mL of fresh Opti-MEM to each well.   
   8.    Harvest the transfected cells using scrapers at day-4 

post-transfection.   
   9.    Coculture the harvested cells with  new   Vero-E6 cells (50–60 % 

confl uent) and incubate at 37 °C in a CO 2  incubator.   

3.4  Recovery 
of Recombinant 
aMPVs from the Full- 
Length cDNA Clones

Yu Zhang et al.
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   10.    Monitor the cytopathic effect (CPE) daily under microscope.   
   11.    Harvest the cells using scrapers when extensive CPE was 

observed.   
   12.    Freeze cells on dry ice and thaw at room temperature for three 

cycles.   
   13.    Remove the cell debris by centrifugation at 3000 ×  g  for 

10 min.   
   14.    Use the supernatant to infect  new   Vero-E6 cells for further 

passages.   
   15.    Confi rm the recovery of the raMPVs by agarose overlay plaque 

assay, RT-PCR, and sequencing. These recombinant aMPV 
mutants were designated as raMPV-G1696A, G1698A, 
G1700A, N1701A, and D1755A.   

   16.    A diagram for aMPV recovery is presented in Fig.  2 .

  Fig. 2    Recovery of aMPVs from the full-length cDNA clones. Recombinant aMPVs were rescued using a reverse 
genetics system. Briefl y, BHK-SR19-T7 cells which stably express T7 RNA polymerase were transfected with 
plasmid paMPV carrying the full-length aMPV genome, plasmids expressing viral N, P, L, and M2-1 protein 
using  Lipofectamine   2000. The successful recovery of the aMPVs was confi rmed by plaque assay, RT-PCR, and 
sequencing       
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              1.     Seed   Vero-E6 cells in ten T150 fl asks and incubate at 37 °C in 
CO 2  incubator overnight.   

   2.    Infect Vero E6 cells with raMPV mutants at a multiplicity of 
infection (MOI) of 0.1 in a volume of 2 mL of DMEM.   

   3.    Allow the virus to adsorb for 1 h with constant shaking at 
37 °C.   

   4.    Add 20 mL of Opti-MEM containing 2 % FBS and incubate at 
37 °C for 4 days.   

   5.    Harvest supernatants and cells when extensive CPE is observed.   
   6.    Clarify the cell suspension by low-speed centrifugation at 

3000 ×  g  for 20 min at 4 °C.   
   7.    Resuspend the pellet in 2 mL of Opti-MEM and subject to 

freeze and thaw three times.   
   8.    Remove cell debris from the mixture by centrifugation at 

3000 ×  g  for 10 min.   
   9.    Combine the supernatants.   
   10.    Pellet down the virus by ultracentrifugation at 28,000 ×  g  in a 

Beckman Ty 50.2 rotor for 2 h.   
   11.    Resuspend the virus pellet in 0.3 mL of Opti-MEM.   
   12.    Freeze the aliquots in a −80 °C freezer.   
   13.    Thaw one vial of virus and determine the titer by plaque assay.      

       1.    Seed  Vero   E6 cells in six 60-mm dishes.   
   2.    Infect Vero E6 cells by raMPV or mutant raMPV at an MOI of 

0.1 in triplicate dishes.   
   3.    Remove the inoculum after 1 h of adsorption.   
   4.    Wash cells three times with PBS.   
   5.    Add fresh DMEM with 2 % FBS.   
   6.    Incubate the infected cells at 37 °C.   
   7.    Take 50 μL of the supernatant from the cells at different time 

points after infection.   
   8.    Determine viral titer by plaque assay in Vero-E6 cells.   
   9.    aMPV mutants should be attenuated in cell culture. Specifi cally, 

aMPV mutants should grow to comparable titer to wild-type 
aMPV, have signifi cantly delayed viral replication kinetics 
 compared to wild-type aMPV, and have a signifi cantly delayed 
cytopathic effect (CPE) in cell  culture.      

       1.    Seed Vero E6 cells in six-well plates at the density of 2 × 10 6  
cells per well.   

   2.    Remove the medium after incubation for 18 h.   
   3.    Make a serial tenfold dilution of each virus sample.   

3.5  Purifi cation 
of aMPV

3.6   Determine Viral 
Replication Kinetics 
in Vero-E6 Cells

3.7  aMPV 
Plaque Assay
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   4.    Infect cell monolayers with 400 μL of each tenfold dilution 
series of virus sample.   

   5.    Incubate the plate at 37 °C for 1 h with constant shaking.   
   6.    Prepare the overlay medium without agarose according to the 

following recipe (Table  3 ) and keep the prepared overlay 
medium in a 37 °C water bath.   

   7.    Prepare 1 % agarose using the following recipe and boil it three 
times in microwave oven until agarose is totally dissolved. Keep 
the solution in 37 °C water bath.   

   8.    Make complete overlay medium by mixing every 75 mL 
medium with 25 mL of 1 % agarose. Mix gently and keep the 
medium in 37 °C water bath until use.   

   9.    Remove inoculum from each well.   
   10.    Add 2 mL of overlay medium to each well.   
   11.    Incubate the plates at 4 °C for 30 min to allow the overlay 

medium to solidify.   
   12.    Transfer the plates to 37 °C and 5 % CO 2  to allow for plaque 

formation.   
   13.    After incubation for 7 days, fi x the cells by adding approxi-

mately 1 mL of 10 % (v/v) formaldehyde to each well and 
incubate for 2 h   

   14.    Discard the overlay medium.   
   15.    Stain the cells with 0.05 % (wt/vol) crystal violet, count the 

plaques, and calculate the virus titer.      

        1.    Prepare confl uent Vero- E6   cells in 150-mm dishes.   
   2.    Infect Vero-E6 cells with wild-type aMPV or raMPV mutants at 

an MOI of 0.1 in the presence of actinomycin-D (0.6 μg/mL).   
   3.    Isolate total RNA from virus-infected cells using TRIzol 

reagent (Life Technologies) when extensive CPE was observed 
and dissolve RNA in 10 mM Tris–HCl buffer (pH 7.5).   

   4.    Isolate aMPV specifi c poly(A)-containing RNA from total RNA 
using a Dynabeads mRNA isolation kit (Life Technologies).   

   5.    Quantify aMPV-specifi c mRNA (N mRNA) and cellular 
mRNA (glyceraldehyde-3-phosphate dehydrogenase [GAPDH] 
mRNA) by real-time RT-PCR.   

   6.    Incubate 500 ng of mRNA (as determined by the relative 
quantifi cation based on GAPDH RNAs) with ten units of vac-
cinia virus G-N-7 MTase supplied by an m 7 G capping system 
(Cellscript, Madison, WI) in the presence of 15 μCi of [ 3 H]
SAM (85 Ci/mmol; PerkinElmer, Wellesley, MA) for 4 h.   

   7.    Purify RNA using an RNeasy Mini Kit (Qiagen, Valencia, CA) 
after the methylation reaction.   

3.8  In Vitro  trans  
G-N-7 Methylation 
Assay for aMPV
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   8.    Measure the methylation of the mRNA cap structure by  3 H incor-
poration using a 1414 series scintillation counter (PerkinElmer).   

   9.    The  3 H incorporation (in corrected counts per minute [ccpm]) 
from wild-type and mutant aMPV samples was reduced by the 
ccpm of RNA from mock-infected cells.   

   10.    Normalize the ccpm by virus-specifi c mRNA. The ratio of 
[ 3 H]SAM incorporation between each mutant and wild-type 
virus was calculated. Vaccinia virus G-N-7 MTase will not 
methylate the mRNAs produced by wild-type aMPV since they 
already contain G-N-7 and 2′-O methylation. Vaccinia virus 
G-N-7 MTase should effi ciently methylate the mRNA if mRNA 
produced by aMPV mutants lacks G-N-7 methylation.      

       1.    Purify mRNA in virus-infected cells as described in 
Subheading  3.8 .   

   2.    Isolate aMPV specifi c poly(A)-containing RNA from total 
RNA using a Dynabeads mRNA isolation kit (Life 
Technologies).   

   3.    Incubate 500 ng of mRNAs with 10 units of vaccinia virus 
2′- O  MTase supplied by a vaccinia 2′- O -Methyltransferase Kit 
(Cellscript) in the presence of 15 μCi of [ 3 H]SAM (85 Ci/
mmol; PerkinElmer).   

   4.    Purify RNA using an RNeasy Mini Kit (Qiagen) after the 
methylation reaction.   

   5.    Measure the level of 2′-O methylation by  3 H incorporation 
using a scintillation counter. The  3 H incorporation (in 
 corrected counts per minute [ccpm]) from wild-type and 
mutant aMPV samples was reduced by the ccpm of RNA from 
mock- infected cells.   

   6.    Normalize the ccpm by virus-specifi c mRNA. The ratio of 
[ 3 H]SAM incorporation between each mutant and wild-type 
virus was calculated. Vaccinia virus 2′-O MTase will not meth-
ylate the mRNAs produced by wild-type aMPV since they 
already contain G-N-7 and 2′-O methylation. Vaccinia virus 
2′-O MTase should effi ciently methylate the mRNA if mRNA 
produced by aMPV mutants lacks 2′-O methylation.      

       1.    Pass  each   aMPV mutant  in   Vero-E6 cells 15 times.   
   2.    Amplify the CR VI of the L gene from each passage by RT-PCR.   
   3.    Amplify the genome of each aMPV mutant from each passage 

by RT-PCR using eight overlapping fragments (2 kb for each 
fragment).   

   4.    Sequence all DNA fragments.   
   5.    Align DNA sequence and analyze the presence of mutations in 

the DNA fragments.   

3.9  In Vitro  trans  
2′-O Methylation 
Assay for aMPV

3.10   Test Genetic 
Stability of raMPV 
Mutants in Cell Culture
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   6.    A genetically stable raMPV mutant should retain its mutation 
in the CR VI of the L gene after 15 passages. Except for the 
desired mutation in the MTase region in the L gene, no muta-
tions should be found in the  genome.      

       1.    Purchase 2-week-old specifi c pathogen-free (SPF) turkeys and 
house in biosafety level 2 isolation rooms.   

   2.    Collect blood samples from each turkey and confi rm they are 
serum-negative for aMPV antibody by enzyme-linked immu-
nosorbent assay ( ELISA  ).   

   3.    Randomly allocate 12 turkeys to each group.   
   4.    Inoculate each raMPV mutant to turkey poults. For negative 

control group, turkeys are inoculated with 200 μL of DMEM 
via the oculonasal route. For positive control group, turkeys 
are infected with 2.0 × 10 5  PFU of wild-type raMPV. For 
raMPV mutant group, turkeys are infected with 200 μL of 
DMEM containing 2.0 × 10 5  PFU of raMPV mutant.   

   5.    Observe the animals daily for mortality and morbidity.   
   6.    Euthanize three turkeys from each group at 3, 5, 7, and 10 

days postinoculation (DPI). Collect sinus and trachea swabs 
and elute in 1 mL of DMEM for virus and viral RNA detec-
tion. Collect lungs and tracheas for virus isolation, viral RNA 
detection, and histological examination.   

   7.    Analyze the replication and pathogenesis of each aMPV mutant 
using above method. These aMPV mutants include aMPV- 
G1696A, G1698A, G1700A, N1701A, and D1755A.   

   8.    An attenuated aMPV mutant should exhibit the following 
phenotypes in young turkeys: no clinical signs (weight 
losses, cough, turbid nasal exudates, frothy eyes, and/or 
swollen infraorbital sinuses) of aMPV are observed; no or 
signifi cantly less viral replication in the upper (trachea and 
sinus) and lower (lungs) respiratory tract of turkeys; no 
gross pathological lesions found in turkeys; and no or sig-
nifi cantly less histologic lesions are found in trachea, sinus, 
and lung of turkeys.      

       1.    Inoculate fi ve 2-week- old   specifi c pathogen-free (SPF) turkeys 
with MTase-defective aMPV at a dose of 1.0 × 10 6 PFU via the 
oculonasal route.   

   2.    Euthanize the turkeys at days 3 postinoculation.   
   3.    Isolate and homogenize lung tissue. 

 Inoculate 200 μL of lung homogenate into a T25 fl ask  of   Vero 
E6 cells.   

   4.    Allow the virus to adsorb for 1 h with constant shaking at 
37 °C.   

3.11  Evaluate 
Replication 
and Pathogenesis 
of raMPV Mutants 
in Turkey Poults

3.12   Evaluate 
Genetic Stability 
of raMPV Mutants 
in Turkey Poults
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   5.    Add 4 mL of Opti-MEM contains 2%FBS and incubate at 
37 °C for 4 days.   

   6.    Harvest supernatants and cells when extensive CPE is observed.   
   7.    Clarify the cell suspension by low-speed centrifugation at 

3000 ×  g  for 20 min at 4 °C and designate viral stock as passage 
1 (P1).   

   8.    Sequence the entire genome of aMPV from P1.   
   9.    Determine viral titer in P1 stock by plaque assay.   
   10.    Inoculate fi ve 2-week-old specifi c pathogen-free (SPF) turkeys 

with P1 stock at a dose of 1.0 × 10 6 PFU via the oculonasal 
route and repeat  steps 1 – 10 .   

   11.    Continue to pass the virus in turkeys fi ve times using the above 
method.   

   12.    Determine whether aMPV mutants are genetically stable in 
turkeys.   

   13.    Analyze the genetic stability of each aMPV mutant using the 
above method. These aMPV mutants include aMPV-G1696A, 
G1698A, G1700A, N1701A, and D1755A.   

   14.    A genetically stable aMPV mutant should exhibit the following 
phenotypes in turkeys: virus isolated from each passage should 
retain the desired the mutation in the L gene; no additional 
mutations should be found in the genome except for the 
desired mutation in the L gene; virus should retain attenuation 
characteristics in turkeys; and no virulence reversion  should be 
found.      

       1.    House specifi c pathogen-free (SPF)  turkeys   in cages in bio-
safety level II isolation rooms.   

   2.    Randomly divide fi fteen 2-week-old SPF turkey poults to each 
group.   

   3.    Immunize turkeys with MTase-defective aMPVs. Turkeys in 
group 1 were inoculated with DMEM and served as the unim-
munized unchallenged control (normal control). Turkeys in 
group 2 were inoculated with DMEM and served as the unim-
munized but challenged control. Turkey poults in groups 3 
were immunized with 2 × 10 5  PFU of an aMPV mutant. All 
inoculation was done via the oculonasal route.   

   4.    Observe the safety of aMPV mutants in turkeys twice a day.   
   5.    Collect blood samples from each turkey weekly.   
   6.    Isolate serum from blood for detection of aMPV-specifi c 

antibody.   
   7.    Challenge turkeys in groups 2 and 3 with wild-type raMPV at 

a dose of 1.0 × 10 6  PFU per turkey via the oculonasal route at 
week 4 post-immunization.   

3.13   Determine 
the Immunogenicity 
of aMPV Mutants 
in Turkeys
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   8.    Observe animals twice a day for mortality and morbidity after 
challenge.   

   9.    Euthanize three turkeys from each group at 3, 5, 7, and 10 
days postinoculation (DPI). Collect sinus and trachea swabs 
and eluted in 1 mL of DMEM for detection of virus and viral 
RNA. Collect lungs and tracheas for virus isolation, viral RNA 
detection, and histologic analysis.   

   10.    Determine viral titer in the sinus and trachea swabs and lungs 
by plaque assay.   

   11.    Extract total RNA from sinus and trachea swabs and lungs.   
   12.    Quantify viral genomic RNA by real-time RT-PCR.   
   13.    Determine aMPV-specifi c antibody by a virus-serum neutral-

ization assay using an end-point dilution plaque reduction 
assay.   

   14.    Analyze the immunogenicity of each aMPV mutant using the 
above method. These aMPV mutants include aMPV-G1696A, 
G1698A, G1700A, N1701A, and D1755A.   

   15.    An ideal aMPV live attenuated vaccine should exhibit the 
 following phenotypes: aMPV mutant should trigger high lev-
els of virus-serum neutralizing antibody in turkeys; raMPV 
mutant vaccination should protect turkeys from clinical signs 
after  challenge with a virulent aMPV; raMPV mutant vaccina-
tion should protect turkeys from gross and histologic lesions in 
sinus, trachea, and lung after challenge with a virulent aMPV; 
and raMPV mutant vaccination should prevent or signifi cantly 
reduce virus replication in sinus, trachea, and lung after chal-
lenge with a  virulent aMPV.      

       1.    Remove the trachea and right lung of each turkey at 
euthanization.   

   2.    Fix the trachea and lung in 4 % neutral buffered formaldehyde 
for at least 7 days.   

   3.    Embed the fi xed tissues in paraffi n and section at 5 μm.   
   4.    Stain slides with hematoxylin and eosin (H&E).   
   5.    Examine histologic changes of each tissue under light 

microscopy.      

       1.    Seed Vero  E6   cells into six-well plates 24 h prior to assay.   
   2.    Heat inactivate serum samples at 56 °C for 30 min.   
   3.    Take 100 μL of each serum sample and make a serial twofold 

dilutions in DMEM on a 96-well plate.   
   4.    Mix the serial dilution of serum samples with an equal volume 

of DMEM containing approximately 100 PFU/well wild-type 
aMPV.   

3.14  Evaluate 
the Tracheal 
and Pulmonary 
Histologic Changes

3.15  Determine 
aMPV Serum 
Neutralizing Antibody 
by Plaque Reduction 
Neutralizing Assay
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   5.    Incubate the mixture at room temperature for 1 h with  constant 
rotation.   

   6.    Transfer the mixture to  confl uent   Vero E6 cells in a six-well 
plate.   

   7.    Incubate the plates at 37 °C for 1 h with constant rotation.   
   8.    Remove the virus-serum mixtures after 1 h adsorption and 

overlay the cells with overlay medium.   
   9.    Incubate the plate for 7 days to develop viral plaque.   
   10.    Fix the plates and count plaques in each well.   
   11.    Determine aMPV-specifi c neutralizing antibody titers by 

 calculating the 50 % plaque reduction titers.      

       1.    Collect sinus and trachea swabs from each turkey.   
   2.    Elute the swabs in 1 mL of DMEM by vortexing for 1 min.   
   3.    Centrifuge the swab at 3000 ×  g  for 10 min.   
   4.    Collect the supernatants for virus detection using plaque assay.      

       1.    Take the left lung from each turkey poult after euthanization.   
   2.    Homogenize 200 mg of the lung tissue in 2 mL of phosphate- 

buffered saline (PBS) solution with a Precellys 24 tissue 
homogenizer (Bertin, MD).   

   3.    Centrifuge the homogenate at 1000 ×  g  for 10 min and harvest 
supernatant.   

   4.    Determine the infectious virus titer in supernatant by plaque 
assay in  Vero cells   as described above.      

       1.    Extract viral RNA from 200 μL of each  recombinant virus   or 
tissue homogenate using an RNeasy Mini Kit (Qiagen).   

   2.    Design primers to anneal to nucleotide positions 12938 and 
13464 (numbers are based on the genome sequence of aMPV-
 CO strain), respectively.   

   3.    Amplify a 520 bp fragment spanning CR VI of aMPV L gene 
using One-Step RT-PCR kit (Qiagen).   

   4.    Load the PCR products to 1 % agarose gel and electrophoresis 
at 100 V for 40 min.   

   5.    Stain the gel in 0.5 μg/mL ethidium bromide for 20 min.   
   6.    Visualize the PCR product under ultraviolet (UV) light and 

confi rm the size of the PCR product.   
   7.    Extract the target DNA band and recover the DNA using Gel 

purifi cation kit (Qiagen).   
   8.    Sequence the PCR product using aMPV-L-12938-Forward 

primer.   

3.16  Determination 
of Viral Titer in Sinus 
and Trachea

3.17  Determination 
of Viral Titer in Lung

3.18  Reverse 
Transcription 
Polymerase Chain 
Reaction (RT-PCR) 
and Sequencing
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   9.    Sequence all plasmids, viral stocks, and virus isolates from 
sinus, trachea, and lungs of turkeys.   

   10.    Confi rm the presence of the designed mutations.      

       1.    Extract total RNA from sinus, tracheal swabs, and lungs by 
Qiagen RNeasy Mini Kit (Qiagen) following the manufactur-
er’s recommendation.   

   2.    Extract total RNA from the homogenized lung tissue samples 
and sinus and tracheal swab fl uids.   

   3.    Quantify viral genomic RNA copies (GRC) from each sample 
by real-time RT-PCR using SYBR green master mix (Applied 
Biosystems). Set up reaction according to Table  4  using the 
thermal cycling parameters listed in Table  5 . A plasmid con-
taining the full-length genome of aMPV-CO was used as a 
standard. Viral RNA level in lungs was expressed as log GRC/g. 
Viral RNA levels in the sinus and tracheal swab fl uid was 
expressed as log   GRC/mL.

3.19  Quantifi cation 
of Viral Genomic RNA 
by Real- Time RT-PCR

   Table 4  
  Components for quantitative RT-PCR reaction   

 Component  Volume 

 Power SYBR green RT-PCR mix (2×)  10 μL 

 Forward primer (25 μM)  0.6 μL 

 Reverse primer (25 μM)  0.6 μL 

 RT-enzyme mix  0.16 μL 

 Template  0.01–20 ng 

 RNase-free H 2 O  20 μL 

 Total  20 μL 

   Table 5  
  Thermal cycling parameters for quantitative RT-PCR   

 Stage  Step  Temperature (°C)  Time 

 Holding  Reverse transcription  48  30 min 

 Holding  Activation of polymerase  95  10 min 

 Cycling  Denature  95  15 s 

 Anneal/extend  60  1 min 
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    Chapter 8   

 Development of Fasciola Vaccine in an Animal Model                     

     Krai     Meemon       and     Prasert     Sobhon     

1         Introduction 

  Fasciolosis   (also called fascioliasis) is  a   zoonotic parasitic disease 
that is caused by the infection of trematodes   Fasciola hepatica    
( F.    hepatica   ) and  Fasciola gigantica  ( F. gigantica ), found in tem-
perate and tropical regions, respectively. The disease causes reduc-
tions in the meat and milk production and decreased fertility in 
animals as well as affl icting the health of infected animals and 
humans. The World Health Organization (WHO) has estimated 
that 2.4 million people are infected with  Fasciola , and a further 
180 million are at risk of infection [ 1 ]. Triclabendazole is the most 
effective anthelmintic drug for controlling the disease [ 2 ]. 
However, resistance to this drug has been reported in many coun-
tries including Argentina [ 3 ], Australia [ 4 ], the Netherlands [ 5 ], 
and Scotland [ 6 ]. Vaccine becomes an alternative approach 
because of its safety, environmental friendliness, and cost-effec-
tiveness and is acceptable by consumers [ 7 ]. Several vaccine candi-
dates have been identifi ed and tested for their effi cacies against 
 Fasciola  infection in both experimental and economic animals. 
These include  cathepsin   B, cathepsin L, glutathione S-transferase, 
leucine aminopeptidase, and fatty acid-binding protein in  F.    hepat-
ica    [ 8 – 12 ] and  cathepsin   B, cathepsin L, glutathione S-transferase, 
leucine aminopeptidase, and saposin-like protein 2 in  F.    gigantica    
[ 13 – 17 ]. High percentages of protection have been detected 
using the recombinant protein immunizations suggesting that 
these could be developed into vaccines for preventing  Fasciola  
infection in the future. A few  DNA vaccines   related to these can-
didates have also been shown to induce high levels of  immune 
responses   against the  Fasciola  infection [ 18 – 20 ], but they will not 
be described in this chapter. 
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 In this chapter, optimized methods for vaccination using the 
recombinant proteins against  Fasciola  infection in mice are 
described. The production and purifi cation of recombinant pro-
teins in the yeast   Pichia pastoris  expression system   are detailed. The 
detection of antibody levels is also described to determine the lev-
els of IgG by  ELISA   technique.  

2    Materials 

       1.    pPICZαA, B, C vectors (Invitrogen).   
   2.    Selected restriction enzymes and appropriate 10× buffers.   
   3.    Gel documentation system.   
   4.    QIAquick gel extraction kit (QIAGEN).   
   5.    0.2 mL thin-walled PCR tube.   
   6.    T4 DNA ligase and ligation buffer.   
   7.    16 and 42 °C water baths or temperature blocks.   
   8.     E.    coli    (DH5α)    competent cells.   
   9.    Zeocin™.   
   10.    Low-salt LB broth containing 50 μg/mL Zeocin™: To 1 L of 

distilled H 2 O, add 10 g tryptone, 5 g yeast extract, and 5 g 
NaCl. Mix thoroughly and sterilize by autoclaving. Cool the 
solution to approximately 60 °C; add Zeocin™ to the fi nal 
concentration of 50 μg/mL Zeocin™.   

   11.    LB agar plate containing 50 μg/mL Zeocin™: To 1 L of dis-
tilled H 2 O, add 10 g tryptone, 5 g yeast extract, 5 g NaCl, and 
15 g Agar. Mix thoroughly and sterilize by autoclaving. Cool 
the solution to approximately 60 °C; add Zeocin™ to the fi nal 
concentration of 50 μg/mL Zeocin™. Then pour the solution 
onto bacterial culture plates.   

   12.    Thermal cycler for PCR reaction.   
   13.    Quick Plasmid Miniprep Kit (Invitrogen).   
   14.     Bst X I restriction enzymes and appropriate 10× buffers.   
   15.    Agarose gel electrophoresis.   
   16.     Pichia pastoris  ( P. pastoris ) host strain (e.g., X-33, GS115) 

competent cells.   
   17.     Electroporation   device and 0.2 cm cuvettes.   
   18.    30 and 37 °C shaking and non-shaking incubators.   
   19.    Yeast extract peptone dextrose medium with sorbitol (YPDS) 

agar plate: 1 % yeast extract, 2 % peptone, 2 % dextrose, 1 M 
sorbital, and 2 % agar.   

2.1     Recombinant 
Protein Production   
in the  Yeast    Pichia 
pastoris  Expression 
System
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   20.    Minimal dextrose medium (MD) agar plate: 1.34 % yeast 
nitrogen base, 2 % dextrose, 4 × 10 −5  % biotin, and 1.5 % agar.   

   21.    Minimal methanol medium (MM) agar plate: 1.34 % yeast nitro-
gen base, 0.5 % methanol, and 4 × 10 −5  % biotin   and 1.5 % agar.      

       1.    Buffered glycerol-complex medium (BMGY): 2 % peptone, 
1 % yeast extract, 100 mM potassium phosphate (K 2 HPO 4 ), 
pH 6.0, 1.34 % yeast nitrogen base, 4 × 10 −5  % biotin, and 1 % 
glycerol.   

   2.    Buffered methanol-complex medium (BMMY): 2 % peptone, 
1 % yeast extract, 100 mM potassium phosphate, pH 6.0, 
1.34 % yeast nitrogen base, 4 × 10 5  % biotin, and 0.5 % 
methanol.   

   3.    Ni-NTA starter buffer: 50 mM NaH 2 PO 4 , 300 mM NaCl, 
10 mM imidazole, pH 8.0.   

   4.    Ni-NTA washing buffer: 50 mM NaH 2 PO 4 , 300 mM NaCl, 
20 mM imidazole, pH 8.0.   

   5.    Ni-NTA super-fl ow column (QIAGEN).   
   6.    Ni-NTA elution buffer: 50 mM NaH 2 PO 4 , 300 mM NaCl, 

250 mM imidazole, pH 8.0.   
   7.     SDS-PAGE   analysis.   
   8.    0.01 M phosphate-buffered saline (PBS): To 900 mL of dis-

tilled H 2 O, add 8 g NaCl, 0.2 g KCl, 1.44 g Na 2 HPO 4 , and 
0.24 g KH 2 PO 4 . Adjust to 1 L with distilled H 2 O and sterilize 
by autoclaving.   

   9.    Protein assay kit (Bio-Rad) or equivalent.      

         1.    Imprinting control region (ICR) mice: 10 mice per group.   
   2.    Mice are divided into control and experimental groups.   
   3.    Control groups are subdivided into control 1, mice without 

immunization and infection; control 2, mice without immuni-
zation, but with infection; control 3, mice with immunization 
with Freund’s  adjuvant   and infection.   

   4.    Experimental groups are mice that are immunized with the 
recombinant proteins either alone or in combination with 
other proteins.      

       1.    Heparinized capillary glass tubes.   
   2.    Hematocrit centrifuge (BOEC, Germany).   
   3.    0.9 and 0.85 % NaCl solution.   
   4.    Complete and incomplete  Freund’s   adjuvants.   
   5.    23 gauge × 1″ needle.   
   6.    18 gauge, oral gavage needle.       

2.2  Expression 
and Purifi cation 
of the Recombinant 
Proteins

2.3  Vaccination 
Procedure

2.3.1  Animal Model

2.3.2  Vaccination
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       1.    Petri dish.   
   2.    Surgical and dissecting instrument.   
   3.    Stereomicroscope.      

       1.    96-well microtiter plate.   
   2.    0.05 M carbonate-bicarbonate buffer, pH 9.6: 15 mM 

Na 2 CO 3 , 35 mM NaHCO 3 , pH 9.6.   
   3.    0.01 M phosphate-buffered saline (PBS): To 900 mL of dis-

tilled H 2 O, add 8 g NaCl, 0.2 g KCl, 1.44 g Na 2 HPO 4 , and 
0.24 g KH 2 PO 4 . Adjust to 1 L with distilled H 2 O and steril-
ized by autoclaving.   

   4.    Tween 20.   
   5.    Skimmed milk.   
   6.    HRP-conjugated goat anti-mouse IgG1 or IgG2a 

(SouthernBiotech, USA).   
   7.    Dimethyl sulfoxide (DMSO).   
   8.    0.05 M phosphate-citrate buffer, pH 5.0: To 100 mL of H 2 O, 

add 25.7 mL of 0.2 M dibasic sodium phosphate, 24.3 mL of 
0.1 M citric acid, and 50 mL distilled H 2 O.   

   9.    30 % H 2 O 2 .   
   10.    3, 3′, 5, 5′-Tetramethylbenzidine (TMB; Sigma, USA).   
   11.    TMB substrate solution: Dissolve one TMB tablet in 1 mL of 

DMSO; add 9 mL of 0.05 M phosphate-citrate buffer, pH 5.0. 
Add 2 μL of fresh 30 % H 2 O 2  per 10 mL of substrate buffer 
solution immediately prior to use.   

   12.    2 M H 2 SO 4 .   
   13.    An automatic Titertek Multiscan spectrophotometer (Flow 

Laboratories, USA) or equivalent.       

3    Methods 

       1.    Digest the plasmids containing the genes of interest with the 
specifi c restriction enzymes for subcloning into pPICZα vector 
( see   Note 1 ).   

   2.    Digest pPICZα vectors with the same restriction enzymes in 
10× buffer.   

   3.    Purify the digested genes of interest and pPICZα vectors by 
using QIAquick gel extraction kit.   

   4.    Ligate the purifi ed digested products and pPICZα vectors in 
0.2 mL thin-walled PCR tube by using T4 DNA ligase enzyme 
and incubating at 16 °C for overnight.   

2.4  Worm Recovery

2.5  Detection 
of Antibody Levels

3.1     Recombinant 
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   5.    Transform the ligated product of the recombinant plasmids 
into  E.    coli    (DH5α)    competent cells by heat shock at 42 °C for 
2 min.   

   6.    Spread the mixture on low-salt LB agar plate containing 
50 μg/mL Zeocin™ and incubate at 37 °C for overnight.   

   7.    Determine the positive clone of each single isolated colony by 
using colony PCR and DNA sequencing to check for correct 
open reading frame (ORF) of the recombinant plasmids.   

   8.    Transfer the positive single colony to culture in 5 mL of low- 
salt LB broth containing 50 μg/mL Zeocin™ at 37 °C, 200–
250 rpm for overnight.   

   9.    Purify the recombinant plasmids form the culture by using 
Quick Plasmid Miniprep Kit (Invitrogen).   

   10.    Linearize the purifi ed recombinant plasmids by digesting with 
 Bst X I restriction endonucleases at the 5′  AOX1  region of 
pPICZα vector.   

   11.    Analyze the linearized recombinant plasmids on agarose gels and 
purify them from the gels by using QIAquick gel extraction kit.   

   12.    Transform 5–10 μg of linearized recombinant plasmids into 
80 μL of  P. pastoris  competent cells  by   electroporation.   

   13.    Transfer and spread the mixture on YPDS plate containing 
50 μg/mL Zeocin™ and incubate at 30 °C for 3–10 days until 
colonies are formed.   

   14.    Pick up the Zeocin™-resistant transformants and grow them 
on MM and MD agar plates at 30 °C for 3 days. The Mut +  
strains will grow normally on both plates.   

   15.    Set up the colony PCR reaction of the Mut +  strains to confi rm 
the correct recombinant products by using 5′AOX1 
(5′-GACTGGTTCCAATTGACAAGC-3′) and 3′AOX1 
(5′-GCAAATGGCATTCTGACATCC-3′)   primers.      

       1.    Inoculate a single positive colony into 25 mL of BMGY in 
250 mL baffl ed fl ask.   

   2.    Incubate with shaking at 30 °C, 250–300 rpm for 16–18 h.   
   3.    Harvest the cells by centrifugation at 1500–3000 ×  g  for 5 min 

at room temperature.   
   4.    Resuspend the cell pellets in BMMY to an OD 600  = 1 and fi nal 

volume for 500 mL in a 2 L baffl ed fl ask.   
   5.    Cover the fl ask with 4–6 layers of sterile gauze.   
   6.    Continue incubating the culture at 30 °C, 250–300 rpm.   
   7.    Add 100 % methanol to each fl ask to a fi nal concentration of 

0.5 % methanol every 24 h to maintain the expression induction.   

3.2  Expression 
and Purifi cation 
of the Recombinant 
Proteins
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   8.    Collect 1 mL of the expression culture at 0, 24, 48, and 72 h to 
determine the levels of protein expression by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis ( SDS- PAGE  ) analysis.   

   9.    When the optimal time for expression is determined, large- 
scale expression can be performed by scaling up the culture 
volume of expression to 1 L of BMGY in a 3 or 4 L baffl ed fl ask 
and grow the culture with shaking at 30 °C, 250–300 rpm for 
16–18 h following the above protocol.   

   10.    Harvest the cells by centrifugation at 1500–3000 ×  g  for 5 min 
at room temperature and resuspend the cell pellets in BMMY 
to an OD 600  = 1 with fi nal volume of 2–6 L.   

   11.    Harvest the culture by centrifugation at 1500–3000 ×  g  for 
5 min at room temperature.   

   12.    Cover the fl ask with 4–6 layers of sterile gauze and continue 
incubating the culture at 30 °C, 250–300 rpm.   

   13.    Add 100 % methanol to each fl ask to a fi nal concentration of 
0.5 % methanol every 24 h.   

   14.    Dialyze the supernatants against Ni-NTA starter buffer (1:4) 
at cold temperature (4 °C).   

   15.    Change the buffer every 4 h during dialysis.   
   16.    Load the dialyzed supernatant onto the pre-equilibrated Ni- 

NTA super-fl ow column (QIAGEN).   
   17.    Remove the unbound materials from the column by washing 

with the Ni-NTA washing buffer.   
   18.    Elute the recombinant proteins with Ni-NTA elution buffer 

and analyzed them  by   SDS-PAGE.   
   19.    Repeat the dialysis of all purifi ed fractions with 0.01 M PBS at 

4 °C for three times, for 4 h each.   
   20.    Precipitate the recombinant proteins by centrifugation at 

10,000 ×  g  for 30 min at 4 °C.   
   21.    Determine the concentration of the recombinant proteins by 

Lowry’s method using Bio-Rad reagents and bovine serum 
albumin as standard ( see   Note 2 ).      

       1.    An overview of the vaccination protocol is shown in Fig.  1 .
       2.    At 4–5 days before immunization, collect the blood from all 

mice into heparinized capillary glass tubes by tail clipping.   
   3.    Centrifuge the capillary tubes by using the hematocrit centri-

fuge and collect the pre-immune control sera.   
   4.    At the day of immunization, mix thoroughly 50 μg of the puri-

fi ed recombinant protein diluted in 50 μL of 0.9 % NaCl solu-
tion with 50 μL of complete Freund’s  adjuvant   until it becomes 
stable emulsion ( see   Notes 3  and  4 ).   

3.3  Vaccination 
Procedure
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   5.    Inject the emulsion subcutaneously into the loose skin between 
the shoulder blades of a mouse ( see   Note 5 ).   

   6.    At day 10 after the immunization, collect the blood from all 
mice into heparinized capillary glass tubes by tail clipping.   

   7.    Centrifuge the capillary tubes by using the hematocrit centri-
fuge and collect the immune sera.   

   8.    At the second and third immunizations, mix thoroughly 50 μg 
of the purifi ed recombinant protein diluted in 50 μL of 0.9 % 
NaCl solution with 50 μL of incomplete Freund’s  adjuvant  . 
Prepare the emulsion freshly for each immunization.   

   9.    Inject the emulsion subcutaneously into the loose skin as 
described above.   

   10.    At day 10 after each immunization, collect the blood and sera 
from all mice as described above.   

   11.    At 2 weeks after the third immunization, mice will be orally 
infected with 10–15 metacercariae per mouse by using 18 
gauge, gavage needle ( see   Notes 6  and  7 ).   

   12.    At day 10 or 2 weeks after infection, collect the blood and sera 
from all mice.   

   13.    Mice will be kept in suitable condition for up to 4 weeks after 
infection.      

       1.    At 4 weeks after infection, euthanize the mice by using an 
overdose of anesthetic or ether.   

   2.    Collect the blood directly from the heart of mice by the heart 
puncturing.   

   3.    Use the sterile scissor to open the peritoneal cavity and wash 
thoroughly with 0.85 % NaCl solution and collect the fl uids 
into the petri dish to examine and count the worms.   

   4.    Remove the liver and place onto the petri dish containing 
0.85 % NaCl solution.   

3.4  Worm Recovery

2 weeks 2 weeks 2 weeks 4 weeks 

Time of collecting the sera 

1 2 3 4 5 6

Termination Infection Immunization 

  Fig. 1    Diagram of vaccination protocol. Mice should be immunized three times at 2-week interval and should 
be infected with 10–15 metacercariae per mouse at 2 weeks after the last immunization. Blood should be 
collected before immunization, at day 10 after each immunization and infection, and at the termination date 
as indicated (1–6)       
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   5.    Dissect the liver and examine the worms under stereomicro-
scope ( see   Note 8 ).   

   6.    Number of worms collected from each group will be used to 
calculate the percentage of protection by using the formula 
below:

  % Pr /otection = -( ) ´A B A 100   

 where “ A ” represents the mean worm recovery from the con-
trol group (the nonimmunized and infected group or the 
adjuvant- immunized and infected group) and “ B ” represents 
the mean worm recovery from the recombinant protein-
immunized and infected group.      

       1.    Coat the 96-well microtiter plate with 100 μL of 0.05 M 
carbonate- bicarbonate buffer, pH 9.6, containing 2 μg/mL of 
the recombinant proteins by incubation overnight at 4 °C.   

   2.    Wash the wells with 0.01 M PBS containing 0.05 % Tween 20 
(PBST), three times for 5 min each.   

   3.    Add PBST containing 3 % skimmed milk to the wells and incubate 
at 37 °C for 2 h to block the nonspecifi c binding ( see   Note 9 ).   

   4.    Wash the wells with PBST three times for 5 min each.   
   5.    Add 100 μL of the antisera diluted with 0.01 M PBS contain-

ing 1 % skimmed milk (dilution at 1:50,000) to each well and 
incubate at 37 °C for 2 h ( see   Note 10 ).   

   6.    Wash with PBST three times for 5 min each.   
   7.    Add 100 μL of HRP-conjugated goat anti-mouse IgG1 or 

IgG2a (SouthernBiotech, USA) diluted in 0.01 M PBS con-
taining 1 % skimmed milk (dilution at 1:5000) to each well and 
incubate at 37 °C for 1 h ( see   Note 10 ).   

   8.    Wash the wells with PBST three times for 5 min each.   
   9.    Add 100 μL of 3, 3′, 5, 5′-tetramethylbenzidine (TMB; Sigma, 

USA) substrate solution to each well and incubate at room 
temperature for 5–10 min in the dark.   

   10.    Add 50 μL of 2 M H 2 SO 4  into the well to stop the enzymatic 
reaction.   

   11.    Measure the optical density at 450 nm (OD 450 ) in an automatic 
Titertek Multiscan spectrophotometer (Flow Laboratories, USA).       

4    Notes 

     1.    pPICZαA, B, C vectors have different multiple  cloning   sites 
for inserting the gene of interest into the vector. Plan this prior 
to selecting the appropriate vector for the protein expression.   

3.5  Detection 
of Antibody Levels
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   2.    Before determining the recombinant protein concentration, the 
proteins should be concentrated by using Amicon Ultra Centrifugal 
Devices, 3000 NMWL, 15 mL (Millipore Corporation, USA).   

   3.    Mix the proteins thoroughly with Freund’s  adjuvant   until they 
are completely dissolved and become stable emulsions. After 
injection into the mice, the proteins will be slowly released 
from the emulsions and continuously stimulate the host 
 immune responses  , so that more stable and higher immune 
responses will be achieved.   

   4.    Many  adjuvants   are available to use for the recombinant pro-
tein vaccination. Selecting an appropriate adjuvant for each 
protein is also a subject of considerable concern.   

   5.    Injection of the recombinant proteins can be done via any 
routes, e.g., intramuscular, intraperitoneal,  intradermal  , and 
subcutaneous, which may provide varying results. Different 
proteins may prefer different routes of vaccination and gener-
ate various degrees of effectiveness. The set of experiments 
relating to the routes of vaccination can be done prior to deter-
mine the optimal routes of injection.   

   6.    In this experiment, three times of immunization are recom-
mended. However, if the antibody is slowly increased and 
could not reach a desire level of  immune responses  , the forth 
immunization can be performed.   

   7.    Before the experimental mice are infected by metacercariae, 
the viability and infectability of metacercariae can be deter-
mined by in vitro excystment [ 21 ,  22 ]. A number of metacer-
cariae that are used to infect the experimental mice can be 
varied depending on their viability and infectability.   

   8.    To examine the worms, incubate the petri dish for up to 4–5 h 
to let the worms migrate out from the dissecting liver, and 
check the worms regularly every 30 min during incubation.   

   9.    To block the nonspecifi c binding in  ELISA  , 1 % bovine serum 
albumin can be used instead of skimmed milk.   

   10.    Dilution of the anti-recombinant protein antisera or the HRP- 
conjugated goat anti-mouse IgG used in  ELISA   can be deter-
mined by varying dilutions of the antibodies prior to obtain the 
optimal values. Determination of the anti-recombinant protein 
antisera is recommended, while for the HRP- conjugated goat 
anti-mouse IgG the provided dilution value is an optimal.   

   11.    The sera from mice in each group can be used to determine the 
degree of  liver   damage after vaccination. The levels of the liver 
enzymes, i.e., aspartate aminotransferase (AST) and alanine 
transaminase (ALT) for determining the liver parenchyma 
damage [ 23 ,  24 ] and gamma glutamyl transferase (GGT) 
which is indicative of the bile duct damage [ 25 ], will be mea-
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sured in triplicate by using an automatic chemistry analyzer 
(Cobas Mira, Roche, Switzerland).   

   12.    The correlations between the OD 450  values representing the 
levels of IgG1 and IgG2a in mice sera in each group and 
the numbers of recovery worms can be determined and 
analyzed  statistically.         
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    Chapter 9   

 Development of Experimental Vaccines Against 
Liver Flukes                     

     Huan     Yong     Yap     and     Peter     M.     Smooker      

1         Introduction 

  Fasciolosis   is a  disease   caused by the Fasciola genus where   Fasciola 
hepatica    and   Fasciola gigantica    are predominantly found in temper-
ate and tropical  climates  , respectively. Fasciolosis is traditionally 
regarded as a disease that affects ruminants which causes large 
economic losses in the agriculture sector, previously estimated at 
US$ three billion annually [ 1 ], but likely to be far higher currently. 
In the last 20 years, it has also emerged as an important human 
 zoonosis   with an estimated 2.4 million people infected worldwide 
[ 2 ,  3 ]. In addition, cases of resistance to the drug of choice against 
fasciolosis, triclabendazole, have been reported in farms of many 
countries in Europe and in Australia [ 4 – 6 ]. The emergence of 
triclabendazole-resistant fl ukes has urged the discoveries of new 
alternatives to control  fasciolosis  . 

 Liver fl ukes sophisticatedly manipulate the host immune system 
to maintain their long term survival in the host by shifting the host 
 immune response   towards Th2-type, which is anti-infl ammatory 
and promotes wound healing [ 7 – 9 ]. Th1 and Th2-type associated 
responses in the murine system are refl ected by IgG2a and IgG1 
isotypes, respectively [ 10 ]. The possible requirement of a Th1-type 
immune response to resist liver fl uke infections has been demon-
strated in  sheep   and cattle as IgG2 antibody levels were associated 
with lower liver fl ukes recoveries [ 11 ,  12 ]. However, all is not as 
simple as it seems, as in another study, low levels of IgG2 in  sheep 
  were seen as protective [ 13 ]. 

 Previously, the effi cacy of  multivalent vaccines   created by com-
bining different  cathepsin   proteases,  DNA vaccines   constructed 
with cathepsin protease encoding genes, and single  protein vaccines   
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with various excretory/secretory products as targeted antigens 
have been evaluated in different studies [ 14 – 18 ]. A protein vaccine 
with leucine amino peptidase (LAP) as a targeted antigen in alum 
 adjuvant   is the only vaccine that fulfi lled the requirement to be a 
commercial vaccine as it appears to have effi cacy that has reached 
the required level and the antigen is delivered in a commercially 
acceptable adjuvant [ 14 ,  19 ,  20 ]. Interestingly, the proposed pro-
tective pro-infl ammatory  immune responses   induced by this vac-
cine are low, as indicated by a high IgG1/IgG2 ratio [ 20 ]. This 
would indicate that depending on the antigen, Th2 responses may 
also be protective. 

 Parasites secrete various proteases at different stages of their 
life cycle to facilitate parasitism and maintain their long term sur-
vival in the host. In  F.    hepatica    , cathepsin B protease is expressed 
in the infectious metacercariae and in newly excysted juveniles 
while cathepsin L isoforms are secreted throughout the life cycle of 
liver fl ukes, and more than 80 % of proteins secreted by adult fl ukes 
are cathepsin Ls [ 21 ,  22 ]. Therefore,  cathepsin   proteases play a 
salient role in  F.    hepatica     parasitism throughout the whole life 
cycle and could be a potential vaccine candidate, although the 
cleavage specifi city of each cathepsin protease is not fully under-
stood as yet. However, it has been shown that in adult fl uke, three 
cathepsin proteases are secreted being L1, L2, and L5. While they 
have largely overlapping digestion patterns on most host sub-
strates, L2 can completely cleave collagen, and L5 has a likely spe-
cifi c (but as yet undefi ned) target [ 23 – 26 ]. This article will focus 
on using cathepsin proteases as vaccine targets. 

 In nature, liver fl ukes produce  cathepsin   proteases as inactive 
zymogens initially. Upon secretion into the slightly acidic parasite 
gut, the acidic environment facilitates the cleavage of the proseg-
ments and produces functionally active matured  cathepsin   prote-
ases [ 27 ,  28 ]. All secreted cathepsin proteases in liver fl uke have 
multiple disulfi de bonds. If recombinant proteins are expressed in 
either the  E.    coli    or yeast cytoplasm the disulfi de bonds will not 
form, and the enzyme will be inactive [ 18 ,  29 ]. For this reason, the 
secretory pathway of yeast is used. Recombinant  cathepsin   prote-
ase is secreted by yeast into the culture media in an inactive form 
and can be activated in vitro by mixing in a buffer with pH range 
5–6. The experimental recombinant  protein vaccine   development 
steps for  fasciolosis   are illustrated in Fig.  1 .

   Yeast expression systems bear the advantages of being unicel-
lular and eukaryotic organisms as they are easy to grow, convenient 
for genetic manipulation and also with the capability for protein 
processing, together with the absence of endotoxin and oncogenic 
or viral DNA. As mentioned above, the expression of eukaryotic 
protein using prokaryotic system sometimes results in an inactive 
product due to incorrect folding or certain posttranslational 
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modifi cations that are missed [ 30 ]. Hence, a yeast expression vec-
tor is the system of choice to express  cathepsin   proteases to ensure 
the activity and the integrity of the recombinant enzymes. 

 The ability of  DNA vaccines   to induce both humoral and 
cellular  immune responses   that can be manipulated by one of 
several delivery methods, either to the skin or subcutaneum or 
muscle, is well known [ 31 ]. While the effectiveness of the DNA 
vaccine in large animals has often been disappointing [ 32 ], one of 
the four licensed DNA vaccines for animal use is against West Nile 
virus in horses [ 33 ]. Furthermore, the route of immunization 
[ 29 ], the species being immunized [ 32 ] and the composition of 
the antigen [ 34 ,  35 ] should be considered as they are also crucial 
in determining the effectiveness of a vaccine to elicit a  protective 
immune response  . 

 The choice of vectors for  DNA vaccines   depends on the strat-
egy and the objectives of the study. There are several vectors that 
were used in previous studies to deliver the antigen to the different 
cellular types and location in the body of the vaccinated host. 
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expression vector.
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2. Insert the gene fragment into expression vector YEpFLAG.
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  Fig. 1    Flowchart of experimental recombinant  protein vaccine   development steps  for   fasciolosis       
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Examples are cytoplasmic construct pVR1012, secretory construct 
pVR1020, chemokine- fused construct pMCP3, lymph node tar-
geting construct pCTLA-4, cytoplasmic pMASIA, and CpG 
motifs-containing cytoplasmic pBISIA- 40 [ 16 ,  18 ,  29 ]. The exper-
imental DNA  vaccine   development steps for  fasciolosis   are illus-
trated in Fig.  2 .

   As  fasciolosis   is predominately a disease of ruminants, it is clear 
that experimental vaccine studies are preferably undertaken in one 
of  sheep  , goats, cattle, or buffalo. The choice of which defi nitive 
host is used will largely depend on the parasite species and the pre-
dominant region for which the vaccine is a target. Hence, we have 
previously undertaken vaccine trials in cattle in Indonesia, where  F.  
  gigantica     is the relevant parasite, and infects large numbers of 
cattle [ 36 ]. In other regions, for example South American coun-
tries,  sheep   are predominately infected and are therefore used as 
the experimental animals [ 14 ]. 

 Having said this, experiments in large animals are expensive, 
and therefore are often preceded by experiments in commonly 
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  Fig. 2    Flowchart of experimental DNA  vaccine   development  steps   for fasciolosis       
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used laboratory animals such as mice, rats, and rabbits. While the 
 immune responses   to  Fasciola  in these animals may not mimic 
those in larger animals, some information regarding the potential 
effectiveness of vaccine antigen can be gained. As an example, we 
have used a rat model to test a set of three antigens, together and 
in combination [ 37 ]. The rat model is a perfectly reasonable alter-
native to ruminants for comparing effi cacy between groups.  

2    Materials 

       1.    Extract nucleotide  sequence   from GenBank, NCBI.   
   2.    Expasy translation tool.   
   3.    Analyze with codon optimization program.      

      1.    Synthetic gene in pUC57 cloning vector.   
   2.    YEpFLAG expression vector.   
   3.     S.    cerevisiae    strain BJ3505 for recombinant protease 

expression.   
   4.    Restriction enzymes:  Xho I,  Not I, and 10× buffers.   
   5.    Agarose, loading dye, nucleic acid stain suitable for gel 

electrophoresis and 1× TAE buffer for running gel 
electrophoresis.   

   6.    Agarose gel electrophoresis system: for 50 mL of 1.5 % agarose 
gel, use 0.75 g of ultrapure agarose powder with 50 mL of 1× 
TAE buffer. Prepare 1 L of 10× TAE stock buffer in Milli-Q 
water with 48.4 g of Tris base, 3.72 g di-sodium EDTA, adjust 
to pH 8.5 with glacial acetic acid and dilute to 1× TAE solu-
tion prior to use.   

   7.    Gel documentation system.   
   8.    ISOLATE II PCR and Gel Kit (Bioline) for gel extraction.   
   9.    Spectrophotometer for measurement of DNA concentration.   
   10.    T4 DNA ligase and 10× buffer.   
   11.    To make 10 mL ampicillin (100 mg/mL) stock: Add 1 g ampi-

cillin to 10 mL Milli-Q water, sterilize by syringe fi lter of 
0.2 μM pore size.   

   12.    Chemically treated competent cells:  E.    coli    DH5-α. Plasmid 
pUC57 and YEpFLAG carrying ampicillin resistance marker 
for positive screening.   

   13.    Heat block/water bath for heat-shock of competent cells.   
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   14.    Mg 2+  (2 M) stock: Add 2.033 g of MgCl 2 ·6H 2 O and 2.465 g 
of MgSO 4 ·7H 2 O into 10 mL of Milli-Q water. Sterilize by 
syringe fi lter of 0.2 μM pore size.   

   15.    Glucose (2 M) stock: Add 3.604 g into 10 mL of Milli-Q water 
and dissolve by swirling. Sterilize by syringe fi lter of 0.2 μM 
pore size.   

   16.    SOB media: Add 20 g tryptone, 5 g yeast extract, 0.584 g 
NaCl, and 0.186 g KCl to 800 mL of distilled water, dissolve 
the mixture by swirling, adjust pH to 7.0 and top up to 
1 L. Sterilize by autoclaving and add 10 mL of 2 M Mg 2+  stock.   

   17.    SOC media: Add 99 mL of SOB media with 1 mL of 2 M glu-
cose stock.   

   18.    LB agar supplemented with 100 μg/mL fi nal concentration of 
ampicillin: Add 10 g of tryptone, 5 g of yeast extract, 10 g of 
NaCl, and 15 g of bacteriological agar into 800 mL of distilled 
water, dissolve the mixture by swirling and top up to 
1 L. Sterilize by autoclaving and add 1 mL of ampicillin stock 
solution when the temperature has cooled to about 50 °C. Mix 
and pour into sterile petri dishes. Store refrigerated for up to 3 
months.   

   19.    LB broth supplemented with 100 μg/mL fi nal concentration 
of ampicillin: Add 10 g of tryptone, 5 g of yeast extract and 
10 g of NaCl into 800 mL of distilled water, dissolve the mix-
ture by swirling and top up to 1 L. Sterilize by autoclaving and 
add 1 mL of ampicillin stock solution when cooled. Store up 
to 3 months at room temperature.   

   20.    Incubator for plate culture.   
   21.    Shaking incubator for broth culture  .      

      1.    Minimal media supplemented with uracil and lysine, MM + UL 
(10× solutions): Add 6.7 g of yeast nitrogen base, 20 g of dex-
trose, 0.02 g of uracil and 0.03 g of lysine to 800 mL of dis-
tilled water. Dissolve the mixture by a magnetic stirrer and top 
up to 1 L with distilled water. Sterilize by syringe fi ltering using 
0.2µM pore size fi lter. For 1× broth media, add the stock to 
autoclaved distilled water; for 1× agar plate media, add auto-
claved bacteriological agar and mix with the stock solution.   

   2.    Yeast extract peptone dextrose (YPD) media: Add 10 g of yeast 
extract and 20 g of peptone into 800 mL of distilled water. 
Dissolve the mixtures by swirling and sterilize by autoclaving. 
Prepare dextrose separately to prevent caramelization by add-
ing 20 g of dextrose into 200 mL of distilled water. Dissolve 
the mixture by a magnetic stirrer and sterilize by syringe fi lter-
ing using 0.2 μM pore size. After the solution has cooled to 
room temperature, mix both solutions.   

2.1.3  Transformation 
of the Expression Plasmid 
into Yeast

Huan Yong Yap and Peter M. Smooker



141

   3.    Bicine solution (1 M): Add 16.3 g of bicine into 80 mL of the 
Milli-Q water. Dissolve the mixtures by swirling. Adjust the 
pH to 8.35 and top up to 100 mL. Sterilize by syringe fi lter of 
0.2 μM pore size and store at −20 °C.   

   4.    Sorbitol bicine ethylene glycol (SBEG) buffer: Add 18.22 g of 
sorbitol, 1 mL of 10 mM bicine (pH 8.35) and 3 mL of ethyl-
ene glycol into 80 mL of Milli-Q water. Dissolve the mixtures 
by swirling and top up to 100 mL. Sterilize by syringe fi lter of 
0.2 μM pore size and store at −20 °C.   

   5.    PEG-bicine solution: Add 40 g of PEG 1000 and 20 mL of 
200 mM Bicine (pH 8.35) into 50 mL of Milli-Q water. 
Dissolve the mixtures by swirling and top up to 100 mL. Sterilize 
by syringe fi lter of 0.2 μM pore size and store at −20 °C.   

   6.    NaCl-bicine (NB) buffer: Add 3 mL of 5 M NaCl stock solu-
tion and 1 mL of 10 mM bicine (pH 8.35) and make up to 
100 mL solution with Milli-Q water. Sterilize by syringe fi lter-
ing using 0.2 μM pore size and store at −20 °C.   

   7.    Incubator for plate culture.   
   8.    Shaking incubator for broth culture.      

      1.    20 % dextrose: Add 20 g of dextrose to 100 mL of distilled 
water. Dissolve the mixtures by swirling and sterilize by 
autoclaving.   

   2.    60 % glycerol: Add 60 mL of glycerol to 40 mL of distilled 
water. Sterilize the solution by autoclaving.   

   3.    CaCl 2  (1 M): Add 14.7 g of CaCl 2 ·2H 2 O to 80 mL of distilled 
water. Dissolve the mixtures by magnetic stirrer and top up to 
100 mL. Sterilize by autoclaving.   

   4.    Yeast expression media (YPHSM): Add 10 g of yeast extract 
and 80 g of peptone into 700 mL of distilled water and steril-
ize by autoclaving. Then, add in 50 mL of 20 % dextrose, 
50 mL of 60 % glycerol and 20 mL of 1 M CaCl 2 .      

      1.    Centrifuge to pellet the cells.   
   2.    Nickel-nitrilotriacetic acid  chelated   sepharose in a column for 

 Immobilized-metal Affi nity Chromatography (IMAC)  : Add 
2 mL of nitrilotriacetic acid sepharose into a 5 mL polypropyl-
ene column and add Milli-Q water to wash off the ethanol 
used to suspend the sepharose. Then, add 1 mL of 0.2 M 
nickel sulfate into the column and wash with Mili-Q water 
again before equilibrate the sepharose with wash buffer con-
taining 10 mM imidazole prior to use.   

   3.    Tris-glycine  SDS-PAGE   loading dye, protein marker, Aquastain 
Stain for SDS-PAGE gel staining and 1× tris-glycine SDS 
PAGE buffer for running electrophoresis.   
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   4.    Tris-glycine SDS-PAGE running buffer (10×): Add 30.22 g of 
tris, 144.09 g of glycine and 10 g of SDS into 800 mL of 
Milli-Q water. Dissolve the mixture using a magnetic stirrer 
and top up to 1 L. Dilute to 1× solution prior to use.   

   5.    NaCl (5 M): Add 146.1 g of NaCl to the 450 mL of Milli-Q 
water and mix with a magnetic stirrer. Top up to 500 mL.   

   6.    Dialysis buffer (100 mM NaCl): Add 20 mL of NaCl stock 
(5 M) into 980 mL of Milli-Q water.    

   7.    Imidazole (1 M): Add 34.04 g of imidazole into 450 mL of 
Mili-Q water and mix with a magnetic stirrer. Adjust to pH 7.6 
and top up to 500 mL. Filter through a 0.45 µM pore size 
syringe fi lter.   

   8.    NaH2PO4 (1 M): Add 69 g of NaH2PO4.H2O in 450 mL of 
Mili-Q water. Dissolve the mixture and top up to 500 mL. 
Sterilize by autoclaving.   

   9.     Wash buffer (25 mM NaH2PO4, 0.5 M NaCl, 10 mM imidaz-
ole): Mix 12.5 mL of NaH2PO4 (1 M), 50 µL of NaCl (5 M), 
5 mL of imidazole (1 M) and top up to 500 mL with Mili-Q 
water.      

      1.    Sprague Dawley male rats at 6 weeks.   
   2.    Quil A (Sigma-Aldrich).        

       1.    Extract  gene   sequence from GenBank, NCBI.   
   2.    Expasy translation tool.   
   3.    Analyze with codon optimization program.      

      1.    Synthetic gene in pUC57  cloning   vector.   
   2.    Cytoplasmic construct pVR1012.   
   3.    Secretory construct pVR1020.   
   4.    Chemokine-fused construct pMCP3.   
   5.    Lymph node targeting construct pCTLA-4.   
   6.    Cytoplasmic pMASIA.   
   7.    CpG motifs-containing cytoplasmic pBISIA-40.      

      1.    COS- 7   cell line.   
   2.    Lipofectamine reagent.   
   3.    DMEM media.   
   4.    10 % new born calf serum (NCS).   
   5.    6-well sterile tissue culture plates.   
   6.    5 % CO 2  humidifi er incubator.   
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   7.    Amicon ultrafi ltration unit.   
   8.    Western blot system .      

      1.    Female  BALB/c mice  .   
   2.    Helios gene Gun System (Bio-Rad Laboratories).   
   3.    NaCl (5 M): Add 146.1 g of NaCl to the 450 mL of Milli-Q 

water and mix with a magnetic stirrer. Top up to 500 mL .        

3    Methods 

       1.    Select  cathepsin   of interest as  targeted   antigen and download 
the gene sequence from GenBank.   

   2.    Add appropriate different restriction enzyme recognition frag-
ment ( XhoI, NotI ) at both ends of the gene sequence to ensure 
the gene insertion into the expression vector will be in correct 
orientation.   

   3.    Insert the  cathepsin   sequence with a stop codon into the inser-
tion site of the pFLAG.   

   4.    Ensure the insert is in frame with the leader sequence encoded 
by the vector.   

   5.    Insert the cathepsin gene sequence into a codon optimization 
program and select  S.    cerevisiae    for codon optimization.   

   6.    Download the codon-optimized sequence and use the sequence 
for gene synthesis.      

      1.    Digest 1 μg of the  cloning   vector  that   carries the synthesized 
cathepsin gene as delivered by the gene synthesized company 
with the appropriate restriction enzymes ( Xho I,  Not I).   

   2.    Inactivate the restriction enzyme by heating to 65 °C for 
20 min.   

   3.    Load the restriction digested products on a 1.5 % agarose gel 
and excise the gene fragment.   

   4.    Recover the gene fragment from the agarose gel by using 
ISOLATE II PCR and Gel Kit.   

   5.    Elute the gene fragment with 30 μL sterile Milli-Q water.   
   6.    Similarly, digest the expression vector YEpFLAG with the same 

pair of the restriction enzymes and purify the linearized expres-
sion vector in the same way.   

   7.    Measure the concentration of both gene fragment and vector.   
   8.    Use the vector to insert molar ratio of 1:5 for ligation.   
   9.    Thaw the chemical treated competent cells,  E.    coli    strain 

DH5-α on ice for not more than 10 min.   
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   10.    Add 1 μL of the ligation product into the cells and keep on ice 
for 10–15 min.   

   11.    Cell transformation is achieved by heat-shocking the mixture 
to 42 °C in a heating block for exactly 50 s.   

   12.    Carefully transfer the cells and keep on ice for 2 min without 
shaking.   

   13.    Aliquot 50 μL of the transformed cells to spread on a LB agar 
which is supplemented with 100 μg/mL ampicillin.   

   14.    Pick three colonies and subculture in LB broth. Incubate the 
culture at 200 rpm, 37 °C for 18 h.   

   15.    Isolate the plasmid using the ISOLATE II plasmid mini kit and 
confi rm the insert by restriction enzyme digestion.        

      1.    Inoculate a pure culture of yeast strain BJ3505 into 10 mL of 
YPD media and incubate for 48 h at 30 °C with 160 rpm shak-
ing ( see   Note 4 ).   

   2.    Add the 10 mL culture into 100 mL of fresh YPD media and 
further incubate with the same incubation condition until the 
absorbance measure at 600 nm reaches about 0.6.   

   3.    Aliquot 10 mL of the culture and centrifuge at 5000 ×  g  for 
2 min at room temperature.   

   4.    Discard the supernatant and resuspend the pellet with 5 mL 
SBEG.   

   5.    Centrifuge the mixture again and resuspend the cells with 
200 μL SBEG and incubate at 30 °C with 160 rpm shaking for 
5 min.   

   6.    Add 1 μg of the expression plasmid to the cells and incubate at 
30 °C for 10 min without shaking.   

   7.    Place the cells at −80 °C freezer for 30 min and then thaw in a 
37 °C water bath with gentle agitation.   

   8.    Add 1.5 mL of PEG-Bicine into the cells and mix gently.   
   9.    Incubate the cell mixture at 30 °C for 1 h without shaking.   
   10.    Add 2 mL of NB buffer to the cells and mix by inversion and 

then centrifuge at 5000 ×  g  for 5 min.   
   11.    Discard the supernatant and resuspend with 500 μL NB 

buffer.   
   12.    Aliquot 50 μL of the cells and spread on the MM + UL agar 

plate.   
   13.    Incubate the plate at 30 °C for 7 days.      

      1.    Inoculate a positive clone into 200 mL MM + UL and incubate 
for 72 h with 160 rpm shaking at 28 °C.   
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   2.    Pellet the yeast cells at 5000 ×  g  for 10 min and inoculate into 
2 L of YPHSM.   

   3.    Incubate the cells in YPHSM by shaking at 160 rpm for 72 h 
at 28 °C.      

      1.    Collect the cells at 10,000 ×  g  centrifugation for 10 min and 
keep the supernatant.   

   2.    Dialyze the supernatant in dialysis buffer for four times (5 L of 
dialysis buffer for 1 L of supernatant) in a cold room, stirring 
with magnetic stirrer, at least 4 h apart between each dialysate 
change ( see   Notes 6  and  7 ).   

   3.    Make up the supernatant to 25 mM NaH2PO4, 0.5 M NaCl 
and 10 mM imidazole at pH 7.6.   

   4.    Centrifuge the dialysed supernatant at 15, 000 × g for 10 min 
to remove any precipitate.   

   5.    Use syringe to fi lter (0.45 μM pore size) dialyzed sample to 
further remove any particulate matter.   

   6.    Capture the 6 x histidine tagged protein using nitrilotriacetic 
acid (NTA) resin pre-charged with nickel in a chromatography 
column.   

   7.    Wash the  cathepsin   proteases with wash buffer containing 50 
and 100 mM imidazole and fi nally elute with elution buffer 
containing 250 mM imidazole.   

   8.    To analyze the sample on  SDS-PAGE  , add 5 μL of 3× SDS-
PAGE loading buffer to 20 μL of the eluted fractions and boil 
the mixture at 100 °C for 5 min.   

   9.    Allow the temperature of the sample to cool to room tempera-
ture and load into a 10 % tris-glycine SDS  PAGE   gel, run elec-
trophoresis at 60 V for the fi rst 30 min and at 180 V for the 
next 50 min.   

   10.    Visualize the  cathepsin   proteases by staining with Aquastain 
solution.      

      1.    Add 20 μg of recombinant  cathepsin   protease in 200 μL 0.9 % 
saline with 1 mg/mL Quil  A.       

       1.    Select cathepsin of  interest   as targeted antigen and download 
the gene sequence from GenBank.   

   2.    Add appropriate different restriction enzyme recognition frag-
ment at both ends of the gene sequence to ensure the gene 
insertion into the expression vector will be in correct 
orientation.   

   3.    Insert the  cathepsin   sequence into the insertion site of the 
DNA vector.   
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   4.    Ensure the inserts are in frame and use the sequence for gene 
synthesis ( see   Note 9 ).      

      1.    Digest 1 μg of the cloning vector that carries the synthesized 
cathepsin gene as delivered by the gene synthesized company 
with the appropriate restriction enzymes.   

   2.    Inactivate the restriction enzyme by heating to 65 °C for 
20 min.   

   3.    Load the restriction digested products on a 1.5 % agarose gel 
and excised the gene fragment.   

   4.    Recover the gene fragment from the agarose gel by using 
ISOLATE II PCR and Gel Kit.   

   5.    Elute the gene fragment with 30 μL sterile Milli-Q water.   
   6.    Similarly, digest the DNA vaccine vector with the same pair of 

the restriction enzymes used to digest the cathepsin proteases 
gene and then gel purify of linearized vector.   

   7.    Measure the concentration of both gene fragment and vector.   
   8.    Use the vector to insert molar ratio of 1:5 for ligation.   
   9.    Thaw the chemical treated competent cells,  E.    coli    strain 

DH5-α on ice for not more than 10 min.   
   10.    Add in 1 μL of the ligation product into the cells and keep on 

ice for 10–15 min.   
   11.    Cell transformation is achieved by heat-shocking the mixture 

to 42 °C in a heating block for exactly 50 s.   
   12.    Carefully transfer the cells and keep on ice for 2 min without 

shaking.   
   13.    Aliquot 50 μL of the transformed cells to spread on a LB agar 

which has supplemented with 100 μg/mL ampicillin.   
   14.    Pick three colonies and subculture in LB broth. Incubate the 

culture at 200 rpm, 37 °C for 18 h.   
   15.    Isolate the plasmid using the ISOLATE II plasmid mini kit and 

confi rm the insert by enzyme digestion and sequencing.   
   16.    Keep the sequence verifi ed construct in DH5-α at −80 °C with 

20 % glycerol  .      

      1.    Subculture the sequence verifi ed construct in LB broth for 
overnight at 37 °C with 200 rpm shaking.   

   2.    Purify the construct using an endotoxin free plasmid Giga kit.   
   3.    Dilute the purifi ed DNA in endotoxin free 0.9 % saline solu-

tion at a concentration of 1 mg/mL.      

      1.    Grow the  COS-7 cells   in DMEM medium supplemented with 
10 % new born calf serum (NCS).   

3.2.2    Cloning 
of  Cathepsin    Proteases 
  Gene into DNA Vaccine 
Vector

3.2.3  Purifi cation 
of Plasmid DNA 
for Vaccination

3.2.4   Confi rmation 
of Functional Expression 
of Antigen by Transfecting 
COS-7 Cells
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   2.    One the day before transfection, seed the cells in 6-well sterile 
tissue plates in 2 mL complete medium and incubate in a 5 % 
CO 2  humidifi er at 37 °C until the cells attain 80 % 
confl uency.   

   3.    Add 4 μg of plasmid to 100 μL of DMEM media without new-
born calf serum (NCS) 20 μL of  lipofectamine   LTX reagent 
and incubate for 5 min at room temperature.   

   4.    Add the mixture to  COS-7 cells   and further incubate for 24 h 
at 37 °C.   

   5.    Add 1 mL of the complex DMEM media with NCS (10 %) to 
the cells and further incubate for 48 h at 37 °C.   

   6.    Wash the cells with PBS and growth media without NCS and 
incubate further for 24 h.   

   7.    Harvest the cells and concentrate the supernatant using an 
Amicon ultrafi ltration unit (cut off value 15 kDa).   

   8.    Analyze the concentrated supernatant by  SDS-PAGE   and 
western blotting    .      

      1.    For intramuscular vaccination, prepare 50 μL of 1 mg/mL 
DNA in 0.9 % NaCl.   

   2.    Inject the vaccine into the midpoint of each thigh muscle.   
   3.    For  intradermal   vaccination, precipitate 100 μg of plasmid 

DNA onto 50 mg gold microcarriers (average diameter 
1.6 μm) and then use the particles to coat tubing.   

   4.    Cut the tubing into cartridges such that vaccination with a 
single cartridge will deliver 1 μg of plasmid DNA.   

   5.    Clip and shave the abdominal region of the mouse prior to 
vaccination.   

   6.    Deliver the particles by a pulse of helium gas at 400 psi .        

4    Notes 

     1.    The recombinant  cathepsin   proteases in the yeast expression 
vector YEpFLAG will be directed to be secreted by the alpha 
factor pre-pro leader. The protein sequence labeled with 6× 
His-tag at the C- terminus will facilitate the downstream purifi -
cation process. Extension of the  cathepsin   proteases sequence 
at the N-terminus with a spacer sequence greatly increased the 
Kex2p catalytic  effi ciency which is essential in facilitating effi -
cient cleavage of the alpha factor leader sequence and minimiz-
ing hyperglycosylation [ 38 ]. Absence of the spacer sequence 
would cause the retention of recombinant  cathepsin   in the 
endoplasmic reticulum [ 39 ]. The annotated pFLAG map and 

3.2.5  Mice 
and Vaccinations
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the arrangement of the recombinant cathepsin gene are shown 
in Figs.  3  and  4 , respectively.

        2.    The N-terminus spacer sequence was not expected to affect 
enzyme specifi city as the pro region is cleaved during activa-
tion of the mature enzyme.   

   3.    Stop codon needs to be added to the gene sequence as the 
YEpFLAG vector lacks a translational stop signal. The 
YEpFLAG vector uses the ADH 2  gene promoter to regulate 
transcription, where the promoter is tightly repressed in the 
presence of dextrose. The yeast cells are therefore grown in the 

FLAG Pro-region Mature cathepsin 6x His tagα-factor

  Fig. 4    Diagrammatic representation of the cathepsin proteases gene component encodes by pFLAG. The 
constructs encode the α-factor signal sequence, FLAG  epitope  /spacer sequence, pro and mature regions of 
the  cathepsin   proteases gene and a C-terminus polyhistidine tag. The α-factor signal sequence will be cleaved 
off upon secretion into the culture media and the FLAG epitope will be removed together with the pro region 
while activation of the enzyme       

f1.ori

pFLAG

7190 bp

AmpR

TRP1

ADH2

Alpha factor

2μ

  Fig. 3    Diagrammatic representation of pFLAG constructs. The genes encoding cathepsin proteases are 
inserted within the multiple  cloning   sites with various options of restriction enzyme recognition site for gene 
insertion. Other features of YEpFLAG are: AmpR and TRP1, which allow for selection in  E.    coli    and  S.    cerevisiae   , 
respectively; CYC1 transcription termination and; the 2μ ori which allows for the replication of the plasmid in 
 S. cerevisiae        
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presence of dextrose which will be consumed during yeast 
metabolism, eventually reaching a level at which it is no longer 
repressing the ADH 2  promoter and the recombinant protein 
will be produced and secreted into the extracellular space.   

   4.    Yeast ( S.    cerevisiae   ) strain BJ3505 is carrying mutant uracil, 
lysine, and tryptophan genes which would be utilized in the 
selection of positive transformants as the expression vector, 
pFLAG, contains a complementary tryptophan encoding gene. 
In addition, strain BJ3505 is protease defi cient which will min-
imize recombinant protease degradation.   

   5.    In general, the passage of the recombinant proteins through the 
secretory pathway allows posttranslational event such as proteo-
lytic maturation, glycosylation, and most importantly disulfi de 
bond formation. The secretion of the recombinant proteins into 
the culture media could avoid toxicity from accumulated mate-
rial in the cells and simplify protein purifi cation process as yeast 
secretes relatively low levels of native proteins.   

   6.    Prepare dialysis tubing membrane according to the manufac-
turer’s instruction, where some of the tubing is required to be 
boiled prior to use. Make sure to choose the correct molecular 
weight cutoff value of the membrane pore size which should 
be considerably smaller than the targeted proteins.   

   7.    The length of the dialysis tubing should be longer than just 
enough to fi ll all the sample as the water molecules from the 
dialysate will diffuse into the tubing via osmosis faster than the 
buffer salts within the sample could diffuse out due to the high 
salt concentration in the expression media. Osmosis will cause 
the swelling of the tubing. To concentrate the sample, using 
polyethylene glycol compound as the dialysate is the method 
of choice. The molecular size of the polyethylene glycol com-
pound should be larger than the pore size of the tubing mem-
brane to avoid contamination.   

   8.    While  DNA vaccines   are capable of transfecting professional 
antigen presenting cells, and can stimulate both humoral and 
 cellular immunity  ,  immune responses   elicited are far less than 
those induced by  protein vaccines   [ 40 ]. The strategies applied to 
increase the  protective immune responses   elicited by DNA vac-
cines are use of secretory vectors, cytoplasmic vectors, use of 
chemokines for targeting antigen to antigen presenting cells via 
chemokine receptors [ 18 ], and incorporating CpG motifs into 
the plasmid DNA backbone as unmethylated CpG motif has 
been found to be a ligand for Toll-like receptor 9 (TLR9) [ 41 ].   

   9.    During  bioinformatics   analysis of the construct for both pro-
tein expression and DNA  vaccine  , it is important to ensure the 
inserted gene will be translated in frame.          
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    Chapter 10   

 Towards a Preventive Strategy for Toxoplasmosis: Current 
Trends, Challenges, and Future Perspectives for Vaccine 
Development                     

     Ragab     M.     Fereig     and     Yoshifumi     Nishikawa      

1         Introduction 

  Toxoplasmosis,   caused by the unicellular intracellular  protozoa  n 
parasite   Toxoplasma gondii   , is a cosmopolitan disease infecting 
almost all endothermic animals, including humans. Human infec-
tions with  T. gondii  are primarily symptomless and induce a 
 self-limiting disease in immunocompetent individuals. However, in 
immunocompromised individuals the effects of infection are much 
more severe. Furthermore, vertical transmission during pregnancy 
can induce miscarriage, cerebral lesions, and ocular complications 
[ 1 ]. Toxoplasmosis in animals, mainly  sheep   and goats, has great 
economic impact as it causes abortions, stillbirths, and neonatal 
fatalities. Additionally, the consumption of raw or semi- cooked 
meat contaminated with tissue cysts of  T. gondii  is considered the 
main route of parasite transmission to humans [ 2 ]. During infec-
tion, the parasite disseminates throughout the body and converts 
from tachyzoites to bradyzoites (tissue cysts forms), which are kept 
under control, but not entirely eliminated by the host’s cellular 
 immune responses  ; hence, medical intervention is required [ 3 ]. 
 T.    gondii    has a complex life cycle, making development of a potent 
vaccine to reduce the hazards of toxoplasmosis far from straight-
forward. As a heteroxenous  pathogen  ,  T. gondii  requires multiple 
hosts to complete its life cycle. The life cycle includes a sexual stage 
in the defi nitive host (wild or domestic felines) characterized by 
sporozoites in sporulated oocysts, and asexual stages represented 
by tachyzoites (the rapidly proliferative forms) and bradyzoites 
(the dormant forms), both of which occur in the defi nitive and 
intermediate hosts [ 4 ,  5 ]. Establishment of novel control and 
 prevention strategies for toxoplasmosis is essential for protecting 
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 public health   and livestock production. Currently, only one com-
mercial vaccine (Toxovax ® , Intervet), based on live attenuated 
tachyzoites of  the    T. gondii  S48 strain, is available for veterinary 
use in a limited number of countries, where it is used primarily for 
minimizing the incidence of abortion  in   sheep [ 6 ]. This vaccine 
has certain disadvantages and cannot be used for humans as because 
live vaccines possess the capacity to restore parasite virulence and 
provoke iatrogenic infection [ 7 ]. Moreover, most available drugs 
used for treatment and control of toxoplasmosis have several limi-
tations; hence, discovery of highly effective and safe chemothera-
pies remains an essential goal. Whereas some of the drugs in use for 
toxoplasmosis are only partially effective in treating acute infec-
tions, their effi cacy is abrogated for treatment of chronic infec-
tions, and most have high toxicity [ 8 ]. Also, there are currently no 
effective treatments that can prevent the severe neurological, ocu-
lar, cardiac and cerebral anomalies characteristic of congenital 
toxoplasmosis contracted during pregnancy [ 9 ]. This situation 
makes development of an effective and safe vaccine  against    T. gon-
dii  critical for controlling this parasitic infection in humans and 
animals. In the last few years the most extensive vaccine trials have 
been focused on the use of recombinant  subunit vaccines   (DNA 
and protein subunit vaccine). The merits of such vaccines have 
been investigated in terms of their potential to elicit long lasting 
cellular and  humoral immunity  , as well as their safety and overall 
costs. DNA and protein subunit vaccines are based on certain para-
site molecules, particularly those participating in host-parasite 
interactions. With  DNA vaccines  , the target parasite gene is 
inserted into a eukaryotic vector that has the capacity to express 
the parasite antigen inside the immunized host. In contrast, recom-
binant  protein vaccines   comprise a pre-prepared parasite antigen 
previously expressed in a prokaryotic or eukaryotic vector in  E.    coli  
  cells. In last decade, recombinant DNA vaccines have achieved sig-
nifi cant advances in triggering potent  immune responses   and 
inducing high levels of protection [ 10 – 14 ]. Similar successes were 
reported for recombinant protein vaccines [ 15 – 18 ]. Additionally, a 
revolution is taking place in the processing and use of recombinant 
protein vaccines by blending them with adjuvant substances that 
can act as antigen agonists, thereby improving their protective effi -
cacy. Numerous types of  adjuvants   have been evaluated in immuni-
zation experiments, including chemically formulated ones and 
those of natural origin. Most of the adjuvants used in such vaccines 
have succeeded in potentiating the antigen’s protective effi cacy 
and increasing the safety of the vaccine [ 11 ,  19 – 21 ]. In this review, 
we describe the latest advances in recombinant DNA- and protein-
based adjuvant vaccines and discuss the methodologies of two pub-
lished papers on specifi c  Toxoplasma  antigens as models for 
preparation of each type of vaccine.  
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2    Materials 

       1.    Eagle’s minimum  essential   medium (EMEM; Sigma-Aldrich, 
St. Louis, MO, USA).   

   2.    Dulbecco’s modifi ed Eagle’s medium (DMEM; 
Sigma-Aldrich).   

   3.    Fetal bovine serum (FBS, Nichirei Bioscience, Tokyo, Japan).   
   4.    5.0-μm pore fi lter (Millipore, Bedford, MA, USA).   
   5.    Isopropyl-1-thio B- d  galactopyranoside (IPTG; Wako, Osaka, 

Japan).   
   6.    2,2 Azino-bis (3-ethylebenzothiazoline-6-sulfonic acid) diam-

monium salt (ABTS; Sigma-Aldrich).   
   7.     Lipofectamine   2000 reagent (Thermo Fisher Scientifi c, 

Waltham, MA, USA).   
   8.    Bovine serum albumin (BSA; Sigma-Aldrich).   
   9.    pcDNA3.1 vector (Thermo Fisher Scientifi c).   
   10.    Horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG, 

IgG1, IgG2a (Bethyl Laboratories, Montgomery, TX, USA).   
   11.    IFN-γ and IL-4 cytokine  ELISA   kits (BD Bioscience, San 

Diego, CA, USA).   
   12.    Helios gene gun (Bio-Rad Laboratories, Hercules, CA, USA).   
   13.    Buffers and diluents.
    (a)     0.05 M Carbonate Buffer, pH 9.6: NaHCO 3  

(2.93 g) + Na 2 CO 3  (1.59 g) dissolved in 900 ml of distilled 
water (DW) followed by pH adjustment to 9.6 by adding 
HCl or NaOH before making the solution up to 1000 ml.   

   (b)     Phosphate Buffered Saline Tween (PBST) 10×, pH 7.4: 
NaCl (160 g) + KCl (4 g) + KH 2 PO 4  (4 g) + Na 2 PO 4 ·12H 2 O 
(58 g) dissolved in 1800 ml DW followed by pH adjust-
ment to pH 7.4 before making the solution up to 2000 ml.   

   (c)     ABTS Buffer, pH 4.0: (a) Citric acid monohydrate (10.507 g) 
dissolved in 500 ml of DW. (b) Na 2 HPO 4 ·12H 2 O (35.814 g) 
dissolved in 500 ml of DW. Buffer A should be adjusted to 
pH 4.0 by addition of buffer B and then kept at 4 °C.   

   (d)     Substrate solution: ABTS (solid) 3 mg is dissolved thor-
oughly in 10 ml of ABTS buffer, and 1 μl of 30 % H 2 O 2  is 
added just before use.   

   (e)     3% skimmed milk (Indirect  ELISA   diluent): 3 g of skimmed 
milk powder is dissolved thoroughly in phosphate buff-
ered saline.   

   (f)     10 % FBS (Sandwich  ELISA   diluent): 5 ml of heat-inacti-
vated BS is mixed with phosphate buffered  saline.          

2.1   Recombinant 
TgAMA1 DNA Vaccine 
[ 22 ]

Development of Subunit Vaccine Against Toxoplasmosis
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       1.    EMEM.   
   2.    RPMI-1640 (Sigma-Aldrich).   
   3.    pGEX-4T1 plasmid vector (Amersham Pharmacia Biotech, 

Madison, CA, USA).   
   4.     E.    coli    DH5α (Takara Bio Inc., Shiga, Japan).   
   5.    5.0-μm pore fi lter (Millipore).   
   6.    1 μm-pore-size polycarbonate membrane (Nuclepore, 

Pleasanton, CA, USA).   
   7.    Modifi ed Lowry protein assay kit (Pierce Biotechnology, Inc., 

Rockford, IL, USA).   
   8.    Bicinchoninic acid assay kit (BCA; Pierce Biotechnology, Inc).   
   9.    BSA.   
   10.    ABTS.   
   11.    IPTG.   
   12.     l -Glutathione, reduced (Sigma-Aldrich).   
   13.    TNE (100 mM Tris–HCl, 100 mM NaCl, 5 mM EDTA, pre-

pared in distilled water at 10 ml volume).   
   14.    Glutathione–Sepharose 4B beads (GE Healthcare Life 

Sciences, Buckinghamshire, UK).   
   15.    Detoxi-Gel endotoxin removing gel (Pierce Biotechnology, 

Inc.).   
   16.    Limulus amebocyte Lysate (LAL) reagents (Seikagaku Inc., 

Japan).   
   17.    Coomassie brilliant blue R250 staining (MP Biomedicals Inc., 

France).   
   18.    Concanavalin A (Con A) (Sigma-Aldrich).   
   19.    SYBR-Green PCR Master Mix (Applied Biosystems, 

Warrington, UK).   
   20.    IFN-γ, IL-4, and IL-10 cytokine  ELISA   kits (BD Bioscience).   
   21.    SuperScript ®  First-Strand Synthesis System for RT-PCR 

(Invitrogen, Mount Waverley, Australia).   
   22.    TRI reagent (Sigma-Aldrich).   
   23.    Buffers and diluents (as previously described).
    (a)    0.05 M Carbonate Buffer, pH 9.6.   
   (b)    PBST 10×, pH 7.4.   
   (c)    ABTS Buffer, pH 4.0.   
   (d)    Substrate solution.   
   (e)    3 % skimmed milk (Indirect  ELISA   diluent).   
   (f)    10 % FBS (Sandwich  ELISA   diluent).           

2.2  Oligomannose- 
Entrapped Recombinant 
Protein [ 23 ]
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3    Methods 

   Immunization with  T.    gondii    AMA1 DNA vaccine [ 22 ].

    1.    Navigate the coding  sequence   of  T. gondii  AMA gene (RH 
strain) from its cDNA sequence (toxodb.org) and design for-
ward and reverse primers containing  Eco RI restriction sites 
including ATG start codon in the forward primer and a TAG 
stop codon in the reverse primer. P1 (5′-CT  GAA TTC   ATG  
CTC AAG CAC AAG CTC TCG CGA GTC G-3′) and P2 
(5′-CT  TAG   GAA TTC  TTC TGA CTC TAG TAA TCC 
CCC TCG AC-3′) ( see   Note 1 ).   

   2.    Wash and scrape  T. gondii  tachyzoites (RH strain) infected 
African green monkey kidney (Vero)  cells  .   

   3.    Wash the parasites and host cell debris with cold PBS, resus-
pend the fi nal pellet in cold PBS, and pass through a syringe 
fi tted with a 27-gauge needle three times.   

   4.    Pass the parasites through a 5.0-μm pore fi lter, wash them 
thoroughly with PBS (10 ml), and then centrifuge at 1500 ×  g  
for 10 min.   

   5.    Extract total RNA from the parasites using TRI reagent.   
   6.    Conduct fi rst-strand cDNA synthesis from total parasite RNA 

with a SuperScript ®  First-Strand Synthesis System for RT-PCR.   
   7.    Amplify the coding sequence of the TgAMA1 gene using 

TgAMA1-specifi c oligonucleotide primers.   
   8.    Digest the PCR products with  Eco RI and insert into the 

eukaryotic expression vector pcDNA3.1, which has been 
digested with the same set of restriction enzymes to produce 
the pAMA1 construct ( see   Notes 2  and  3 ).   

   9.    Mix the plasmid construct with transfection  Lipofectamine   
2000 reagent in FBS and antibiotic free DMEM medium at a 
fi nal concentration of 10 μg/ml.   

   10.    Inoculate the lipofectamine–plasmid mixture into HeLa cells and 
incubate at 37 °C in a 5 % CO 2  atmosphere for 6 h ( see   Note 4 ).   

   11.    Supplement with fresh medium and incubate again for 48 h. 
Collect the transfected HeLa cells to confi rm gene expression 
and protein production via  western blotting   and an indirect 
fl uorescent antibody technique, respectively.   

   12.    Dilute the pAMA1 recombinant plasmid in PBS at a concen-
tration of 0.5 μg/μl in a 50 μg total quantity.   

   13.    Inject the mixture intramuscularly into  C57BL/6 mice   using a 
Helios gene gun at weeks 0, 2 and 4 ( see   Note 5 ), and then 
challenge the mice with 1 × 10 3  PLK tachyzoites 3 weeks after 
their last immunization.   

3.1   Recombinant 
DNA Vaccine

Development of Subunit Vaccine Against Toxoplasmosis
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   14.    Estimate the level and mechanism of protection and determine 
the survival rates by daily observation of the mice ( see   Note 6 ). 
Additionally, measure the generation of specifi c antibodies ( see  
 Note 7 ) and IL-4 and IFN-γ cytokine levels in splenocyte cul-
ture supernatants ( see   Notes 8  and  9 ) .    

     Vaccination with  T.    gondii    profi lin entrapped in oligomannose- 
coated liposomes (OML) [ 23 ].

    1.    Search the coding sequence of the  T. gondii  profi lin (TgPF) 
gene (PLK strain) from cDNA (toxodb.org) and design for-
ward and reverse primers against it. The following oligonucle-
otide primers include an  Eco RI site  in   the forward primer 
5′-AT  GAA TTC  ATG TCC GAC TGG GAC CCT GTT-3′ 
and an  Xho I site in the reverse primer 5′-TA  CTC GAG  TTA 
GTA CCC AGA CTG GTG AAG-3′.   

   2.    Purify  T.    gondii    tachyzoites (PLK strain) from  Vero cells   
( see   Note 10 ).   

   3.    Wash the parasites and host cell debris with cold PBS, resus-
pend the fi nal pellet in cold PBS, and pass through a syringe 
fi tted with a 27-gauge needle three times.   

   4.    Pass the parasites through a 5.0-μm pore fi lter, wash them 
thoroughly with 10 ml of PBS, and then centrifuge at 1500 ×  g  
for 10 min.   

   5.    Extract total RNA from the parasites using TRI reagent 
( see   Note 11 ).   

   6.    Synthesize fi rst-strand cDNA from total parasite RNA with the 
SuperScript ®  First-Strand Synthesis System for RT-PCR 
according to the manufacturer’s instructions ( see   Note 12 ).   

   7.    Amplify the coding sequence of the target TgPF gene with the 
set of oligonucleotide primers designed previously.   

   8.    Digest the PCR products with  Eco RI and  Xho I and clone into 
the prokaryotic expression vector pGEX-4T1 previously 
digested with the same set of restriction enzymes to produce 
the pTgPF construct ( see   Note 13 ).   

   9.    TgPF is expressed as a glutathione  S -transferase (GST) fusion 
protein in the  E.    coli    DH5α cells ( see   Note 14 ).   

   10.    Remove the GST-tag of the recombinant TgPF protein with 
thrombin protease according to the manufacturer’s 
recommendations.   

   11.    Test the purity of the purifi ed protein by sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis ( SDS-PAGE  ) ( see   Note 15 ).   

   12.    Remove the endotoxin from the prepared protein using endo-
toxin removing gel (Detoxi-gel) and measure the protein con-
centration with BCA protein assay reagent.   

3.2   Recombinant 
Protein plus Adjuvant 
as a Vaccine
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   13.    In a conical fl ask, prepare liposomes by adding chloroform–metha-
nol (2:1 [vol/vol]) solution containing 1.5 μmol of dipalmi-
toylphosphatidylethanolamine (DPPE) and 1.5 μmol of cholesterol 
and dry the solution by rotary evaporation ( see   Note 16 ).   

   14.    To prepare a lipid fi lm containing neoglycolipid, place 2 ml of 
chloroform containing 0.15 μmol of mannotriose-DPPE 
(Man3-DPPE) in a fl ask and evaporate the contents.   

   15.    Add 200 μl of PBS containing the recombinant TgPF protein 
(500 μg/ml) to the dried lipid fi lm, and form multilamellar 
vesicles by intense vortex dispersion.   

   16.    Extrude the multilamellar vesicles ten times through a 
1-μm-pore-size polycarbonate membrane.   

   17.    Isolate the liposomes entrapping the recombinant protein 
from the free recombinant protein by three successive cycles 
of PBS washing with centrifugation (20,000 ×  g , 30 min) 
at 4 °C.   

   18.    Measure the concentration of entrapped TgPF using a modi-
fi ed Lowry protein assay reagent in the presence of 0.3 % (wt/
vol) sodium dodecyl sulfate, using BSA as the standard.   

   19.    Immunize C57BL/6 mice by injecting 40 pmol of TgPF + OML 
subcutaneously three times at 2-weekly intervals and then chal-
lenge the immunized mice with 1 × 10 3   T.    gondii    PLK tachyzo-
ites via the intraperitoneal route.   

   20.    Record mouse survival rates for 30 days post-infection then 
sacrifi ce those that survived. Collect serum, brain, and spleen.   

   21.    Evaluate the level and mechanism of protection by measuring 
the specifi c antibodies, survival rates, and parasite burdens 
generated ( see   Notes 17  and  18 ) in the brain, and cytokine 
production via spleen cells .    

4       Notes 

     1.    The restriction enzyme cutting recognition sites in the primer 
sets designed for amplifi cation of the target gene must be iden-
tical to the recognition sites in the vector plasmid selected for 
PCR product insertion and subsequent  cloning   procedures.   

   2.    The pcDNA3.1 plasmid vector is designed for expression of 
various genes in mammalian cell lines and is a pivotal step in 
the strategy used for  DNA vaccine   development.   

   3.    After insertion of the target gene into the plasmid vector, it is 
necessary to verify the previous steps by double-digestion with 
the appropriate restriction enzymes and visualizing the restric-
tion enzyme products by agarose gel electrophoresis to con-
fi rm the size difference between the digested and non-digested 
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plasmid inserted with the gene. The successful designation and 
construction of the plasmid vector should be confi rmed by 
PCR, restriction enzyme, and sequence analysis. The DNA 
concentration of the vector is measured by spectrophotometry 
at OD 260 and 280 nm.   

   4.    Harvest transfected HeLa cells to measure their gene expression 
levels with real-time PCR. Check protein expression in the cells 
by western blot analysis using specifi c polyclonal antibodies.   

   5.    The vacant plasmid, pNull (pcDNA3.1 vector without any 
inserted gene), or the plasmid containing the inserted gene 
(pAMA1) is affixed to gold particles (1.0 μm diameter, Bio- 
Rad Laboratories, USA) using 2 μg of DNA per 1 mg of 
gold by the addition of 1 M CaCl 2  in the presence of 
0.05 M spermidine. Plasmid DNA-coated gold particles are 
vehicled onto gold-coat tubing in the presence of polyvi-
nylpyrrolidone (360,000 MW) at a concentration of 
0.05 mg/ml. Delivery of plasmid DNA-coated gold parti-
cles into the mice (bare abdomen) is achieved using a 
Helios gene gun (Bio-Rad Laboratories, Hercules, CA, 
USA) at a helium discharge pressure of 400 psi. Two shots 
are delivered to each mouse.   

   6.    Mouse survival rates are recorded by observing the total num-
ber of mice succumbing to infection in relation to the total 
number of mice in each group. Mice are observed twice daily 
from 1 to 30 days post-infection.   

   7.    Next, 50 μl of TgAMA1 recombinant protein (adjusted to 
5 μg/ml with coating buffer) is applied to  ELISA   plate wells 
(Nunc, Roskilde, Denmark) and incubated overnight at 
4 °C. The plate is washed twice with washing buffer and then 
blocked with PBS containing 3 % skimmed milk (PBS-SM) 
for 1 h at 37 °C. After washing the plate twice, 50 μl of the 
test serum samples, and the positive and negative control 
samples (diluted 1:100 with PBS-SM) are added to the plate. 
The plate is then incubated at 37 °C for 1 h and a further six 
washes are performed, after which the plate is incubated with 
HRP- conjugated goat anti-mouse IgG diluted 1:4000 with 
PBS- SM at 37 °C for 1 h. After six additional washes, 100-μl 
aliquots of the substrate solution are added to each well of 
the plate. The absorbance at 415 nm is measured with an 
 ELISA   plate reader after 1 h incubation in the dark at room 
temperature.   

   8.    Cytokine production levels are measured in the culture super-
natant of splenocytes stimulated with antigen after 48 h incu-
bation at 37 °C in a CO 2  incubator.   

   9.    The following sandwich  ELISA   method is used to measure 
cytokine levels in the culture supernatant: Dilute the capture 
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antibody in coating buffer at a dilution of 1:250 then coat the 
well with 100 μl of it and keep the remainder overnight. The 
following day, wash the plate twice with 1× PBST and block 
with 5 % FBS in PBS and incubate at room temperature for 
1 h. After a further two washes, apply the test samples and 
standards and incubate as described previously, but for 2 h. 
Wash the plate six times then add 100 μl of the working 
detector solution containing the detection antibody and 
HRP. After a further six washes, the substrate solution is 
added to each well and the plate is kept in the dark for 30 min 
before adding the stop solution and taking measurements at 
450 nm with an  ELISA   reader.   

   10.     T.    gondii    (PLK strain) should be maintained in Vero (African 
green monkey kidney epithelial) cells cultured in EMEM sup-
plemented with 8 % heat-inactivated FBS and 1 % streptomycin- 
penicillin. Infected and non-infected cells are incubated at 
37 °C in 5 % CO 2 .   

   11.    After addition of TRI reagent to the purifi ed parasite pellet, the 
RNA should be extracted as carefully as possible by addition of 
chloroform followed by vigorous shaking resulting in the forma-
tion of three layers (upper aqueous phase for RNA, interphase 
for DNA, and a lower red-colored phase that contains proteins 
and lipids). Careful removal of only the RNA layer is essential to 
the success of the subsequent experiment. It is inverted to mix 
and then left to sit for 10 min at room temperature.   

   12.    Brief centrifugation of all the SuperScript ®  First-Strand 
Synthesis System for RT-PCR reagents and measurements of 
the RNA concentration just prior to the start of cDNA synthe-
sis should be implemented.   

   13.    Adjustment of the solution to obtain the optimal conditions 
for digestion with the restriction enzymes is necessary for suc-
cessful  cloning  . Use of an appropriate buffer for each enzyme 
(e.g. buffer H) is important for providing favorable conditions 
for optimal restriction enzyme activity. Incubation times and 
temperatures are additional factors that should be taken into 
consideration. Overnight incubation at 37 °C has been found 
to be optimal for TgPF and pGEX-4T1 vector digestion with 
 Eco RI and  Xho I enzymes.   

   14.    Profi lin expression can be accomplished at 37 °C for 8 h after 
induction with 1 mM IPTG. The resulting  E.    coli    cells are har-
vested by TNE and high speed centrifugation 
(10,000 ×  g /4 °C/30 min), lysed with 1 % Triton in PBS and 
50 mg/ml lysozyme, sonicated on ice (2 pulses/20 ampli-
tude/6 min) then centrifuged as described in the previous 
step. The supernatant is purifi ed with Glutathione–Sepharose 
4B beads. The supernatant–beads mixture is incubated over-
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night at 4 °C with rotation, after which the GST-fused protein 
is eluted with thrombin to remove the GST-tag. The protein 
obtained is dialyzed in PBS.   

   15.    To visualize protein expression, different samples should be 
run on  SDS-PAGE  . This should include IPTG-induced and 
non-induced samples of the  E.    coli    culture supernatant and 
sediment before and after sonication. The solubility and purity 
of the expressed protein can be confi rmed by visualizing a large 
single band in the appropriate lane.   

   16.    Oligomannose-coated liposomes have been shown to be a 
highly safe  adjuvant   for inducing  cellular immunity   against 
entrapped antigens. Because they are composed of Man5- 
DPPE, which induces delayed hypersensitivity to the 
entrapped antigen, skin necrosis does not occur at the injec-
tion site [ 24 ,  25 ].   

   17.    Cytokine levels are measured in the culture supernatant of 
splenocytes stimulated with antigen at different incubation 
times, after 24 h for IFN-γ and after 48 h for IL-4 and IL-10.   

   18.    At 30 days post-challenge, DNA is obtained from samples 
taken from the surviving mice. Cerebral homogenized tis-
sues are obtained after passing the brain through BioMasher 
(Nippi. Inc. Tokyo, Japan) and adding 1 ml of TRI Reagent 
with thorough mixing. For phase separation, 0.2 ml of chlo-
roform is added with vigorous shaking. After 10 min, the 
mixture is centrifuged at 12,000 ×  g  for 15 min and three 
layers will be formed. The upper layer containing the RNA 
is carefully removed and 0.3 ml of absolute ethanol is added 
to allow DNA precipitation by centrifugation. The precipi-
tated DNA pellet is washed with 0.1 M trisodium citrate in 
10 % ethanol, then resuspended in 75 % ethanol and centri-
fuged at 2000 ×  g  for 5 min. The supernatant is discarded, 
the pellet allowed to dry at room temperature under a vac-
uum, after which it is dissolved by adding 8 mM NaOH, 
and then centrifuged to obtain the supernatant, which is 
transferred to new tube. To optimize the DNA solution for 
PCR amplifi cation, 2 mM EDTA and an equal amount and 
0.1 M HEPES is added.  T.    gondii    B1 gene-specifi c primers 
(5′-AAC GGG CGA GTA GCA CCT GAG GAG-3′ and 
5′-TGG GTC TAC GTC GAT GGC ATG ACA AC-3′) are 
used to amplify the parasite DNA. The PCR mixture (25-μl 
total volume) should contain 12 μl of SYBR-Green PCR 
master mix, 0.5 μl of the forward and reverse primers, and 
12.5 μl (50 ng) of genomic DNA. Amplifi cation is per-
formed using a standard protocol (2 min at 50 °C, 10 min 
at 95 °C, 40 cycles at 95 °C for 15 s, and 60 °C for 1 min) 
(Applied Biosystems).          
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    Chapter 11   

 DNA Vaccination in Chickens                     

     Shishir     Kumar     Gupta     ,     Sohini     Dey    , and     Madhan     Mohan     Chellappa     

       1  Introduction 

 Proper health  management   of birds is very crucial for successful 
development of the poultry sector. A number of infectious diseases 
affect birds and cause a potential threat to the industry in the form 
of huge economic losses. Vaccination of the birds against the infec-
tious diseases is widely followed; however, conventional vaccines 
have certain disadvantages [ 1 ]. With the advancement in the 
recombinant DNA technology, new-generation vaccines have 
emerged as a safer replacement to the conventional vaccines.  DNA 
vaccines  , which contain gene(s) encoding for one or more than 
one antigenic proteins, offer many advantages over conventional 
vaccines. In DNA vaccine, the expression of antigens in the target 
host resembles native pathogen  epitopes   more closely, and thus 
preserves the protein  structure   and antigenicity than the conven-
tional vaccines [ 2 – 4 ]. Further,  DNA vaccines   are able to effi ciently 
stimulate both humoral and cellular  immune responses   to protein 
antigens, and thus effective against a wide range of  pathogens   [ 5 ]. 
However, success of DNA vaccination in birds depends on many 
factors apart from their effi cacy. They have to be relatively less 
expensive, easy to administer, and stable under fi eld conditions. 
Moreover, as  poultry   are food animals as well, it is undesirable to 
have vaccine residues in the relevant tissues. This has been avoided 
by the use of subcutaneous or  intradermal   routes instead of intra-
muscular route [ 6 ]. 

 The plasmid vectors are easy to construct and can be produced 
in large quantities quickly and affordably than conventional vac-
cines. In addition, only a small quantity (micrograms) of plasmid 
vector can deliver several antigens in a single shot, which provide 
immunity against many  pathogens   at once. All these factors signifi cantly 
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reduce the expenses incurred by vaccination [ 7 ,  8 ]. The effective-
ness  of    DNA vaccines   can be further enhanced by the inclusion of 
the molecular adjuvants such as TLR (Toll-like receptor) ligands 
and cytokines. Notable examples of TLR ligands include CpG 
(TLR21) and fl agellin (TLR5) and cytokines such as IL-12 and 
IFN-γ. A number of studies have reported upregulation of the 
immune  response   when TLR ligands and cytokines were given 
along with  a   DNA vaccine [ 3 ,  9 – 13 ]. 

       1.    The production of  DNA   vaccine is easy, rapid, and economical 
as compared to conventional vaccines.   

   2.    The DNA vaccine is more thermostable than traditional vac-
cines; hence, maintenance of a  cold chain   is not required.   

   3.    It eliminates the risk of reversion of pathogenic phenotypes.   
   4.    DNA vaccines present antigen to both  MHC-I   and  MHC-II   

molecules.   
   5.    The immune  response   elicited by DNA vaccine is directed 

against only the antigen of interest.   
   6.    Cost-effectiveness and ease of development.   
   7.    DNA vaccines mimic a natural infection. Antigenic protein 

closely resembles the normal eukaryotic structure and under-
goes post translational modifi cations.       

   Poultry suffers from a number  of    infectious   diseases, including 
Newcastle disease (ND), Infectious bursal disease (IBD), Infectious 
bronchitis (IB), Avian Infl uenza (AI), and  Eimeria  sp. Both inacti-
vated and live vaccines are widely used against these diseases, but 
these vaccines are associated with their inherent disadvantages [ 1 , 
 3 ,  4 ]. A number of studies have shown that DNA vaccines are effi -
cacious in conferring protection against infectious diseases in 
chickens. Further, as a DNA vaccine encodes antigenic protein(s) 
in the absence of the live  pathogen  , it helps in avoiding the occur-
rence of problems associated with reverted virulence, divergent 
mutants and reduces environmental contamination [ 13 ]. The anti-
genic protein encoding pathogen genes which have been used in 
the chicken DNA vaccines are given in Table  1  along with molecu-
lar  adjuvants   that were used to enhance the effi cacy of the 
vaccines.

      The selection of a gene of interest (vaccine gene) is a crucial aspect 
before construction of a DNA  vaccine   as it affects the type of 
immune  response   (humoral or cell mediated) induced. In case, 
where neutralizing antibodies are needed to prevent the occur-
rence of an infection, most appropriately, a surface antigen is 
selected. DNA vaccines designed to treat an established infection 
need to have an antigen that induce a potent cell mediated immune 
(CMI) response. In such cases, infecting  pathogens   have intracel-

 1.1  Advantages 
of DNA Vaccines

 1.2 Important 
Poultry Infectious 
Diseases and DNA 
Vaccine Antigens

 1.3 Points 
to Consider 
before Selecting 
a Vaccine Antigen
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lular life cycle and, hence, humoral immune response will not be 
effective to eliminate the infection. The antigens selected for this 
purpose are the ones which are expressed intracellularly during 
infection. Such antigens are processed inside the cell and presented 
to major histocompatibility molecules for the generation of CMI 
response. For example,  cellular immunity   is essential in  Newcastle 
disease virus (NDV)   infection as viral pathogenesis includes an 
intracellular stage [ 13 ,  44 ].  

   This can be achieved by the following methods:

    1.    Placing  Kozak sequence   (GCCRCC ATG G) upstream to the 
gene in such a way that, if possible, it includes start codon of 
the gene [ 45 ].   

   2.    Check if 5′ untranslated (UTR) region contains ATG codons, 
they can be removed [ 46 ].   

   3.    Placing an intron in front of the gene further enhances the rate 
of transcription.   

   4.    Codon optimization without altering the protein sequence can 
enhance the rate of translation [ 46 ].   

   5.    The effi ciency of the DNA uptake following DNA vaccination 
is not very effi cient; hence, to enhance the DNA uptake vari-
ous  formulations   have been used. Formulating DNA  vaccine    
in microparticles or liposomes has been reported to increase 
the uptake of plasmid DNA by cells in  animal models   [ 47 ].      

 1.4 Strategies 
to Enhance the Protein 
Expression 
from a DNA Vector

   Table 1  
  Protective antigens as DNA  vaccine   candidates   

  Pathogen    DNA vaccine candidate(s)  Adjuvant(s)  References 

  Newcastle disease virus    HN, F  IFN-γ, IL-4  [ 14 – 16 ] 

 Infectious bursal disease 
virus 

 VP2, Polyprotein VP2-4-3  IL-2, CpG, IFN-γ, IL-6, 
Truncated Hsp70 of 
  Mycobacterium tuberculosis    

 [ 17 – 23 ] 

 Infectious bronchitis 
virus 

 S1 glycoprotein, nucleocapsid 
protein, M protein 

 IL-2, GM-CSF  [ 24 – 27 ] 

 Avian infl uenza virus  HA, NA  MDP-1, Esat-6  [ 28 – 34 ] 

 Chicken infectious 
anemia virus 

 VP1, VP2  HMGB1ΔC  [ 35 ,  36 ] 

  Eimeria acervulina   3-1E, cSZ-2  IL-8, IL-15, IL-2, IFN-γ  [ 3 ,  37 – 39 ] 

  Eimeria tenella   EtMIC2, 5401, TA4  IL-2  [ 40 – 42 ] 

 Colibacillosis  (K88) FaeG  IL-6  [ 43 ] 
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       1.    Immunogenicity of the DNA vaccine can  be   augmented  by 
  incorporating coding sequences for the peptide  epitopes   as 
opposed to the full coding sequence.   

   2.    Inclusion of sequence coding for cytokines such IL-12 and 
granulocyte–macrophage colony-stimulating factor (GM-CSF) 
which can enhance  CTL   responses [ 48 ].   

   3.    Plasmid encoding IL-2 improves overall effi cacy while inter-
feron (IFN)-γ enhances Th1 type responses.   

   4.    Humoral responses are enhanced by including coding 
sequences of IL-4, IL-5 and IL-10.   

   5.    Inclusion of TLR (Toll-like receptor) ligands such fl agellin 
(TLR5), Poly I:C (TLR3) and CpG (TLR21) can substantially 
enhance  the   immune responses   [ 13 ].       

   2 Materials Required 

       1.    DNA or plasmid  containing   the gene of interest.   
   2.    RNA isolation and cDNA synthesis kit.   
   3.    Gene specifi c primers for amplifi cation by polymerase chain 

reaction (PCR).   
   4.    PCR cloning kit.   
   5.    A cloning vector (pTZ 57R/T) for cloning and sequencing of 

the vaccine gene.   
   6.    Restriction enzymes, T4 DNA ligase, 10× buffers.   
   7.    Suitable eukaryotic expression vector (e.g., pcDNA3.1, pCI).   
   8.    Agarose, loading dye, and nucleic acid stain (ethidium bro-

mide) suitable for gel electrophoresis.   
   9.    Agarose gel electrophoresis system.   
   10.    UV spectrophotometer.   
   11.    Gel extraction kit (Qiagen).   
   12.    Competent  E.    coli    (DH5α)    cells for the propagation of the 

plasmid vector. Competent  E. coli  cells can be made following 
standard Sambrook protocol.   

   13.    SOC media. 
 To prepare 1000 ml SOC—add the following to 900 ml of 
distilled H 2 O: 20 g Bacto tryptone, 5 g Bacto yeast extract, 
2 ml of 5 M NaCl, 2.5 ml of 1 M KCl, 10 ml of 1 M MgCl 2 , 
10 ml of 1 M MgSO 4 , 20 ml of 1 M glucose. Adjust to 1 l with 
distilled H 2 O (dH 2 O) and sterilize by autoclaving.   

   14.    LB agar plate with appropriate antibiotic for selection of trans-
formed colonies. 
 To make 1000 ml of LB agar—add the following to 800 ml 
dH 2 O: 10 g Bacto tryptone, 5 g yeast extract, 10 g NaCl. 

 1.5   Enhancing 
Immunogenicity 
of the DNA Vaccine

 2.1  For Cloning

Shishir Kumar Gupta et al.



169

Adjust pH to 7.5 with NaOH. Add 15 g agar, melt agar into 
solution in a microwave oven. Adjust volume to 1 l with dH 2 O 
and sterilize by autoclaving.   

   15.    Incubator for the growth of plates.       

       1.    LB medium—add the following to 800 ml dH 2 O: 10 g Bacto 
tryptone, 5 g yeast extract, 10 g NaCl. Adjust pH to 7.5 with 
NaOH. Make fi nal volume to 1 l with dH 2 O and sterilize by 
autoclaving.   

   2.    Sterile inoculation loop.   
   3.    Sterile tubes.   
   4.    Shaker incubator.   
   5.    Plasmid isolation kit (Qiagen).   
   6.    Restriction enzymes to confi rm the clone.   
   7.    Agarose, loading dye, DNA molecular ladder, and ethidium 

bromide stain.   
   8.    Agarose gel electrophoresis system, UV spectrophotometer.      

       1.    Cell line for transfection of the expression vector (CHO, HEK).   
   2.    Appropriate growth medium (e.g., DMEM) with serum or 

growth factors or both.   
   3.    Opti-MEM media, transfection agent ( Lipofectamine   2000), 

fetal bovine serum (FBS), PBS, 6-well plates.   
   4.    A positive control (GFP cloned into the expression vector).   
   5.    Specifi c primary antibody to the antigenic protein.   
   6.    Secondary conjugated antibody against the primary antibody.   
   7.    Materials for  Western blotting   and/or immunofl uorescence.   
   8.    Molecular  adjuvants        

       1.    High quality endotoxin free plasmid DNA.   
   2.    Needles (18- and 27-Gauge) and tuberculin syringes.   
   3.    Phosphate-buffered saline (PBS): 0.01 M Na 2 HPO 4 /KH 2 PO 4 , 

0.15 M NaCl/KCl, pH 7.3 (8 g NaCl, 0.2 g KCl, 1.15 g 
Na 2 HPO 4 , 0.2 g KH 2 PO 4  per liter).      

       1.     An   enzyme-linked immunosorbent assay ( ELISA  ) reader.   
   2.    Coating buffer: 100 mM Na 2 CO 3 /NaHCO 3 , pH 9.5 for ELISA.   
   3.    PBST (PBS with 0.05 % Tween 20).   
   4.    HRP conjugated secondary antibody, substrate [100 mM 

citrate phosphate solution containing 1 mg/ml  o - 
phenylenediamine (OPD) and 1 μl H 2 O 2 ].   

   5.    Reaction stop solution (50 μl of 8 N H 2 SO 4 )   .      

 2.2 Recombinant 
Clone Selection

 2.3 Confi rmation 
of Protein Expression

 2.4 Inoculation 
of Plasmid

 2.5    Evaluation 
of Humoral Immunity
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       1.    Vacutainer  tubes    with   anticoagulant.   
   2.    Hemocytometer, 96-well microtiter plate.   
   3.    Trypan blue dye.   
   4.    Ficoll-Hypaque solution.   
   5.    RPMI-1640, PBS, pen-strep, FBS, Con A.   
   6.    MTT dye (3-4,5-dimethylthiazol-2-yl-2,5-diphenyl-tetra

zoliumbromide).   
   7.    DMSO (dimethyl sulfoxide).   
   8.     ELISA   reader.   
   9.    96-well nitrocellulose plates.   
   10.    RBC lysis buffer. 10× RBC Lysis Buffer: 90 g NH 4 Cl 

(0.155 M), 10 g KHCO 3  (0.01 M), 370 mg EDTA (0.1 mM). 
Dissolve in 1 l of ddH 2 O and fi lter through a 0.22 μm fi lter.   

   11.    Chicken IFN-γ specifi c antibody.   
   12.    Bovine serum albumin (BSA).   
   13.    Appropriate secondary conjugated antibody (Biotinylated).   
   14.    Streptavidin-alkaline phosphatase, substrates nitro-blue tetra-

zolium (NBT) and 5-bromo-4-chloro-3′-indolyl phosphate  .       

   3 Procedure 

   Plasmid vector for expression of the gene of interest mostly 
 contain  human cytomegalovirus virus promoter (HCMV)  , like 
pcDNA3.1 and pCI; however, other promoters such as Rou sar-
coma virus long terminal repeat (LTR) is also being used though 
it drives a weaker expression than HCMV promoter. Vaccine gene 
having start and stop codon is being inserted downstream to the 
promoter sequence followed by a polyadenylation sequence at 
its 3′ end (Fig.  1 ).

     1.    Obtain vaccine gene either from other cloned plasmid or from 
DNA sequence by PCR amplifi cation. When the vaccine gene 
is not available, but its sequence is known, cDNA is generated 
from the virus infected tissue that expresses high levels of 
the gene. Primers used for this purpose should have suitable 
restriction sites (directional  cloning  ). Use proofreading poly-
merases to eliminate the chances of sequence modifi cations.   

   2.    Purify the amplicon and digest it with the specifi c restriction 
enzymes. Cut the plasmid vector with the same restriction 
enzymes.   

   3.    Load the restriction digested vector and insert on an agarose gel.   

 2.6   Evaluation 
of Cellular Immunity 
(Lymphocyte 
Proliferation Test 
and ELISPOT)

 3.1 Construction, 
Production, 
and Purifi cation 
of the Plasmid Vector
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   4.    Resolve and gel purify the insert and vector fragments using 
the Qiagen gel purifi cation kit. Measure the concentration of 
the vector and insert elutes.   

   5.    Set up ligation reaction. Usually a molar ratio of 1:3 (vector to 
insert) is chosen. 
 For a typical 10 μl reaction (containing equimolar concentra-
tions of vector and insert): 

 Vector:  2 μl 

 Insert:  6 μl 

 10× ligase buffer:  1 μl 

 T4 DNA ligase:  0.5 μl 

 DW:  0.5 μl 

       6.    Incubate the ligation mixture overnight at 16 °C.   
   7.    Take out the competent   Escherichia coli    (DH5α)    cells from 

deep freezer and thaw it on ice.   
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  Fig. 1    An overview of design, construction, and production of a DNA vaccine       
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   8.    Add 1–5 μl of the ligation mixture to the 50 μl of the compe-
tent cells. Gently mix by fl icking the bottom of the tube with 
fi nger. Keep for 30 min on ice.   

   9.    Transform the cells. Give a brief heat shock by placing the 
bottom 1/2 to 2/3 of the tube into a 42 °C water bath for 
30–60 s (45 s is usually ideal, but this varies depending on the 
competent cells).   

   10.    Place the tube back on ice for 2 min.   
   11.    Add 500 μl of SOC media (without antibiotic) and grow in a 

37 °C shaking incubator for 60 min.   
   12.    Spread 50–100 μl of transformation growth onto an agar plate 

containing the appropriate antibiotic.   
   13.    Grow the transformed culture overnight at 37 °C in an incubator.    

         1.    Using sterile inoculation loops, pick each colony and asepti-
cally inoculate each into a 6 ml culture of  Luria–Bertani (LB) 
medium   with appropriate antibiotic in a 15 ml tube.   

   2.    Grow overnight in LB medium at 37 °C in a shaking incubator 
for 12–15 h.   

   3.    Plasmid is isolated from the culture with a plasmid isolation kit 
(Qiagen).   

   4.    Check for the presence of gene of interest by restriction diges-
tion and by sequencing of the plasmid DNA region having the 
gene of interest.   

   5.    Asses the purity and concentration of the plasmid DNA by deter-
mining the ratio of absorbance at 260 nm over 280 nm (~1.8).   

   6.    Grow a culture of the confi rmed clone to isolate plasmid for 
in vitro and in vivo testing.   

   7.    High quality plasmid (low endotoxin) DNA may be bulk puri-
fi ed by using a purifi cation kit (Qiagen).      

   The expression of the DNA  vaccine   construct is verifi ed in vitro 
before it could be used in vivo by transient transfection studies in a 
suitable cell line. The most commonly used cell lines for this pur-
pose include HEK (Human embryonic kidney) and COS- 7   
(Monkey kidney fi broblasts) cell lines which offer high transfection 
effi ciencies and, hence, greater protein expression.

    1.    Cells are grown in a suitable medium supplemented with 10 % 
fetal bovine serum (FBS).   

   2.    When cells reach 50–70 % confl uency, transfect the DNA.   
   3.    For a 6-well plate, add 4 μg of plasmid in 150 μl of Opti- 

MEM. In another vial, dilute 10 μl of  Lipofectamine  ™ 2000 

 3.2 Recombinant 
Clone Selection

 3.3 In Vitro 
Confi rmation 
of Protein Expression
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(Invitrogen) reagent and keep at room temperature for 5 min 
( see   Note 1 ).   

   4.    Mix the contents of both the vials and allow to stand at room 
temperature for 25–30 min.   

   5.    After the incubation period, add the complex drop by drop to 
the cells. Media can be changed after 5–6 h.   

   6.    Use a positive control such as GFP cloned downstream to the 
promoter to monitor its activity in the cells.   

   7.    Harvest the cells and supernatant after a stipulated period of 
time (1–3 days).   

   8.    Presence of expressed foreign protein either in cells or in superna-
tant may be determined by the following methods ( see   Note 2 ):

    (a)     Western   blotting.   
   (b)    Immunofl uorescence.   
   (c)    Immunoprecipitation after radiolabeling the cells.   
   (d)    Enzyme-linked immunosorbent assay ( ELISA  ).   
   (e)    Fluorescence-activated cell sorting (FACS) analysis.    

             1.    Procure specifi c pathogen free chickens (SPF).   
   2.    Divide birds at 14 days of age into different groups depending 

on the study including suitable controls.   
   3.    Birds are immunized with about 100 μg of plasmid either by sub-

cutaneous or intramuscular route twice at 2 weeks interval with the 
help of 1 ml tuberculin syringes with attached 27 G 3/4″ needle.      

     Humoral immune  response   can be evaluated in many ways 
 inclu ding  ELISA,    B-cell    ELISPOT   assay, and Neutralization assay. 
The most frequent and convenient way of measuring specifi c anti-
body immune  response   is ELISA which can also be used to quan-
titate the response [ 49 ,  50 ]. 

 Antibody levels in pre- and post-immunization serum sample 
are quantifi ed by  ELISA   as follows:

    1.    The serum samples from immunized and control groups are 
collected at different intervals (0, 7, 21, and 28 days) post 
immunization and tested for the vaccine antigen specifi c 
antibodies.   

   2.    Coat the 96-well microtiter plate with vaccine antigen in the 
coating buffer (100 mM bicarbonate buffer, pH 9.5) at 4 °C 
overnight.   

   3.    Wash the plate next day and block with 2 % bovine serum albu-
min (BSA).   

   4.    Collect sera at different intervals and add in the respective 
wells (1:100).   

 3.4 In Vivo 
Immunization

 3.5 Evaluation 
of Humoral 
and Cellular Response

 3.5.1 Humoral Response
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   5.    Incubate the plate at 37 °C for 1 h.   
   6.    After incubation, wash the plate with PBS-T thrice and incu-

bate with HRP conjugated secondary antibody (1:3000) at 
37 °C for 1 h ( see   Note 3 ).   

   7.    Wash the plate and add substrate solution [100 mM citrate 
phosphate solution containing 1 mg/ml  o -phenylenediamine 
(OPD) and 1 μl H 2 O 2 ].   

   8.    Stop the reaction after 30 min with 50 μl of 8 N H 2 SO 4 .   
   9.    Measure the absorbance at 490 nm in an  ELISA   reader.    

     Cell mediated immune  response   can be measured by Lymphocyte 
transformation assay (LTT) and cytokine  ELISPOT   assay. In 
response to specifi c antigen, lymphocytes proliferate which indi-
cates the specifi city of the lymphocytes to the particular antigen. 
Cytokine ELISPOT assay detects the cytokines secreted by the 
lymphocytes in response to the specifi c antigen [ 51 ,  52 ]. 

       1.    Collect the blood from chicken in sterile syringe having an 
anticoagulant (EDTA) and layer it over Ficoll-Hypaque with 
density 1.077 g/ml.   

   2.    After centrifugation at 1000 ×  g  for 45 min, collect the inter-
face containing the PBMCs and wash twice with PBS.   

   3.    Resuspend PBMCs in RPMI-1640 media containing 10 % 
FBS and 1 % pen-strep.   

   4.    Determine the cell viability by trypan blue dye exclusion method.   
   5.    Adjust the cell concentration to 1 × 10 7  cells/ml.   
   6.    Plate 100 μl of the cell suspension in triplicate into 96-well plates.   
   7.    Add 100 μl of the media containing either vaccine antigen 

(50 μg/ml) or ConA (10 μg/ml) into wells.   
   8.    Incubate the plate at 37 °C in 5 % CO 2  for 2 days.   
   9.    After 2 days of incubation, add 20 μl of 5 mg/ml MTT dye 

( 3 - 4 , 5 - d i m e t h y l t h i a z o l - 2 - y l - 2 , 5 - d i p h e n y l - 
tetrazoliumbromide) to each well.   

   10.    Incubate the plate for another 4 h.   
   11.    Dissolve the formazan crystal formed in 100 μl of DMSO.   
   12.    Take the optical density (OD) readings on microplate  ELISA 

  reader at an absorbance of 495 nm.   
   13.    The proliferative response for the assay is expressed as stimulation 

index (SI), calculated by dividing the mean OD of the stimulated 
cultures by the mean OD of unstimulated control cultures.      

 3.5.2 Evaluation of Cell 
 Mediated   Immune 
Response

 Lymphocyte 
Transformation Test (LTT)
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       1.    Spleen  tissue   is collected from the immunized chickens and 
placed in Hank’s balanced salt solution (HBSS) (140 mM 
NaCl, 5 mM KCl, 2.5 mM CaCl 2 , 1.1 mM MgCl 2 , 5.6 mM 
glucose, and 10 mM HEPES, pH 7.4).   

   2.    Make single cell suspension by squeezing it through 70 μm 
mesh or 5-ml syringe plunger in RPMI-1640 media supple-
mented with FBS.   

   3.    Centrifuge and resuspend in RBC lysis buffer at room tem-
perature for 5 min ( see   Note 4 ).   

   4.    Wash twice with HBSS and resuspend in RPMI-1640 with 5 % 
FBS, 2 mM GlutaMAX-I, 50 mM β-mercaptoethanol, 100 U/
ml penicillin, and 100 μg/ml streptomycin sulfate.   

   5.    Determine the cell viability by trypan blue method and adjust 
the cell concentration to 1 × 10 6 /ml.   

   6.    Coat plate with anti-chicken IFN-γ antibody (5 μg/ml) in 
coating buffer (sodium bicarbonate, 50 mM, pH 9.6) and 
incubate overnight at 4 °C.   

   7.    Wash the plate thrice with PBS-T (140 mM NaCl, 5 mM 
KCl, 10 mM Na 2 HPO 4 , 1 mM KH 2 PO 4 , and 0.05 % (v/v) 
Tween 20, pH 7.2).   

   8.    Block the plates with blocking solution (1 % BSA) for 1 h at 
41 °C in 5 % CO 2 .   

   9.    Discard the blocking buffer and seed splenocytes at a cell den-
sity of 2 × 10 5  to 3 × 10 5 /100 μl to triplicate wells.   

   10.    Cells are incubated with either in the presence of media alone 
or with  recombinant vaccine   antigen to a fi nal volume of 200 μl 
per well for 24 h at 41 °C in 5 % CO 2  incubator.   

   11.    After incubation, wash the plate twice with dH 2 O and thrice 
with PBS-T.   

   12.    Dilute biotinylated secondary antibody (1 μg/ml) specifi c to 
chicken IFN-γ in PBS-T and 1 % BSA (blocking buffer) and 
add 100 μl/well for 1–2 h at room temperature.   

   13.    Incubate plate with streptavidin-alkaline phosphatase (2 μg/
ml) (in blocking buffer for 1 h at room temperature).   

   14.    Wash the plate three to fi ve times and develop the color by 
adding substrate NDB/BCIP and wait for the spots to appear.   

   15.    Let the plate dry and count the spots with a stereoscope.
●    Humoral and cell mediated immune  response   may also be 

estimated at transcription level by quantifying cytokines 
mRNA levels by real-time PCR ( see   Note 5 ).            

  ELISPOT Assay
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       1.    To further test the effi cacy of the DNA  vaccine  , immunized 
birds may be challenged with a virulent strain of the  pathogen  .   

   2.    After booster dose (second immunization), birds are intra- 
ocularly challenged with the virulent pathogen.   

   3.    Monitor the birds for the next few days (10 days) for clinical 
signs and symptoms.   

   4.    Protection against challenge is assessed by studying the occur-
rence of mortality in susceptible birds, presence of  pathogen   in 
the tissue, gross lesions, and bursa–body weight ratio.   

   5.    Histological examinations are also done to confi rm the protec-
tion status.       

   4 Notes 

     1.    The optimal Lipofectamine–DNA ratio for transfection varies 
from one cell type to another, and should be determined before-
hand to enhance the transfection effi ciency. Also, use of other 
transfection agents may enhance the transfection effi ciency.   

   2.    Expression of vaccine gene can also be analyzed at the transcrip-
tion level through quantifying mRNA levels by Real-time PCR.   

   3.    The optimal dilutions of the antibody for the use in experiments 
are provided by the manufacturers, but may have to be deter-
mined in some cases depending on the type of experiment.   

   4.    Splenocytes may also be separated by density gradient centrifuga-
tion omitting the need of a RBCs lysis step. Spleen tissue is passed 
through a 70 μm mesh and cells are suspended in the media. 
Layer the cell suspension over Ficoll and centrifuge. Wash the 
interface twice with PBS and resuspend the cells in media [ 52 ].   

   5.    Both humoral and cellular  immune responses   may also be ana-
lyzed at the transcription level by quantifying mRNA levels of 
cytokines. The mRNA levels of Th1 and Th2 cytokines such as 
IFN-γ, IL-12, and IL-4 are quantifi ed by real-time PCR .         
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    Chapter 12   

   Selection of Vaccine Candidates for Fish Pasteurellosis 
Using Reverse Vaccinology and an In Vitro Screening 
Approach                     

     Francesca     Andreoni     ,     Giulia     Amagliani    , and     Mauro     Magnani     

1        Introduction 

  Photobacteriosis   or  fi sh    pasteurellosis   is a septicemia caused by the 
gram-negative, halophilic bacterium   Photobacterium damselae  subsp. 
 piscicida  ( Pdp )   [ 1 ]. It is considered one of the most threatening 
diseases in world  aquaculture   due to high mortality, broad host 
range, and ubiquitous distribution [ 2 ]. Research has been focused 
on the development of effective vaccines to prevent photobacteriosis 
and limit antibiotic use in fi sh farming and consequently to reduce 
economic losses in aquaculture. Conventional  Pdp  vaccines, based 
on inactivated products containing cellular (heat- or formalin-killed 
bacteria) and soluble antigens (LPS and ribosomal  formulations  ), 
appeared to be ineffective in protecting against pasteurellosis and the 
only commercially available vaccine, an ECP-enriched bacterin prep-
aration, gave unreliable results [ 1 ,  3 ]. Recently, recombinant DNA 
technology has been applied for the development of bivalent  subunit 
vaccine   in cobia [ 4 ], and a  DNA vaccine   encoding codon- optimized 
7 kDa lipoprotein has been investigated in Japanese fl ounder [ 5 ]. 

 In our laboratory, a biotechnological approach based on  reverse 
vaccinology  has been applied to design a vaccine against fi sh pasteu-
rellosis. Here we describe the selection of antigen vaccine  candidates 
which is accomplished in two steps: (a) in silico methods for  selecting 
surface-exposed or secreted proteins; (b) in vitro  screening of the in 
silico selected vaccine candidates by an  adherence inhibition assay  . 

 Genomic sequences of   Pdp    are the starting point for 
 bioinformatic analysis aiming to identify new proteins and predict 
their localization. Bacterial proteins, when localized on the surface, 
have the potential to be ideal targets for antibody recognition and 
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therefore ideal vaccine antigens [ 6 ]. The antigens identifi ed by 
 reverse vaccinology  should possibly be further screened by an in vitro 
assay. This aims to reduce the number of antigen candidates to be 
tested in the in vivo experiments which evaluate the survival of fi sh 
experimentally immunized with those antigens after challenge. 

 The attachment of   Pdp    to host epithelial cells is a primary pre-
requisite for infections and a crucial step in pathogenesis. Adherence 
is a multifactorial process mediated by a number of surface-exposed 
organelles and secreted toxins, known as adhesins, that are of con-
siderable interest as potential vaccine targets [ 7 ]. For this reason, 
the inhibition of   Pdp    adherence on fi sh epithelial cells can be used 
as a further selection tool to identify proteins with vaccine poten-
tial. For the in vitro assays, the selected antigens, produced as 
recombinant proteins, are used for mice immunization and the 
immunoglobulins purifi ed from mice immune sera are tested in an 
 adherence inhibition assay   with  Pdp  and fi sh cell lines.  

2    Materials 

         1.     GLIMMER   is a software product used to fi nd genes in micro-
bial DNA, especially the genomes of bacteria and archaea. 
GLIMMER (Gene Locator and Interpolated Markov 
ModelER) uses interpolated Markov models to identify coding 
regions and distinguish them from noncoding DNA [ 8 ]. 
Glimmer v3.02 can be downloaded from the Center for 
Bioinformatics and Computational Biology (  http://ccb.jhu.
edu/software/glimmer/index.shtml    ) or is available online at 
The National Center for Biotechnology Information (NCBI) 
(  http://www.ncbi.nlm.nih.gov/genomes/MICROBES/
glimmer_3.cgi    ).   

   2.     GeneMark   is a family of gene fi nding programs developed at 
  Georgia Institute of Technology     that has been used for pro-
karyotic genome annotation. Novel genomic sequences can be 
analyzed either by the self-training program   GeneMarkS     
(sequences longer than 50 kb) or by   GeneMark.hmm with 
Heuristic models     [ 9 ]. For many species, pre-trained model 
parameters are ready and available through the   GeneMark.
hmm     page (  http://opal.biology.gatech.edu/GeneMark/
gmhmmp.cgi    ).   

   3.    The  Basic Local Alignment Search Tool (BLAST)   search 
against the NCBI nonredundant protein database can be used 
to fi nd local regions of similarity or global alignment and iden-
tify functional relationships between sequences. Additional 
BLAST programs and databases can be useful in identifying 
very distantly related proteins or members of gene families 

2.1  In Silico Analysis

2.1.1  Open Reading 
Frame Identifi cation 
and Annotation
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(Position-Specifi c Iterated (PSI)-BLAST) and conserved pro-
tein domains (Reverse Position Specifi c BLAST (RPS)-BLAST) 
[ 10 ,  11 ].   http://blast.ncbi.nlm.nih.gov/Blast.cgi       

   4.    tRNAscan-SE searches for tRNA genes in genomic sequences. 
It is routinely used for completed genomes, resulting in the 
identifi cation of thousands of tRNA genes [ 12 ]. The tRNAscan-
 SE server is accessed via the Lowe Lab Webserver Interface at 
  http://lowelab.ucsc.edu/tRNAscan-SE/       

   5.    The  RNAmmer   1.2 server predicts 5S/8S, 16S/18S, and 
23S/28S ribosomal RNA in full genome sequences [ 13 ]. 
RNAmmer is available at the CBS Prediction Server for 
RNAmmer:   http://www.cbs.dtu.dk/services/RNAmmer/          

       1.    The  PSORT   family of programs analyzes several features at 
once, using information obtained from each analysis to gener-
ate an overall prediction of localization site. Originally devel-
oped for prediction of protein localization in gram-negative 
bacteria, PSORT was expanded into a suite of programs 
(PSORT, PSORT II, iPSORT) capable of handling proteins 
from all classes of organisms [ 14 ]. PSORTb v3.0.2 is available 
at   http://www.psort.org/psortb/index.html       

   2.     SignalP   4.1 server predicts the presence and location of signal 
peptide cleavage sites in amino acid sequences from different 
organisms: gram-positive and gram-negative prokaryotes and 
eukaryotes. The method incorporates a prediction of cleavage 
sites and a signal peptide/non-signal peptide prediction based 
on a combination of several artifi cial neural networks [ 15 ]. 
  http://www.csb.dtu.dk/services/SignalP    /   

   3.    The  TMpred   program makes a prediction of membrane- 
spanning regions and their orientation. The algorithm is based 
on the statistical analysis of TMbase, a database of naturally 
occurring transmembrane proteins. The prediction is made 
using a combination of several weight-matrices for scoring 
[ 16 ]. It is available at   http://www.ch.embnet.org/software/
TMPRED_form.html       

   4.    The  LipoP   1.0 server produces predictions of lipoproteins and 
discriminates among lipoprotein signal peptides, other signal 
peptides, and N-terminal membrane helices in gram-negative 
bacteria [ 17 ].   http://www.cbs.dtu.dk/services/LipoP/       

   5.     DOLOP   software searches for probable lipoprotein signal 
sequence using the following criteria: presence of + charged 
amino acids in the initial residues, presence of at least 7–22 
residues between the predicted Lipobox and the charged resi-
due, presence of a Lipobox within the fi rst 40 residues from 
the N-terminus with the consensus as [LVI][ASTVI][ASG]

2.1.2  Subcellular 
Localization Prediction
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[C] [ 18 ].   http://www.mrc-lmb.cam.ac.uk/genomes/dolop/
analysis.shtml       

   6.     BLAST   can be used to predict protein function and evolution-
ary relationships between sequences.   http://blast.ncbi.nlm.
nih.gov/Blast.cgi       

   7.    The  ClustalW   program (  http://www.ebi.ac.uk/Tools/msa/
clustalw2/    ) or Pairwise Sequence Alignment (  http://www.
ebi.ac.uk/Tools/psa/    ) are useful tools for multiple or two 
sequence alignment, respectively.       

         1.    Chinook salmon embryo cell  line   CHSE-214 purchased from 
Istituto Zooprofi lattico Sperimentale della Lombardia e 
dell’Emilia Romagna (IZSLER, Italy).   

   2.    EMEM (Minimum Essential Medium Eagle with Earle’s Salts 
and NaHCO 3 ) (Sigma-Aldrich Corp. St. Louis, MO USA).   

   3.    Fetal calf serum (FCS) (Mascia Brunelli, Milan, Italy) heat- 
inactivated for 30 min at 56 °C. Store 10 ml aliquots at −20 °C.   

   4.     L -glutamine solution 200 mM, sterile-fi ltered (Sigma).   
   5.    MEM nonessential amino acid solution (NEAA) (100×) with-

out  L -glutamine, liquid, sterile-fi ltered (Sigma).   
   6.    Gentamicin solution 50 mg/ml in deionized water, sterile- 

fi ltered (Sigma).   
   7.     N -2-hydroxyethylpiperazine- N ′-2-ethanesulfonic acid (HEPES) 

(F.W.: 238.3 g/mol) (Sigma). Dissolve 1.1915 g in 10 ml 
ultrapure grade water. Filter-sterilize with membrane 0.2 μm 
pore size. Store at +4 °C.   

   8.    Trypsin–EDTA Solution 10×: 0.5 % trypsin, 0.2 % EDTA 
(Sigma).   

   9.    Trypan blue solution 0.4 %, sterile-fi ltered (Sigma).   
   10.    1× phosphate buffered saline (PBS Buffer). Dissolve the fol-

lowing in 800 ml distilled H 2 O: 8 g of NaCl (137 mM), 0.2 g 
of KCl (2.7 mM), 1.44 g of Na 2 HPO 4  (10 mM), 0.24 g of 
KH 2 PO 4  (2 mM). Adjust pH to 7.4 with HCl. Adjust volume 
to 1 l with additional distilled H 2 O. Sterilize by autoclaving.      

       1.      Pdp    249/I99, virulent strain obtained from the Istituto per 
l’Ambiente Marino Costiero (IAMC) CNR, Messina (Italy).   

   2.    Tryptone Soya Agar (TSA) (Oxoid Ltd, Basingstoke, UK), 
Marine Broth (Difco, BD, New Jersey, USA). Refer to manu-
facturers’ instruction for culture media preparation.   

   3.    NaCl (Sigma).      

       1.    Purifi ed recombinant antigens and anti-recombinant protein 
immunoglobulins are obtained as reported in Ref. [ 19 ].      

2.2   Adherence 
Inhibition Assay

2.2.1  Cell Culture

2.2.2  Bacterial Culture

2.2.3  Antigens 
and Immunoglobulins
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       1.    Lysis solution: 10 mM Tris–HCl pH 8.0, 1 mM EDTA, 0.5 % 
Tween 20 in ultrapure grade water. Proteinase K 0.1 mg/ml is 
added immediately before use. All reagents are from Sigma.   

   2.    RNaseA (Sigma): 20 μg/ml solution in ultrapure grade water, 
stored at −20 °C.   

   3.    Hot-Rescue Real-Time PCR—SG kit (Diatheva, Fano, Italy).   
   4.    Oligonucleotide primers from Sigma.      

       1.    GraphPad InStat version 3.06 (GraphPad Software), available 
at    http://www.graphpad.com/scientifi c-software/instat/            

3    Methods 

   The primary condition for a bacterial protein to be selected as a 
vaccine candidate is its cellular localization. In fact, cytosolic pro-
teins are unlikely to be immunological targets, whereas surface- 
exposed and secreted proteins are more easily accessible to the host 
immune system [ 20 ]. Potential vaccine candidates can be selected 
by the  reverse vaccinology  approach, using bioinformatic algorithms 
to identify new proteins localized on the bacterial surface. The fi rst 
step is the analysis of the genomic sequences of the  pathogen 
  obtained from the NCBI database or a sequencing project in order 
to identify the putative open reading frames and the corresponding 
protein sequences. The set of putative proteins is then analyzed by 
specifi c software to predict their putative cellular localization. 
Several computer programs are integrated to identify proteins with 
a subcellular localization spanning from the cytoplasm to the outer 
membrane in the case of gram-negative bacteria, identifying signal 
peptides for surface localization or secretion, and/or transmem-
brane helices. 

 Furthermore, protein conservation should be evaluated by com-
paring the sequences of different strains of the same species to deter-
mine whether the genes of interest are widely distributed (Fig.  1 ).

         1.    New sequences are analyzed with  GLIMMER   for gene anno-
tation. Upload the sequence from fi le or copy and paste the 
sequence in  FASTA   format, select the genetic code 11 for 
 bacteria and archaea and the topology of the DNA sequence 
and run GLIMMER. A list of ORFs is obtained with indica-
tion of the start, the end, and the reading frame.   

   2.    ORFs identifi cation can also be achieved with  GeneMark  . 
Enter the sequence in  FASTA   format or upload as fi le, select 
the most closely related bacterial species from the list available 
as model parameters and run GeneMark. The results include 

2.2.4  DNA Extraction 
and Real-Time PCR

2.2.5  Statistical Analysis

3.1  In Silico 
Selection of Vaccine 
Candidates

3.1.1  Gene Identifi cation
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the predicted genes with their length, left and right end, and 
positive/negative strand ( see   Note 1 ).   

   3.    Search for tRNAs and rRNA genes using tRNAscan-SE and 
 RNAmmer  , respectively. Before submission of the input 
sequence, select the kingdom of your sequence in the case of 
the RNAmmer server.   

   4.    Combining the results, the complete list of all genes and the 
corresponding proteins encoded by the genomic sequences 
will be obtained.      

   Several computational tools are used for the identifi cation of vac-
cine candidates on the basis of sequence features.

    1.    The protein subcellular localization is predicted using  PSORT  . 
Upload the fi le including one or more predicted proteins 
in  FASTA   format, choose the appropriate Gram-stain ( see  
 Note 2 ) and organism domain (Bacteria or Archaea) for your 
sequences. Running PSORT will result in the putative subcel-
lular localization associated with each protein ( see   Note 3 ).   

3.1.2  Localization 
Prediction

  Fig. 1    Schematic representation of the workfl ow for in silico selection of vaccine candidates. Putative proteins 
are identifi ed from genomic sequences using  GLIMMER   and  GeneMark   and their localization predicted by 
 PSORT   and additional computational tools. Cytoplasmic proteins are discarded as well as inner membrane 
proteins with more than three transmembrane (TM), completely integrated into the membrane or exposed to 
the cytoplasmic side. Moreover, proteins shorter than 100 amino acids and protein nonconserved among   Pdp  
  strains are rejected from the list of vaccine candidates. Selected antigens are expressed and purifi ed as 
recombinant proteins and further investigated by the in vitro assay       
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   2.    ORFs coding for proteins with known cytoplasmic function 
are not further investigated and are discarded.   

   3.    Proteins with unknown localization obtained from  PSORT   or 
with a localization spanning from the inner membrane to the 
outside of the bacterium are further analyzed.   

   4.    The amino acid sequences are analyzed with  SignalP   to predict 
the signal peptide sequences. Submit sequences as single amino 
acid sequence or several sequences in    FASTA       format and select 
organism type. Standard output shows one plot with the three 
different scores for each position in the sequence and one sum-
mary per sequence indicating the maximal values of the three 
scores. In addition, the  D -score (discrimination score) is 
reported and this is used to discriminate signal peptides from 
non-signal peptides. If the signal peptide is detected, the posi-
tion of the cleavage site is indicated. For non-secretory pro-
teins, all the scores represented in the  SignalP   output should 
ideally be very low (close to the negative target value of 0.1) 
( see   Note 4 ).   

   5.    TMpred is used to identify putative hydrophobic membrane 
regions in the amino acid sequence. The output reports the 
preferred model with predicted transmembrane helices, their 
orientation and the orientation of the protein in relation to 
the membrane.   

   6.    Inner membrane proteins with more than three hydrophobic 
transmembrane domains are discarded because of their higher 
rate of expression failure [ 6 ]; furthermore, cytoplasmic mem-
brane proteins completely integrated into the membrane or 
exposed to the cytoplasmic side are excluded from the selec-
tion of vaccine candidates.   

   7.    Predicted proteins shorter than 100 amino acids are also 
discarded.   

   8.     LipoP   and  DOLOP   are useful to predict lipoproteins. LipoP 
discriminates between lipoprotein signal peptides with cleav-
age sites for signal peptidase II and other signal peptides for 
signal peptidase I. The prediction also reports the cleavage site 
and the amino acid in position +2 after the cleavage site. 
DOLOP also describes the individual parts in the signal 
sequence: the positively charged region, the hydrophobic 
region, and the Lipobox.   

   9.    A localization prediction is assigned to each protein by com-
paring and complementing the results of the abovementioned 
programs.      

       1.    The function of each protein and putative domains are pre-
dicted through a sequence homology search using  BLAST   and 
PSI-BLAST that supply further information for vaccine candi-
date selection.   

3.1.3  Prediction 
of Protein Function 
and Conservation
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   2.    Proteins with sequence similarity to known virulence factors of 
other bacteria are selected.   

   3.    Sequence conservation of antigen vaccine candidates among 
different strains of the bacterium should be evaluated. The 
comparison of genomic sequences of different strains of the 
same species assesses whether the genes of interest are widely 
distributed. When multiple genome sequences are not avail-
able from public databases, as in the case of   Pdp   , conservation 
of the vaccine candidates is determined by PCR amplifi cation 
of DNA from various strains using the primers designed for 
 cloning   the selected sequence into expression vector.   

   4.    Proteins the genes of which were not present in the genome of 
the analyzed strains are discarded as vaccine candidates.   

   5.    Combining these results, a set of promising vaccine candidates 
is selected in silico for further in vitro investigation.       

   The aim of the assay is the investigation of the possible effect of 
immunoglobulins obtained from mice immunization with the 
purifi ed  recombinant vaccine   antigens on the adherence and inter-
nalization of   Pdp    249/I99 to epithelial cells CHSE-214.

    1.    Preparation of CHSE-214 monolayers. Chinook salmon 
embryo cells CHSE-214 are grown in EMEM supplemented 
with 20 % FCS, 1 %  L -glutamine, 1 % NEAA, 10 μg/ml genta-
micin, 5 mM HEPES (complete medium) in 25 ml fl asks at 
22 °C. To prepare cell monolayers for the experiment, the cul-
ture medium is removed and discarded from a fl ask ( see   Note 5 ) 
and cells are washed with 3 ml PBS; then 500 μl Trypsin–
EDTA are added ( see   Note 6 ) and the culture vessel gently 
swirled until cell detachment from fl ask. Two milliliters of 
complete medium is added to the cell suspension, gently pipet-
ting to completely dissociate cell aggregates, then fl ask content 
is transferred to a 15-ml tube and centrifuged at 300 ×  g  for 
6 min. After withdrawing the supernatant, cells are resus-
pended in complete medium. A 20 μl-aliquot is diluted 1:1 
with Trypan blue solution and counted in hemocytometer 
chamber:  nonviable cells appear blue, viable cells remain 
unstained (Trypan blue exclusion test for cell viability). 

 Semiconfl uent cell monolayers of CHSE-214 are obtained 
by seeding 1 × 10 5  cells per well in a 24-well plate in 1 ml of 
complete medium, with incubation at 22 °C for 24 h before 
infection.   

   2.    Preparation of infection suspension of   Pdp   . The virulent strain 
of   Pdp    249/I99 is culture plated on Tryptone Soya Agar 
(TSA) + 1.5 % NaCl, with incubation at 25 °C for 48 h. A bac-
terial colony is then resuspended in Marine Broth and grown 

3.2  Adherence 
Inhibition Assay
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overnight at 25 °C with shaking. The bacteria suspension is 
adjusted to an OD 600  of 0.2, corresponding to approximately a 
concentration of 1 × 10 8  CFU (colony forming units)/ml ( see  
 Note 7 ). The actual bacterial titre is verifi ed by plating decimal 
dilutions of the suspension on TSA + 1.5 % NaCl and colony 
counting after incubation at 25 °C for 24–48 h.   

   3.    Bacteria incubation with immunoglobulins. Bacterial suspen-
sion is harvested by centrifugation at 6000 ×  g  for 15 min and 
resuspended in saline solution with or without anti- recombinant 
protein immunoglobulins in a ratio of 10 7  bacteria: 100 μg 
immunoglobulins. After incubation for 1 h at room tempera-
ture with rotation, bacteria are centrifuged as above and resus-
pended in infection medium (that is complete medium without 
gentamicin and a FCS content reduced to 2 %).   

   4.    Cell infection. Cell monolayers are washed, replacing the culture 
medium with fresh complete medium without antibiotic, and 
infected with   Pdp    prepared as described, with a multiplicity of 
infection (m.o.i.) of 1:100 (10 5  cells to 10 7  bacteria). Cell mono-
layers infected with  Pdp  but not treated with immunoglobulins 
or with unrelated immunoglobulins (from non- immunized 
mice) may also be included as controls. Infected monolayers are 
incubated overnight (approximately 15 h) at 22 °C to allow bac-
terial adhesion and/or internalization (Fig.  2 ).

       5.    DNA extraction. After infection, cell monolayers are washed 
three times with EMEM (1 ml per well) to remove non- 
adherent and non-internalized bacteria. Cells are detached 
with 600 μl of lysis solution for 10 min, transferred to 1.5 ml 
microcentrifuge tubes, incubated 1 h at 60 °C, then 15 min at 
95 °C. Lysates are centrifuged for 10 min at 13,000 ×  g  and 
treated with 20 μg/ml RNase A for 30 min at 37 °C.   

   6.    Real-time PCR. The inhibition of adherence is evaluated in 
real-time PCR after lysis of infected cell monolayers. For the 
amplifi cation of   Pdp    and CHSE-214 DNA, two pairs of prim-
ers are used, targeting  PDP_0080  gene (GenBank ID: 
HQ599846) and  PRLII  gene (prolactin II gene, GenBank ID: 
S66606) of Chinook salmon ( Oncorhynchus tshawytscha ), 
respectively. Five microliters of each extracted sample is ampli-
fi ed in triplicate with 1 U DNA polymerase and 0.3 μM 
of either  PDP_0080 - specifi c primers (PDP80_1F, 5′-TG
CTGATACACGTTTGGAGAGA- 3′; PDP80_1R, 5′-CGTCT
GCCGTTAAAATACGAGA-3′; PCR product length 146 bp) 
or  PRLII -specifi c primers (PRL3, 5′-TCCCACCTTGTAGG
ACGAATAA-3′; PRL4, 5′-GGTGGACAAAAGCTGTTGGA
A- 3′; PCR product length 116 bp). The amplifi cation is car-
ried out in a real-time PCR instrument with the following 
thermal protocol: denaturation at 95 °C for 10 min; 35 cycles 
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at 95 °C for 15 s and 60 °C for 1 min; melt analysis at 72–95 °C 
( see   Note 8 ).   

   7.    Analysis of results. The inhibitory effect of immunoglobulins is 
estimated by relative quantization in real-time PCR (2 −∆∆ C   T  
method) ( see   Note 9 ), in which the amplifi ed sequences of 
 PDP_0080  and  PRLII  are selected as “target” and as “nor-
maliser”, respectively. The number of adherent/internalized 
bacteria should be calculated as percentage of the initial inocu-
lum, and values expressed as fold difference as compared to the 
control.   

  Fig. 2    A schematic representation of the in vitro screening tests. After mice 
immunization with recombinant proteins, immunoglobulins are purifi ed from 
mice immune sera and used for the subsequent adherence inhibition assay. 
CHSE-214 cells are inoculated with   Pdp    pre-incubated or not with mice anti-
recombinant protein immunoglobulins. The inhibition of bacteria adherence and/
or internalization into cell monolayers is assessed by quantitative real-time PCR       
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   8.    Statistical analysis. Results should be calculated as the mean of 
two/three independent experiments with three replicates each. 
Result signifi cance is estimated by one-way ANOVA with 
Dunnett’s post test, which can be performed using GraphPad 
InStat version 3.06 (GraphPad Software).    

4       Notes 

     1.    Results of  GLIMMER   and  GeneMark   software are compared 
and when not in agreement the predicted proteins are searched 
against the NCBI non redundant protein database using the 
Blast program and analyzed against the NCBI CDD database 
for prediction of protein domain. Frameshifts and point muta-
tions are detected and corrected where appropriate. Remaining 
frameshifts and point mutations are considered to be authentic 
and are annotated as pseudogenes, as are coding regions inter-
rupted by repeated insertion elements.   

   2.    Select “Advanced” in the Gram stain option if you analyze 
sequences from gram-positive organisms with an outer mem-
brane or gram-negative organisms without an outer membrane.   

   3.    The normal output option displays the results of each of 
PSORTb’s analytical modules (or “Unknown” if the module 
does not generate a prediction), the localization scores for each 
of the fi ve sites, as well as a fi nal prediction and associated score 
(if one site scores above the 7.5 cutoff). If two sites have high 
scores, “Unknown” appears and a fl ag stating “This protein 
may have multiple localization sites” is also returned in the 
Final Prediction fi eld.   

   4.    Amino acid sequences that give dubious results with  SignalP   
are further investigated to search for non classical leader pep-
tides, e.g., SecretomeP and TatP.   

   5.    Removing all traces of serum is recommended, as serum con-
tains trypsin inhibitors.   

   6.    Pre-warming of Trypsin–EDTA at 37 °C may facilitate cell 
detachment.   

   7.    The correspondence between optical density (OD 600 ) and bac-
terial titre of the   Pdp    suspension should be preliminary assessed, 
since slight variations can be observed with different 
spectrophotometers.   

   8.    Common precautions should be applied to avoid cross con-
taminations in all steps of sample preparation and amplifi ca-
tion. All phases of molecular analysis should occur in separate 
areas and with equipment dedicated to that purpose.   

Vaccine Candidates for Fish Pasteurellosis
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   9.    The amount of target, normalized to a reference and relative to 
a calibrator, is given by: amount of target = 2 −∆∆ C   T  
 For the ∆∆ C  T  calculation to be valid, the amplifi cation  effi ciencies 
of the target and the normalizer must be appro ximately equal. 
This comparison must be carried out as preliminary validation 
according to the method described by Livak and Schmittgen   [ 21 ].         
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    Chapter 13   

 Development of Vaccines Against Nocardiosis in Fishes                     

     Sukanta     K.     Nayak     and     Teruyuki     Nakanishi       

1          Introduction 

  Nocardiosis      is one of the most systemic and devastating disease 
which is currently affecting a wide range of fi sh species. It is caused 
by a Gram-positive, acid-fast bacterium,   Nocardia seriolae   , which is 
thought to progressively invade and multiply inside various types 
of fi sh host cells. Fish species such as Japanese fl ounder, sea bass, 
striped mullet, yellowtail, tiger fi sh, large yellow croaker, and 
snakehead are frequently affected by this  pathogen   in many Asian 
countries including Japan, Malaysia, Taiwan, Indonesia, and China 
[ 1 – 5 ]. Although  N. seriolae  infection often causes considerable 
economic loss for fi sh farms, there are no suitable prophylactic 
measures against this pathogen [ 6 ]. While routine and abundant 
use of antibiotics lead to increase in  antibiotic resistance   among the 
 N .   seriolae    isolates and/or ineffective in controlling the  nocardiosis   
[ 5 ,  7 ], the development of a successful vaccine would be greatly 
welcomed. 

 Immunization/vaccination is an important disease manage-
ment strategy and is used to protect human and animal worldwide 
and fi sh is no exception and its success depends upon the ability of 
antigen to ensure signifi cant  immune response   that could best pro-
tect the host against that particular  pathogen   or disease. As  N . 
  seriolae    infection causes substantial mortality and morbidity in 
fi shes, an effective vaccine against this pathogen is necessary to 
control the disease. An understanding of the immune mechanisms 
in fi shes would facilitate protective immunity. Though several 
attempts have been made to develop live attenuated and inacti-
vated vaccine against Nocardia, most attempts either failed or mar-
ginally succeeded [ 8 – 12 ]. Detailed understanding of immune 
response triggered by the  pathogen   and/or its inactive form is 
therefore extremely important to adopt appropriate measures to 
protect the animals from  nocardiosis  . 
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 Recently, we have analyzed both cellular and humoral  immune 
responses   to study the nature of immunity which is crucial against 
 nocardiosis  . Itano et al. [ 12 ] suggest the use of a low virulence 
  N. seriolae    isolate as a potential vaccine (strain) and demonstrated 
protection following virulent challenge. Modifi ed live vaccines 
often stimulate long lasting humoral and cellular immune responses 
[ 13 ]. Nayak et al. [ 14 ] demonstrated that various immune param-
eters in the live sublethal immunized, though not at signifi cant 
level were higher as compared with inactivated form of  N. seriolae . 
They have also observed detectable antibodies after 15 days post 
immunization but the level decreased with subsequent sampling 
which is contrary to the fi ndings of Shimahara et al. [ 6 ] who had 
recorded signifi cantly high antibody which persisted throughout 
the experiment in largemouth bass following primary immuniza-
tion. Moreover, earlier studies also indicate that the formalin-killed 
 N .   seriolae    cells and Freund’s incomplete adjuvant (FIA) emulsi-
fi ed formalin- killed  N. seriolae  cells to induce humoral  immune 
responses   [ 6 ,  8 – 10 ]. The role of  humoral immunity   in protection 
against diseases is somehow contradictory in the case of  N. seriolae . 
While Kusuda and Nakagawa [ 8 ] reported elevated antibody levels 
and protective effects after immunization with formalin-killed cells 
and those emulsifi ed with FIA. Conversely, Shimahara et al. [ 10 ] 
reported that no protective effects resulted from immunization 
with formalin- killed cells or those with FIA and furthermore, 
Shimahara et al. [ 10 ] failed to reduce mortality even with multiple 
injections of four different  N .   seriolae    strains irrespective of the 
bacterium and antibody level in largemouth bass. 

 Several recent studies in fi sh have found both live as well as 
inactivated antigenic form of a particular  pathogen   to be effective 
against various infectious organisms. We have evaluated the effi -
ciency of both live and inactivated antigenic forms of the  N. serio-
lae  on various immune parameters using  ginbuna crucian carp  , 
 Carassius auratus langsdorfi i  as a fi sh model in order to obtain 
adequate desired but essential knowledge for vaccine development 
against  nocardiosis   in fi sh. Our study indicates that both forms of 
 N .   seriolae    are capable of eliciting effective  immune response   with 
signifi cant elevation of CD8α +  T cells and surface IgM positive 
cells (sIgM +  cells) which in turn played crucial role in protecting 
ginbuna upon challenge with virulent strain  of    N. seriolae .  

2    Materials 

   Pathogenic strain of  Nocardia seriolae .  

    Ginbuna crucian carp   (  Carassius auratus langsdorfi i   ) (15–20 g 
size).  

2.1  Candidate Strain

2.2  Fish

Sukanta K. Nayak and Teruyuki Nakanishi
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   Brain heart infusion (BHI)/Lowenstein-Jensen (L-J) media.  

   Minimum essential medium (Opti-MEM), Hank’s balanced salt 
solution (HBSS), fetal bovine serum (FBS).  

   Aquaria with thermostat, running water, and proper aeration 
facility.  

   1 % formalin killed  N .   seriolae    antigen (∼10 8  CFU/mL).  

    Monoclonal antibodies   (MAbs) against ginbuna CD8α, CD4 and 
surface IgM.  

     1.08 g Percoll per 1 mL HBSS and prepare the gradient as per 
requirement.  

   Add 0.9 g of Hank’s balanced salt with 0.1 g of bovine serum albu-
min (BSA), 1.0 mL of 10 % NaN 3  and 0.2 mL of FBS and 33 mg 
of sodium bicarbonate in 100 mL of distilled water (DW). The pH 
of the buffer should be 7.2–7.4.  

   The composition of the Magnetic activated cell sorting (MACS) 
buffer is same as that of FACS. Prepare the buffer in the laboratory 
and then degas the buffer completely under vacuum condition.  

       1.     Coating buffer  { Carbonate - Bicarbonate buffer  ( 0.05 M ,  pH 
9.5 )}:  Dissolve   sodium carbonate (1.59 g) and sodium bicar-
bonate (2.92 g) in 1 L DW. Add 0.2 g of sodium azide and 
store at 4 °C till further use.   

   2.     Washing buffer  ( PBS – Tween ,  pH 7.2 ): Dissolve sodium chlo-
ride (8 g), potassium chloride (0.2 g), potassium dihydrogen 
phosphate (0.2 g), disodium hydrogen phosphate (1.15 g) in 
1 l DW and then add 0.5 mL of Tween 20.   

   3.     Blocking solution : Prepare 5 % skimmed milk powder in wash-
ing buffer.   

   4.     Substrate solution  
 Prepare the substrate solution by mixing 5 mg of  O - 
phenylenediamine dihydrochloride, 10 μL of H 2 O 2  (38 % v/v) in 
5 mL of acetate buffer [(0.2 M, pH 5.0) Add 14.8 mL of acetic 
acid solution (acetic acid 120 mL in 1 l DW) with 35.2 mL of 
sodium acetate solution (14.4 g of sodium acetate in 1 l DW)]. 
Protect the prepared substrate solution from light and use 
immediately.   

   5.     Stopping solution : Prepare  3 N H 2 SO 4  solution.        

2.3  Bacteriological 
Media

2.4  Cell Culture 
Media and Serum

2.5  Aquaria

2.6  Antigen

2.7  Monoclonal 
Antibodies

2.8  Buffers 
and Reagents

2.8.1  Percoll Gradient

2.8.2  FACS Buffer

2.8.3  MACS Buffer

2.8.4   ELISA Buffer
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3    Methods 

       1.    Produce the  monoclonal antibodies (MAbs)   against ginbuna 
CD8α and CD4 as per the method reported by Toda et al. [ 15 ].   

   2.    Express the ginbuna CD8α or CD4 in normal rat kidney fi broblast 
(NRK) cells using a retrovirus-mediated gene transfer system.   

   3.    Inject CD8α +  or CD4 +  expressing NRK cells into the footpad 
of the syngeneic Wistar rat.   

   4.    Three days after the fi nal immunization, sacrifi ce the rats and 
collect lymph node cells and fuse with mouse myeloma cells 
(P3 × 63-AG8.653).   

   5.    The MAbs 6D1 (anti-ginbuna CD4 rat IgG2a) or 6C10 (anti- 
ginbuna CD8α-rat IgG1) positive cells are subpopulations of 
IgM-negative lymphocytes. Check for the cross-reactivity 
among the two MAbs.   

   6.    Likewise, produce the monoclonal antibodies (MAbs) against 
ginbuna IgM as reported by Somamoto et al. [ 16 ] and 
Takizawa et al. [ 17 ].      

       1.    If  nocardiosis   is not common in fi sh and/or the source of can-
didate vaccine strain is from different fi sh, establish pathoge-
nicity of the candidate  N .   seriolae    strain by intraperitoneally 
injecting the fi sh (10 per concentration) with 100 μl of  N. 
seriolae  cell suspension at varying concentration ranging from 
10 6  to 10 10  CFU/mL.   

   2.    Observe the mortality in each challenged dose along with clinical 
sign and symptoms of nocadiosis up to 45 days ( see   Note 1 ).   

   3.    Perform autopsy of all the moribund and freshly dead fi sh. 
Collect samples from kidney, spleen, hepatopancreas and blood 
of moribund fi sh for detecting the  N .   seriolae    by inoculating 
the samples onto BHI and/or LJ agar plates and also through 
16S rRNA gene sequencing by using 27F (5′-AGA GTT TGA 
TCC TGG CTC AG-3′; positions 8–27) and 1492R (5′-TAC 
GGC TAC CTTGTT ACG ACT T-3′; positions 1513–1492) 
primers.      

       1.    Based on the fi ndings of the pathogenicity study, inject the 
ginbuna with the lowest dose of  N .   seriolae    which causes no 
 mortality to fi nd out the persistence of the  pathogen   before 
selecting it as a sublethal dose ( see   Note 1 ).   

   2.    Critically observe the injected fi sh for clinical symptoms of dis-
ease and mortality, (if any). Confi rm the persistence of  N. serio-
lae  in different tissues like kidney, hepatopancreas of injected 
ginbuna up to 45 days ( see   Note 2 ).   

   3.    Sacrifi ce a minimum of three injected fi sh (per sampling) as per 
standard ethical procedures at various sampling time points 

3.1  Monoclonal 
Antibodies

3.2  Pathogenicity 
Study

3.3  Determination 
of Sublethal Dose 
of  N. seriolae 
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and aseptically collect kidney and hepatopancreas in order to 
determine the presence/total load of  N. seriolae  in the injected 
ginbuna.   

   4.    Perform bacteriological and molecular assays to confi rm the 
presence of  N. seriolae  in a similar manner as done in the 
pathogenicity study. Further if possible, determine the total 
viable count (CFU assay) bacterial load by standard microbio-
logical total plate count method.      

       1.    Immunize ginbuna with intraperitoneal injection of 100 μL of 
live sublethal (in our case 10 6  CFU/mL) and inactivated  N . 
  seriolae    (10 8  CFU/mL) ( see   Note 2 ).   

   2.    Evaluate both cellular and  humoral    immune responses   of ginbuna 
immunized with live (sublethal)/inactivated antigen at various 
sampling period up to 30 days post vaccination ( see   Note 3 ).      

       1.    For cellular immune  parameters   (T cells and  B cells   population 
in blood/various tissues) study, collect the blood samples 
through caudal puncture from immunized fi sh by using hepa-
rinized syringe. Sacrifi ce the fi sh as per standard ethical proce-
dures and aseptically collect tissues like head kidney, trunk 
kidney and spleen ( see   Note 4 ).   

   2.    For humoral immune response, collect serum from blood sam-
ples of immunized ginbuna to determine the antibody level.       

         1.    Immediately, after collection of the blood and tissue samples 
for the determination of cellular immune parameters, process 
the samples for isolation of CD8α + , CD4 +  and sIgM +  cells.   

   2.    Prepare leucocyte suspension from the spleen, head kidney and 
trunk kidney of immunized ginbuna by aseptically disaggregat-
ing these tissues with help of sterilized 150-gauge mesh stain-
less steel sieve in minimum essential medium (Opti-MEM) 
supplemented with 0.5 % heat-inactivated FBS.   

   3.    Likewise prepare the leucocyte suspensions from peripheral 
blood by disrupting/lysing the RBCs by gentle mixing with 
equal amount of sterile distilled water. Then immediately add 
slowly equal volume of 2 × Opti-MEM containing 0.5 % heat- 
inactivated FBS. Collect/suspend the leucocytes in Opti-MEM 
containing 0.5 % heat-inactivated FBS after three times wash-
ing in the same media by centrifuging the sample at 4 °C at 
400 ×  g .   

   4.    Separate the lymphocyte rich fractions by layering the leuko-
cyte suspension over the Percoll density gradient (1.08 g/mL) 
at equal proportion followed by centrifugation at 450 ×  g  for 
30 min at 4 °C. After centrifugation collect the lymphocyte 
rich fraction from the interface of cell suspension and Percoll.      

3.4  Vaccinations 
of Ginbuna with Live 
(Sublethal)/Antigenic 
 N. seriolae 

3.5   Evaluation 
of Immune Responses

3.6  Assessment 
of Cellular Parameters

3.6.1  Preparation 
of Lymphocyte Rich 
Fraction
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       1.    Separate different T/B cell fractions (CD8α + /CD4 + /sIgM +  
cells) from the lymphocytes rich fraction by using specifi c  mAb   
rose against respective type of cells followed by magnetic acti-
vated cell sorting (MACS).   

   2.    Add the lymphocyte rich fractions at 1 × 10 7  cells/mL with 
diluted rat anti-ginbuna CD8α MAb at 1:10 4  ratio for 45 min 
on ice. After incubation, wash the cells three times with the 
medium and adjust the cells to 1 × 10 8  cells/mL with 1 mL of 
a 1:5 dilution of magnetic bead-conjugated goat anti-rat Ig 
antibody for 15 min at 4 °C. After incubation wash the cells for 
three times.   

   3.    Separate CD8α positive and negative cells with MACS by 
applying the cell suspension to a plastic column equipped with 
an external magnet. The CD8α +  cells will be retained in the 
column, while the CD8α −  cells will pass through the column.   

   4.    CD8α −  fraction are then separated into CD4 positive and neg-
ative fractions using rat anti-ginbuna CD4  MAb   in a similar 
manner as described above.   

   5.    Finally, separate sIgM positive and negative fractions from 
CD8α and CD4 double negative cells by using mouse anti- 
ginbuna IgM MAb.      

       1.    Check the viability of individual cell fractions by trypan blue 
dye exclusion and determine the percentage of each type of 
MACS separated cell fraction by FACS as per standard proce-
dure. For this, incubate a portion of CD8α +  and/or CD4 +  cell 
fraction with FITC conjugated goat anti-rat IgG + M + A anti-
body with anti-ginbuna CD8α and/or CD4 monoclonal 
antibodies.      

   2.    Similarly, incubate a portion of sIgM +  cells with FITC conju-
gated goat anti-mouse Ig G + M antibody (KPL) with an anti- 
ginbuna IgM monoclonal antibody.   

   3.    Finally, determine the percentage of each cell type in FACS 
through PI staining.       

   Determine the antibody level as a measure of humoral  immune 
response   in both the immunized groups by indirect  ELISA  . 

       1.    Determine the antibody titer of the immunized  ginbuna   serum 
samples by indirect enzyme linked immunosorbent assay 
(ELISA) in 96-well microtiter polystyrene plates.   

   2.    Coat the required number of wells in the microtiter plates with 
50 μL (2–4 μg/well) of whole cell lysate [ 14 ] of  N. seriola  
diluted in PBS (pH 7.2) for overnight at 4 °C.   

   3.    After overnight incubation, block the wells of the plates with 
100 μL of 3 % skimmed milk powder diluted in washing buffer 
(PBS–T).   

3.6.2  Separation 
of Different T Cells/B Cells 
by Magnetic Activated Cell 
Sorting (MACS)

3.6.3  FACS Analysis 
of Cell Fractions

3.7  Assessment 
of Humoral Responses

3.7.1   Enzyme Linked 
Immunosorbent Assay 
(ELISA)
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   4.    Then, add 50 μL of immunized as well as unimmunized 
control ginbuna sera serially by two fold dilution to each well 
and then incubate the plates at 37 °C for 1 h.   

   5.    After incubation, wash the wells of microtiter plates thrice with 
PBS-T and then add 50 μL of mouse anti-ginbuna Ig M  mAb 
  (1:50 dilution,  see   Note 5 ) to each coated well at 37 °C for 1 h.   

   6.    After incubation, wash the plates in PBS–T for three times fol-
lowed by addition of 50 μL of anti-mouse IgG-HRP- conjugate 
(at a dilution of 1:1000,  see   Note 5 ) to each well in the plates.   

   7.    After 45 min incubation at 37 °C, wash the plates in PBS-T 
and add 50 μL of substrate solution. Incubate the plates in a 
dark chamber at 37 °C for 5 min.   

   8.    After color development, stop the reaction in the plates by 
adding stopping solution.   

   9.    Record the optical density (OD) at 450/655 nm in a micro-
plate reader and analyze the absorbency data by subtracting 
the average OD value obtained with healthy ginbuna sera.       

       1.    Evaluate the protective immunity of the developed vaccine after 
30 days post immunization by intraperitoneally challenging 20 
immunized ginbuna with 100 μL of live virulent  N .   seriolae    with 
a challenging dose of 1.2 × 10 8  CFU/mL ( see   Note 6 ).   

   2.    Similarly, challenge another 20 unimmunized ginbuna with 
live virulent  N. seriolae  as done above.   

   3.    Monitor the mortality in all groups up to 30 days post chal-
lenge and fi nally determine the relative percent survival ( see  
 Note 7 ).     

   RPS = [1 − {Mortality (%) in immunized group/Mortality (%) in 
control group}] × 100.     

4    Notes 

     1.    The ability of candidate  N .   seriolae    strains to establish lethal 
infection in specifi c fi sh species needs to be established. This is 
important for developing  live vaccine   if the source of the can-
didate strain is from another source.   

   2.    The persistence or the time course for the elimination of the 
candidate strain should be carefully evaluated with respect to 
individual fi sh species. Herein, we have evaluated the persis-
tence of the bacterium after 1st, 3rd, 7th, 15th, 30th, and 45th 
day of post injection.   

3.8  Challenge Study

3.8.1  Calculation 
of Relative Percent Survival 
(RPS)
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   3.    The duration of post immunity assessment and sampling period 
for assessment of immune parameters of fi sh should be thor-
oughly standardized. Herein, we have evaluated various immune 
parameters at 1st, 3rd, 7th, 10th, 15th, 21st, 30th, and 45th day 
of post immunization. We have demonstrated that the percent-
age of CD8α +  T cells in spleen and head kidney was signifi cantly 
higher after 3 days post injection. A similar type of trend was also 
recorded for surface IgM +  cells.   

   4.    While availability of clonal fi sh and monoclonal  antibodies 
  against T cell subsets in assessing cellular parameters and/or 
cytotoxicity assay for most of the aquacultured fi sh is a major 
problem, determination of cytotoxic effector molecules espe-
cially granzyme activities could be a better option due to well 
conserved catalytic triad residues and substrate binding sites in 
granzyme B throughout vertebrates [ 15 ].   

   5.    The appropriate dilution of anti-mouse IgG-HRP-conjugate; 
mouse anti-ginbuna IgM  mAb   for  ELISA   use should be deter-
mined through checkers board titration method prior to con-
duct of the experiment.   

   6.    The effi ciency of live (sublethal) and/or inactivated antigen 
should be thoroughly evaluated in specifi c fi sh species by cross- 
protection studies. We have used both live and inactivated 
antigenic forms of N. seriolae and found 62.5 % and 75.0 % 
survivability in live and inactivated  N .   seriolae    immunized 
group, respectively. However, the fi ndings are needed to be 
reconfi rmed with larger sample size.   

   7.    Finally, a detailed, thorough kinetics on cell-mediated  immune 
response   as well as duration of protective immunity should be 
determined. Herein, we have specifi ed a challenge study after 
30 days post immunization based on our previous study [ 14 ]. 
This may change with regard to candidate strain for vaccina-
tion, host fi sh species, and other parameters.         
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    Chapter 14   

 Design of an Immersion Vaccine Against Aeromonad 
Septicemia in Perch ( Perca fl uviatilis  L.)                     

     Joachim     Frey     ,     Sarah     E.     Burr    , and     Thomas     Wahli     

1            Introduction 

 In contrast to many  other    intensive    livestock    production   methods, 
it is very diffi cult to prevent fi sh from coming into contact with 
 pathogens  , either environmental or harbored by wild fi sh, as they 
are most often kept in the pens such as sea cages, ponds, or race-
ways that are supplied with environmental water. Under such 
 conditions, direct or indirect contact of farmed fi sh with wild fi sh 
is diffi cult and sometimes impossible to avoid. 

 A suitable method to protect fi sh from bacterial infections is 
vaccination, which currently, plays an important role in large-
scale commercial fi sh farming. It has been a key reason for the 
success of salmon cultivation and has vastly reduced the usage of 
prophylactic antibiotics in  aquaculture  . For example, in Norway, 
vaccination has led to a 98 % decline in the annual usage of anti-
microbial agents in farmed fi sh since 1987 while, at the same 
time, production has risen approximately 20 times [ 1 ]. Currently, 
commercial vaccines are available not only for salmon and trout 
but also for channel catfi sh ( Ictalurus punctatus ), European sea-
bass ( Dicentrarchus labrax ) and seabream (   Acanthopagrus      sp.), 
Japanese amberjack or yellowtail ( Seriola quinqueradiata ), tila-
pia ( Tilapia  sp.), and Atlantic cod ( Gadus morhua ) [ 2 ,  3 ]. Many 
empirically developed vaccines, based on inactivated bacterial 
 pathogens  , have proven to be very effi cacious in fi sh. Large fi sh 
such as salmon are currently vaccinated individually by injection 
of inactivated bacteria or viruses generally with an oily  adjuvant   
[ 4 ]. However, this is not a suitable method for the vaccination of 
 smaller   fi sh [ 4 ]. In this case, immersion vaccination of fry before 
transferring them to open  fattening units is an effi cient and eco-
nomic practice. 

http://en.wikipedia.org/wiki/Acanthopagrus#Acanthopagrus
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  Aeromonas  species are gram-negative,    water-borne bacteria 
that cause a variety of diseases in different fi sh species. In farmed 
fi sh, they cause signifi cant morbidity and mortality, leading to sub-
stantial economic losses. In salmonid fi sh, non-motile  Aeromonas 
salmonicida  subsp.  salmonicida  is recognized as a major  pathogen 
  of farmed Atlantic salmon ( Salmo salar  L.), rainbow trout 
( Oncorhynchus mykiss  Walbaum) and brown trout ( Salmo trutta 
fario  L.) [ 5 ]. In contrast, various  motile  Aeromonas  species   are 
often involved in disease of pond fi sh where they cause infectious 
aeromonad septicemia, also known as bacterial hemorrhagic septi-
cemia or red spot disease [ 6 ]. Among the motile aeromonads, 
 Aeromonas hydrophila ,   Aeromonas sobria   , and  Aeromonas caviae  
are most commonly associated with diseased fi sh [ 7 ]. As the variety 
of species, subspecies and subtypes of these  pathogens   is large [ 8 ], 
farm-specifi c vaccines are often required and have been shown to 
give a good protection. 

 High mortality rates of perch ( Perca fl uviatilis  L), raised on an 
open pilot perch farm situated on a Swiss lake, were a signifi cant 
obstacle for successful production. Mortality peaked during the low 
water temperatures of wintertime. The most evident macroscopic 
alterations in moribund and dead fi sh were large reddish- colored 
skin ulcerations combined with fi n rot. Virtually pure cultures of 
  Aeromonas sobria    were isolated from the liver, kidney, spleen and 
skin lesions of affected fi sh.  A. sobria  isolated from the farmed perch 
appeared as hemolytic colonies when grown on  sheep   blood agar, 
auto-aggregated, was cytotoxic for cultured fi sh cells and possessed 
genes involved in type III  protein   secretion [ 9 ]. Experimental infec-
tion of naïve perch with a single colony isolate of  A. sobria  from an 
affected farm fi sh resulted in the development of symptoms identi-
cal to those seen on the farm. These fi ndings indicated  A. sobria  was 
the primary  pathogen   of the diseased perch [ 9 ]. 

 In the current protocol, we describe the development of an 
immersion vaccine that protects against infection with pathogenic 
 A. sobria ,    arising from the environment or from infected  individuals 
kept in the open perch farm, as an example of the development of 
a farm-specifi c vaccine.  

2    Materials 

     Aeromonas sobria    strain JF2635 was isolated from the skin lesion of 
a diseased perch from a fish farm on a Swiss lake. It was identified 
phenotypically as  A. sobria  using the API 20NE system (bioMer-
ieux SA, Lyon, France) and genetically by 16S rRNA gene,  rpoB  
and  gyrB  DNA sequence analysis. JF2635 was shown to harbor a 
 type III secretion   system (T3SS) [ 9 ]. This strain is available from 
the authors.  

2.1  Bacterial Strain

Joachim Frey et al.
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       1.    T-soy broth (Trypticase Soy Broth) (Becton, Dickinson and 
Company, Sparks, MD, USA): 30 g Trypticase™ Soy Broth dis-
solved in 1 L H 2 O, autoclave for 15 min at 121 °C. Composition 
for 1 L T-soy broth: pancreatic digest of casein 17.0 g, papaic 
digest of soybean 3.0 g, NaCl 5.0 g, K 2 HPO 4  2.5 g, dextrose 
2.5 g, add H 2 O to 1 L.   

   2.    T-soy agar (Trypticase Soy Agar) (Becton, Dickinson and 
Company, Sparks, MD, USA): 40 g Trypticase™ Soy Agar dis-
solved in 1 L H 2 O, autoclave for 15 min at 121 °C. Composition 
for 1 L T-soy agar: pancreatic digest of casein 15.0 g, papaic digest 
of soybean 5.0 g, NaCl 5.0 g, agar 15.0 g, add H 2 O to 1 L.      

       1.    Formaldehyde 37 % w/v (note: Toxic, Corrosive, Carcinogen 
category 1) (Merck).   

   2.    PBS buffer sterile; 137 mM NaCl, 2.7 mM KCl, 12 mM 
Phosphate, pH 7.4 produced by dissolving 8 g NaCl, 0.2 g 
KCl, 1.42 g Na 2 HPO 4 , 1.78 g Na 2 HPO 4  · 2 H 2 O, and 0.27 g 
KH 2 PO 4  per 1 L H 2 O and subsequently sterilized for 20 min 
at 121 °C.      

       1.    Centrifuge with rotor capable of attaining 6000 ×  g  (e.g., 
Sorvall RC5B with rotor GSA).       

3    Methods 

   Procedures for the production of the vaccine antigen are carried 
out at room temperature in a BSL-2 (biosafety laboratory level 2) 
facility using a laminar fl ow sterile work bench. Most  Aeromonas  
species that are pathogenic to fi sh, including  A .   sobria    strain 
JF2635, have a maximum growth rate at a temperature of 
18 °C. They should not be handled at temperatures above 20 °C 
for periods extending ½ h, as many  Aeromonas  species isolated 
from aquatic environments are genetically unstable at temperatures 
above 20 °C [ 10 ,  11 ]. 

 The following preparation of vaccine is described for 1 L 
 cultures. In order to vaccinate 50,000 fry, 10 culture fl asks of 1 L 
culture are required.

    1.    Prepare a pre-culture of the respective bacterial strain (in our 
 case    A. sobria  JF2635) on T-soy agar at 18 °C for 2 days.   

   2.    Inoculate 1 L of T-soy broth with the pre-culture using a ster-
ile cotton swab.   

   3.    Grow the liquid culture at 18 °C with gentle shaking for 
3 days.   

   4.    Inspect turbidity by diffraction photometry: Apparent OD 450  
should have reached 1.0 or slightly above corresponding to 
approximately 10 9  colony forming units (CFU)/mL ( see   Note 1 ).   

2.2  Growth Medium

2.3  Chemicals

2.4  Equipment

3.1  Production 
of the Immersion 
Vaccine Antigen

Aeromonas immersion vaccine for fi sh
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   5.    Centrifuge the liquid culture for 15 min at 6000 ×  g .   
   6.    Discard supernatant and suspend pellet in 10 mL PBS buffer.   
   7.    Add 560 μL formaldehyde (37 %) and incubate at room tem-

perature (20 °C) for 2 h ( see   Note 2 ).   
   8.    Centrifuge for 15 min at 6000 ×  g  at 4 °C.   
   9.    Discard supernatant and suspend pellet in 10 mL PBS buffer.   
   10.    Centrifuge for 15 min at 6000 ×  g  at 4 °C.   
   11.    Discard supernatant and suspend pellet in 10 mL PBS 

buffer → vaccine.   
   12.    Store the vaccine (containing 10 11   A .   sobria   /mL) at 4 °C for 

maximum 3 months.   
   13.    Check sterility by plating 50 μL of the suspended bacteria on two 

plates of blood-agar medium and 50 μL on two plates of T-soy-
agar medium. Incubate each a plate at 18 and 30 °C for 5 days. 
Ensure absence of growth before releasing the vaccine lot.      

   Posology: immersion vaccination of 1000 g of fry of an average 
weight of 1–3 g requires 1 mL of the above vaccine containing 
10 11  bacteria/mL ( see   Note 3 ). Typically 100 kg, approximately 
50,000 fry, are vaccinated before being transferred to open fatten-
ing cages.

    1.    Prepare 10 L of water (or an appropriate volume according to 
needs) at approximately 18 °C (this should be the same tem-
perature as the fry were grown).   

   2.    Add 100 mL of vaccine.   
   3.    Immerse 5 kg of fry (approximately 2500 fry) for 5 min.   
   4.    Remove fry and transfer to tanks with aerated water or to the 

fattening cages.   
   5.    Repeat process of immersion of 5 kg of fry to reach a total of 

100 kg (50,000 fry).   
   6.    Dispose of the immersion vaccine suspension.    

     To assess the effi cacy of the auto-vaccine, fi sh weighing an average 
of 12 g and that had been vaccinated by immersion as fry 12 weeks 
previously were challenged with live  A .   sobria    strain JF2635. 
   Vaccinated fi sh (10 per group) showed no mortality after intraperi-
toneal challenge with 10 8  CFU/fi sh (2 groups), 10 9  CFU/fi sh (2 
groups), and 2 × 10 9  CFU/fi sh (2 groups). This is in strong con-
trast to non-vaccinated perch, which showed a cumulative mortal-
ity of 70 % 6 days after intraperitoneal challenge with 10 7  CFU/
fi sh, or 100 % 3 days after challenge with 10 8  CFU/fi sh of the same 
strain [ 9 ]. 

3.2  Vaccination 
of Fry

3.3  Vaccine Effi cacy

Joachim Frey et al.
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 An assessment of the effi cacy of the auto-vaccine under fi sh 
farming conditions was performed on an open pilot perch farm 
situated on a Swiss lake. The farm consisted of 24 conic net cages 
fl oating in the lake, each containing 50,000–80,000 fi sh. The 
assessment was carried out during the months of November to 
February when water temperatures varied from 14 to 5 °C. One 
fattening cage contained 50,000 fi sh that were vaccinated as fry at 
the hatchery 1 week before stocking them in the net cage; ten 
cages harbored a total of 300,000 unvaccinated fi sh and the 
remainder of the cages were empty. Mortality rates were deter-
mined daily by collecting dead fi sh from the bottom of the cages 
and counting with an electronic device. The results are shown in 
Fig.  1  and indicate the cumulative mortality rate of the whole fi sh 
farm as compared to the cumulative mortality rate of the vacci-
nated cage. After 4 months of fattening, the cumulative mortality 
of the whole farm, including the vaccinated  fi sh  , reached 66.9 %, 
while the cumulative mortality in the vaccinated cage reached 
3.2 % (Fisher’s exact  p  < 0.00001) (Fig.  1 ).

      All animal experiments carried out during the development of this 
vaccine were approved by the Veterinary Offi ce, Canton of Bern.   

3.4  Ethical Review

  Fig. 1    Cumulative mortality rate of the whole fi sh farm (350,000 perch in 11 
cages including one cage of 50, 000   vaccinated fi sh) as compared to the cumula-
tive mortality rate of the vaccinated cage containing 50,000 perch, measured 
over 4 months.  Dotted line  whole farm,  solid line  vaccinated cage       

 

Aeromonas immersion vaccine for fi sh
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4    Notes 

     1.    When working with strains other than the one described in this 
publication, the correlation of OD 450  to bacterial concentra-
tion needs to be established by determining the CFU/mL.   

   2.    Inactivation of bacteria can also be performed by incubation 
with 1 % glutaraldehyde under alkaline conditions. The use of 
glutaraldehyde for the preparation of vaccines offers several 
advantages, including intrinsic  adjuvant   action and  stability   of 
preparations. Glutaraldehyde is primarily used for detoxifi ca-
tion of protein toxins, such  as   tetanus toxin, and offers short 
detoxifi cation times. However, glutaraldehyde treatment must 
be carried out while carefully controlling conditions such as 
pH, time of contact, temperature, and protein or cell concen-
tration otherwise it can be detrimental to surface  epitopes  . We 
have not validated glutaraldehyde in our protocol.   

   3.    The production of large amounts of vaccine for vaccination in 
large-scale breeding facilities necessitates the use of fermenters 
or the production of antigens by commercial providers. For our 
large-scale vaccination, the   Aeromonas sobria    JF2635 vaccine 
antigen was custom-produced by BIOVAC Angers, France 
(  http://vaccines.biovac.fr/en/    )    .         
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    Chapter 15   

 Prokaryotic Production of Virus-Like Particle 
Vaccine of Betanodavirus                     

     Junfeng     Xie     ,     Runqing     Huang     , and     Yuxiong     Lai      

1        Introduction 

  Piscine  nodaviruses  , the causal agents of viral nervous  necrosis   or 
viral encephalopathy and retinopathy, are members of genus 
 Betanodavirus  under family  Nodaviridae . Betanodaviruses are 
small, spherical, non-enveloped viruses with a bipartite single- 
stranded (+) RNA genome encapsulated by 180 molecules of a 
single self-assembly capsid protein (CP) [ 1 ]. They are important 
viruses in  aquaculture   because they can infect more than 39 marine 
fi sh species [ 2 ], especially high-value fi sh species, primarily at the 
larval and juvenile stages [ 3 ,  4 ], which result in mass mortality and 
serious economic losses. 

 To effi ciently control betanodavirus infections, vaccination is a 
pivotal strategy and several types of vaccines have been reported. 
Prokaryotic recombinant CP, synthetic peptides of neutralizing 
betanodavirus  epitopes  ,  DNA vaccine  , inactivated virus, and virus- 
like particles (VLPs) were tested and VLPs are thought to be the 
most promising vaccine candidate because they can activate 
humoral  immune response   and induce cellular and  innate immuni-
ties   post-immunization with small quantities [ 5 ]. VLPs can be 
expressed by the  baculovirus   [ 6 ], yeast [ 7 ] or   Escherichia coli    ( E. 
coli ) [ 5 ,  8 ] system and provide relatively high protective immunity 
as effi cient as inactivated betanodaviruses in several fi sh species. 
The structure of OGNNV VLP was revealed by cryo-electron 
microscopy (Fig.  1 ) and was found indistinguishable from the 
native virus on the outer surface [ 9 ]. VLPs can be produced 
eukaryotically and prokaryotically, of which the prokaryotic system 
is easier to manipulate, has higher yields and is faster and cheaper.

   VLPs should be purifi ed from expression host by purifi cation 
methods after expression. The laboratory purifi cation protocols 
based on ultracentrifugation on sucrose or cesium chloride density 
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gradients [ 10 ,  11 ] are labor-intensive, time-consuming, costly, and 
unsuitable for industrial-scale production. Later, chromatography- 
based protocols, which are essential for commercial production of 
the vaccine, were developed. The chromatography is accomplished 
by the affi nity between betanodavirus VLPs and heparin [ 7 ]. 

   VLP vaccine can be produced by  baculovirus   [ 6 ,  11 ], yeast [ 7 ] or 
 E .   coli    [ 5 ,  8 ,  10 ] expression system. The advantages and disadvan-
tages of these three systems are listed in Table  1  as the guide for 
expression system selection. The  E. coli  system for VLPs expression 
is presented below.

      In an incubator shaker,    bacteria can be cultured in 500 mL scale in 
1-L shaking fl ask which could be scaled up by increasing the num-
ber of fl asks. Alternately, a 10-L (or 5-L) bioreactor can be used to 
culture 7 L (or 3 L) bacteria. Both the instruments can be used to 
express high quality VLPs and the bioreactor has the advantage of 
higher production rate (VLP yield/culture volume) and easier 
operation such as control of temperature and ventilatory capacity. 
However, the dispersion of VLPs produced in fl ask is better than 
that in bioreactor. After expression, the status of CP solubility 

1.1  Expression 
System Selection

1.2  Instrument 
Selection 
for Prokaryotic 
Expression

  Fig. 1    Structural analysis of OGNNV. ( a ) 3D reconstruction of OGNNV VLP at 3.9 Å. The 3D structure of OGNNV 
VLP was resolved by cryo-electron microscopy and single particle reconstruction. VLP has a 38 nm in diameter 
with  T  = 3 icosahedral symmetry. There are three chemical identical monomers in each asymmetric unit. The 
capsid shells are shown in  green  and the protrusions are shown in  blue . There is a high fl exible loop to connect 
the protrusion to the capsid shell (not shown). ( b ) Structure prediction of CP monomer. We separate CP into 
three independent domains: the N-terminal domain (N-domain) (residues 1–50), the Shell domain (S-domain) 
(residues 51–220, the lower part of the structure contains N- and S-domain), and the Protrusion domain 
(P-domain) (residues 221–338, the  upper part ). N- and S-domains constitute the capsid shell while P-domains 
form the protrusion. Each protrusion is composed of three P-domains of three VPs in the asymmetry unit. 
Between S and P domains, there is a high fl exible linker loop composed of residues 210–220 functioning as 
connection (no display). The fl exible linker loops make the protrusions have the spatial variation       
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should be monitored by  SDS-PAGE   using samples of whole pro-
teins, supernatants, and pellets after sonication.  

   The traditional  purifi cation   method for betanodavirus VLPs is the 
same as wild-type virus, that is, density gradient ultracentrifugation 
[ 5 ,  10 ,  11 ]. Although this laboratory purifi cation protocol is not 
suitable for industrial-scale vaccine production, it can yield high 
concentration of VLPs with high quality. Chromatography-based 
protocol is suitable for the purifi cation of large amounts of VLPs 
for vaccine production [ 7 ]. But the concentration of resulting 
VLPs is lower than that obtained by  ultracentrifugation   method 
and the VLPs should be concentrated after dialysis.  

   The concentration and purity of the resulting VLPs can be detected 
by  SDS-PAGE   and BCA protein assay kit. The structural com-
pleteness of virions should be evaluated by electron microscopy 
after negative staining.   

2    Materials 

       1.    Sequence  analysis   and design software (e.g., VectorNTI, Life 
Technologies, Grand Island, NY, USA; DNAStar,  LaserGene   
System,  DNASTAR  , Inc., Wisconsin, USA).   

   2.    National Center for Biotechnology (NCBI) BlastN online 
server [ 12 ].   

   3.    Primer synthesis Contract Research Organization (CRO) (e.g., 
BGI, Shenzhen, Guangdong, China; GenScript, Piscataway, 
NJ, USA).      

       1.    Synthetic primers and CP gene (accession number: AF534998) 
from cDNA of OGNNV RNA2.   

   2.    dNTP mixture containing dATP, dTTP, dCTP, dGTP (10 mM 
each).   

1.3  Purifi cation 
Method

1.4  VLP Verifi cation

2.1  Bioinformatics 
Analysis 
and Primer Design

2.2  PCR

   Table 1  
  Selection guide for VLP expression system   

 Type  Advantages  Disadvantages 

  Baculovirus    Close to native state, possible 
posttranslational modifi cation, no 
endotoxins 

 Low yield, high cost, long culturing time, 
complicate operation (cell culture, baculovirus 
removal) 

 Yeast  Possible posttranslational modifi cation, 
no endotoxins 

 Long culturing time, complicate operation (cell 
wall disruption, dialysis) 

  E .   coli     Fast, high yield, low cost, easy 
operation 

 Contain endotoxins, no posttranslational 
modifi cation 
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   3.    pfu DNA polymerase and 10× PCR reaction buffer.   
   4.    PCR machine: Gene Technologies Ltd, G-STORM or 

equivalent.   
   5.    Agarose, 6× loading dye, DNA molecular standard with band 

of 1 kb, and nucleic acid stain suitable for gel electrophoresis.   
   6.    Agarose gel electrophoresis system: for 150 mL of 1.0 % aga-

rose gel, use 1.5 g of ultrapure agarose (electrophoresis grade) 
with 150 mL of 1× TAE. Prepare 1 L of 10× TAE stock solu-
tion in ultrapure H 2 O with 48.4 g of Tris base, 3.72 g diso-
dium EDTA, and adjust to pH 8.5 with glacial acetic acid.   

   7.    Gel documentation system.   
   8.    QIAquick Gel Extraction Kit (Qiagen).      

       1.    pQE30 vector, Qiagen.   
   2.    Restriction enzymes:  Eco RI,  Hind III and 10×  buffer   suitable 

for single or double digestion.   
   3.    T4 DNA ligase and 10× ligase buffer.   
   4.    CaCl 2  treated competent cell:  E .   coli    DH5α or XL1-Blue for 

selection and propagation of recombinant vectors.   
   5.    LB medium: To 700 mL of distilled H 2 O add 10 g tryptone, 

5 g yeast extract, and 10 g NaCl. Adjust to 880 mL with dis-
tilled H 2 O. Sterilize by autoclaving and store up to 3 months 
at room temperature.   

   6.    SOC medium: To 900 mL of distilled H 2 O add 20 g Bacto 
tryptone, 5 g Bacto yeast extract, 2 mL of 5 M NaCl, 2.5 mL 
of 1 M KCl, 10 mL of 1 M MgCl 2 , 10 mL of 1 M MgSO 4 , 
20 mL of 1 M glucose. Adjust to 1 L with distilled H 2 O. Sterilize 
by autoclaving and store up to 3 months at room 
temperature.   

   7.    Falcon ®  60 mm culturing dish, sterile.   
   8.    Incubator for bacteria growth at 37 °C.   
   9.    Sterile inoculation loops.   
   10.    14 mL round-bottom snap-cap tubes, sterile.   
   11.    Shaking incubator for growth of liquid cultures at 37 °C.   
   12.    50 % glycerol (wt./vol.): Sterilize by autoclaving and store at 

room temperature for several months.   
   13.    Sterile cryovials.   
   14.    QIAquick Gel Extraction Kit (Qiagen).   
   15.    Plasmid miniprep kit: Qiagen Qiaprep miniprep kit or 

equivalent.   
   16.    UV spectrophotometer for determination of nucleic acids 

concentration.       

2.3   Expression 
Vector Cloning
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       1.     CaCl 2   competent   cell:  E .   coli    M15 for expression of recombi-
nant vectors.   

   2.    LB medium: To 700 mL of distilled H 2 O add 10 g tryptone, 
5 g yeast extract, and 10 g NaCl. Adjust to 880 mL with dis-
tilled H 2 O. Sterilize by autoclaving and store up to 3 months 
at room temperature. Add ampicillin to fi nal concentration of 
100 μg/mL before use.   

   3.    1 M IPTG: To 9 mL of distilled H 2 O add 2.4 g isopropyl-beta- 
 d -thiogalactoside powder (Sigma), adjust to 10 mL with dis-
tilled H 2 O and sterilize by fi ltration.   

   4.    100 mM PMSF: To 10 mL of isopropanol add 0.174 g phenyl-
methanesulfonyl fl uoride (PMSF), mix well and store at 
−20 °C.   

   5.    1× PBS (pH 8.0): Dissolve 8 g NaCl, 0.2 g KCl, 1.44 g 
Na 2 HPO 4  and 0.27 g KH 2 PO 4  in 800 mL ultrapure H 2 O, 
adjust pH to 8.0 with HCl, bring volume to 1 L, autoclave and 
store at room temperature.   

   6.    PBST: To 200 mL of PBS (pH 8.0) add 2 mL of Triton X-100 
and 4 mL of 100 mM PMSF to make 1 % PBST with 2 mM 
PMSF. Prepare freshly before use.   

   7.    Spectrophotometer for determination of bacterial cell density.   
   8.    Beckman Coulter ®  50 mL, 500 mL centrifuge tube, sterile.   
   9.    Falcon ®  60 mm culturing dish, sterile.   
   10.    Incubator for bacteria growth at 37 °C.   
   11.    Sterile inoculation loops.   
   12.    14 mL round-bottom snap-cap tubes, sterile.   
   13.    Shaking incubator for growth of liquid cultures at 37 °C.   
   14.    50 % glycerol (wt./vol.): Sterilize by autoclaving and store at 

room temperature for several months.   
   15.    Sterile cryovials.   
   16.    Centrifuge: for 15, 50, and 500 mL.   
   17.    Sonicator.       

       1.    10 %, 20 %, 30 %, and 40 % (w/w) sucrose buffer: To 90 g, 
80 g, 70 g, and 60 g of distilled H 2 O add 10 g, 20 g, 30 g, and 
40 g sucrose, respectively, and stir to resolve. Sterilize by fi ltra-
tion and store at room temperature.   

   2.    1× PBS (pH 8.0).   
   3.    Long metal needle (16#, 150 mm) and syringe (5 mL).   
   4.    Beckman Coulter ®  14 mL Ultra-clear ultracentrifuge tube.   
   5.    Beckman Coulter ®  Optima L-100XP ultracentrifuge or 

equivalent.      

2.4  Prokaryotic 
Expression

2.5  Ultracentrifuge 
Purifi cation
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       1.    30 % Acrylamide-BIS: Dissolve 29 g acrylamide and 1 g  N , N ′-
methylenebisacrylamide (BIS) in 70 mL deionized H 2 O with 
gentle stirring, bring to 100 mL and sterile by fi ltration. Store 
at 4 °C and protect from light.   

   2.    10 % (w/v) SDS: Dissolve 10 g SDS in 90 mL deionized H 2 O 
with gentle stirring and bring to 100 mL. Store at room 
temperature.   

   3.    1.5 M Tris–HCl (pH 8.8): Dissolve 27.23 g Tris base with 
80 mL deionized H 2 O, adjust to pH 8.8 with 6 N HCl, bring 
total volume to 150 mL and store at 4 °C.   

   4.    0.5 M Tris–HCl (pH 6.8): Dissolve 6 g Tris base with 60 mL 
deionized H 2 O, adjust to pH 6.8 with 6 N HCl, bring total 
volume to 100 mL and store at 4 °C.   

   5.    10 % (w/v) APS (fresh daily): Dissolve 100 mg ammonium 
persulfate in 1 mL of deionized H 2 O.   

   6.    5× electrode (running) buffer: Dissolve 15.1 g Tris base, 94 g 
glycine, and 5 g SDS in 800 mL deionized H 2 O with gentle 
stirring, bring to 100 mL and store at 4 °C. Dilute to 1 × elec-
trode buffer with deionized H 2 O before use.   

   7.    4× SDS sample (loading) buffer: To 1 mL deionized H 2 O add 
8 mg bromophenol blue, 2 mL of 1 M Tris–HCl (pH 6.8), 
0.8 mL of 10 % SDS, and 4 mL of glycerol, mix well and bring 
to 10 mL. Make aliquots of 950 μL each and freeze at 
−20 °C. Before use add 50 μL of 14.7 M β-mercaptoethanol to 
each tube. For fi nal application take one part of 4× sample buf-
fer and three parts of protein sample.   

   8.    Coomassie brilliant blue staining buffer: Dissolve 1.25 g 
Coomassie brilliant blue R-250 in 250 mL methanol, add 
50 mL acetic acid, and bring to 500 mL with deionized 
H 2 O. Store at 4 °C.   

   9.    JOEL JEM-1400 electron microscope or equivalent.   
   10.    2 % phosphotungstic acid for negative staining.       

3    Methods 

 The primers are designed (Subheading  3.1 ),  cp  gene is amplifi ed 
(Subheading  3.2 ) and cloned (Subheading  3.3 ), VLP is expressed 
in bacteria (Subheading  3.4 ), purifi ed by ultracentrifugation 
(Subheading  3.5 ) and verifi ed (Subheading  3.6 ). The overall pro-
cedure is shown in Fig.  2 .

          1.     Based on the DNA  sequence   of betanodavirus  cp  gene, primers 
is designed to amplify  cp  gene with overhang restriction endo-
nuclease cutting sites. To ensure that the used endonucleases 

2.6  VLP Confi rmation

3.1  Bioinformatics 
Analysis 
and Primer Design
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Primer design

PCR

cloning

Expression & sonication

Cp cloning

Tag removal, RBS introduction

Specific amplification

Digestion & ligation

30 °C induction, 0.9 mM IPTG

Two step: 30% Cushion
and 10-40% gradient

Fine shape and integrity

Heparin-based purification

ultracentrifuge

Affinity chromatography

VLP confirmation

  Fig. 2    The fl owchart of  cp   cloning   and VLP expression       

cannot be found in  cp  gene. The examples here are  Eco RI site 
for forward primer (F) and  Hind III site for reverse primer (R).   

   2.    The ribosome binding site (RBS, 5′-ATTAAAGAGGAGAA
ATTAACT- 3′) is added to F primer between the  Eco RI site 
and the AUG codon of  cp  gene to eliminate the original RBS 
and RGS · polyhis  epitope   of pQE30. The R primer is contain-
ing the stop codon (TAA) of  cp  gene. At the 5 prime of the 
restriction sites, certain bases are added to ensure effi cient 
DNA cleavage by  Eco RI (CG) and  Hind III (CCC). That is, 
the fi nal sequence of the F and R primers are, F:5′-CG GAAT
TC    ATTAAAGAGGAGAAATTAAC T atg gtacgcaaaggtgagaag- 
3′,R: 5′-CCC AAGCTT  tta gttttccgagtcaaccctg-3′ (The under-
lined bases are endonucleases cutting sites. The circulated 
bases are RBS sequence. The lowercase bases are  cp  gene 
sequence required for PCR with bolded ATG and TAA codon).   

   3.    Check the sequences of the primers, compare the homology to 
eliminate the nonspecifi c amplifi cation, detect the secondary 
structure of the primers, and predict the annealing tempera-
ture in PCR.   

   4.    Send the primers for synthesis.       

        1.    Primers are diluted with sterile ultrapure H 2 O to get the fi nal 
concentration of 10 μM.   

   2.    Assemble the pilot PCR reaction in 20 μL as shown in Table  2 . 
Tap the PCR tube to mix the reaction and spin down the liq-
uid to the bottom. Put the tube into the PCR machine.

3.2  PCR
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       3.    Set and run the PCR program as shown in Table  2  ( see   Note 
1 ).   

   4.    After the reaction, load the PCR product on agarose gel and 
resolve. After 10–15 min, photograph the gel image by gel 
documentation system.   

   5.    Determine the yield of PCR product ( see   Note 2 ) and carry 
out large scale PCR reaction (100 μL) to obtain plenty of PCR 
product.   

   6.    Load all the reaction solution on agarose gel, resolve and gel- 
purify PCR product using the QIAQuick kit, eluting DNA 
fragment with 50 μL of sterile pure H 2 O.   

   7.    Detect the DNA concentration in the fi nal solution by using 
nano-volume UV spectrophotometer.      

        1.    Digest 1 μg of  pQE30   vector and 2 μg of purifi ed fragment 
with appropriate enzymes ( Eco RI and  Hind III here) ( see   Note 
3 ). Inactivate the enzymes by heating to 65 °C for 20 min.   

   2.    Load restriction digests on agarose gel, resolve and gel-purify 
vector and insert fragments using the QIAQuick kit, eluting 
fragments with 30 μL of elution buffer.   

   3.    Detect the DNA concentration in the fi nal solution by 
spectrophotometer.   

   4.    Set ligation reaction. Typically, for a 12 μL ligation, 3 μL of the 
gel-purifi ed vector (about 100 ng) and 7 μL of the purifi ed 
insert are mixed with 1.2 μL of 10× ligation buffer and 0.8 μL 
of T4 DNA ligase. The ligation is incubated overnight at 16 °C 
and then heat-killed at 65 °C for 20 min.   

   5.    All the ligation products are added to 100 μL CaCl 2  treated 
 DH5α   competent cell and mix cells by tapping the microcen-

3.3   Expression 
Vector Cloning

     Table 2  
  PCR reaction   

 Component  20 µL reaction  100 µL reaction  Thermocycling conditions 

 H 2 O  15.2  76 

 dNTP (10 mM each)  0.4  2  94 °C 3 min 

 MgCl 2   0.8  4  94 °C 30 s  30 cyc les 

 F primer (10 μM)  0.4  2  55 °C 30 s 

 R primer (10 μM)  0.4  2  72 °C 80 s 

 Template (cp gene)  0.4 (<1 μg)  2 (<5 μg)  72 °C 5 min 

 10× pfu buffer  2  10 

 pfu DNA polymerase  0.4  2 
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trifuge tube gently. After chilling on ice for 30 min, put the 
tube to 42 °C water bath for 90 s and then immediately trans-
fer the tube on ice for at least 3 min. Add 900 μL prewarmed 
SOC medium to the tube and shake vigorously at 200 rpm in 
a shaking incubator for 30 min at 37 °C. Aseptically spread 
100 μL of transformation outgrowth on LB plate with ampicil-
lin (100 μg/mL). Invert and put the plate in incubator at 
37 °C overnight.   

   6.    Carry out colony PCR to detect the recombinants. Set up 
200 μL PCR mastermix for 10 reactions using the sequencing 
primers of pQE30 (pQE30-F: 5′-TGAGCGGATAACAATT
TCAC- 3′, pQE30-R: 5′-GTTCTGAGGTCATTACTGG- 3′) 
and no template is needed. Equally deliver the solution into 
ten PCR tubes (20 μL each). Select and label eight single colo-
nies on the plate, then use a sterile plastic toothpick to pick a 
part of each colony and inoculate into the 20 μL reaction ( see  
 Note 4 ). Including the positive ( see   Note 5 ) and negative con-
trols (no colony added), ten tubes of reactions are put into the 
PCR machine to perform colony PCR ( see   Note 6 ). Identify 
the recombinant colonies by fi nding a band around 1 kb in 
DNA gel electrophoresis.   

   7.    Using sterile inoculation loops, pick each confi rmed colony and 
aseptically inoculate each into a 3 mL culture of LB/ampicillin 
medium in a 14 mL snap-cap tube. Grow the cultures by shak-
ing vigorously at 220–250 rpm in a shaking incubator at 37 °C 
for 12–16 h. Isolate plasmid DNA from the cultures and deter-
mine plasmid DNA concentration by spectrophotometry.   

   8.    Further identify recombinant clones with correct insert size by 
restriction digestion ( see   Note 7 ). Validate recombinant plas-
mid by sequencing using pQE30 sequencing primers.   

   9.    Grow culture of one validated clone to make glycerol stocks 
and isolate plasmid for expression.   

   10.    Prepare M15  E .   coli    competent cell using CaCl 2 . Transform 
the recombinant plasmid into M15 .      

        1.    If needed, pilot  expression   can be performed to select a pro-
ductive colony ( see   Note 8 ). Grow the selected colony in 
medium to make glycerol stocks and seed culture.   

   2.    A volume of 80 mL seed culture grows overnight by shaking 
vigorously at 220–250 rpm in a shaking incubator at 37 °C.   

   3.    The seed culture is inoculated equally into eight 2-L fl asks of 
1 L LB/ampicillin medium (totally 8 L) and grow at the same 
condition when the cell density reaches 0.3–0.4 (OD 600 ).   

   4.    Cool down the culture to 30 °C ( see   Note 9 ) and save 100 μL 
culture as uninduced sample (negative control).   

3.4  Prokaryotic 
Expression 
and Sonication
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   5.    Expression induction. To each fl ask add 0.9 mL of 1 M IPTG 
to make fi nal concentration of 0.9 mM for induction. After 
induction for 2 h at 30 °C, cells in 1 L culture are repeatedly 
collected by centrifuged at 5000 ×  g  for 20 min in one 500-mL 
centrifuge tube and the supernatant is discarded.   

   6.    Resuspend the pellet from 1 L culture by 10 mL cold 
PBST. Save 30 μL as whole cell expressed sample.   

   7.    Sonicate the resuspended solution on ice for totally 30 min 
with repetition of a 6 s burst at 250 W and a 5 s cooling period 
( see   Note 10 ). Check the status of the solution every 5 min. 
The lysate will become clear from viscous if sonication is 
accomplished.   

   8.    After sonication, centrifuge at 15,000 ×  g  at 4 °C for 20 min. 
Transfer the supernatant containing VLPs to a new tube, resus-
pend the pellet with 5 mL PBS and save 50 μL as insoluble 
sample. For the supernatant, repeat centrifugation for two 
more times and save 50 μL as soluble sample.   

   9.    Boil, resolve and evaluate four collected samples (uninduced, 
whole cell expressed, unsoluble and soluble) by  SDS-PAGE   to 
confi rm CP expression status ( see   Note 11 ).      

        1.    Add 3 mL 30 % sucrose to a fresh 14 mL ultracentrifuge tube 
as a cushion, overlay 10 mL of collected supernatant, and 
counterbalance the tubes with PBS (pH 8.0). The tubes are 
centrifuged at 250,000 ×  g  at 4 °C for 1 h. The pellet contain-
ing VLP is resuspended in 1 mL of PBS.   

   2.    Prepare 10–40 % (w/w) sucrose gradient in 14 mL ultracentri-
fuge tube. Add 3 mL of 10 % sucrose to the tube, and then 
slowly add 3 mL of 20 % sucrose directly at the bottom of the 
tube using long metal needle and syringe, avoiding disturbance 
of the interface of two layers of sucrose in different  concentrations. 
Then, the layer of 10 % sucrose is lifted on top while the layer of 
20 % sucrose is at the bottom. By means of the same method, 
add 30 and 40 % sucrose in turn to make the sucrose gradient of 
10–40 % from top to bottom of the tube ( see   Note 12 ).   

   3.    Overlay 2 mL of resuspended solution (from 2 L of medium) on 
the top of one tube of sucrose gradient and totally prepare four 
tubes of gradient for 8 L of original culture. Counterbalance the 
ultracentrifuge tubes and centrifuge at 250,000 ×  g  at 4 °C for 3 h.   

   4.    Fractionate the gradient from top, every 500 μL as a fraction. 
Normally 24–28 fractions are collected.      

        1.    The shape, size, and integrity of the VLPs in each fraction 
are confi rmed by negative staining and electron microscopy 
( see   Note 13 ).   

3.5  Ultracentrifuge 
Purifi cation

3.6  VLP Confi rmation
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   2.    The fractions containing fi ne structured (Fig.  3 ) and highly 
pure VLPs are diluted with PBS and centrifuged at 250,000 ×  g  
for 1 h to remove the sucrose. The pellets containing VLPs are 
resuspended with 500 μL of PBS.

       3.    Determine the concentration of VLPs by  SDS-PAGE   compari-
son or BCA.   

   4.    Aliquots 50 μL of the purifi ed VLPs in 200-μL tubes and store 
at −80 °C until use.       

4    Notes 

     1.    The annealing temperature in PCR program is determined by 
the melting temperature (Tm) of primers. The start tempera-
ture can be set to 55 °C. For pfu taq polymerase, the speed of 
amplifi cation is normally 800–1000 bp/min. Therefore, exten-
sion time is set to 60 s for  cp  gene (1017 bp). The program can 
be optimized according to the performance of the polymerase.   

   2.    Based on comparing to the intensity of bands in DNA ladder, 
the quantity of PCR product can be roughly calculated by gel 
analysis software. For example, there is 122 ng of the 1000-bp 
band in 1 μg of the 2-Log DNA Ladder (NEB).   

   3.    The digestion should be performed strictly according to the 
manufacturer’s instructions. More than optimum levels of 
endonuclease or unsuitable buffer will probably show star 
activity.   

   4.    Colony PCR is a simple and quick method to detect recombinant 
colonies growing on culturing plate. It saves time and effort 

  Fig. 3    Sucrose gradient purifi cation and VLP electron microscopy. Two fractions 
of VLPs (F I and F II) were observed in sucrose gradient purifi cation. Electron 
microscopy of negatively stained VLPs (including fraction I and II) and OGNNV 
(WT) are shown (bar = 100 nm)       
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compared to endonuclease digestion because there is no need 
to grow bacteria in liquid medium and extract plasmid. 
However, the selected colonies should be saved a part on the 
plate for the next pick-up if needed. Furthermore, the PCR 
should be performed using the primers different with the  clon-
ing   primers, avoiding the false positive mediated by detecting 
the overdose inserts on the plate.   

   5.    A verifi ed recombinant pQE30 plasmid with an insert larger 
than 500 bp.   

   6.    The PCR program is similar to that in Table  2  except that the 
fi rst step of high temperature is set to 94 °C 5 min to break the 
cells completely.   

   7.    After colony PCR, the selected recombinant colonies can also 
be identifi ed by endonuclease digestion. Nevertheless, the 
selected recombinant colonies can be directly sent for sequenc-
ing without digestion.   

   8.    In pilot expression, 8–12 colonies are selected to perform small 
volume (3 mL) expression. By evaluating the banding result of 
 SDS-PAGE  , choose the colony with highest yield of CP 
expression.   

   9.    Before adding IPTG, it is important to cool down the culture 
to or below 30 °C. The CP monomer is not easy to assemble 
fi ne structure VLP over 30 °C. Because of the mass volume, 
the culture is not easy to cool down quickly when removing 
the fl ask from the shaker.   

   10.    The sonication time and stop interval can be adjusted according to 
different sonicators. However, enough interval should be ensured 
to avoid protein denature mediated by overheated solution.   

   11.    The yield of VLP is about 15 mg/L. If the quantity of CP in 
supernatant is enough, the purifi cation step can be performed. 
If not, make another batch of expression and combine the sol-
uble lysates for subsequent purifi cation.   

   12.    When preparing handmade sucrose gradient, pay attention not 
to disturb the interface of different layers. Alternately, the gra-
dient can be prepared by machine, such as Biocomp Gradient 
Master 108, according to the instruction of the manufacturer.   

   13.    There are two bands containing VLPs at a density of 1.07 g/
cm 3  (fraction I) and 1.13 g/cm 3  (fraction II) in the ultracen-
trifuge tube (Fig.  3 ). The size of VLPs in fraction II is between 
28 and 32 nm while the VLPs in fraction I are smaller (20–
25 nm). The shape and integrity of VLPs in fraction II were 
better than that in fraction I and were more close to that of 
native virus. Therefore, the high quality VLPs with fi ne icosa-
hedral structure in fraction II are what we need.          
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    Chapter 16   

 Design and Construction of Shrimp Antiviral DNA Vaccines 
Expressing Long and Short Hairpins for Protection by RNA 
Interference                     

     Aparna     Chaudhari     ,       Gireesh-Babu     Pathakota    , and       Pavan-Kumar     Annam     

1        Introduction 

    DNA  vaccines      are  essentially   recombinant plasmid constructs 
 capable of expressing pathogen-derived antigenic proteins that 
prime the host against future infection when administered intra-
muscularly or subcutaneously [ 1 – 3 ].  DNA vaccines   present the 
 aquaculture   industry with an effective and economically viable 
method of checking the threat of various  pathogens   that drastically 
affect productivity. They are considered safer compared to live, 
attenuated, and whole inactivated vaccines and are more stable 
than protein/glycoprotein  subunit vaccine  s. However, it is for 
the viral and parasitic diseases that they are particularly attractive 
options [ 4 ]. The DNA  vaccine   against infectious hematopoietic 
necrosis virus (IHNV) that affects salmonid fi shes is most effective 
and the only one licensed for use in aquaculture since 2005 [ 5 ]. 
In invertebrates like shrimps, however, the specifi c  immune 
response   system is rudimentary [ 6 ] and although there are some 
reports on application of  subunit vaccines   [ 7 ,  8 ] and DNA vaccines 
expressing  viral proteins   [ 9 ], they are of limited effi cacy. The dis-
covery of RNA interference (RNAi) pathway in shrimps provided 
a promising new approach to vaccination, and in current times, the 
defi nition of  DNA vaccines   can be extended to include plasmid 
constructs that express short or long double stranded RNA 
(dsRNA) in the host and inhibit pathogen proliferation through 
RNA interference mechanism. 

 In a dramatic discovery in 1998 it was found that dsRNA intro-
duced into a eukaryotic cell results in silencing of the correspond-
ing RNA transcript [ 10 ], a phenomenon that has been named 
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 “posttranscriptional gene silencing” (PTGS)   or “RNA interfer-
ence” (RNAi). The presence of dsRNA in the cytoplasm (whether 
it is transfected or synthesized within the cell) triggers the multido-
main ribonuclease III enzyme Dicer [ 11 ]. This cleaves dsRNA into 
small interfering RNAs (siRNAs), which are 21–23 nucleotide frag-
ments with characteristic 2-nucleotide 3′ overhangs. These siRNAs 
are recognized by the RNA-Induced Silencing Complex (RISC; 
[ 12 ]), a multienzyme unit that brings about separation of the two 
siRNA strands. The antisense siRNA strand remains bound to 
RISC, while the sense strand is released. In some organisms that 
have functional RNA-dependent RNA polymerase (RdRp) enzyme, 
the sense strand may be again converted into dsRNA [ 13 ]. The 
antisense strand guides RISC to bind the homologous (target) 
mRNA, and another RNase III Argonaute that is part of the com-
plex cleaves it, silencing its expression [ 14 ]. The effi ciency of siRNA 
depends on perfect complementarity of the seed sequence (posi-
tions 2–6) with the target mRNA. It has been reported that imper-
fect base pairing that creates a bulge in miRNA/siRNA marks the 
transcript for translational repression, while a bulge in the mRNA 
does not prevent cleavage [ 15 ]. It has recently been suggested that 
translational inhibition involves mRNA decapping that ultimately 
leads to its degradation in P bodies [ 16 ,  17 ]. 

  PTGS  , which perhaps evolved as a defense mechanism against 
 RNA viruses   [ 18 ], has been shown to exist in several plants and 
animals [ 19 ,  20 ]. The discovery of small genes coding for 
microRNA (miRNA; short  hairpin   shaped RNA molecules) that 
target specifi c mRNA transcripts also shows that the phenomenon 
is used to regulate gene expression [ 21 ,  22 ]. RNA interference 
caught the imagination of researchers all over the world as it 
opened a completely new box of molecular tools and applications. 
 Aquaculture   sector has not remained untouched by this excite-
ment and several attempts are being made to check shrimp viral 
 pathogens   [ 23 ,  24 ] by triggering RNAi through exogenous antivi-
ral long dsRNA and siRNA [ 25 – 29 ], or plasmid DNA constructs 
capable of expressing these molecules in vivo [ 30 ,  31 ]. The pres-
ence of Dicer gene has been reported in a number of decapods 
including   Penaeus monodon    [ 32 ,  33 ],  Litopenaeus vannamei  [ 34 , 
 35 ],  Fenneropenaeus chinensis  [ 36 ]  Marsupenaeus japonicas  [ 37 , 
 38 ], confi rming the presence of a functional RNAi pathway. 

 The fate of plasmid DNA administered to fi sh by intramuscu-
lar/intraperitoneal injection, gene gun or orally has been explored 
by various researchers in salmon [ 39 – 42 ], Atlantic cod [ 43 ], rain-
bow trout [ 44 – 46 ], marine tiger shrimp   Penaeus monodon    [ 9 ,  30 ]. 
In fi sh, despite degradation at the site of administration and in 
blood plasma, cellular uptake and wide tissue distribution of the 
plasmid DNA has been observed by PCR, fl uorescent in situ 
hybridization (FISH), isotope and fl uorescent labeling [ 47 ]. 
Nevertheless, no histopathological damage was detected in rain-
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bow trout up to 2 years after DNA vaccination against IHNV [ 48 ]. 
Detailed reports are not available from shrimp, but  plasmid DNA 
vaccine   injected intramuscularly between second and third abdom-
inal segments could be amplifi ed from several tissues after 30 days 
[ 30 ] and injected plasmid was shown to persist up to 2 months [ 9 ]. 
Das et al. [ 31 ] could observe no difference in growth rates of 
 P .   monodon    treated with DNA vaccine expressing antiviral lhRNA. 

 There are several ways by which siRNA could be generated to 
silence a target gene using RNA interference technology. These 
include chemical methods where a 21 nt dsRNA is obtained by 
chemical synthesis or in vitro transcription and biological methods 
where a long or short hairpin  RNA      is generated from a plasmid 
vector in vivo that eventually is cleaved into 21 nt siRNA by dicer. 
Although siRNA has been the prime choice for gene silencing 
among several researchers across the globe, long hairpin  RNA   has 
the advantage that Dicer can act on it to generate a number of dif-
ferent siRNAs ensuring a robust RNAi effect [ 49 – 51 ]. In addition, 
it considerably reduces the chances of viral escape by point muta-
tion [ 52 ]. The use of long dsRNA is avoided in mammals where it 
is known to induce a nonspecifi c interferon response leading to 
inhibition of protein translation [ 53 ], but it is possible in inverte-
brates and plants [ 54 ,  55 ], where interferons have not been 
detected [ 56 ]. The convenience of producing lhRNA/shRNA 
in vivo using host machinery cuts down the cost of production 
compared to chemical synthesis and in vitro transcription methods. 
Therefore, plasmid DNA constructs designed to express lhRNA/
shRNA in vivo can be used as  DNA vaccines  . 

   The choice of target viral gene is critical and its silencing should 
inhibit viral spread without causing any deleterious effect to the host 
organism [ 57 ]. If silencing of a single viral gene does not provide 
suffi cient protection against infection, multiple viral genes can be 
targeted in a combinatorial RNAi therapy [ 58 ]. This approach can 
also prevent viral escape through point mutation [ 59 ] and it is note-
worthy that  RNA viruses   accumulate point mutations up to 10 7 -fold 
more rapidly than  DNA viruses   [ 60 ]. However, the dose of RNAi 
molecules should be regulated so as not to saturate/overload the 
endogenous RNAi pathway with too many siRNAs [ 57 ]. In some 
cases it is also possible to target host factors that are essential for viral 
propagation, provided host cell viability is not affected [ 24 ].  

   Characteristics of the specifi c sequence to be targeted within a 
selected gene have been suggested [ 61 ]. Broad guidelines include 
the following: (1) confi rmation of sequence uniqueness by  BLAST   
homology tool to prevent off-target effects; (2) the sequence must 
be conserved among different strains reported for a particular 
virus; (3) the selected sequence must have an optimal thermody-
namic profi le for incorporation into the RISC as a guide strand 

1.1  Target Gene 
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1.2  Identifi cation 
of Target Sequence 
and Design
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The most effective siRNAs have a relatively low Tm and duplex 
 stability   (less stable, more A/U rich) toward the 5′-end of the 
guide strand and a relatively high Tm (more stable, more G/C 
rich) toward the 5′-end of passenger strand [ 61 ]; (4) the sequence 
should lie in the coding region, 50–75 bp away from the 5′ and 3′ 
ends [ 62 ,  63 ]; (5) mutation prone regions should be identifi ed if 
possible and avoided. Many free online web tools are available for 
designing optimal RNAi molecules (e.g., E-RNAi:   http://e-rnai.
dkfz.de    , Arziman et al. [ 64 ]). The software predicts siRNA effi -
ciency using an algorithm described by Reynolds et al. [ 65 ].  

   The selection of plasmid vector depends on the choice of promoter 
to be used for the expression of sh/lh RNA. Several vectors 
designed specifi cally for RNAi studies are commercially available 
( see  Subheading  4 ). Generally, pol III promoters such as U6 and 
H1 are used for expressing shRNA constructs as they are compact, 
support high levels of transcription and initiate transcription at 
a defi ned starting point. Transcription terminates at a stretch of 
 thymidines and 3′ terminus of the hairpin resembles a pre- 
miRNA. They express constitutively in cell culture, but expression 
from H1 is associated with dividing cells in vivo. There are no tis-
sue specifi c pol III promoters that might be desirable for some 
transgenics. In such cases, use of pol II tissue specifi c promoters is 
a better option. Some constitutive pol II promoters that are active 
in shrimp include cytomegalovirus immediate early promoter 
(CMVp), β-actin and SV40 early promoters [ 66 ]. CMVp cannot 
be used for shRNA vectors as they append 5′ vector sequences and 
3′ poly A sequences, which inhibit shRNA function, but are ideal 
for lhRNA constructs. For shRNA expression, pol III promoters 
like U6 and H1 are generally used. Bidirectional promoter con-
structs with U6 and H1 promoters are also developed for express-
ing two different shRNA molecules targeting two different genes 
or two gene segments of a particular gene of interest in order to 
increase the effi ciency of targeted gene silencing ( see  Subheading  4 ). 

 Since a vaccine is intended for commercial use selection markers 
present an important consideration. Antibiotic markers are discour-
aged by regulatory authorities and it is wise to opt for non-antibi-
otic selection markers [ 67 ,  68 ]. Centre for Biologics Evaluation and 
Research (CBER), USA permits the use of kanamycin selection 
because resistance to this antibiotic is widespread [ 69 ].  

   In case of lhRNA,  the   selected portion of the target viral gene is 
PCR amplifi ed using specifi c linker primers containing appropriate 
restriction enzyme (RE) recognition sites for directional cloning in 
the vector of choice. The same fragment is cloned in reverse orienta-
tion leaving a spacer region of 5–7 bp for formation of hairpin loop 
(Fig.  1 ).  Short-hairpin RNAs  , on the other hand, are short stem-
looped RNAs of size 19–23 bp. In this case, the complementary 

1.3  Vector Selection

1.4   Cloning Strategy
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strands can be synthesized and allowed to anneal at room tempera-
ture. The resulting cassette is designed to have appropriate over-
hangs to allow directional cloning in the selected vector (Fig.  2 ). 

       Silencing effi cacy of sh/lhRNA constructs can be tested in vitro 
before commencing the in vivo  pathogen   challenge studies. Here, 
the host cells are co-transfected with a plasmid that constitutively 
expresses the target gene and the sh/lhRNA construct. The silenc-
ing effi ciency of the RNAi constructs can be estimated at transcript 
level by real-time PCR of the target gene and at protein level by 
 ELISA  . It is best to carry out these studies in shrimp primary cell 
cultures or cell lines. Although primary cultures could be devel-
oped from different tissues of shrimp [ 70 ], cell lines are yet to be 
developed. Other invertebrate cell lines like those derived from 
insects,  C. elegans , etc. (Sf9, Sf21, and Drosophila S2) can also be 
used. In vertebrates, lhRNA is known to induce nonspecifi c inter-
feron response leading to inhibition of protein translation in gen-
eral [ 54 ,  55 ] and this phenomenon may account for some silencing 
effect if vertebrate cell lines are used.  

1.5  Assessment 
of Silencing Effi ciency
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  Fig. 1    Schematic diagram of lhRNA expression plasmid       
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   There are a number of ways in which DNA  vaccine   can be intro-
duced into shrimps. Most RNAi-based therapeutic trials have been 
conducted on juveniles by intramuscular injection of plasmid into 
the abdominal segments [ 9 ,  30 ,  31 ,  71 ]. Dip treatment and oral 
administration [ 29 ,  72 ] are also possible, but plasmid DNA degra-
dation and poor bioavailability from the gastro-intestinal tract are 
factors to be considered. The vaccinated and control animals are 
challenged with an appropriate titer of the  pathogen   and parame-
ters such as survival, disease symptoms, histopathology, and viral 
load are recorded. The survival percentage is reported as the pro-
tection effi ciency of the vaccine.   

2    Materials 

       1.    Bioinformatic tools for determining coordinates of target 
sequence within the target gene (Gene Runner v3.05, 
 DNASTAR   v12.2, etc.).   

   2.    Online software for multiple sequence alignment (e.g., EBI 
 Clustal W  , MEGA v6.0).   

   3.    Analysis of target gene using sh/lhRNA design software 
(E-RNAi, BLOCK-iT™ RNAi Designer, siRNA Wizard v3.1, 
SVM RNAi 3.6, siDESIGN Center, etc.).   

   4.    National Center for Biotechnology Information (NCBI) 
BlastN online server.   

   5.    Bioinformatic tools for DNA repeat analysis (e.g., RepeatFinder, 
Tandem Repeat Finder, Palindrome, Spectral Repeat Finder 
(SRF), RepeatMasker).   

1.6  Challenge 
Studies for Estimating 
Protection 
from  Pathogen  

2.1  Target Sequence 
Selection

  Fig. 2    Schematic diagram of shRNA expression plasmid       
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   6.    Online server tools for restriction site identifi cation (e.g., 
NEBcutter, Webcutter 2.0, Watcut, Gene Runner).   

   7.    Online server tools for RNA secondary structure prediction 
(e.g., RNAfold, Sfold, RNA123, RNAshapes).      

       1.    Lh-RNA expression: pcDNA3.1 series of vectors (Invitrogen, 
USA).   

   2.    Sh-RNA expression: pSuper (Oligoengine, USA), BLOCK- iT™ 
shRNA Entry Vectors (Invitrogen, USA), pSilencer 2.1- U6 vec-
tor (Invitrogen, USA), pSIREN-U6 vector (Clontech, USA).   

   3.    Target gene expression: pcDNA4/His-Max series of vectors 
(Invitrogen, USA).      

       1.    PCR components: Template DNA (50–100 ng/μL), 10 pmol of 
each specifi c primer, 200 μM of each dNTPs, 0.75 units of  Taq  
DNA polymerase and 1×  Taq  buffer containing 1.5 mM MgCl 2 .   

   2.    Selected restriction enzymes and 10× buffers.   
   3.    Hybridization buffer for annealing complementary oligonucle-

otide strands: 25 mM Tris–HCl (pH 8.0) and 10 mM MgCl 2 .   
   4.    T4 DNA ligase and 10× buffer.   
   5.    Horizontal agarose gel electrophoresis apparatus and power 

pack.   
   6.    Agarose gel: For 100 mL of 1.0 % agarose gel, use 1.0 g of 

agarose (electrophoresis grade) with 100 mL of 0.5× 
TAE. Prepare 1 L of 10× TAE stock solution in ultrapure water 
with 48.4 g of Tris base, 3.72 g disodium EDTA, and adjust to 
pH 8.5 with glacial acetic acid.   

   7.    Agarose, 6× gel loading dye, and nucleic acid stains.   
   8.    Gel documentation system.   
   9.    Genomic DNA, total RNA isolation and cDNA synthesis kits.   
   10.    Gel extraction and plasmid miniprep kits.   
   11.     E .   coli    DH5α competent  cells   (available commercially).   
   12.    Water bath/incubator.   
   13.    Luria Bertani medium:    To 150 mL of double distilled water 

add 2 g Tryptone, 2 g NaCl, 1 g Yeast extract, 3 g Agar. Adjust 
the volume to 200 mL with double distilled water and sterilize 
by autoclaving at 121 °C and 15 psi for 15–20 min.   

   14.    Bacteriological incubator for growing  E .   coli    on plates.   
   15.    Shaking incubator for growth of broth cultures of  E. coli .   
   16.    Sterile inoculation loops.      

2.2  Vector Selection

2.3  Construction 
of sh/lh-RNA 
Expression Plasmid
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       1.    Sf9  insect cell   line or any other convenient invertebrate cell line.   
   2.    Appropriate growth medium components for selected cell line.   
   3.    PBS containing 1 % v/v penicillin–streptomycin.   
   4.    Inverted microscope.   
   5.    CO 2  incubator for growing cells.   
   6.    Hemocytometer for cell counting before passaging.   
   7.    Effectene ®  Transfection Reagent (Thermo Scientifi c, USA) or 

equivalent.   
   8.    EndoFree ®  plasmid purifi cation kit (Qiagen, NL) to isolate 

endotoxin free plasmid DNA for transfection.      

       1.    Experimental shrimp (e.g.,   Penaeus monodon   ) of 10–12 g body 
weight.   

   2.    1000 L fi berglass tanks with seawater and aeration.   
   3.    Kit for estimating dissolved oxygen, pH paper, thermometer, 

and salinometer for maintaining water quality parameters.   
   4.    Artifi cial pellet feed.   
   5.    Viral detection kits to select only healthy animals for 

experiments.   
   6.    Titered viral inoculum to determine dose that results in com-

plete mortality within 10 days.   
   7.    Lh-RNA/sh-RNA expression construct.   
   8.    1 mL syringe with 20 G needle.       

3    Methods 

        1.    Retrieve the sequence information for the viral target gene in 
 FASTA   format from online databases like NCBI GenBank.   

   2.    Perform multiple sequence alignment of the target gene 
obtained from different viral strains/isolates in  Clustal W   to 
identify the conserved region for silencing ( see   Note 1 ).   

   3.    Remove 50–75 bp of the sequence from 5′ and 3′ ends of the 
target gene and perform BLASTn analysis to ensure that they 
do not share any signifi cant homology with any known genes 
of the host organism (shrimp).   

   4.    Analyze the sequence with online server tools to identify repeat 
sequences if any. These sequences can be removed if they are 
located towards the ends or else another target gene may be 
selected.   

   5.    Free online software E-RNAi can be used for dsRNA molecule 
designing ( see   Note 2 ). On the E-RNAi web page select the 
RNAi type as ‘long dsRNA’ from dropbox.   

2.4  In Vitro 
Validation

2.5  Evaluation of sh/
lhRNA Constructs 
In Vivo

3.1  Target Sequence 
Selection
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   6.    Enable or disable the off-target evaluation option depending 
on whether whole genome and/or EST information is avail-
able for the experimental animal or not. No shrimp whole 
genome sequences are available at the time of writing this arti-
cle ( see   Note 3 ). Copy and paste the selected region of the 
target gene in the box provided and click submit. On the ‘ De 
novo  design: settings’ page, select the number of output 
sequences you want to be displayed (e.g., 5).   

   7.    The output consists of the (a) target sequence options meeting 
the design criteria, (b) a set of primers for each output sequence, 
(c) a report on the siRNA effi ciency (expressed as percentage 
of effi cient siRNAs based on predetermined criteria), and (d) 
specifi city (calculated as the number of matching siRNAs over 
the number of all siRNAs in the long dsRNA of interest).   

   8.    Select the best primer set that amplifi es a conserved region 
( tar ) of the gene. This region is expected to produce the larg-
est number of effi cient siRNAs and recognize all known 
strains/isolates of the virus.   

   9.    Perform restriction analysis of  tar  using Gene Runner software 
and select restriction sites that are absent in  tar  and present in 
the  mcs  of selected vector for use as linkers in the primers to 
facilitate directional  cloning  .   

   10.     Tar  is to be cloned in forward and reverse orientations in the 
 mcs  of the selected vector leaving a spacer region of ~5–10 
bases. Restriction enzyme (RE) sites are to be selected keeping 
this in mind (e.g., in pcDNA 3.1(+) using  Hind III and  Eco RI 
for forward fragment and  Eco RV and  Xho I for reverse will leave 
a spacer region of 10 bp in between).   

   11.    To confi rm whether the cassette will form a hairpin after tran-
scription, join the forward sequence of  tar , spacer bases and 
reverse sequence, and analyze it in silico for the formation of 
hairpin structure using RNAfold software. The reverse orienta-
tion of  tar  can be obtained in Gene Runner v 3.05.   

   12.    Add appropriate linker sequences to the selected primer set to 
clone  tar  in forward and reverse orientations. This will yield 
two sets of primers that can be synthesized chemically. In the 
above example for  cloning   the forward fragment F and R prim-
ers will have  Hin dIII and  Eco RI recognition sequences attached 
as linkers while for cloning in reverse orientation the same F 
and R primers will have  Xho I and  Eco RV.      

         1.    If the target gene belongs to a  DNA virus  ,  tar  can be amplifi ed 
from genomic DNA isolated from tissues of an infected animal 
using a Genomic DNA isolation kit.   

   2.    If the target gene belongs to a  RNA virus  ,  tar  can be amplifi ed 
from cDNA prepared from an infected tissue. For this total 
RNA can be isolated and cDNA prepared using kits.   

3.2  Construction 
of lh-RNA Expression 
Plasmid
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   3.    PCR amplify  tar  in both orientations. Perform PCR in 25 μL 
reaction volume containing 50 ng template DNA, 10 pmol of 
each specifi c primer, 200 μM of each dNTPs, 0.75 units of  Taq  
DNA polymerase and 1×  Taq  buffer containing 1.5 mM MgCl 2 .   

   4.    Load the PCR product in 2 % agarose gel and resolve along 
with a 100 bp DNA ladder.   

   5.    Excise the desired band from the gel and purify  tar  using gel 
extraction kit following manufacturer’s instructions.   

   6.    RE digest 1 μg each of pcDNA3.1(+) vector and forward  tar .   
   7.    Resolve the digested vector and  tar  on 1 % and 2 % agarose 

gels, respectively. Excise the required bands and purify using a 
gel extraction kit ( see   Note 4 ).   

   8.    Forward  tar  is ligated with the vector. Briefl y, a 20 μL ligation 
reaction contains vector and insert mixed in 1:3 molar ratio, 
2 μL of 10× reaction buffer and 1 μL of T4 DNA ligase. The 
ligation reaction is incubated at 16 °C overnight.   

   9.    For transformation, add 2 μL of ligation mixture to the 100 μL 
of  E .   coli    DH5α competent  cells   and incubate on ice for 20 min 
followed by heat shock at 43.5 °C for 50 s. Immediately replace 
on ice and add 1 mL LB broth. Recover the cells by shaking at 
37 °C for 1 h. Plate the cells on LB-Amp-Agar plates asepti-
cally and incubate at 37 °C overnight in an incubator.   

   10.    Prepare master plate of the well isolated colonies. For this pick 
the colonies using a sterile inoculation loop and streak on a 
fresh LB-Amp-Agar plate and incubate overnight at 37 °C in 
an incubator. This will provide enough culture for screening.   

   11.    Select 9–10 colonies and pick a minute quantity of culture with 
a sterile pipette tip and suspend in 10 μL of TE buffer (pH 
8.0). Perform colony PCR using 1 μL suspended cells as tem-
plate according to standard protocol. Either insert or vector 
specifi c primers may be used for amplifi cation.   

   12.    Load the PCR products on 2 % agarose gel and resolve along 
with 100 bp DNA ladder. Recombinant clones should result in 
the amplifi cation of insert of the appropriate size.   

   13.    Select 4–5 colonies of colony PCR positive clones and inocu-
late 2 mL of LB-Amp broth followed by incubation at 37 °C 
overnight in a shaking incubator.   

   14.    Isolate plasmid DNA from the culture using a plasmid miniprep 
kit following manufacturer’s instructions and determine the con-
centration by spectrophotometry (Nanodrop, biophotometer).   

   15.    Sequencing primers provided in the cloning vector can be used 
for confi rming the presence of the insert.   

   16.    The reverse orientation of  tar  can be cloned into the above 
construct by following  steps 6 – 15 . This completes the synthe-
sis of lhRNA silencing construct.      
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       1.    Perform  steps 1 – 6  as described in Subheading  3.1 , this time 
selecting ‘siRNA’ option on the E-RNAi webpage.   

   2.    The output consists of the possible target siRNA sequences 
(19 bp) meeting the design criteria and an effi ciency score 
based on predetermined criteria. The most effi cient siRNA 
lying in the conserved region may be selected.   

   3.    Join the forward siRNA sequence, 5–10 bp spacer region and 
siRNA sequence in reverse orientation in Gene Runner v 3.05. 
Copy the sense and antisense strands separately and paste in 
Notepad. Both sequences will get pasted in 5′–3′ direction. 
Add overhang sequences to anneal with cohesive ends created 
in the vector by selected REs (e.g., GTAC for  Kpn I and AGCT 
for  Sac I to the 3′ ends, because these enzymes generate 3′ over-
hangs). These fi nal sequences can be synthesized chemically.   

   4.    Generate a double-stranded cassette by annealing the two 
sense and antisense oligonucleotides. Mix approximately 
40 μM of each oligomer in the buffer containing 25 mM Tris–
HCl (pH 8.0) and 10 mM MgCl 2 . Denature the primers by 
boiling for 5 min in a water bath and slowly cool down to 
room temperature to allow the formation of the cassette.   

   5.    Digest 1 μg of pSUPER vector with selected REs (e.g.,  Sac I 
and  Kpn I) and heat inactivate the enzymes by following manu-
facturer’s instructions.   

   6.    Prepare the construct by following  steps 7 – 15  of Subheading  3.2 . 
This completes the synthesis of shRNA silencing construct.      

       1.    Design primers to amplify full length target gene for in-frame 
 cloning   in any selected pcDNA4 HisMax series of vectors. Add 
appropriate linkers to the primers for directional cloning. PCR 
amplify the target gene proceed as described in  steps 4 – 15  in 
Subheading  3.2 . This will synthesize the target gene expres-
sion construct.      

       1.    The day before transfection, freshly passage the cells with 
 recommended split ratio, so as to get the desired confl uency 
(60–80 %) after 24 h, which is ideal for optimal transfection. 
The confl uency can be confi rmed under a microscope and the 
cell count can be obtained by using a hemocytometer.   

   2.    Isolate the lh/shRNA silencing constructs and target gene 
expression plasmid using EndoFree ®  plasmid purifi cation kit 
(Qiagen, NL) in order to avoid cytotoxicity due to endotoxins 
that co-purify with plasmid DNA.   

   3.    Transfect the cultured cells with lh/shRNA silencing construct 
along with the target gene expression construct in equimolar 
ratio following manufacturer’s instructions and culture the 
cells for 24–48 h. As a positive control, transfect cells with 

3.3  Construction 
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target gene expression construct along with the empty vector. 
For negative control, transfect cells with only the empty 
vector.   

   4.    Harvest the cells post transfection and wash twice with PBS 
containing 1 % v/v penicillin–streptomycin.   

   5.    Isolate total RNA from the transfected cells and prepare cDNA 
using oligo-dT primers.   

   6.    Target gene silencing can be determined by quantifying the 
transcript by real time PCR using primers designed in a region 
other than  tar .   

   7.    The silencing effect may also be determined at protein level by 
 western blotting   using anti-His tag antibodies.   

   8.    The sh/lh construct that results in higher silencing effi ciency 
can be tested in vivo ( see   Note 5 ).      

       1.    Maintain experimental shrimp in 1000 L fi berglass tanks with 
aeration at 27–30 °C with appropriate salinity and artifi cial pel-
let feed thrice a day.   

   2.    Monitor the water quality parameters such as temperature, 
pH, salinity, and dissolved oxygen at weekly intervals.   

   3.    Prior to use, screen the experimental animals for the presence 
of  pathogens   under study using viral detection kits to ensure 
that only healthy individuals are used for the experiment.   

   4.    Inject the treatment group intramuscularly with lh/sh-RNA 
expression plasmid at the rate of 1 μg/g body weight in a 
100 μL volume using a disposable 1 mL syringe.   

   5.    Inject negative and positive control groups similarly with 
empty vector.   

   6.    Challenge the treatment and positive control groups with viral 
inoculum that results in 100 % mortality in about 10 days. 
Negative control group is injected with PBS buffer.   

   7.    Monitor the shrimp daily and document the mortality pattern 
in each group until 90 % of the animals in a particular batch 
die. Freeze the dead shrimp in −80 °C for further use.   

   8.    Ascertain the cause of death in the experimental animals by 
histopathology or molecular diagnostic tools like PCR or 
 ELISA   (to confi rm death is due to infection and not other 
causes).   

   9.    The viral copy number may be estimated in the vaccinated and 
control animals by real-time RT-PCR to calculate the silencing 
effi ciency.   

   10.    The vaccine effi ciency is reported in terms of percent survival 
of vaccinated animals over controls and percent reduction in 
viral copy number.       

3.6  Evaluation of sh/
lhRNA Constructs 
In Vivo
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4      Notes 

     1.    In order to identify mutation prone regions within the viral 
gene to be silenced all the sequences should be subjected 
to multiple sequence alignment. These regions should be 
excluded while identifying the target sequence.   

   2.    Almost all commercial suppliers of siRNA consumables pro-
vide online design service for free.   

   3.    The E-RNAi software also offers the off-target evaluation with 
genomic/transcript database of popular model organisms. 
Since such information is very meager for shrimp the best 
alternative available is to go for  BLAST   analysis.   

   4.    Restriction enzyme digestion is not 100 % effi cient and often 
results in contamination with uncut DNA. This is particularly 
important in case of plasmid DNA as uncut plasmid runs close 
to the cut plasmid if the plasmid size is more than 5 kb. 
Therefore, it is recommended to completely resolve the RE 
digested plasmid DNA on 1 % agarose to avoid cross contami-
nation with uncut plasmid.   

   5.    In spite of all precautions, some sequences may lead to unex-
pected toxicity in vivo and so a pragmatic approach would be 
to screen 4–5 sequences for each gene before choosing the 
most effective therapeutic construct for in vivo trials.         
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    Chapter 17   

 Developing Anti-tick Vaccines                     

     Alina     Rodríguez-Mallon      

1        Introduction 

   Ticks    cause   direct and indirect effects in the animals that they 
 parasitize. Direct effects are characterized by anemia, toxic action 
of bites, loss of appetite, and growth delay, in addition to a diminu-
tion in the quality of leathers. The indirect effects are related to the 
transmission of a great variety of infectious agents by ticks [ 1 ], 
which leads to diseases, diminution of productive yield, or deaths. 
The annual productivity losses attributed to cattle ticks in the 
world are around 7 billion USD per year [ 2 ]. 

 Chemical methods are commonly employed for  tick control   
[ 3 ]. This approach produces resistant  ticks  , food contamination, 
and environmental pollution. The use of biological methods is 
another strategy to control ticks. These are based on the use of 
hormones and other growth regulators, as well as the use of 
 biological agents as predators, bacteria, nematodes, and fungi. In 
addition to these two methods, there are also physical methods to 
control  ticks  . It has been proved that the development of ticks 
 during the non-parasitic life stage depends largely on the external 
conditions of humidity and temperature. Meadows with tall vege-
tation and shrubs provide an ideal habitat for tick development. 
Heavy grazing reduces vegetation cover and may limit the survival 
of eggs and larvae [ 4 ]. Another physical control method against 
 ticks   that has been used is the burning of grasslands, which affects 
 ticks   directly by exposure to high temperatures and indirectly by 
the destruction of the vegetation cover that protects ticks [ 5 ]. 
However, burning constitutes a major risk for the generation of 
wildfi res that have terrible consequences for the environment by 
destroying wildlife habitat, killing animals that cannot escape, 
altering biodiversity, with the consequent alterations in the food 
chain, loss of natural seed banks, loss of organic matter and various 
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elements, producing soil erosion, altering water infi ltration into 
the soil, and promoting contamination and sedimentation of 
watercourses and reservoirs. All these factors endanger human 
lives, the scenic and recreational value of the natural environment 
and eventually affect agriculture productivity due to soil impover-
ishment [ 6 ]. 

 Vaccination is considered an alternative to control ectoparasite 
infestations. The immunological control of  ticks   is exempt from 
environmental problems as opposed to others and has prospects of 
a durable  protection   [ 7 ]. The background of this method is pres-
ent in nature where there are animals that are genetically resistant 
to  ticks  . It has been shown that the resistance is inherited and is 
increased by selection of animals. For example, European  Bos tau-
rus  cattle breeds (Swiss, Charolais, Holstein, and Simmental) are 
more susceptible compared to  Bos indicus  breeds (Brahman, 
Nellore, and Indubrasil Guzerat) that can reach up to 99 % resis-
tance. In other cases, some species of animals may have acquired 
resistance, after repeated natural infestations with the parasite that 
is refl ected in the decrease of the weight of  ticks   feeding on them, 
and reduction in the number of ectoparasites per animal [ 8 ,  9 ]. 
Researchers have explored immunological control as an alternative 
to the limitations of conventional methods since the 1980s [ 10 , 
 11 ]. The development of vaccines against ticks has been slow 
because the validation of new antigens is a long and complicated 
process that requires laborious, often expensive work. After the 
identifi cation and evaluation of candidate antigens, defi ning the 
basic immunological mechanisms induced by these antigens and 
the development of suitable methods for their production, are also 
required. Also needed are optimization studies on the  immune 
response   of the host, economic feasibility testing of the vaccine, as 
well as fi eld trials, product registration and the evaluation of the 
product once it has been released for commercial use [ 12 ]. Further, 
the effect shown by all antigens assayed during the study is not like 
that shown by classical vaccines or a knockdown effect like the 
chemical acaricides. 

 In general, anti-tick vaccines have two different types of anti-
genic targets. The fi rst is the use of so-called “exposed” antigens 
that are proteins or peptides secreted in the tick’s saliva during the 
clamping and feeding of these ectoparasites on the host [ 13 ]. In 
contrast, so-called “concealed” antigens are those that are not 
 visible to the host immune mechanisms [ 14 ]. The effects of the 
 immune responses   to tick antigens, either concealed or exposed, 
are similar and are expressed as increased mortality of  ticks   and 
eggs, weight loss of engorged ticks and eggs, prolonged feeding 
period, and molting inhibition [ 15 ]. However, the action mode of 
vaccines based on concealed antigens differs markedly from those 
vaccines with exposed antigens. The lack of contact between 
 concealed antigens and the host immune system precludes the 
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 parasites from developing strategies to escape the action of a 
response against them; this makes them especially attractive for the 
design of vaccines against ectoparasites. However, concealed 
 antigens do not induce an  immune response   in the host during tick 
feeding, they are immunogenic only when they are delivered 
 artifi cially to the host as a tissue extract of  ticks   or as biotechnologi-
cally produced proteins. Thus to induce the antibody response 
repeated immunizations are essential. 

 The pioneer recombinant antigen for vaccination against  ticks 
  is Bm86 [ 14 ,  16 ]. Bm86 is a glycoprotein present in the intestinal 
epithelium of   Rhipicephalus  ( Boophilus )  microplus     ticks   [ 17 ,  18 ]. 
Its expression is restricted to a few places on the digestive cell 
membrane, on the microvilli exposed to the intestinal lumen [ 19 , 
 20 ]. Bm86 is therefore a “concealed” antigen, whose function is 
unknown, although it has been speculated that it is involved in the 
endocytosis of blood ingested by  ticks   [ 18 ,  21 ]. Despite the dis-
covery of Bm86 in 1986 and its commercial introduction in 1994, 
there is still no availability of more effective alternative vaccines 
against ticks and ectoparasites in general. In vaccinated cattle, the 
Cuban vaccine based on Bm86 (Gavac) controls artifi cial 
 infestations of different strains of  R . ( Boophilus )  microplus  with an 
 effectiveness between 51 and 91 % [ 22 ]. The effect of this immu-
nogen, unlike the effect of chemical acaricides, does not cause the 
immediate death of the parasites, but produce long term damage 
to the tick population by reducing its biotic potential as explained 
above. In fi eld studies, Gavac is effective only when its application 
is included within an integrated control program that harmoniously 
combines different methods. None of the methods discussed above, 
applied in isolation, is fully effective in controlling the  ixodides; an 
integrated management protocol that includes baths with effective 
acaricides based on infestation levels, rotation of grassland, and 
 vaccination of the entire herd allows the reduction of tick infesta-
tions and the diminution in use of chemicals [ 22 – 25 ]. 

 Besides bowel antigens, the “concealed” molecules derived 
from other tick tissues can be used for vaccine development. 
Digestion of the blood by  ticks   occurs within intestinal cells and it 
is known that some intact immunoglobulin molecules pass from 
midgut to the hemolymph, which allows them to interact with 
their corresponding antigens on internal organs within the tick 
body and cause damage [ 26 – 28 ]. When considering any candidate 
for an anti-tick vaccine, it is useful to consider the ideal character-
istics of this type of immunogen. First, the selected antigen should 
be broad spectrum, that is, active against many species of  ticks   and 
ideally against multiple stages of the life cycle of ticks. Another 
important feature is that the antigen should be able to induce 
long-lasting immunity to minimize the need for repeated immuni-
zations and thereby reduce costs. Preferably the response against 
the antigen must affect the attachment of ticks. If possible, the 
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vaccine must have the potential to reduce the vector ability of ticks 
and consequently reduce the incidence of tick-borne diseases. 
Finally, the vaccine antigens should be relatively easy and inexpen-
sive to produce [ 13 ]. There is currently a strong trend towards the 
use of  reverse vaccinology   to identify and test novel antigens in 
vaccination trials [ 29 ]. However, trials of new antigens require the 
establishment of an experimental model that reduces the variability 
of the factors related to  ticks   while taking into account the complex 
tick-host relationship. 

 Several groups worldwide have conducted vaccination trials 
with a number of new antigens. The results of some of these trials 
have been disappointing [ 30 ,  31 ] and other studies have shown 
attractive candidates for further evaluations [ 32 – 36 ]. However, 
having an antigen with a good performance in vaccine trials is not 
enough to ensure the commercial success of a new generation of 
vaccines against  ticks  . Scientifi c proof of concept and meeting the 
requirements of safety and effi cacy demonstrated under fi eld 
 conditions are only part of the equation for taking a new antigen as 
a product to market. Industrial development of a vaccine against 
 ticks   also requires investments by companies dedicated to animal 
health [ 37 ]. Thus the research to generate new anti-tick vaccines 
also goes through the challenge of achieving the interest of the 
biotechnology industry to enable the production and marketing of 
innovative, potentially benefi cial technologies. 

    Ticks   are external parasites that have to overcome the defense 
mechanisms of the vertebrates they parasitize to obtain blood for 
their survival. As a result, ticks have developed complex interac-
tions with the parasitized host through evolution [ 2 ,  38 ]. In view 
of this, the selection of a suitable experimental model that is able 
to reproduce the complexity of the parasite–host relationship 
 constitutes a major factor in the successful identification and devel-
opment of new candidate vaccines against ticks. To the extent that 
the model mimics the interaction that occurs in nature the proba-
bility of finding the harmful effects of the immunogen on ticks 
increases. At the same time, a major obstacle for experiments with 
new antigens against ticks for laboratories and industry is the cost 
of testing in the target species. Thus, the model selected for the 
investigation must establish a balance between the factors 
 mentioned above: reproduction of the complexity of the parasite-
host relationship and low costs. In addition, assays for develop-
ment of new antigens require large numbers of live, laboratory- raised 
ticks to provide relevant biological data about the effectiveness of 
these antigens. The selection of the tick species as model should 
take into consideration the application for the future vaccine and 
the ability of the selected species to parasitize a wide range of 
 mammalian hosts, in addition to its natural host. The best hosts 
among the species which our tick model is able to parasitize must 
be selected for the colony maintenance and for the immunization 
and challenge trials. General laboratory setup, tick feeding  protocols 

1.1   Establishment 
of an Experimental 
Model to Test New 
Antigens against Ticks
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and environmental requirements necessary for the  establishment 
and maintenance of a colony of ticks under  controlled laboratory 
conditions are described here, based on long-term  colony 
 maintenance and production of a reliable supply of ticks, under 
 standardized conditions, suitable for challenge studies.  

   As mentioned above, after identifi cation of a candidate antigen for 
production of an anti-tick vaccine by any of the methods available to 
us ( reverse vaccinology  , screening of different kind of libraries, in 
silico studies, review of reported important molecules in the tick sur-
vival, and others), it is necessary to produce enough antigen to obtain 
the scientifi c proof of concept. In this connection, biotechnology 
methods can be used to express the antigen in bacteria, yeast, plants, 
 insect cells   or mammalian cells depending of the immunogen’s nature 
or the chemical synthesis can be also used if suitable. 

 After the experimental model to test new antigens is estab-
lished, the selected mammalian host must be immunized with the 
antigen. In order to guarantee a good  immune response  , it is 
important to fi nd ways in which the antigens  are  well presented to 
the host immune system. Given the nature of the antigenic  protein, 
carrier proteins and  adjuvants   are part of the solution to enhance 
the  immunogenicity   of the vaccines; however, the antigen  geometry 
may be the key to a successful vaccine. The  formulation  , routes of 
administration, and the immunization schedule can also play an 
essential role [ 39 ]. The inclusion of mineral oil in the vaccine prep-
aration is one way to achieve slow release of antigen [ 40 ]. The 
antigen selection, the nature of the adjuvant used, the  formulation  , 
and the mode of administration employed that effects the  immune 
response  , the quantity and quality of the antibodies generated that 
has an effect against the ectoparasites are stated in this chapter. A 
method to perform a challenge trial to test the vaccine effi cacy is 
also presented. The data that should be recorded, how to analyze 
the data, and the methodology to calculate the vaccine effi cacy are 
also discussed in this chapter.    

2    Materials 

         1.    Stereoscope  and   optical microscope.   
   2.    Digital camera coupled to the stereoscopes and microscopes.   
   3.    Analytical balance.   
   4.    Reverse Transcription System (Promega, USA).   
   5.    System GoTaq ®  Green Master Mix (Promega, USA).   
   6.    Minicycler™ thermal cycler to develop PCR.   
   7.    QIAquick Gel Extraction kit (250) (Qiagen, Germany).   
   8.    pGEM-T Easy Vector (Promega, USA).   
   9.    Sequencing services.   

1.2  Trials to Test 
New Antigens 
against Ticks

2.1   Establishment 
of an Experimental 
Model to Assay New 
Antigens against Ticks

2.1.1  Taxonomic 
Classifi cation 
and Characterization 
of Tick Specimens 
for the Establishment 
and Maintenance of a Tick 
Colony
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   10.    BLASTn [ 41 ] for sequence identity analysis.   
   11.     ClustalW   program [ 42 ] for sequence alignments.   
   12.    MEGA version [ 43 ] for phylogenetic and molecular evolution-

ary analyses.      

        1.    Craft feeding chambers (Screw-tops of recycled culture media 
bottles, circles of cloth and rubber, 15 cm in diameter) (Fig.  1 ).

       2.    Bonding cement (Supergen, Spain).   
   3.    Clippers.   
   4.    70 % ethanol.   
   5.    Elizabethan collars.   
   6.    Animal hosts and animal house.      

        1.    Glass fl asks with mesh tops.   
   2.    Syringes.   
   3.    Disposable petri dish.   
   4.    Double sided tape.   

2.1.2  Parasitic 
Tick Stages

2.1.3  Non-parasitic 
Tick Stages

  Fig. 1    Craft feeding chambers used to feed all parasitic stages of  ticks   in the colony. ( a ) Recycled culture media 
bottles (Oxoid); ( b ) Screw-tops of recycled culture media bottles; ( c ) Holes in the caps to promote oxygenation; 
( d ) Cloth and rubber circles used to construct the chambers; ( e ,  f ) Chamber appearance after assembly of all 
components using bonding cement; ( g ) Feeding chambers glued to the shaved host skin with bonding cement       
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   5.    Incubator with control of temperature, humidity, and photo-
period or incubator with control of temperature and  desiccators 
with a solution of 5 % KCl inside.   

   6.    Stereoscope (Kyowa Optical, Model SDZ-8).   
   7.    Analytical balance (Kern ABT).   
   8.    PBS 1× (135 mM NaCl, 8 mM Na 2 HPO 4 , 3 mM KCl, 1.5 mM 

KH 2 PO 4 , pH 7.2).   
   9.    Filter paper (Whatman 3 MM).        

       1.    Animal hosts, cages, and animal house.   
   2.    Specifi c diet for animal hosts.   
   3.    Purifi ed antigen and all components in the  formulation  .   
   4.    Polytron (UltraTurrax T25, IKA).   
   5.    Syringes.   
   6.    Microfuge.   
   7.    Micropipettes.   
   8.    Polysorp  ELISA   plates (Nunc).   
   9.    PBS 1× (NaCl 8 g/L, Na 2 HPO 4  1.15 g/L, KCL 0.2 g/L, 

KH 2 PO 4  0.2 g/L, pH 7–7.2).   
   10.    Tween 20.   
   11.    Nonfat milk.   
   12.    Anti-host IgG conjugated to horseradish peroxidase.   
   13.    Substrate solution ( o -phenylenediamine 0.4 mg/mL in 0.1 M 

citric acid and 0.2 M Na 2 HPO 4 , pH 5.0 and 0.015 % hydrogen 
peroxide).   

   14.    H 2 SO 4 .   
   15.    Multiscan to read  ELISA   plates.   
   16.    All materials described in the Subheadings  2.1.2  and  2.1.3 .       

3    Methods 

       1.    Select the appropriate experimental model: tick and host spe-
cies ( see   Note 1 ).   

   2.    Isolation of ticks from the fi eld ( see   Note 2 ).   
   3.    Perform taxonomic classifi cation of tick specimens: morpho-

logic and molecular characterization ( see   Note 3 ).   
   4.    Characterize the tick life cycle under the established laboratory 

conditions ( see   Note 4 ).      

       1.    Select the antigen ( see   Note 5 ).   
   2.    Produce the antigen in a desired method ( see   Note 6 ).   

2.2  Immunization 
and Challenge 
Experiment

3.1  Establishment 
of an Experimental 
Model to Assay New 
Antigens against    Ticks

3.2  Immunization 
and Challenge 
Experiment
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   3.    Prepare the immunogens ( see   Note 7 ).   
   4.    Select the mammalian host for the assay ( see   Note 8 ).   
   5.    Establish the immunization schedule ( see   Note 9 ).   
   6.    Characterize the antibody response ( see   Note 10 ).   
   7.    Challenge with  ticks   ( see   Note 11 ).   
   8.    Record relevant data and perform  data analysis   ( see   Note 12 ).   
   9.    Calculate overall effi cacy ( see   Note 13 ).       

4    Notes 

     1.    There are about 907 known species of  ticks  , which are grouped 
in three families: Argasidae (“soft ticks”),  Ixodidae   (“hard 
ticks”), and Nuttalliellidae [ 44 ]. The Ixodidae family is in turn 
divided into Prostriata which is represented by a single genus 
 Ixodes  and Metastriata which includes the remaining 13 gen-
era. There are 650 species of ticks in this family who constitute 
approximately 80 % of  ticks   described [ 45 ]. If the tick species 
selected is a three-host tick, it complicates the system, but in 
general these ticks parasitize a wide range of mammalian hosts 
in addition to their natural host. If the tick species selected is a 
one-host tick, the model is easier but in general these ticks 
parasitize species as  sheep  , cattle, or horses which have a high 
economic cost. It is also important to consider the fi nal desti-
nation of the anti-tick vaccine; the selected tick species should 
be as close as possible to the species of interest. The mamma-
lian hosts for the colony maintenance and for the immuniza-
tion and challenge trials must be selected among the species 
which our tick model is able to parasitize.   

   2.    The selected tick species must be isolated near the habitat of its 
natural host.   

   3.    Morphological and morphometric characterizations of collected 
specimens must be performed by observation under a stereo-
scope or an optical microscope [ 46 ]. The specimens used for 
identifi cation are placed at −20 °C for 15 min before being 
 photographed to prevent movement. Currently, traditional 
 morphological characterization of the genera and species of  ticks 
  is accompanied by molecular methods, which are important tools 
in the classifi cation of mites and ticks [ 47 ,  48 ]. DNA fragments 
corresponding to the 18S rRNA, 16S and 12S ribosomal and 
mitochondrial genes are frequently used for classifi cation. Total 
RNA or genomic DNA from  ticks are   extracted and in the case 
of RNA, complementary DNA is obtained with random primers 
using a Reverse Transcription System according to the manufac-
turer’s instructions. Specifi c primers must be designed for 
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 conventional PCR. PCR conditions include an initial  denaturation 
step at 95 °C followed by 35 cycles of denaturation, annealing 
and extension. The temperature of annealing must be at least 
four grades under the melting  temperature of the designed prim-
ers. The amplifi ed DNA  fragments are also sequenced. Sequence 
identity analyses,  alignment of these sequences and phylogenetic 
and molecular evolutionary analyses should be performed. For 
each gene, homologous sequences from other tick genera must 
be used as outgroups in the phylogenetic analysis.   

   4.    Knowledge of the life cycle of  ticks   under controlled  laboratory 
conditions and the survival under starvation are very impor-
tant in the management of a tick colony. The temperature and 
humidity conditions and the host type have been shown to be 
key factors in the developmental cycle  of   ticks [ 49 – 52 ]. The 
conditions for non-parasitic and parasitic tick stages must be 
established. Parasitic stages of ticks are fed inside craft feeding 
chambers glued to shaved fl anks of mammalian host with 
bonding cement. The feeding chambers are constructed using 
circles of cloth and rubber, 15 cm in diameter, and screw-tops 
of recycled culture media bottles. Holes are opened in the caps 
to promote oxygenation (Fig.  1 ). The chambers are glued to 
the host’s skin after shaving with clippers. The shaved area is 
washed with 70 % ethanol to remove the cut hairs and  sebaceous 
secretions that might interfere with the bonding. Twenty-four 
hours after placing the chambers,  ticks   to be fed are placed into 
them. From this moment, hosts are kept under daily  observation 
to harvest the fed ticks. Elizabethan collars are used during 
infestation periods to prevent chamber removal. Individual 
boxes or cages are used during infestation periods. Animals 
must be handled according to international guidelines for 
experimentation with animals [ 53 ]. The non-parasitic stages 
are kept in glass fl asks with mesh tops, in an incubator with 
defi ned photoperiod, temperature and relative humidity. 
Relevant characteristics of the life cycle of the tick colony are 
recorded. The pre-feeding and feeding periods and the 
 mortality in the feeding period are determined. The pre- 
feeding periods is the time elapsed from when the  ticks   were 
released into the chambers until they attached to the host’s 
skin. The feeding period is the time elapsed from when the 
 ticks   were released into the chambers until the engorged ticks 
drop off naturally. This latter period includes the pre-feeding 
period. When the tick species is a three-host tick, fed larvae or 
fed nymphs are kept separately in glass fl asks in the incubator 
under the selected conditions and are observed daily to 
 determine the molting period to the next stage and the 
 mortality in this period. Dropped-off, engorged females are 
collected, washed in PBS 1×, and dried on fi lter paper (Whatman 
3 MM). They are identifi ed and weighed individually. Each 
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engorged female is stuck dorsal side down, on double-sided 
tape in a disposable petri dish [ 54 ] (Fig.  2 ) and maintained in 
the incubator during oviposition. The pre- oviposition and ovi-
position periods are recorded. The pre- oviposition period is 
the elapsed time between the engorged female detaching and 
the oviposition starting. The oviposition period is the elapsed 
time from when the fi rst egg appears until eggs ceased to 
emerge from the genital opening. The egg mass laid by each 
female is weighed. The conversion effi ciency index (CEI) is 
calculated as the percentage of the female’s weight converted 
into eggs, according to Bennett [ 55 ]. Pearson’s correlation 
coeffi cients ( r ) between female weight and pre- oviposition 
period, oviposition period, the CEI, and the egg weight are 
calculated using Prism statistical software (GraphPad Software, 
San Diego, California, USA). The incubation period of eggs 
and the percentage of hatched larvae are determined. Each egg 
mass is incubated separately in glass vials under the incubator 
conditions. When the hatching is  completed, the larvae are 
counted. The hatching percentage is calculated as the number 
of larvae/number of eggs × 100 where the number of eggs was 
calculated as egg mass weight/weight of one egg, which is 
determined previously. For this, the number of eggs in more 
than 100 egg masses, previously weighed, is counted under the 

  Fig. 2    Engorged females stuck with dorsal side down on double sided tape of a disposable petri dish, to pre-
vent movement, and also prevent obstruction of the egg exiting from the genital opening. Females are main-
tained in the incubator during oviposition       
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stereoscope. The weight of one egg is determined by dividing 
the weight of each egg mass by the corresponding number of 
eggs. The average among all determinations is taken as the 
weight of one egg. From this point, the egg number laid by an 
engorged female is determined by dividing the egg mass weight 
by this one-egg weight.

       5.    As discussed above the antigen can be “exposed” or “con-
cealed”. Recent data on antigenic proteins demonstrated that 
the house keeping-like proteins are immunogenic, and thus 
could be considered for anti-tick vaccine antigens [ 56 ]. Given 
that housekeeping proteins tend to be highly conserved across 
taxa, the development of a vaccine candidate against  ticks 
  based on this class of proteins must avoid phenomena of toler-
ance or autoimmunity in the host. One strategy for avoiding 
these phenomena can be the selection of peptides of the amino 
acid sequence of these conserved proteins with the lowest 
identity of sequence to the corresponding region in the mam-
malian protein.   

   6.    The antigens can be produced by either recombinant DNA 
technology or by the use of peptide chemistry.   

   7.    In general, the peptide-based vaccines contain B  epitopes   
against which the antibody response is desired and the recog-
nition site of the T cells is provided by a carrier protein to which 
peptides are covalently coupled. The selection of the carrier 
protein is important to achieve the functionality of the conju-
gate since it must be a highly immunogenic protein. Among 
the most commonly proteins used are bovine serum albumin 
(BSA) [ 57 ], ovalbumin [ 58 ], and keyhole limpet hemocyanin 
(KLH) [ 59 – 61 ] due to their numerous  epitopes  , their high 
molecular mass and their proven effi ciencies in  different vaccine 
preparations. Immune system molecules of the host itself can be 
incorporated to selected antigens, as  adjuvants   of the  immune 
response   or chimeric  fusion proteins   can be designed to enhance 
the immune response. The immunogens can be prepared with 
 Montanide   (in an aqueous  formulation   or water-in-oil  emulsion), 
mineral oil, or aluminum hydroxide gel. The  selection of adju-
vants depends on the  target species.   

   8.    Wherever possible, the selected mammalian hosts must be one 
that can be obtained from commercial suppliers of laboratory 
animals with a stable phenotype, which allows for increasing 
the sample size, and must have a size that supports simultane-
ous infestation with different tick stages and should be cheaper 
than species such as  sheep  , cattle, or horses.   

   9.    The immunization schedule will depend on the kind of  antigen. 
If the antigen is “exposed,” the immunization schedule will 
not require the repeated immunizations. If the antigen is “con-
cealed,” several immunizations are needed, but it is important 
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performing the minimal immunizations to achieve the desired 
biological effect with the minimum cost.   

   10.    The IgG antibody response against the immunogens can be 
evaluated by indirect  ELISA  . Animal serum samples must be 
taken on days prior to the immunizations and after challenge. 
One hundred nanograms per well of purifi ed antigen in 100 μL 
of 1× coating is used to coat polysorp ELISA plates overnight 
at 4 °C. The plates are washed three times with an excess vol-
ume of PBS 1× plus 0.05 % of Tween 20, then blocked for at 
least 1 h at 37 °C with agitation using 200 μL per well of 2 % 
nonfat milk in PBS 1×. Sera are serially diluted in base 1:2 in 
PBS 1×. The plates are incubated with 50 μL of the sera serial 
dilutions for 1 h at 37 °C, with agitation and after washes as 
above, incubated with 1:10,000 anti-host IgG conjugated to 
horseradish peroxidase for 1 h at 37 °C. The plates are washed 
again and the color reaction is developed with the substrate 
solution. The reaction is stopped with 2.5 M H 2 SO 4  and the 
OD490 nm is determined. The antibody titer is established as 
the reciprocal of the highest dilution, at which the mean OD 
of the serum in question is three times the mean OD of the 
negative control serum. The antibody titer mean is determined 
from individual values in each group.   

   11.    When the model tick species is a one-host tick, each mamma-
lian host is infested with approximately 3000 larvae of  ticks  . 
Ticks are released inside three feeding chambers (1000 larvae 
in each chamber in a staggered manner). If the tick species is a 
three-host tick, each mammalian host is infested with larvae 
from 20 mg of eggs, 100 nymphs and 40 adults (20 males and 
20 females) ticks. Ticks are released inside feeding chambers 
(each stage in an independent chamber).   

   12.    When the model tick species is a one-host tick, the collection, 
counting, and weighing of engorged females is performed. 
Females are immobilized as described previously in  Note 4 . 
The average time from the infestation of larvae to the detach-
ment of the engorged females is determined in each experimen-
tal group and the mean yield of females by group is calculated 
in percentage as the number of females recovered in each  animal 
compared to the number of infested larvae. This value repre-
sents the mortality in the feeding period. Female viability after 
feeding is calculated as the ratio between the average of females 
capable to lay eggs and the average of females recovered after 
tick feeding in each experimental group. The engorged female’s 
weight, the egg mass’ weight, and their hatching rate are also 
recorded. The effi ciency of conversion to eggs is calculated as 
the female weight percentage converted to eggs [ 55 ]. When 
the tick species is a three- host tick, in addition to the same 
parameters studied for the one-host  ticks  , the average of the 
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feeding period, the yield and the molting process for larvae and 
nymphs are also recorded. As for adults, the yield of larvae and 
nymphs represents the mortality during the feeding period. 
After feeding, in both cases, viability in the molting process is 
calculated as the ratio between the number of viable  ticks   in the 
newly molted stage and the number of fed ticks recovered from 
animals in the previous stage. All data from the experimental 
groups are compared by suitable statistical method using 
GraphPad Prism (GraphPad Software, USA). Proportion data 
are transformed to the arcsine of its square root prior to the 
statistical analysis.   

   13.    Taking into account the basic concepts established to calculate 
anti-tick vaccine effi cacy in one-host tick [ 22 ,  33 ,  62 – 64 ], a 
universal method must be established to calculate the overall 
effi cacy ( E ) of a studied antigen. This will standardize the 
results and comparisons between effi cacies determined by dif-
ferent laboratories with different antigens. Then,  E  must be 
defi ned in percentage including all effects that must be mea-
sured on each tick stage depending on the life cycle of the 
selected model tick. Thus: 
  E  (%) = 100 × [1 − (RL × VL × RN × VN × RA × PA × VA × OA × F
E)] where, 
  RL  is the effect of the immunogen on the yield of larvae. It is 
calculated as the ratio between the average of larvae recovered 
from the group vaccinated with antigen (rlv) and the average 
of larvae recovered from the control group (rlc). RL = (rlv/
rlc). This value represents the mortality during the feeding 
period. 
  VL  is the effect of the immunogen on larval viability in the 
molting process. It is calculated as the ratio between the 
 average of viable nymphs newly molted from fed larvae (vlv) 
and the average of fed larvae recovered (rlv) from animals 
 vaccinated with antigen divided by the same ratio in the  control 
group (vlc/rlc). VL = (vlv/vlc) × (rlc/rlv). 
  RN  is the effect of the immunogen on the yield of nymphs. It 
is calculated as the ratio between the average of nymphs 
 recovered from the animals vaccinated with antigen (rnv) and 
the average of nymphs recovered from the control group (rnc). 
RN = (rnv/rnc). This value represents the mortality during the 
feeding period. 
  VN  is the effect of the immunogen on the nymphs’ viability in 
the molting process. It is calculated as the ratio between the 
average of viable adults newly molted from fed nymphs (vnv) 
and the average of fed nymphs recovered (rnv) from animals 
vaccinated with antigen divided by the same ratio in the  control 
group (vnc/rnc). VN = (vnv/vnc) × (rnc/rnv). 
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  RA  is the effect of the immunogen on the yield of females. It 
is calculated as the ratio between the average of females recov-
ered from the group vaccinated with antigen (rav) and the 
average of females recovered from the control group (rac). 
RA = (rav/rac). This value represents the mortality during the 
feeding period. 
  PA  is the effect of the immunogen on the females’ weight. It is 
calculated as the ratio between the average of the females’ 
weight recovered from the group vaccinated with antigen 
(ewv) and the average of the females’ weight recovered from 
the control group (ewc). OA = (ewv/ewc). 
  VA  is the effect of the immunogen on the females’ viability 
during the oviposition period. It is calculated as the ratio 
between the number of females able to lay eggs (vav) and the 
number of engorged females recovered from the group vacci-
nated with antigen (rav) compared to the same ratio in the 
control group (vac/rac). VA = (vav/rav) × (rac/vac). 
  OA  is the effect of the immunogen on the females’ oviposi-
tion. It is calculated as the ratio between the average weight of 
the egg masses of engorged females recovered from the group 
vaccinated with antigen (ewv) and the average weight of the 
egg masses laid by engorged females recovered from the 
 control group (ewc). OA = (ewv/ewc). 
  FE  is the effect of the immunogen on the eggs fertility. It is 
calculated as the ratio between the average of larvae obtained 
(hlv) and the average of eggs laid by  ticks   fed on animals 
 vaccinated with the antigen (elv) divided by the same  parameters 
for the control. FE = (hlv/elv) × (elc/hlc). 
 In case the model is one-host tick, all parameters referred to 
the effects on larvae and nymphs are eliminated from the 
 formula because these effects are included in the effects of the 
immunogen that are observed on the yield of females. That is 
because in this case, all tick parasitic stages were fed on the 
same vaccinated host and the observed effect on the females is 
the cumulative effect on each stage. 
 As described above in this Note, the effi ciency of conversion to 
eggs is calculated as the female weight percentage converted to 
eggs. As previously described, in normal conditions, the weight 
of engorged females and amount of eggs which females 
 produce is correlated and each female is able to convert half of 
her body weight in eggs [ 65 ,  66 ]. When this parameter does 
not give statistically signifi cant differences between the experi-
mental group vaccinated with the antigen and the control 
group vaccinated with placebo, it means that the egg conver-
sion ratio is similar for both groups (no infl uence from the 
vaccine). In this case only one of the parameters, PA or OA 
should be included in the formula. 
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 When the studied parameter does not give signifi cant differ-
ences between the experimental group vaccinated with the anti-
gen and the control group vaccinated with placebo, the term 
related to this parameter is 1 and it does not affect the overall 
effi cacy.          
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    Chapter 18   

 Host Immunization with Recombinant Proteins to Screen 
Antigens for Tick Control                     

     Remil     Linggatong     Galay    ,     Takeshi     Miyata    ,     Rika     Umemiya-Shirafuji    , 
    Masami     Mochizuki    ,     Kozo     Fujisaki    , and     Tetsuya     Tanaka      

1        Introduction 

  Ticks are the  primary   vectors of many  pathogens   in animals and are 
considered second to mosquitoes in transmitting diseases to 
humans [ 1 ,  2 ]. Babesiosis, rickettsiosis, and  tick-borne encephalitis   
are among the common tick-borne diseases (TBDs) that continue 
to affect both humans and animals worldwide [ 3 ]. Tick control is 
obviously an integral part of controlling these TBDs, and until 
now relies heavily on the application of chemical acaricides, 
 particularly in livestock production. However, the continuous 
development of resistance of many tick species, as well as active 
concerns on chemical contamination of animal products and the 
environment, make this control method less desirable. Therefore, 
alternative methods for tick control are necessary. 

 Vaccination against  ticks   and TBDs has long been considered 
to be a better alternative to chemical acaricides [ 4 ]. Using recom-
binant proteins to immunize the host, antibodies will target 
 particular antigens in the ticks, thus offering a health and environ-
ment risk-free control method and a low tendency for resistance 
development in ticks [ 5 ]. For 20 years already, the fi rst and until 
recently remains to be the only commercially available  anti-tick 
vaccine   utilizes the midgut protein Bm86 from the hard tick 
  Rhiphicephalus  ( Boophilus )  microplus    [ 6 ]; however, this vaccine is 
ineffective against other tick species and its effectiveness against  R. 
microplus  also varies with strain [ 7 ]. A universal anti-tick vaccine 
that renders protection against multiple tick species is still lacking, 
and therefore many studies on  ticks   are aimed at identifying 
 potential tick antigens. A review by Nuttall et al. [ 5 ] compared the 
two main types of tick antigens: exposed and concealed antigens. 
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Up to date, there are numerous candidate antigens with the poten-
tial of protecting the host from multiple tick species [ 7 ] and more 
are being identifi ed using genomic and proteomic approaches [ 8 , 
 9 ]. Among the promising candidate antigens is subolesin, shown 
to be effective not only against ticks, but to other  arthropod    vectors 
as well [ 10 ], and also in reducing the infection rate of two TBDs 
[ 11 ]. Vaccination against the secretory ferritin 2 of four hard tick 
species also showed signifi cant results [ 12 ,  13 ]. 

 This chapter describes the procedures on immunizing a labora-
tory animal, the rabbit, with a recombinant tick protein for the 
preliminary evaluation of its potential as a candidate anti-tick 
 vaccine. In our laboratory, we are using an   Escherichia coli   -based 
expression system, the most widely used system for the synthesis of 
recombinant proteins [ 14 ] and will be described here in detail; 
however, other expression systems may be employed [ 15 ]. It is 
recommended that the readers refer also to the manual of the 
 particular expression system that they will utilize to ensure high 
yield of good quality recombinant proteins. The measurement of 
host antibody levels through enzyme-linked immunosorbent assay 
( ELISA  ), and the subsequent tick infestation challenge for deter-
mining the effectiveness of vaccination will also be described.  

2    Materials 

 All media and buffers should be prepared using high-purity  distilled 
water. In some cases, sterilized high-purity distilled water (i.e., auto-
claved at 121 °C for 15 min) is used. Use clean and sterilized bottles 
or tubes. All buffers should be stored at 4 °C unless specifi ed. 

       1.    Luria–Bertani (LB) broth: Dissolve 25 g of LB powder (Difco; 
Becton and Dickinson Company, Sparks, MD, USA) for every 
1 L water ( see   Note 1 ). Autoclave at 121 °C for 15 min, and 
then cool at room temperature before storage or use ( see   Note 
2 ). Add ampicillin at 50 μg/ml concentration ( see   Note 3 ).   

   2.     E.    coli    stock expressing recombinant protein: Transformed 
competent BL21 (DE3)  E. coli  cells, containing the plasmid 
(e.g., pRSET B; Invitrogen, Carlsbad, CA, USA) inserted with 
the gene encoding the target protein, are placed in a cryotube 
with 1 ml equal volume of 30 % glycerol and LB broth with 
ampicillin. This should be stored at −80 °C.   

   3.    1 M isopropyl β- d -thiogalactopyranoside (IPTG): Prepare 
1 ml aliquots ( see   Note 4 ) and store at −20 °C until use.   

   4.    Phosphate buffered saline (PBS; 10×): 1.37 M NaCl, 100 mM 
Na 2 HPO 4 , 27 mM KCl, 18 mM KH 2 PO 4 . Autoclave at 121 °C 
for 15 min and then store at room temperature.   

   5.    Urea Solution: 6 M urea, 20 mM Tris–HCl, 500 mM NaCl.      

2.1  For Recombinant 
Protein Synthesis

Remil Linggatong Galay et al.
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       1.    Nickel sepharose column for Histidine (His)-binding: HisTrap 
FF (GE Healthcare, Uppsala, Sweden) 1 ml. Store at 4 °C ( see  
 Note 5 ).   

   2.    Binding buffer: 20 mM Tris–HCl (pH 8.0), 0.5 NaCl, 6 M 
Urea. This solution should be fi ltered using a 0.45 μm syringe 
fi lter before use ( see   Note 6 ).   

   3.    Elution buffer: 20 mM Tris–HCl (pH 8.0), 0.5 NaCl, 6 M 
Urea, 500 mM imidazole. Similar to binding buffer, this 
should be fi ltered before use ( see   Note 6 ).   

   4.    BioLogic DuoFlow chromatography system (Bio-Rad, 
Hercules, CA, USA).   

   5.    0.5 M Arginine in PBS: Dissolve arginine in 1× PBS from the 
stock solution described above.      

       1.    Rabbits: female, at least 2 months old and weighing around 
2 kg. These should not have been infested before with  ticks   or 
used in any other experiments.   

   2.    Freund’s incomplete  adjuvant   (Sigma-Aldrich, St. Louis, MO, 
USA): store at 4 °C until use.   

   3.    2 ml glass syringes and micro-emulsifying needle (Sigma- 
Aldrich): sterilized by autoclaving at 121 °C for 15 min.   

   4.    21–23 G hypodermic needles: single use, disposable.      

        1.    For  blood   collection: 23–25 G hypodermic needle and 3–5 ml 
disposable syringe.   

   2.    Rabbit serum as a primary antibody: after collecting blood, let 
it stand at room temperature for at least 30 min. Centrifuge at 
22,140 ×  g  at 4 °C for 10 min. Transfer the serum in a new 
tube and store at −20 °C until use ( see   Note 7 ).   

   3.    ELISA plate (F96 Maxisorp, Nunc, Roskide, Denmark).   
   4.    Recombinant protein: stored at −20 °C and thawed prior to 

use.   
   5.    Carbonate buffer: 35 mM NaHCO 3 , 15 mM Na 2 CO 3 , pH 9.6. 

Store at 4 °C.   
   6.    1× PBS with 0.05 % Tween 20 (PBS-T).   
   7.    Blocking solution: 3 % skimmed milk dissolved in PBS-T.   
   8.    Horseradish peroxidase (HRP)-conjugated anti-rabbit immu-

noglobulins: as a secondary antibody. Store at 4 °C.   
   9.    TMB One Component HRP Microwell substrate (Surmodics 

Inc., Eden Prairie, MN, USA): Store at 4 °C.   
   10.    0.6 N H 2 SO 4 : Store at room temperature.   
   11.    1 N HCl: Store at room temperature.   
   12.    Microplate reader (Bio-Rad) with  550 nm fi lter.      

2.2  Recombinant 
Protein Purifi cation 
and Refolding

2.3  Rabbit 
Immunization

2.4   Measurement 
of Antibody Titer 
through ELISA

Anti-tick Vaccination
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       1.    Ear bags: Cloth sewn for covering the ears of the rabbit.   
   2.     Ticks  : any stage, starved for 3 months preferably.   
   3.    Containers for storing  engorged   ticks.       

3    Methods 

       1.    Prepare a pre-culture by inoculating  E.    coli    stock in 10 ml LB 
broth with ampicillin. Incubate at 37 °C with shaking at 144 rpm 
overnight or until the absorbance at OD 600  is around 1–2.   

   2.    Add all the pre-culture to 500 ml LB broth with ampicillin and 
incubate at 37 °C with shaking at 170 rpm until OD 600  = 0.5.   

   3.    Add IPTG at a fi nal concentration of 1 mM and incubate 
 further at 37 °C with shaking at 110 rpm for 4 h or overnight 
( see   Note 8 ).   

   4.    Collect the cells by centrifugation at 3350 ×  g  for 30 min at 
4 °C. Remove the supernatant (medium) and resuspend the 
cells in 5 ml diluted (1×) PBS ( see   Note 9 ).   

   5.    Transfer the cell suspension in a 50 ml tube and place on ice.   
   6.    Set the hand ultrasonicator as follows: amplitude—30, 

timer—1 min, pulse—1. Sonicate the cell suspension thrice 
while on ice ( see   Note 10 ).   

   7.    Centrifuge at 3350 ×  g  for 5 min at 4 °C. Repeat sonication as 
described above and centrifuge again.   

   8.    After another round of sonication, centrifuge at 3350 ×  g  for 
30 min at 4 °C.   

   9.    Transfer the supernatant to a new tube. This is the PBS soluble 
fraction. Resuspend the pellet in 10 ml sterilized high- purity 
distilled water.   

   10.    Sonicate and centrifuge as in  steps 7 – 9 .   
   11.    After the third centrifugation, transfer the supernatant into a 

new tube. This is the water soluble fraction ( see   Note 11 ). Add 
10 ml of 6 M urea solution to the pellet without disturbing it.   

   12.    Place the tube containing the pellet and urea solution in an 
automatic rotator overnight at 4 °C and set it in a very low 
speed. The pellet should be completely dissolved.   

   13.    Centrifuge at 3350 ×  g  for 30 min at 4 °C the following day.   
   14.    Obtain the supernatant and transfer into a new tube. This is 

the urea soluble fraction. Resuspend the remaining pellet 
(insoluble fraction) in 10 ml urea ( see   Note 11 ).      

       1.    After confi rming the presence of protein through sodium 
dodecyl sulfate polyacrylamide gel electrophoresis ( SDS- 
PAGE  ), fi lter the urea soluble fraction using a 0.45 μm syringe 
fi lter.   

2.5  Tick Infestation 
Challenge

3.1  Large-Scale 
Recombinant Protein 
Synthesis 
and Extraction

3.2  Purifi cation 
and Refolding 
of Recombinant 
Protein

Remil Linggatong Galay et al.
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   2.    Clean the tubes of BioLogic DuoFlow chromatography 
machine with high-purity distilled water, and then put one 
tube to binding buffer and another to elution buffer.   

   3.    Wash the tubes with the respective buffer by running the 
machine for 5 min each buffer.   

   4.    Attach the HisTrap FF column to the machine ( see   Note 12 ). 
Wash the column with elution buffer fi rst for 5 min, followed 
by binding buffer for 5 min, and lastly high-purity distilled 
water for 10 min.   

   5.    Prepare a running protocol. Below is a sample protocol ( see  
 Note 13 ): 

 Buffer  Running volume (ml) 

 Binding buffer  5 

 Urea soluble fraction (sample)  10 

 Binding buffer  15 

 Elution buffer  15 

 Binding buffer  10 

       6.    Program the machine to collect fractions at the volume of 1 ml 
per tube at the same time of running the elution buffer.   

   7.    Run the programmed protocol ( see   Note 14 ). After run, wash 
the column with 5 ml of the following in order: elution buffer, 
high-purity water, 1 M NaOH (fl ow rate 0.4 ml/min), high- 
purity distilled water, binding buffer, 20 % ethanol.   

   8.    Check for the recombinant protein content of the fractions 
 through   SDS-PAGE.   

   9.    Pool the fractions with the recombinant protein in a dialysis 
bag ( see   Note 15 ).   

   10.    Place the dialysis bag in a beaker with magnetic stirrer contain-
ing 1 L of 0.5 M Arginine in 1× PBS solution. Place the dialysis 
setup at 4 °C. Set the speed of the stirrer to the lowest setting 
and keep it overnight.   

   11.    The next day, transfer the dialysis bag in another beaker con-
taining 1 L PBS only and keep in a similar condition as above 
overnight.   

   12.    Recover the contents of the dialysis bag and centrifuge at 
3350 ×  g  for 30 min at 4 °C.   

   13.    Obtain the supernatant. If there are pellets at the bottom of 
the tube, as in the case of insoluble proteins, dissolve using 
binding buffer and repeat the whole dialysis process.   

   14.    Check the refolded protein  using   SDS-PAGE. Check also the 
concentration before storing in small aliquots at −20 °C.      

Anti-tick Vaccination
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       1.    Prepare the vaccine: Draw equal amounts of  adjuvant   and 
recombinant protein in two separate glass syringes ( see   Note 
16 ) and connect the syringes with a micro-emulsifying needle 
(Fig.  1 ). To mix manually, alternately push the syringe plunger 
towards the opposite syringe to transfer its contents. Do this 
slowly and repeatedly for at least 10 min to ensure that the 
 vaccine has been mixed thoroughly ( see   Note 17 ). Finally, 
place all the vaccine mixture in one syringe and replace the 
emulsifying needle with a hypodermic needle. For the control 
rabbit, prepare a syringe containing 1 ml of adjuvant only.

       2.    Take the rabbit out of the cage by grasping the loose skin 
around the back of its shoulder by one hand and supporting 
the hind quarters with another hand. If there is an assistant, 
the assistant can restrain the rabbit by holding it in the  shoulder 
area with one hand and applying pressure in the rump area 
with another hand. If the injection will be done only by one 
person, the rabbit can be placed on the fl oor, and its body 
 positioned between the thighs of the person that will do the 
procedure to restrict its movement.   

   3.    To do a subcutaneous injection, lift the skin to make a triangular 
area ( see   Note 18 ). Disinfect the injection site using cotton 
soaked in 70 % ethanol. Insert the needle at the middle of the 
base of triangle made, making sure that the needle does not come 
out of the skin opposite the insertion site. Aspirate fi rst to ensure 
proper placement of the needle, and then slowly inject all the 
vaccine mixture. Rub the injection site to  distribute the vaccine.   

   4.    Repeat the vaccination twice at 2-week interval to increase 
antibody titer.      

3.3  Rabbit 
Immunization

  Fig. 1    Two syringes, one containing recombinant protein and the other containing 
 adjuvant  , connected by a micro-emulsifying needle       
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       1.    To collect blood from the ear of the rabbit, ask an assistant to 
restrain the rabbit or use a restraint box to ensure that the rab-
bit is immobilized. Clip the hairs in the ear for better visualiza-
tion of the veins. Gently tap the vein while grasping the 
proximal part of the ear near the base to act as a tourniquet 
(Fig.  2 ). Disinfect the collection site using cotton soaked in 
70 % ethanol. Insert the needle and once blood is seen at the 
base of the needle, slowly aspirate. Once the desired amount of 
blood has been collected (at least 1 ml), apply pressure using 
dry cotton at the collection site before pulling the needle ( see  
 Note 19 ).

       2.    Prepare the serum as described in the Subheading  2.4 ,  item 2 .   
   3.    To coat  ELISA   plate with recombinant protein, dilute the 

recombinant protein in carbonate buffer in a tube to a concen-
tration of 1 μg/ml. Put 100 μl of the recombinant protein 
solution in each well using a multichannel pipette, so that each 
well will contain 100 ng of recombinant protein. Cover the 
plate and incubate overnight at 4 °C.   

   4.    The next day, discard the recombinant protein solution, and 
then wash the  ELISA   plate with PBS-T, three times. Tap the 
plate in a pile of tissue to remove the remaining wash solution 
after the third wash.   

   5.    Place 150 μl of blocking solution per well, cover the plate, and 
then incubate at 37 °C for 1 h.   

   6.    Remove the blocking buffer, and then wash the plate with 
PBS-T once.   

3.4  Blood Collection 
and Measurement 
of Antibody Titer

  Fig. 2    Blood may be collected from the marginal ear veins. Restrain the rabbit properly and clip the hairs to 
easily visualize the veins. Hold the proximal part of the ear to act as a tourniquet.  Arrow  points to our recom-
mended site of needle insertion       
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   7.    Incubate the plate with the primary antibody diluted serially 
( see   Note 20 ) by placing 100 μl of blocking solution in all 
wells fi rst, and then adding the serum in the leftmost column, 
mixing several times using the pipette. Next, transfer a cer-
tain amount of the diluted antibody solution to the next well 
on its right, mixing several times before and after transferring 
( see   Note 21 ). Proceed with the serial dilution until the last 
column has been reached. A row containing only blocking 
solution to serve as “blank” should be also prepared. Cover 
the plate and incubate at 37 °C for 1 h.   

   8.    Remove the primary antibody solution, and then wash with 
PBS-T at least six times. Tap the plate in a pile of tissue to 
remove the remaining wash solution after the last wash.   

   9.    Place 100 μl of diluted HRP-conjugated secondary antibody 
in blocking solution (1:2000 dilution) per well. Incubate the 
plate at 37 °C for 1 h.   

   10.    Remove the second antibody solution, and then wash as in 
 step 8 .   

   11.    Place 100 μl of TMB HRP Microwell substrate per well ( see  
 Note 22 ). Cover the plate with aluminum foil, and then incu-
bate at 37 °C for 30 min.   

   12.    Retrieve the  ELISA   plate from the incubator and stop the 
 reaction by adding 100 μl of freshly prepared acid solution, 
consisting of equal volumes of 0.6 N H 2 SO 4  and 1 N HCl per 
well.   

   13.    Read absorbance in a microplate reader at 450 nm.   
   14.    Check the antibody titer before immunization and a week after 

each vaccination.      

       1.    Shave the ears of the rabbit, from the tip to the base ( see  
 Note 23 ).   

   2.    Using a surgical suture and surgical needle, make two loops at 
the base of each ear: 1 in front and another in the back. 
Disinfect the area fi rst before making the loops. This is where 
the ear bags will be attached.   

   3.    Place small cotton inside each ear to prevent  the   ticks from 
entering the ear canal.   

   4.    Attach the ear bags to the loops and secure further with adhe-
sive bandage. Make sure that the bandage is not too tight to 
avoid impeding blood circulation   

   5.    Distribute the  ticks   in two ears, such that each ear should have 
the same number of ticks (Fig.  3a ).

       6.    Seal the tips of the ear bags with adhesive surgical tape.   
   7.    Place an Elizabethan collar around the neck of the rabbit. 

Make sure that it is not too tight.   

3.5  Tick Infestation 
Challenge
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   8.    Monitor the rabbits and check tick attachment twice a day 
until the  ticks   fully engorge and drop naturally (Fig.  3b ).   

   9.    Count the number of  ticks   that fully engorged and measure 
their individual weight.   

   10.    Place the engorged  ticks   on plastic tubes or vials with cotton 
plug. If using adult ticks, keep the ticks in individual vials. 
Otherwise, larvae and nymphs may be kept in groups of 40–100, 
depending on the size of the container. Place the containers 
with ticks in a glass chamber with a little water underneath for 
humidity and keep at 25 °C.   

   11.    Observe the engorged adults for egg production through sub-
sequent hatch. If using larvae and nymphs, observe the success 
of molting.   

   12.    Calculate the tick parameters to determine vaccination effi cacy 
( see   Note 24 ).       

  Fig. 3    Tick infestation challenge after vaccination. After placing the ear bags, 
equally distribute the  ticks   in each ear ( a ). Monitor the rabbits and tick attach-
ment until the ticks complete feeding ( b )       
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4    Notes 

     1.    If preparing in a beaker with magnetic stirrer, place all the 
water in the beaker and gradually add LB powder while being 
continuously stirred. If preparing in a fl ask, place half of the 
water in the fl ask and gradually add LB powder, shaking the 
fl ask rigorously every time LB is added. When half of medium 
has been dissolved, add more water and gradually dissolve the 
remaining LB powder in the same manner. It is recommended 
that the solution is warmed at 37 °C water bath to ensure the 
complete dissolution of LB powder.   

   2.    A large amount of LB broth (e.g., 2 L) may be prepared in a 
large storage jar and then stored at 4 °C for use in preparing 
small quantity pre-cultures. For the scale-up expression, 
500 ml LB broth should be prepared in a 1 L Erlenmeyer fl ask 
with fi tted culture plug just a day before use. Cover the culture 
plug with aluminum foil before autoclaving.   

   3.    Ampicillin solution may be prepared before hand and stored in 
small aliquots at −20 °C. It should be added to the medium if 
necessary just before use.   

   4.    To prepare 20 ml 1 M IPTG, dissolve 4.77 g IPTG in 15 ml 
water. Place the solution in a graduated cylinder and then add 
water to a fi nal volume of 20 ml. Filter the solution using a 
0.20 μm syringe fi lter upon transferring to 1 ml tubes for 
storage.   

   5.    The pRSET vector system (Invitrogen) that we use to prepare 
recombinant proteins in our laboratory produces poly-His 
 fusion proteins  . Other vector systems may utilize another 
 protein tag, such as arginine and glutathione s-transferase 
(GST) that aids in increasing protein yield and purifi cation 
[ 16 ]. Therefore, the choice of column for recombinant protein 
purifi cation depends on the protein tag.   

   6.    Binding and elution buffers should be immediately placed at 
4 °C after preparation and can be used within a week.   

   7.    It is better to repeat centrifugation to make sure that the 
 clotted blood components are completely removed. Aliquot 
the serum in small quantities to prevent reduction in quality 
due to repeated thawing and freezing.   

   8.    Obtain 1 ml aliquots of the culture prior to addition of IPTG, 
4 h after addition of IPTG, and/or before centrifugation of 
the culture for collecting cells, to check the protein expression 
 using   SDS-PAGE.   

   9.    In our laboratory, we divide the 500 ml culture into 2 capped 
plastic bottles during centrifugation.   

   10.    Sonication may produce heat so make sure that the tube is 
embedded on ice during the whole process. Also, there should 
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be an interval of at least 1 min in between repetitions of sonica-
tion to minimize heat production.   

   11.    The collected supernatants contain proteins that are soluble in 
PBS, water or urea. The pellet remaining after centrifugation 
of the urea suspension contains insoluble cell components. All 
the protein fractions should be stored at 4 °C and the protein 
profi le should be checked  through   SDS-PAGE.   

   12.    The fl ow rate should be reduced to 1 ml/min once the column 
has been attached to prevent damaging it. The column may be 
reused for purifying the same protein after cleaning as described 
in the methods section.   

   13.    The running volume of the buffers should be adjusted based 
on the capacity of the column to be used. We recommend 
 running at least 10 column volumes each of the binding and 
elution buffer after loading the sample. Please refer to the 
instruction manual of the particular column that will be used 
for optimum results.   

   14.    While the machine is taking up the protein sample, it is 
 advisable to collect the fraction coming out from the waste 
outlet as a safeguard from loss of protein.   

   15.    Use a dialyzing membrane with a pore size that allows the 
escape of proteins with molecular weight lower than that of 
your recombinant protein.   

   16.    The amount of the recombinant protein and  adjuvant   depends 
on the desired dose. We usually administer 100 μg of the 
recombinant protein per animal for each injection. So, for 
example, if the concentration of the recombinant protein stock 
is 1 mg/ml, dilute 200 μl of the stock protein with 300 μl of 
sterilized 1× PBS to get 0.5 ml recombinant protein, and then 
mix it with 0.5 ml adjuvant to obtain a fi nal concentration of 
100 μg/ml.   

   17.    Since the resulting vaccine is oil-based, mixing should be done 
just prior to the administration to prevent the separation of 
components.   

   18.    The preferred injection site is around the back of the neck or 
shoulder area since the skin there is loose, but care should be 
taken during injection because it is also easy to penetrate the 
skin opposite the insertion site, especially when using a long 
needle.   

   19.    The common blood collection sites for small quantities of 
blood in rabbits are the marginal ear veins and the central ear 
artery. Other sites include jugular, cephalic, and lateral saphe-
nous veins. We fi nd it easier to collect in the marginal veins 
after wrapping the ears of the rabbit with warm towel for 
1 min, which dilates the veins. We recommend collecting 
blood at the point where the vein bifurcates as pointed by the 
arrow in Fig.  2 .   
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   20.    In performing logarithmic serial dilution of the primary anti-
body in our laboratory, we start with a 50× dilution in the fi rst 
column by mixing 2.5 μl serum with 122.5 μl blocking solu-
tion. We then transfer 25 μl from one well to the next. After 
mixing the solution in the rightmost well or the last well with 
the highest dilution, 25 μl is discarded so that each well con-
tains only 100 μl.   

   21.    We recommend using a multichannel pipette and changing the 
pipette tips after transferring the solution from one well to the 
next. When working on several sera in a single  ELISA   plate, be 
careful not to let the pipette tip touch the sides of the adjacent 
wells intended for a different serum to avoid intermixing that 
may result to contamination.   

   22.    The TMB Microwell substrate should be equilibrated to room 
temperature before using. Bring out the bottle from 4 °C stor-
age and place at the working bench immediately after starting 
the incubation for secondary antibody.   

   23.    If nymphs or larvae will be infested, the hairs should be shaved 
to as thin as possible, especially along the ear margins where 
most of the  ticks   are expected to attach. Thick and long hair 
may interfere with tick attachment.   

   24.    We used the following formulas in calculating the reductions 
in engorged body weight, egg laying and hatch in our previous 
study [ 13 ] using adult  ticks  :

 ●    Reduction of tick engorged weight ( R  W ) = 100 [1 − (BWV/
BWC)], where BWV is the average engorged weight of ticks 
infested on rHlFER vaccinated rabbits and BWC is the aver-
age engorged weight of  ticks   infested on the control rabbits.  

 ●   Reduction of oviposition ( R  O ) = 100 [1 − (EWV/EWC)], 
where EWV is the average weight of the eggs from  ticks 
  infested on rHlFER vaccinated rabbits and EWC is the average 
weight of the eggs from ticks infested on the control rabbits.  

 ●   Reduction on hatching ( R  H ) = 100 [1 − (AHV/AHC)], 
where AHV is the percent of  ticks   with completely hatched 
eggs from the total number of ticks that laid eggs from 
rHlFER vaccinated rabbits and AHC is the percent of ticks 
with completely hatched eggs to the total number of  ticks 
  that laid eggs from the control rabbits.  

 ●   Vaccine effi cacy (E) for each group was calculated as 100 
[1 − ( E  W  ×  E  O  ×  E  H )], where  E  W  = BWV/BWC,  E  O  = EWV/
EWC, and  E  H  = AHV/AHC. 

 ●  Cunha et al. [ 17 ] reviewed the different formulas in several 
anti-tick vaccination studies in cattle used on determining 
 vaccine effi cacy. If using nymphs and larvae, the effects of 
 vaccination may be evaluated by calculating the reductions 
in the number of replete  ticks  , engorged body weight, and 
 number of ticks that successfully molted  [ 18 ].            
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    Chapter 19   

 Vaccinomics Approach to Tick Vaccine Development                     

     Marinela     Contreras    ,     Margarita     Villar    ,     Pilar     Alberdi    , and     José     de la Fuente      

1        Introduction 

   Ticks  are      blood-feeding arthropod ectoparasites that transmit 
 disease causing  pathogens   to humans and animals worldwide [ 1 –
 3 ]. Tick–host–pathogen interactions have evolved trough dynamic 
processes involving genetic traits of hosts, pathogens and  ticks   that 
mediate their development and survival [ 2 – 4 ]. In the early 1990s, 
a cost-effective alternative for cattle tick ( Rhipicephalus microplus  
and  R. annulatus ) control became commercially available with 
BM86-based tick antigen vaccines reducing the use of acaricides 
and the problems associated with them such as selection of 
acaricide- resistant ticks and the contamination of the environment 
and animal products with  pesticide residues [ 5 ]. However, new 
vaccines are needed for effi cient control of vector infestations and 
pathogen infection and transmission [ 6 ]. Vaccinomics is based on 
the integration of “omics”  technologies such as immunogenomics, 
transcriptomics, and proteomics with  systems biology   and  bioin-
formatics   for the development of next-generation vaccines [ 7 ]. As 
described here, the integration of various omics technologies 
towards discovering candidate tick protective antigens is important 
for development of  next-generation tick vaccines. As a model we 
used the deer tick,   Ixodes scapularis   , and the transmitted patho-
genic rickettsia,   Anaplasma phagocytophilum   , the causative agent 
of human, canine, and equine granulocytic anaplasmosis and 
 tick- borne fever of ruminants.  

2    Materials 

 All reagents used for buffer preparations need to be of analytical 
grade. The solutions are prepared with ultrapure water and stored 
at 4 °C, except for the solutions containing SDS that are stored at 
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20 °C to avoid detergent precipitation. Reagents for protein 
 digestions and mass spectrometry analysis need to be of liquid 
chromatography–mass spectrometry (LC-MS) grade. 

    Ticks   are collected after feeding on vertebrate hosts, including 
both domestic and wild animals. After repletion, ticks are  processed 
1–3 h after collection. In some cases, ticks could be stored at 
−20 °C or in 70 % ethanol at 4 °C until processed ( see   Note 1 ). 

  I.    scapularis    ticks are obtained from laboratory colonies. Larvae 
and nymphs are fed on rabbits and adults are fed on  sheep  . Off- host 
ticks are maintained in a 12 h light: 12 h dark photoperiod at 
22–25 °C and 95 % relative humidity.  Ticks   are infected with  A. 
phagocytophilum  by feeding on a sheep inoculated intravenously with 
 A.    phagocytophilum    (human NY18 isolate)-infected HL-60 cells [ 8 ]. 
Ticks ( N  = 100–500) are removed from the  sheep   7 days after infes-
tation, held in the humidity chamber for 4 days and dissected for 
DNA, RNA and protein extraction from whole internal tissues 
(nymphs) or midguts and salivary glands (adult females). Uninfected 
ticks are prepared in a similar way but feeding on an uninfected 
sheep. For analysis of biological replicates, two independent samples 
are collected and processed for each tick developmental stage and 
tissue. These experiments are conducted with the approval and 
supervision of the Institutional Animal Care and Use Committee.  

    The  I.    scapularis    embryo- derived   cell line ISE6 (provided by U. G. 
Munderloh, University of Minnesota, USA) is maintained in 
L-15B300 medium. The cells are cultured in sealed containers in 
ambient air at 31  ° C, medium is changed once a week. The  I. scapu-
laris  ISE6 tick cells are inoculated with the  A. phagocytophilum  human 
isolate NY18 purifi ed from infected HL-60 cells. For purifi cation of 
 A. phagocytophilum , infected cells (late infection, 90 % infected cells) 
are harvested by pipetting and centrifuged at 200 ×  g  for 5 min at 
room temperature. The cell pellet is resuspended in complete 
L-15B300 medium and, using a syringe, the cell suspension is 
mechanically disrupted fi ve to ten times through a 26-gauge needle. 
After centrifugation at 1500 ×  g  for 5 min, the supernatant is collected 
and used for inoculation of ISE6 cells. Uninfected cells are cultured in 
the same way, except with the addition of uninfected culture medium.  

   These materials and their origin and use are described in the 
Subheading  3 .  

       1.    Buffer for solubilization of proteins: 50 mM Tris–HCl pH 8.5, 
4 % SDS, and 10 mM DTT. Mix 0.303 g of Tris, 2 g of SDS, 
and 0.077 g of DTT (dithiothreitol), add water to a volume of 
25 ml, adjust to pH 8.5 with HCl, and bring up the volume to 
50 ml with water.   

2.1  Tick Samples

2.2  Cultured Tick 
Cells and Anaplasma 
Phagocytophilum

2.3  Reagents, 
Consumables, Kits, 
Equipment, 
and Software

2.4  Buffers
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   2.    UA buffer: 8 M urea in 0.1 M Tris–HCl (pH 8.5). Mix 
24.024 g of urea and 0.606 g of Tris, add water to a volume of 
25 ml, adjust to pH 8.5 with HCl, and bring up the volume to 
50 ml with water.   

   3.    50 mM iodoacetamide in UA buffer: Add 0.009 g of iodoacet-
amide to 1 ml of UA buffer and mix with vortex until complete 
solubilization. This buffer should be prepared fresh prior to 
digestion and stored in the dark.   

   4.    50 mM ammonium bicarbonate, pH 8.8: Add 0.04 g of ammo-
nium bicarbonate to 9 ml of LC-MS grade water, mix and 
adjust pH to 8.8 with 5 N ammonium hydroxide. Complete to 
10 ml with water to obtain a 50 mM fi nal solution.   

   5.    0.5 M sodium chloride: Add 2.922 g of sodium chloride to 
75 ml of water, mix until complete solubilization, and bring up 
the volume to 100 ml with water.   

   6.    10 mM phosphate buffered saline (PBS), pH 7.4. Weigh 
0.26 g KH 2 PO 4 , 2.17 g Na 2 HPO 4 -7H 2 O, 8.71 g NaCl and 
add water to a volume of 1000 ml adjust to pH 7.4 with 
NaOH.   

   7.    Lysis buffer. 50 mM potassium phosphate, pH 7.8, 400 mM 
NaCl, 100 mM KCl, 7 M urea, 10 mM imidazole. Prepare 
1 M stock solutions KH 2 PO 4  and K 2 HPO 4 . Mix 0.3 ml 
KH 2 PO 4 , 4.7 ml K 2 HPO 4 , 2.3 g NaCl, 0.75 g KCl, and 68 mg 
imidazole, adjust pH to 7.8 with HCl.   

   8.    Elution buffer. 50 mM potassium phosphate, pH 7.8, 400 mM 
NaCl, 100 mM KCl, 7 M urea, 500 mM imidazole. Prepare 
1 M stock solutions KH 2 PO 4  and K 2 HPO 4 . Mix 0.3 ml 
KH 2 PO 4 , 4.7 ml K 2 HPO 4 , 2.3 g NaCl, 0.75 g KCl, and 3.4 g 
imidazole, adjust pH to 7.8 with HCl.       

3     Methods 

   Different methodological approaches could be applied to the gen-
eration of transcriptomics and proteomics data. However, these 
methodologies have been optimized for tick samples and are thus 
described here [ 9 – 11 ].  

        1.    Dissect  ticks   in PBS and wash adult midguts and salivary glands 
in PBS after collection to remove hemolymph-related cells.   

   2.    Extract total RNA, DNA, and proteins from uninfected and 
infected tick samples using the AllPrep DNA/RNA/Protein 
Mini Kit (Qiagen, Valencia, CA, USA) and store them at 
−20 °C until used.      

3.1  General 
Considerations

3.2  Extraction 
of Tick Samples

Tick Vaccinomics
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       1.    Evaluate total RNA quality using the Agilent 2100 Bioanalyzer 
RNA Nano Chip (Agilent Technologies, Santa Clara, CA, 
USA).   

   2.    Prepare samples for RNA sequencing using the TruSeq 
Stranded mRNA Sample Prep Kit (Illumina, San Diego, CA, 
USA) according to the manufacturer’s protocol.   

   3.    Perform size selection using a 2 % agarose gel to produce 
cDNA libraries ranging in size from 200 to 500 bp.   

   4.    Enrich the libraries with 15 cycles of PCR and purify them 
using the QIAquick PCR purifi cation kit (Qiagen, Valencia, 
CA, USA).   

   5.    Run the enriched libraries on one Illumina Hiseq 2000 lane 
using 100 bp sequencing (CD BioSciences, Shirley, NY, USA). 
In the case of paired-end reads, distinct adaptors from Illumina 
are ligated to each end with PCR primers that allow reading of 
each end as separate runs. The sequencing reaction is run for 
100 cycles. For paired-end reads, data are collected as two sets 
of matched 100-bp reads.   

   6.    Separate reads for each of the indexed samples using a custom 
Perl script. Image analysis and base calling are done using the 
Illumina GA Pipeline software.      

       1.     Use TopHat [ 12 ] that  incorporates   the Bowtie algorithm to 
perform the alignment [ 13 ] to align the sequencing reads to the 
 I.    scapularis    reference genome (assembly JCVI_ISG_i3_1.0; 
  http://www.ncbi.nlm.nih.gov/nuccore/NZ_ABJB000000000    ) 
( see   Note 2 ).   

   2.    Estimate the raw counts per gene by the Python script HTSeq 
count [http://www-huber.embl.de/users/anders/HTSeq/] using 
the reference genome.   

   3.    Use the raw counts per gene to estimate differential expression 
at  P  < 0.05 using DEGseq  [ 14 ].      

       1.    Dissolve the protein pellet obtained as described in 
Subheading  3.2 ,  step 2  in buffer for solubilization of proteins, 
boil for 10 min, and centrifuge at 12,000 ×  g  for 10 min at 
room temperature. Discard the pellet and quantify the protein 
content in the supernatant with the Direct Detect system 
(Millipore, Billerica, MA, USA).   

   2.    Precipitate 150 μg of protein extract to be analyzed by adding 
four volumes of ice-cold acetone to one volume of sample. 
Vortex the mixture, incubate at −20 °C for at least 4 h, and 
centrifuge at 12,000 ×  g  for 15 min at 4 °C. Discard the super-
natant and air-dry the pellet.   

3.3  RNA Sequencing

3.4  Bioinformatics 
for the Analysis 
of RNA Sequencing 
Data

3.5  Proteomics

Marinela Contreras et al.

http://www.ncbi.nlm.nih.gov/nuccore/NZ_ABJB000000000


279

   3.    Digest proteins by the fi lter aided sample preparation (FASP) 
protocol ( see   Note 3 ). For that, dissolve the protein pellet in 
200 μl of UA buffer and load onto 30 kDa centrifugal fi lter 
devices (FASP Protein Digestion Kit, Expedeon, TN, USA). 
Centrifuge at 14,000 ×  g  for 30 min and discard the  fl ow- through 
from the collection tube.   

   4.    Alkylate proteins adding 100 μl of 50 mM iodoacetamide in 
UA buffer and incubate for 20 min in the dark, Remove the 
excess of alkylation reagents washing three times with 100 μl 
UA and three additional times with 100 μl of 50 mM ammo-
nium bicarbonate, pH 8.8.   

   5.    Add 75 μl of modifi ed trypsin (Promega, Madison, WI, USA) 
dissolved in 50 mM ammonium bicarbonate, pH 8.8 at 40:1 
protein–trypsin (w/w) ratio. Incubate overnight at 37 °C for 
protein digestion wrapping the tops of the tubes with Parafi lm 
to minimize the effects from evaporation.   

   6.    Elute the resulting peptides by centrifugation with 50 μl of 
50 mM ammonium bicarbonate, pH 8.8 (twice) followed by 
50 μl 0.5 M sodium chloride, centrifuging the Spin Filter at 
14,000 ×  g  for 10 min after each addition.   

   7.    Add trifl uoroacetic acid (TFA) to a fi nal concentration of 1 % 
to stop the digestion and desalt the peptides using C18 Oasis- 
HLB cartridges (Waters, Milford, MA, USA) following the 
manufacturer instructions. Vacuum-dry and store at −20 °C 
until the mass spectrometry analysis.   

   8.    For stable isobaric labeling, dissolve the resulting tryptic  peptides 
in triethylammonium bicarbonate (TEAB) buffer (Sigma- 
Aldrich) and label using the 4-plex iTRAQ Reagents Multiplex 
Kit (Applied Biosystems, Foster City, CA, USA) according to 
manufacturer’s protocol ( see   Note 4 ). After labeling, combine 
the samples to be analyzed and desalt as described in  step 7 .   

   9.    Resuspend the sample in 0.1 % formic acid, load into the 
LC-MS/MS system for on-line desalting onto C18 cartridges, 
and analyze by RP-LC-MS/MS using a C-18 reversed phase 
nano-column (75 μm I.D. × 50 cm, 3 μm particle size, Acclaim 
PepMap 100 C18; Thermo Fisher Scientifi c, Waltham, MA, 
USA) in a continuous acetonitrile gradient consisting of 
0–30 % B in 145 min, 30–43 % B in 5 min and 43–90 % B in 
1 min (solvent A = 0.5 % formic acid; solvent B = 90 % acetoni-
trile, 0.5 % formic acid). A fl ow rate of ca. 300 nl/min is used 
to elute peptides from the reverse phase nano-column to an 
 emitter nanospray needle for real time ionization and peptide 
fragmentation on an orbital ion trap mass spectrometer 
(Orbitrap Elite, Thermo Fisher Scientifi c).      

Tick Vaccinomics
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    Peptide identifi cation from raw data is carried out using the 
SEQUEST algorithm (Proteome Discoverer 1.4, Thermo Scientifi c).

    1.     Database   search is performed against a compiled database 
 containing all sequences from  Ixodida   (77,177 Uniprot entries 
in February 2015) and Anaplasmataceae (64,633 entries in 
February 2015) (http://www.uniprot.org) for identifi cation of 
tick and pathogen proteins.   

   2.    The following constraints may be used for the searches: tryptic 
cleavage after Arg and Lys, up to two missed cleavage sites, and 
tolerances of 600 ppm for precursor ions and 1200 mmu for 
MS/MS fragment ions and the searches were performed 
 allowing optional Met oxidation and Cys carbamidomethyl-
ation. For iTRAQ labeled peptides, N-terminal and Lys iTRAQ 
modifi cation is added as a fi xed modifi cation.   

   3.    Peptide identifi cation is validated using the probability ratio 
method [ 15 ] and false discovery rate (FDR) was calculated 
using inverted databases and the refi ned method [ 16 ] with an 
additional fi ltering for precursor mass tolerance of 12 ppm. 
Only peptides with a confi dence of at least 95 % were used to 
quantify the relative abundance of each peptide.   

   4.    Protein quantifi cation from reporter ion intensities and statistical 
analysis of quantitative data is performed using QuiXoT [ 17 ].   

   5.    Signifi cant protein-abundance changes to estimate differential 
expression is obtained from the z values (standardized variable 
used by the method that expresses the quantitative values in 
units of standard deviation) at  P  < 0.05, using two replicates 
per sample.       

   New candidate protective antigens will most likely be identifi ed by 
focusing on abundant proteins with relevant biological function in 
tick feeding, reproduction, development,  immune response  , 
 subversion of host immunity, and  pathogen   transmission. Tick 
antigens studied thus far have demonstrated multiple impacts when 
used in a vaccine including reductions in (a) tick infestations and 
fertility, (b) tick pathogen infection, (c) tick vector capacity for 
pathogen transmission, and (d) tick response to pathogen  infection. 
Consequently, several criteria could be used for the selection of 
candidate tick protective antigens.

    1.    Select tick gene/protein fulfi lling at least two of the following 
criteria (Fig.  1 ):
    (a)    Highly differentially regulated gene in at least two samples.   
  (b)    Highly differentially represented protein.   
  (c)     Genes/proteins with a relevant putative biological  function 

in tick–pathogen interactions.   
  (d)    Secreted or membrane-exposed protein.    

3.6  Bioinformatics 
for the Analysis 
of Proteomics Data

3.7  Selection 
of Candidate Tick 
Protective Antigens

Marinela Contreras et al.
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          The screening of candidate tick-protective antigens is one of the 
limiting steps in the  vaccinomics   pipeline [ 7 ]. Several  methodolo-
gies   have been used to reduce the number of candidate 
 tick- protective antigens that could be tested in vaccination trials 
[ 7 ]. These methodologies include, but are not limited to,  RNA 
interference (RNAi)   in cultured tick cells and  ticks  , DNA and 
 protein immunization, in vitro tick feeding with anti-tick protein 
antibodies, and incubation of tick cells with anti-tick protein 
 antibodies (Fig.  2 ). A combination of some of these methodolo-
gies may become the most effective platform for the screening and 
characterization of candidate tick-protective antigens.

3.8  Screening 
of Candidate Tick-
Protective Antigens

Up in
infected ticks

Down in
infected ticks

No
difference

Candidate �ck protec�ve an�gen: ISCW024295 (Q4PMZ6) - Puta�ve secreted protein

NYMPHS MIDGUTS SALIVARY GLANDS
mRNA protein mRNA protein mRNA protein

  Fig. 1    Selection of candidate tick-protective antigens. Example of a candidate tick-protective antigen selected 
after transcriptomics and proteomics analysis of  I.    scapularis   – A.    phagocytophilum    interactions and fulfi lling 
the selection criteria of being highly differentially regulated gene in at least two samples and secreted or 
membrane- exposed protein       

dsRNA/siRNA

Antibodies to 
recombinant tick 

proteins 

RNA interference in tick cells and ticks

Incubate with 
tick cells

Tick capillary 
feeding

Tick DNA/protein 
immunization in 
mice/other hosts

  Fig. 2     Screening   for candidate tick-protective antigens. Representation of different methodologies used for the 
screenings and characterization of tick-protective antigens       
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     Table 1  
  Oligonucleotide primers used for dsRNA synthesis, real-time PCR, and RT-PCR   

 Gene 
 GenBank 
accession no.  Forward and reverse primers (5′–3′) 

 PCR 
conditions 

  Ap 16S rRNA   CP006617  CAGAGTTTGATCCTGGCTCAGAACG 
GAGTTTGCCGGGACTTCTTCTGTA 

 55 °C/30 s 

  Is 16S rDNA   ABJB010000000  GACAAGAAGACCCTA 
 ATCCAACATCGAGGT 

 55 °C/30 s 

  Ap msp4   JQ522935  ATGAATTACAGAGAATTGCTTGTAGG 
 TTAATTGAAAGCAAATCTTGCTCCTATG 

 60 °C/30 s 

  Is rps4   DQ066214  GGTGAAGAAGATTGTCAAGCAGAG 
 TGAAGCCAGCAGGGTAGTTTG 

 60 °C/30 s 

  Is cyclophilin   ISCW008497  GCTTCGGTTACAAGGGCAGCAGCATTT 
 TCGGGTGTGCTTCAGGATGAAGTT 

 60 °C/30 s 

  Is  secreted 
protein 

 ISCW024295  CACCATGCCGAAACAAGGCGAAAC 
 TCCAGAGTCACCACACAAAACG 

 60 °C/30 s 

   Ap A.    phagocytophilum      ,  Is I. scapularis   

         1.    Amplify the  coding   sequence for the  I.    scapularis    protein 
(GenBank accession no. ISCW024295) by RT-PCR using 
total RNA from  I.    scapularis    with specifi c primers and amplifi -
cation conditions (Table  1 ).

       2.    Purify and quantify PCR products using the GenClean III kit 
(MP Biomedicals, Solon, OH, USA).   

   3.    Clone into the expression vector pET101/D-TOPO 
(Invitrogen, Carlsbad, CA, USA) and transform into  E. coli  
strain BL21 (Invitrogen, Carlsbad, CA, USA). Inoculate cells 
into Luria–Bertani (LB) broth containing 50 μg/ml ampicillin 
and 0.5 % glucose. Grow cultures at 37 °C to an OD600 nm = 0.8 
and add Isopropyl-β- d -thiogalactopyranoside (IPTG) to a fi nal 
concentration of 0.5 mM, then incubate for 4 h to induce the 
production of recombinant proteins.   

   4.    Harvest the bacteria and lyse in lysis buffer, containing prote-
ase inhibitors (Roche, San Cugat del Vallés, Barcelona, Spain).   

   5.    Disrupt  E. coli  cells with a cell sonicator (Model MS73; 
Bandelin Sonopuls, Berlin, Germany). Sonicate for 10 min at 
20 kHz; fi x the acoustic power to 70 kW.   

   6.    Separate insoluble protein fraction containing the recombinant 
protein as inclusion bodies by centrifugation at 15,000 ×  g  for 
15 min at 4 °C and fi lter the supernatant (0.22 μm, Millipore, 
Billerica, MA, USA).   

3.8.1   Production of Tick 
Recombinant Proteins 
in  Escherichia coli 

Marinela Contreras et al.
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   7.    Purify the lysate by Ni affi nity chromatography using 1 ml HisTrap 
FF columns mounted on AKTA–FPLC system (GE Healthcare, 
Piscataway, NJ, USA) and elute using elution buffer.   

   8.    Refold the proteins by dialysis against 100 volumes of 10 mM 
PBS for 12 h at 4 °C.   

   9.    Determine protein concentration using bicinchoninic acid 
(Pierce™ BCA Protein Assay Kit, Thermo Scientifi c, Rockford, 
IL, USA).   

   10.    Analyze purifi ed proteins by  SDS-PAGE   according to standard 
procedures.       

       1.    Mix the recombinant proteins in PBS with anhydromannitole-
theroctodecenoate ( Montanide   ISA 50 V; Seppic, Paris, France) 
1:1 batch-by-batch processes using two syringes connected to a 
T-connector (Braun Discofi x-3, B. Braun Melsungen AG, 
Germany) to a fi nal protein concentration of 250 μg/ml, then fi ll 
manually 2 ml glass bottles (Wheaton, Millville, NJ, USA) under 
sterile conditions.   

   2.    Inject two rabbits/group subcutaneously with three doses 
(weeks 0, 3, and 6) containing 50 μg/0.2 ml dose of purifi ed 
recombinant protein formulated as described above.   

   3.    Collect blood samples from each rabbit before injection and 2 
weeks after the last immunization to prepare preimmune and 
immune sera, respectively.   

   4.    Purify IgGs from serum samples using the Montage 
Antibody purification kit and spin columns with PROSEP-A 
Media (Millipore, MA, USA) following the manufacturer’s 
recommendations.      

       1.    Seed ISE6 tick cells 24 h before the assay at a density of 
approximately 5–7 × 10 5  cells/well, use three replicates per 
treatment.   

   2.    Include control wells with (a) inoculum incubated with pre- 
immune IgG, (b) inoculum incubated with medium only, and 
(c) uninfected tick cells.   

   3.    Purify  A.    phagocytophilum    as previously described in 
Subheading  2.2 .   

   4.    Mix rabbit IgGs at a concentration of 2.2–2.4 mg/ml with the 
semi-purifi ed bacterial inoculum (1:1) from  step 3.8.2  for 
60 min at room temperature.   

   5.    Add 100 μl of the inoculum plus IgG mix to each well and 
incubate at 34 °C for 30 min.   

   6.    Remove the inoculum-IgG mix and wash the cells three times 
with PBS.   

3.8.2  Rabbit 
Immunization with Tick 
Recombinant Proteins

3.8.3  Analysis of Tick 
Cell Viability 
after Incubation with Anti-
tick Protein Antibodies

Tick Vaccinomics
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   7.    Add 1 ml complete medium to each well and incubate at 34 °C 
for 7 days.   

   8.    Harvest cells, resuspend in PBS, and proceed to determine the 
effect of anti-tick protein antibodies on tick cell viability using 
the Apoptosis Detection kit (Immunostep, Salamanca, Spain).   

   9.    Wash cells harvested in  previous step  twice with PBS, resus-
pend in 100 μl of 1× Annexin V-binding buffer.   

   10.    Incubate cells simultaneously with 5 μl Annexin V (FITC 
labeled) and 5 μl of the non-vital dye propidium iodide (PI) for 
15 min at room temperature in the dark.   

   11.    Add 400 μl of 1× Annexin binding buffer and analyze by fl ow 
cytometry within 1 h.   

   12.    Gate the viable cell population according to forward-scatter 
and side-scatter parameters.   

   13.    Determine the percentage of live, apoptotic, necrotic, and 
dead cells by FACS. Intact cells will be Annexin V-FITC 
 negative, PI negative, whereas early apoptotic cells will appear 
as Annexin V-FITC positive, PI negative. Necrotic cells will be 
positive for both while dead cells will be Annexin V-FITC 
 negative, PI positive.      

       1.     Synthesize  siRNAs   homologous to  I.    scapularis    genes encoding 
for candidate tick-protective antigens using GE Healthcare 
(Piscataway, NJ, USA) http://dharmacon.gelifesciences.com/. 
An unrelated gene (i.e.,  Rs86 ; ref. [ 11 ] is used as negative 
control.   

   2.    Conduct RNAi experiments for gene knockdown in cell cul-
tures by incubating tick cells with 10 μl dsRNA (5 × 10 10  to 
5 × 10 11  mol/μl) and 90 μl L-15B medium in 24-well plates, 
using four wells per treatment. Control cells are incubated 
with the unrelated  Rs86  dsRNA.   

   3.    After 48 h of dsRNA exposure, tick cells are infected with cell- 
free  A.    phagocytophilum    human NY18 isolate or mock infected 
by adding culture medium alone.   

   4.    Incubate tick cells for 72 h and collect for DNA and RNA 
extraction using TriReagent (Sigma, St. Louis, MO, USA) fol-
lowing manufacturer’s recommendations.   

   5.    Determine gene knockdown by real-time RT-PCR with gene 
specifi c primers (Table  1 ) using the iScript One-Step RT-PCR 
Kit with SYBR Green and the iQ5 thermal cycler (Bio-Rad, 
Hercules, CA, USA) following manufacturer’s recommenda-
tions. A dissociation curve is run at the end of the reaction to 
ensure that only one amplicon is formed and that the ampli-
cons denatured consistently in the same temperature range for 

3.8.4  RNAi in Cultured 
Tick Cells
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every sample. The mRNA levels are normalized against  ribo-
somal protein S4  ( rps4 ) and  cyclophilin  using the genNorm 
method (ddCT method as implemented by Bio-Rad iQ5 
Standard Edition, Version 2.0). The results are compared 
between samples by Student’s  t -test with unequal variance 
( P  = 0.05;  N  = 3).   

   6.    Determine tick cell viability as described above.   
   7.    Determine  A.    phagocytophilum    DNA levels by major surface 

protein 4 ( msp4 ) real-time PCR normalizing against tick  16S 
rDNA  (Table  1 ) with PCR conditions of 5 min at 95 °C and 
35 cycles of 15 s at 95 °C, 30 s at 60 °C, and 30 s at 72 °C.          

4    Notes 

     1.    When working with  ticks   collected in nature and on vaccine 
trials under fi eld conditions, collected ticks are generally stored 
in ethanol and not deep-frozen because it is easier under fi eld 
conditions and makes their shipment from one lab to another 
cheaper. Processing of these samples has been previously 
described [ 9 ]. However, samples could also be processed 1–3 h 
after collection when working on experimental tick infesta-
tions, which are the main approach used in  vaccinomics  .   

   2.    The only genome available for ticks is that of  I.    scapularis   , 
which allows aligning reads to this reference genome. However, 
for the other  ticks   species, de novo sequencing and assembly of 
mRNA is needed following a different pipeline [ 10 ,  18 ].   

   3.    There are other digestion methods that could be also used but 
the Filter-Aided Sample Prep (FASP) is a technology that 
allows a complete protein solubilization and complete trypsin 
digestion in a fast way from any biological material. The result-
ing fi ltrate is free of detergents, large molecules, and other sub-
stances that would interfere with mass spectrometry analysis of 
proteomes [ 19 ].   

   4.    iTRAQ labeling is a robust approach to absolute quantifi cation 
of complex proteomes, but there are also other proteomics 
approaches that could be used depending on the necessities of 
the research ( see  Ref. [ 20 ], for a recent revision of quantitative 
proteomics in the fi eld of microbiology).           
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    Chapter 20   

 Development of CpG ODN Based Vaccine Adjuvant 
Formulations                     

     Mayda     Gursel      and     Ihsan     Gursel      

1        Introduction 

    The  innate    immune   system  responds   to the presence of  pathogens   
by sensing  “pathogen associated molecular patterns” (PAMPs)   
expressed by infectious microorganisms [ 1 ]. Pathogen-derived 
nucleic acids represent a critical group of PAMPs that are sensed by 
a plethora of nucleic acid sensing receptors expressed in immune 
cells [ 2 ]. This recognition initiates a robust innate  immune 
response   that enables the host to control the initial spread of infec-
tion and subsequently generate sterilizing  adaptive immunity  . One 
type of nucleic acid PAMP is the unmethylated CpG motifs present 
at high frequency in bacterial DNA (but rare in mammalian DNA 
due to CG suppression and CG methylation) [ 3 ]. Unmethylated 
CpG DNA is recognized by TLR9 expressed by B lymphocytes, 
dendritic cells (DC),    and macrophages. Synthetic oligodeoxynu-
cleotide (ODN) containing unmethylated CpG motifs duplicate 
the ability of bacterial DNA to stimulate the innate immune system 
via TLR9 [ 4 ]. 

 The immune stimulatory effects of CpG ODNs variegate on 
the basis of their subcellular distribution, backbone modifi cation, 
length, and formation of secondary and tertiary structures [ 5 ]. 
Based on their differential activation of immune cells, four major 
classes of synthetic CpG ODNs have been defi ned: (a) A or D-type 
CpG, (b) B or K-type CpG, (c) C-type CpG, and (d) P-type CpG 
ODNs (Reviewed in ref.  6 ). In general, K class ODNs are potent 
B cell activators and induce TNF-α secretion from plasmacytoid 
dendritic cells (pDC) but not interferon-α . In contrast, D-, C-, 
and P-class ODNs are capable of stimulating variable amounts of 
IFNα secretion from pDCs. Of the latter three ODN classes, D 
ODNs are the most potent IFNα inducers but have the drawback 
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of forming multimers, and random concatamers complicating their 
clinical grade manufacturing process. In fact, to date, only three 
clinical trials tested the vaccine adjuvant and/or immunotherapeutic 
activity of D class CpG ODN [ 7 – 9 ]. All three studies harnessed a 
stabilized version of this ODN class following packaging into virus 
like particles consisting of the bacteriophage Qß coat protein. 

 In this chapter, we describe two alternative methods of prepar-
ing CpG ODN-based vaccine adjuvant formulations that can 
induce a robust IFNα response from human peripheral blood 
mononuclear cells. Method 1 details a protocol to stabilize D-type 
CpG ODN in cationic liposomes. Labile bioagents are protected 
following  liposome   encapsulation [ 10 ]. This mild approach relies 
on the dehydration–rehydration technique, does not involve deter-
gents or organic solvents and the encapsulation yield is much 
higher than most other widely accepted  liposome   generation 
methods [ 11 – 13 ]. 

 Method 2 describes a simple strategy of anionic bioactive agent 
stabilization following complexation with  cationic peptides   [ 14 – 16 ]. 
Peptide-mediated multimerization of a K-type ODN devoid of 
IFNα stimulating activity into stable nuclease-resistant nanostruc-
tures (i.e., nanorings) with type I interferon inducing activity is only 
achieved through the use of a short and non-fl exible ODN (K23) 
and the HIV-derived peptide Tat (47–57)  at a specifi c ODN–peptide 
molar ratio (1:16).  

2    Materials 

      D35 (D-type ODN used in Method 1): GGtgca tcga tgcaggggGG  
  D35 fl ip (Control D-ODN with no immunostimulatory  activity): 
GGtgcatgcatgcaggggGG  
  K23 (K-type ODN used in Method 2): TCGAGCGTTCTC  
  K23 fl ip (Control K-ODN with no immunostimulatory  activity): 
TCGAGGCTTCTC     

   Dimethylaminoethanecarbamol-cholesterol (DC-Chol), dioleoyl
phosphatidylethanolamine (DOPE), and polyethylene glycol2000- 
phosphatidylethanolamine (PEG-PE).  

      LL-37: LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES  
  HIV-Tat (47-57) : YGRKKRRQRRR     

2.1  CpG ODN 
Sequences (Alpha DNA, 
Canada: Bases Shown 
in Capital Letters Are 
Phosphorothioate; 
Lower Case Letters 
Indicate 
Phosphodiester 
Backbone)

2.2  Lipids Used 
in  Liposome   
Preparation (Avanti 
Polar Lipids, 
Alabaster, AL)

2.3   Cationic Peptides   
(AnaSpec Inc., USA)
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       1.     50 ml round-bottom  fl ask   (Pyrex, vacuum resistant).   
   2.    Rotary evaporator with a water bath attachment (Heidolph, 

Laborota, Germany, or any brand).   
   3.    Argon cylinder tank (without O 2 ).   
   4.    Cup Horn Vibra Cell Sonicator (Sonics and Materials, 

Danbury, CT, USA, or any brand).   
   5.    Freeze-drier (Heto-Holten, Maxi-Dry Lyo, Denmark, or any 

brand).   
   6.    LiposoFast extruder equipped with polycarbonate fi lters 

(Avestin, Ottawa, Canada).   
   7.    Sterile glass vials (5 ml).       

       1.    Agarose,  loading   dye, O’GeneRuler 100 bp DNA Ladder 
(Thermo Scientifi c, USA), and nucleic acid stain suitable for 
gel electrophoresis.   

   2.    Agarose gel electrophoresis: for 150 ml of 1.0 % agarose gel, 
use 1.5 g of ultrapure agarose (electrophoresis grade) with 
150 ml of 1× TAE. Prepare 1 l of 10× TAE stock solution in 
ultrapure water with 48.4 g of Tris base, 3.72 g disodium 
EDTA, and adjust to pH 8.5 with glacial acetic acid. Include 
ethidium bromide (1 mg/ml) before pouring the gel.   

   3.    Gel documentation system.      

       1.    Ficoll-Paque PLUS density gradient medium (GE Healthcare 
Biosciences, Sweden).   

   2.    Centrifuge with swing bucket clinical rotor.   
   3.    96-well tissue culture plates.   
   4.    RPMI-1640 cell culture medium containing 10 % FBS, 50 μg/

ml penicillin/streptomycin, 10 mM HEPES, 0.11 mg/ml Na 
pyruvate, 2 mM  l -glutamine, 1× nonessential amino acids (from 
a 100× stock solution), and 0.05 mM 2-mercaptoethanol.      

       1.    Immulon 2B plates (Thermo Labsystems, USA).   
   2.    Human IFN-α2  ELISA   development kit (ALP) from Mabtech, 

Sweden.   
   3.    ELISA blocking buffer: Phosphate buffered saline (PBS; 

10 mM phosphate buffer, pH 7.4, 150 mM NaCl) containing 
5 % bovine serum albumin and 0.025 % Tween 20.   

   4.    ELISA washing buffer: PBS containing 0.05 % Tween 20.   
   5.    Detection antibody diluent: PBS containing 5 % FBS and 

0.025 % Tween 20.   
   6.    SIGMAFAST p-Nitrophenyl phosphate (p-Npp) substrate 

tablets.   
   7.    96-well multi-plate reader equipped with a 405 nm fi lter.       

2.4  CpG ODN Loaded 
Liposome Preparation 
(Method 1)

2.5  Demonstration 
of Complexation 
between CpG ODN 
and Cationic Peptides 
Using Agarose Gel 
Electrophoresis 
(Method 2)

2.6  Assessment 
of Vaccine Adjuvant 
Formulations for Their 
IFNα Triggering 
Activities Using 
Human Peripheral 
Blood Mononuclear 
Cells (hPBMC)

2.7  Cytokine 
Measurement 
from Culture 
Supernatants
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3    Methods 

          1.     Prepare lipid  stocks   in chloroform (10 mg/ml) and store under 
argon gas at −20 °C until use.   

   2.    For the preparation of 20 μmol cationic stealth liposomes, 
pipette lipids from corresponding lipid stocks at a 4:6:0.06 molar 
ratio (DC-Chol–DOPE–PEG-PE) into a 50 ml round bottom 
fl ask.   

   3.    Complete the volume to 2.0 ml by adding chloroform and 
connect the fl ask to a rotary evaporator.   

   4.    Set the evaporator rotation speed to maximum (the tempera-
ture of the water bath should be set to 37 °C).   

   5.    Evaporate the chloroform in the round bottom fl ask for 
20 min.   

   6.    Solvent-free thin lipid fi lm should appear in the inner wall of 
the round bottom fl ask at the end of this process.   

   7.    Remove the fl ask from the rotary evaporator and purge with 
argon for 30–60 s. Make sure all residual chloroform is removed 
from the fl ask and argon purging will remove residual oxygen 
remained in the fl ask ( see   Note 1 ).   

   8.    Seal the round bottom fl ask with a glass cap and continue the 
following steps under laminar hood. Transfer 30–40 sterile 
glass beads (300 μm average size, from Sigma) into fl ask.   

   9.    Add 1.0 ml sterile phosphate-buffered saline (PBS) onto beads, 
and shake the solution in a circular motion until lipid fi lm dis-
appears from the fl ask wall. This motion helps the lipid fi lm to 
be removed by the abrasive force of the glass beads and leads 
to the generation of empty, large multilamellar liposomes.   

   10.    Collect the resulting milky solution from the fl ask and transfer 
into a glass vial.   

   11.    In order to generate small unilamellar vesicles (SUVs), sonicate 
the liposome solution fi ve cycles (30 s/cycle) with an ampli-
tude of 70 % and a second set of fi ve cycles with an amplitude 
of 50 % on ice. Keep the vial on ice for 15 s in between sonica-
tion cycles to prevent excessive heating.   

   12.    For a 20 μmol SUV liposome solution (1.0 ml in PBS) add 
1 mg CpG ODN solution (1 mg/ml ODN solution) and mix 
gently by vortexing. Total volume is 2.0 ml at this stage.   

   13.    Remove the vial cap and seal the vial mouth with a Parafi lm. 
Using a syringe needle, punch 6–8 holes on the Parafi lm. This 
will let air out during the lyophilization step.   

   14.    Immediately freeze the liposome/ODN solution in liquid 
nitrogen for 1 min.   

3.1  Preparation 
of Cationic Liposome 
Stabilized D-Type CpG 
ODN ( See  
Scheme  1 a, b)
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  Scheme 1    Preparation of cationic  liposome   stabilized D-type CpG ODN. ( a ) Method for the preparation of 
preformed, unloaded small unilamellar vesicles. ( b ) Method to generate  CpG ODN   loaded liposomes       
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   15.    Place the frozen liposome/ODN mixture in a freeze-dryer and 
lyophilize overnight ( see   Note 2 ).   

   16.    Remove the vial from the lyophilizer. At this stage there should 
be a white powder in the vial.   

   17.    Add 1:10 volume of ddH 2 O (200 μl ddH 2 O) on to the 
 liposome powder and vortex vigorously for 15 s.   

   18.    Continue vortexing for 15 s every 5 min for the total duration 
of 30 min. This will allow the ODN to dissolve in ddH 2 O and 
diffuse into the liposome bilayer while liposomes are swelling 
in the aqueous environment.   

   19.    Add 200 μl PBS on to the liposome solution, gently vortex, 
and set aside for 10 min.   

   20.    Complete the volume to 1.0 ml by adding 600 μl PBS. This 
generates the CpG ODN loaded liposome stock.   

   21.    To reduce the size of the loaded liposomes, assemble the 
LiposoFast extruder, and gently transfer the liposome solution 
into the glass syringe provided with the extruder. Filter ten 
times through the 1.0 μm cut-off polycarbonate fi lter. Replace 
the fi lter with the 500 nm polycarbonate fi lter and fi lter 10 
more times. Finally, replace 500 nm fi lter with the 200 nm 
 fi lter and repeat 10 more fi ltrations.   

   22.    Transfer the extruded nanoliposomes encapsulating the CpG 
ODN into a sterile vial.      

       1.    Remove 50 μl of the  liposome   aliquot into a microcentrifuge 
tube.   

   2.    Centrifuge for 1 h at 16,100 ×  g  in an Eppendorf centrifuge.   
   3.    Gently collect the clear supernatant into a clean microcentri-

fuge tube.   
   4.    Determine the non-encapsulated ODN concentration in the 

supernatant by recording the OD at 260 nm using NanoDrop ®  
ND-100 (NanoDrop Technologies, USA).   

   5.    Determine ODN encapsulation effi ciency indirectly by 
 subtracting the amount of non-encapsulated ODN from the 
original input amount and then divide it to the original input 
ODN amount that was initially mixed with empty SUVs before 
 freeze- drying  . Multiply by 100 ( see   Note 3 ).       

         1.     Prepare  stock   solutions of CpG ODNs (K23 and K23 fl ip) in 
DNAse-free ddH 2 O (fi nal concentration of 1 mg/ml).   

   2.    Prepare stock solutions of cationic peptides in ddH 2 O (fi nal 
concentration of 5 mg/ml).   

   3.    Mix the ODNs and peptides at different molar ratios (1:1, 1:2, 
1:4, 1:8, 1:16) as detailed in Table  1  ( see   Note 4 ).

       4.    Incubate complexes for 30 min at RT and proceed to confi r-
mation of complexation with agarose gel electrophoresis.      

3.1.1  Determination 
of ODN Encapsulation 
Effi ciency

3.2  Preparation 
and Testing of K-Type 
CpG ODN/Cationic 
Peptide Complexes 
(Method 2)

3.2.1  Preparation of CpG 
ODN/Cationic Peptide 
Complexes
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        1.    To confi rm that CpG ODN formed complexes with the 
 cationic peptides, mix 20 μl of each complex (concentration 
based on ODN amount) with 4 μl of 6× loading dye and load 
the wells of a 1 % agarose gel containing 1 mg/ml ethidium 
bromide with the samples.   

   2.    Apply uncomplexed CpG ODN (1.6 μg) to one well as the 
negative control.   

   3.    Apply the 100–1000 bp range DNA ladder as a marker (3  μg/
well).   

   4.    Carry out agarose gel electrophoresis using 1× TAE buffer at 
70 V for 60 min.   

   5.    Visualize the gels under a UV transilluminator ( see   Note 5 ).      

       1.    Collect blood samples (10 ml) from healthy donors into anti-
coagulant containing (sodium citrate, EDTA, or heparin) 
tubes (Note that blood collection from healthy donors requires 
ethical approval).   

   2.    Dilute to 20 ml with 1× PBS.   
   3.    Pipette 10 ml of Ficoll-Paque PLUS density gradient medium 

into a 50 ml conical tube and carefully layer the diluted blood 
on top of the gradient medium without disturbing the layers.   

   4.    Centrifuge samples at 400 ×  g  for 30 min with the break off at 
room temperature.   

   5.    Using a sterile pipette collect the cloudy PBMC layer that 
resides at the interphase of the uppermost plasma and the clear 
density gradient medium and transfer to a new tube.   

3.2.2  Demonstration 
of Complexation Using 
Agarose Gel 
Electrophoresis

3.2.3  Testing of IFNα- 
Inducing Activity of Vaccine 
Adjuvant Formulations 
Using hPBMC

    Table 1  
  Concentrations of K-type CpG ODN and  cationic peptides   required to form complexes of various 
molar ratios   

 Samples 
 Molar 
ratio 

 K23 
(μM) 

 Peptide 
(μM) 

 K23 
(μg) 

 Peptide 
(μg) 

 K23 (μl) 
stock 1 λ 

 Peptide (μl) 
stock 5 λ 

 H 2 O 
(μl) 

 K23  –  80  –  19.2  –  19.2  –  40.8 

 K23/LL37  1:1  80  80  19.2  21.54  19.2  4.2  36.6 

 K23/LL37  1:2  80  160  19.2  43.14  19.2  8.4  32.4 

 K23/LL37  1:4  80  320  19.2  86.16  19.2  16.8  24 

 K23/LL37  1:8  80  640  19.2  172.2  19.2  34.2  6.6 

 K23/Tat  1:2  80  160  19.2  15  19.2  3  37.8 

 K23/Tat  1:4  80  320  19.2  30  19.2  6  34.8 

 K23/Tat  1:8  80  640  19.2  60  19.2  12  28.8 

 K23/Tat  1:16  80  1280  19.2  120  19.2  24  16.8 

CpG-based Adjuvant Formulation



296

   6.    Wash the cells two times using 50 ml RPMI medium and 
 centrifugation at 400 ×  g  for 10 min.   

   7.    Resuspend the resultant cell pellet in 1 ml of RPMI, count the 
cells using a hemocytometer and adjust the working cell 
 concentration to 4 × 10 6  cells/ml.   

   8.    For testing of the CpG ODN/cationic peptide complexes, stim-
ulate cells in a 96-well tissue culture plate (400,000 cells/well) 
in a total volume of 200 μl using three different doses (0.3, 1, 
and 3 μM) of uncomplexed or complexed CpG ODNs and their 
fl ip controls for 24 h at 37 °C and 5 % CO 2  ( see   Note 6 ).   

   9.    Collect culture supernatants at the end of this incubation period.      

       1.    Coat a 96-well Immunol II  plate   using 50 μl of anti-human 
coating antibody in PBS (5 μg/ml).   

   2.    Tap the plates to ensure uniform spreading and incubate at RT 
for 4 h or at 4 °C overnight.   

   3.    Remove the coating solution by inverting the plates, add 
blocking buffer (200 μl) and incubate at RT for 2 h.   

   4.    Decant the blocker, wash plates with ELISA wash buffer fi ve 
times (immerse plates into a container fi lled with wash buffer 
to fi ll all wells and incubate for 5 min before decanting).   

   5.    Rinse plates with ddH 2 O and dry wells by tapping over an 
absorbent tissue paper.   

   6.    Distribute 50 μl of supernatants and the provided cytokine 
standard in triplicate (250 ng/ml highest concentration; 
 serially diluted twofold in PBS to make up a standard curve of 
12 different concentrations) and incubate for 2–3 h at room 
temperature or overnight at 4 °C.   

   7.    Wash plates as described above ( steps 4  and  5 ).   
   8.    Add 50 μl of 1:1000 diluted (dilution in detection antibody 

diluent) biotinylated-secondary antibody solution into wells 
and incubate 2–3 h at room temperature or overnight at 4 °C.   

   9.    Wash plates as described above ( steps 4  and  5 ).   
   10.    Distribute 50 μl of 1:5000 diluted (dilution in detection 

 antibody diluent) streptavidin-alkaline phosphatase solution to 
each well ( see   Note 7 ) and incubate 1 h at RT.   

   11.    Wash plates as described above ( steps 4  and  5 ).   
   12.    To develop the plates, dissolve a p-Npp At in 4 ml ddH 2 O and 

1 ml p-Npp buffer and transfer 50 μl of this solution to each well.   
   13.    Follow color development at 405 nm over time using a 96-well 

multiplate reader until recombinant cytokine standards reach a 
four-parameter saturation and yield an S-shaped curve. Determine 
cytokine concentration of each sample using the standard 
curve  ( see   Note 8 ).         

3.2.4   Cytokine ELISA
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4    Notes 

     1.    This step is critical. Argon purging eliminates both residual 
chloroform and also replaces the oxygen present in the fl ask. 
O 2  gas facilitates lipid peroxidation, so it is vital to remove all 
oxygen in the fl ask via argon purging.   

   2.    At this stage, there is no encapsulation of ODN within the 
 liposome  . The encapsulation will be achieved during the dehy-
dration–rehydration step).   

   3.    Expected encapsulation effi ciency for the D ODN should be at 
least 80 % or higher. The activity of as such prepared liposomes 
can be tested as described in Subheading  3.2.2  prior to mixing 
with an antigen of choice for vaccination experiments.   

   4.    Preparation of complexes in salt containing buffers compro-
mises complexation effi ciency. Final volume of the solution in 
which complexes are formed should not exceed 60 μl. Table  1  
details the optimal volumes and concentrations of reagents to 
be used for the most effi cient complexation.   

   5.    Expected results are demonstrated in Fig.  1 .

  Fig. 1    A constant amount of K-ODN (80 μM) was incubated with increasing amounts of  cationic peptides   for 
30 min at room temperature in a fi nal volume of 60 μl ddH 2 O. CpG ODN or its complexes (1.6 μg/well) were 
subjected to agarose gel electrophoresis. Uncomplexed CpG ODN demonstrates a bright signal at the bottom 
of the gel whereas this signal disappears following successful complexation. DNA ladder with 100–1000 bp 
range was used as a marker (3 μg/well)       
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       6.    For example, for the 3 μM fi nal ODN concentration, mix 
48.6 μl of formed complex with 275.4 μl RPMI medium and 
add 50 μl of this onto 150 μl cells.   

   7.    The streptavidin-alkaline phosphatase solution must be pre-
pared at least 2 h prior to its use to ensure uniform color 
development.   

   8.    We found that K23:Tat (1:16; 1 μM) triggered an interferon- 
alpha response that was equivalent to levels obtained with 
3 μM D ODN stimulation. LL-37-incorporating aggregates 
elicited a substantially lower response.            
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    Chapter 21   

 Assembly and Assessment of DNA Scaffolded Vaccines                     

     Xiaowei     Liu    ,     Lili     Wang    ,     Hao     Yan    , and     Yung     Chang      

1        Introduction 

   Vaccination   is one of the most cost-effective  public health   interven-
tions. Due to its success in the conquest of many infectious diseases, 
vaccination has also been explored as a prevention and/or  therapeutic 
strategy in dealing with many other diseases, including autoimmunity 
[ 1 ], cancer [ 2 ], and drug abuse [ 3 ].  Over      the past three decades, 
recombinant DNA technology has signifi cantly advanced the vaccine 
fi eld, leading to safer recombinant microbes,  DNA vaccines  , and  sub-
unit vaccines  . However, recombinant  subunit vaccines   usually lack 
suffi cient effi cacy. In recent years, the advancement in  nanotechnology 
and the availability of various nanomaterials has made strides in 
improving the effi cacy of the subunit vaccines [ 4 ]. Inspired by nature, 
synthetic microparticles and  nanoparticles   have been engineered to 
incorporate well-defi ned antigenic components and  adjuvant   
 molecules to form nanovaccines that can be rationally designed and 
tailored for enhanced  immunogenicity   and desired safety [ 4 ,  5 ]. 
Recently,  DNA nanostructures   have been recognized as an ideal 
structural material for the assembly of various biomolecules [ 6 – 12 ], 
including vaccines [ 13 ]. 

 DNA nanotechnology makes good use of the simple Watson–
Crick base pairing principle to provide a highly programmable and 
robust way to self-assemble diverse nanostructures [ 14 ]. Various 
two- and three-dimensional DNA nanostructures have been 
 constructed [ 15 – 18 ], thereby providing a diverse “tool box,” and 
have been utilized for precise organization of biochemical  molecules 
and targeted cellular transport [ 7 ,  10 ,  11 ]. DNA nanoscaffold 
 provides control over structural features such as particle size and 
geometry,  epitope   valency and confi guration, and has been recently 
explored as a  synthetic   platform for vaccine assembly, as well as 
assembly of other immunomodulating modules [ 8 ,  9 ,  13 ]. Here 



302

we describe the assembly of DNA scaffolded vaccines, the struc-
tural  stability   of these vaccines, and the assessment of their 
 immunogenicity  .  

2    Materials 

       1.    Stock (50× TAE) buffer: Mix the following components and 
add diH 2 O (distilled and deionized water) to a total volume of 
1000 mL: 242.2 g Tris base (Formula weight [FW] 121.1, 
fi nal concentration 2 M); 57.2 mL acetic acid (FW 60.05, fi nal 
concentration 1 M); 37.2 g ethylenediaminetetraacetic acid 
disodium salt dihydrate (EDTA·Na 2 , FW 372.24, fi nal concen-
tration 0.1 M). Store at 4 °C.   

   2.    Annealing (10× TAE/Mg 2+ ) buffer: Weigh 26.8 g magnesium 
acetate tetrahydrate (FW 214.46, fi nal concentration 125 mM), 
and mix with 200 mL stock (50× TAE) buffer. Add diH 2 O to 
a fi nal volume of 1000 mL. Adjust pH to 8.0, and fi lter through 
bottle top vacuum fi lter (500 mL, pore size 0.22 μm). Store 
the annealing buffer in 1 L sterile plastic bottles or as aliquots 
in 1.5 mL sterile tubes at 4 °C ( see   Note 1 ).   

   3.    0.5 M EDTA (pH 8.0): Weigh 186.1 g EDTA·Na 2  (fi nal con-
centration 500 mM), and 24 g sodium hydroxide (NaOH, 
FW40.00, fi nal concentration 600 mM). Add diH 2 O to a fi nal 
volume of 1000 mL. Adjust pH to 8.0 and fi lter through  bottle 
top vacuum fi lter.   

   4.    10× TBE buffer: Weigh 108 g Tris base (fi nal concentration 
0.89 M) and 55 g boric acid (FW 61.83, fi nal concentration 
0.89 M). Mix with 40 mL 0.5 M EDTA (pH 8.0) and add 
diH 2 O to 1000 mL ( see   Note 2 ).   

   5.     ELISA   coating buffer: Weigh 6.06 g Tris base and 0.2 g sodium 
azide (NaN 3 ), dissolve in 1000 mL diH 2 O. Adjust pH with 
5 M sodium hydroxide (NaOH, FW 40.00) to 9.5. Filter 
through bottle top vacuum fi lter and store in 1 L glass bottle 
at room temperature.   

   6.     ELISA   blocking buffer: Add 100 mL 10× PBS to 800 mL 
diH 2 O. Weigh 10 g bovine serum albumin (BSA) and 1 g 
NaN 3 , mix with 500 μL Tween-20 and the above PBS  diluents. 
Stir to dissolve, and add diH 2 O to bring the volume to 
1000 mL. Filter through bottle top vacuum fi lter and store in 
1 L glass bottle at 4 °C.   

   7.     ELISA   washing buffer: Weigh 9 g sodium chloride (NaCl) and 
dissolve in water. Add 2.5 mL Tween 20 and diH 2 O to a fi nal 
volume of 1000 mL. Filter through bottle top vacuum fi lter 
and store in 1 L glass bottle at room temperature.      

2.1  Buffer 
Preparation

Xiaowei Liu et al.
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   The following DNA oligos are purchased from Integrated DNA 
Technologies:

   Strand-L: 5′ AGG CAC CAT CGT AGG TTT C TTG CCA GGC 
ACC ATC GTA GGT TTCT TGC CAG GCA CCA TCG 
TAG GTT T CTT GCC 3′  

  Strand-M-linker: 5′ CAG AGG CGC TGC AAG CCT ACG 
ATG GAC ACG GTA ACG ACT 3′  

  Strand-CpG-linker: 5′ AGC AAC CTG CCT GTT AGC GCC 
TCT GTT TTT T*C*C *A*T*G *A*C*G *T*T*C*
C*T*G*A*C*G*T*T 3′, where * stands for phosphoro-
thioate backbone modifi cation.  

  Strand-S: 5′/5Biosg/TTA CCG TGT GGT TGC TAG TCG 
TT 3′, where/5Biosg/stands for 5′ biotin modifi cation.  

  Denaturing PAGE gels are used for oligo purifi cation, and the fol-
lowing two gel mixes are prepared before gel preparation.   

    1.    Twenty percent denature PAGE gel mix: Weigh 500 g urea 
(FW 60.06, fi nal concentration 8.3 M), and mix with 500 mL 
40 % acrylamide stock solution (19:1 Ac–Bis) and 100 mL 10× 
TBE buffer in a glass fl ask. Wrap the fl ask with aluminum foil 
and put it on a heated magnetic stirrer with temperature 
adjusted to 30–35 °C to dissolve. Filter the solution and store 
it in a glass bottle wrapped with aluminum foil at room tem-
perature ( see   Notes 3  and  4 ).   

   2.    Zero percent denature PAGE gel mix: Weight 500 g urea and 
mix with 100 mL 10× TBE buffer. Dissolve and add diH 2 O to 
1000 mL. Filter the solution and store it in a plastic Corning 
bottle at room temperature.    

         1.    10 % ammonium persulfate (APS, FW 228.20): Dissolve 10 g 
APS in 100 mL diH 2 O. Store as 300 μL per aliquot at –20 °C.   

   2.     N ,  N ,  N ,  N ′ -tetramethyl-ethylenediamine (TEMED, FW 
116.20).   

   3.    2× denaturing gel tracking dye: mix the following components 
in a 100 mL bottle: 90 mL formamide (FW 45.04, fi nal con-
centration 90 %), 40 mg NaOH (fi nal concentration 10 mM), 
37 mg EDTA·Na 2  (fi nal concentration 1 mM), and 100 mg 
bromophenol blue (FW 669.96, fi nal concentration 0.1 %).   

   4.    10× Native tracking dye: 200 mg bromophenol blue (fi nal 
concentration 0.2 %), 50 mL glycerol (fi nal concentration 
50 %), 10 mL annealing buffer, and add 40 mL diH 2 O.   

   5.    DNA elution buffer: 19.27 g ammonium acetate (FM 77.08, 
fi nal concentration 500 mM), 1.07 g magnesium acetate (FW 
214.46, fi nal concentration 10 mM), 2 mL of 0.5 M EDTA 
(pH 8.0, fi nal concentration 2 mM), add diH 2 O to 500 mL.      

2.2  Denaturing PAGE 
Gel Components 
for Purifi cation of DNA 
Oligos

2.3  Other Gel 
Components 
and Buffers

Assembly and Assessment of DNA Scaffolded Vaccines
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       1.    Complete RAW cell culture medium: Dulbecco’s modifi ed Eagle’s 
medium (DMEM) supplemented with 10 % fetal bovine serum 
(FBS), penicillin (100 U mL −1 ), and streptomycin (0.1 mg mL −1 ).   

   2.    Staining buffer: mix 2 g BSA and 0.2 g NaN 3  with 100 mL 1× 
PBS  buffer, fi lter through 0.22 μm syringe fi lter, and store at 4 °C.   

   3.    Polymyxin B (PMB) sulfate stock: dissolve 1 g PMB in 10 mL 
endotoxin-free ultrapure water. Store the 100 mg/mL stock 
solutions in DNase, RNase, pyrogen free 1.5 mL tubes as 
 aliquots at −20 °C. Dilute with endotoxin-free ultrapure water 
to 10 mg/mL and store in DNase, RNase, pyrogen free 
1.5 mL tubes as aliquots at −20 °C.   

   4.    RPMI/Mg 2+ : dissolve 19.8 g magnesium chloride tetra hydrate 
(MgCl 2 ·4H 2 O) in 100 mL diH 2 O to make the 1 M Mg 2+  stock 
buffer and autoclave. Store it at room temperature. Mix 100 μL 
1 M Mg 2+  stock buffer with 8 mL RPMI-1640 medium to get 
12.5 mM RPMI/Mg 2+  buffer; mix 100 μL 1 M Mg 2+  stock 
buffer with 12.5 mL RPMI-1640 medium to get 8 mM 
RPMI/Mg 2+  buffer; mix 50 μL 1 M Mg 2+  stock buffer with 
12.5 mL RPMI-1640 medium to get 4 mM RPMI/Mg 2+  
 buffer; for the in vitro  stability   test.      

       1.    Streptavidin, Alexa Fluor 546 ®  conjugates (SA-Alexa Fluor 
546): Life Technologies (S-11225), excitation maximum at 
556 nm and emission maximum at 573 nm.   

   2.    YOYO- ® 1 Iodide: Life Technologies (Y3601), 1 mM solution 
in DMSO, excitation maximum at 491 nm and emission maxi-
mum at 509 nm.   

   3.    Streptavidin Dylight 488: Vector Laboratories (SA-5488-1), exci-
tation maximum at 493 nm and emission maximum at 518 nm.   

   4.    Phycoerythrin (PE) anti-mouse CD40 antibody: BioLegend, 
clone 3/23.   

   5.    Mouse FcR block: LEAF  TM  purifi ed anti-mouse CD16/32 
antibody from BioLegend, clone 93.   

   6.     ELISA   substrate: 4-nitrophenyl phosphate disodium salt hexa-
hydrate from Sigma-Aldrich.       

3    Methods 

       1.    Cast the denaturing gel: Mix the 20 % denaturing PAGE gel 
mix and 0 % denaturing PAGE gel mix following the recipe in 
Table  1  in a 50 mL conical tube. Add 300 μL 10 % APS and 
20 μL TEMED, gently swirl, and immediately cast gel in 
18 cm × 16 cm × 1.5 mm glass gel cassette. Insert a one-well gel 
comb immediately without introducing air bubbles.

       2.    Leave the gel casting assembly on the bench at room tempera-
ture undisturbed for around 30 min for the gel to polymerize.   

2.4  Cell Medium 
and Buffers

2.5  Other Reagents

3.1  Purifi cation 
of DNA Oligos

Xiaowei Liu et al.
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   3.    While waiting for the gel to polymerize, prepare the DNA 
samples:
   (a)    Turn on the heat block to a fi nal temperature of 90 ° C.   
  (b)     Add diH 2 O to each dry sample to make 0.5 OD/μL. Vortex 

each sample tube for 20 s and spin at 300 ×  g  for 30 s.   
  (c)     Take 40 OD of each sample (80 μL) in newly labeled 1.5 mL 

tubes for each gel (the rest of the samples should go back to 
freezer at −20 ° C). Add equal volume of 2× denaturing dye 
to each sample, vortex for 10 s to mix, spin for 30 s.   

  (d)    Heat the sample at 90 °C in heat block for 5 min ( see   Note 5 ).   
  (e)     Immediately load the heated DNA samples to the single 

well of the denaturing gel, and run gel in 1× TBE buffer 
with constant current at 50 mA for 50–90 min or till the 
tracking dye reach to the bottom of gels. A circulating 
water bath set at 45 °C may be used.       

   4.    Stop and take the gel out. Transfer it to a white, silica-coated plate 
that is wrapped with plastic foil. Visualize the DNA band under a 
short wavelength UV light (254 nm). Cut the most intense band 
and chop gel into small pieces. Soak the gel pieces into 1.5–2 mL 
elution buffer and elute at room temperature overnight.   

   5.    Transfer the supernatant into new 1.5 mL tubes at 500 μL per 
tube and discard the gel pieces. Add 1 mL 100 % ethanol into 
each tube and vortex before incubating at −20 °C for 30 min.   

   6.    Spin the mixture of eluted DNA and ethanol in the microcen-
trifuge at 4 °C with a speed of 15,000 ×  g  for 30 min. Discard 
the supernatant and keep the bottom white pellet. Wash pellet 
with ice-cold 70 % ethanol and spin again at 15,000 ×  g  for 
30 min. Discard the supernatant as much as possible and dry 
the DNA pellet in the air overnight or in the vacufuge for 1 h.   

   7.    Dissolve the DNA pellet in ultrapure water and read the absor-
bance at 260 nm on a NanoDrop or UV photometer. Calculate 
the molar concentration of DNA by dividing the OD260 with 
the molar extinction coeffi cient provided by the company. 
Convert the DNA concentration into μM for following 
 calculations. Store purifi ed DNA oligos at −20 °C ( see   Note 6 ).      

   Table 1  
  Denaturing PAGE gel recipe   

 Gel percentage  5 %  6 %  8 %  10 %  12 %  14 %  20 % 

 20 % Denature PAGE mix (mL)  8.75  10.5  14  17.5  21  24.5  35 

 0 % Denature PAGE mix (mL)  26.25  24.5  21  17.5  14  10.5  0 

 Separates bp  70–300  45–70  35–45  25–35  8–25 

 Bromophenol blue runs around bp  35  26  19  12  8 
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       1.     After measuring the  DNA   molar concentration, mix oligos by 
a molar ratio of strand L: M: CpG: S=1: 3: 3: 3, with the fi nal 
concentration of strand L at 1 μM. Dilute the oligo mixture 
with annealing buffer (10 × TAE/Mg  2+ ) and ultrapure water 
to a fi nal concentration of 1 × TAE/Mg 2+ . The fi nal molar con-
centration of annealed TH-CpG is 250 nM.   

   2.    Aliquot the diluted DNA mixture into 100 μL per PCR tube 
and anneal in the thermal cycler following the annealing 
 program below:
   90 °C for 5 min, decrease from 89 °C to 71 °C at 5 min per 

degree; 70 °C to 40 °C at 15 min per degree; 39 °C to 25 °C 
at 10 min per degree; then keep at 4 °C. The total annealing 
program takes around 12 h ( see   Notes 7  and  8 ).          

       1.     Cast 4 % non- denaturing   PAGE gel: mix 4 mL annealing  buffer 
and 4 mL 40 % acrylamide stock solution (19:1 Ac–Bis) with 
32 mL diH 2 O in a 50 mL conical tube. Add 300 μL 10 % APS 
and 20 μL TEMED into the mixture, gently swirl and quickly 
pour into an 18 cm × 16 cm × 1.5 cm glass cassette. Insert a 
15-well gel comb immediately without introducing air bubble. 
Allow gel to stand at room temperature for 1 h to solidify.   

   2.    Mix 9 μL annealed DNA nanostructure with 1 μL of 10× native 
tracking dye and directly load to the gel without heating. Set 
the water bath at 37 °C and run the gel in 1× TAE/Mg  2+  buf-
fer with constant voltage at 200 V for 90 min ( see   Note 9 ).   

   3.    Stop and take the gel out by gently wrapping the gel. Soak the 
gel in ethidium bromide staining tank and unwrap it. Stain the 
gel for 5–10 min and destain it in water for 2 min. Image the gel 
on a UV gel scanner (Fig.  1 ,  see   Note 10 ).

              1.    Mix 100 μL 250 nM TH-CpG with 4 μL of 1 mg/mL SA-Alexa 
Fluor 546 at room  temperature   for 10 min, and then add 4 μM 
YOYO-1 DNA intercalator dye. Incubate at room temperature 
for 45 min to allow dual-labeling of SA-TH-CpG.   

   2.    Add different concentrations of MgCl 2  to RPMI medium. The 
fi nial concentration of Mg 2+  is 12.5 mM, 8 mM, and 4 mM, 
respectively.   

   3.    For in vitro stability analysis, mix 3 μL of dually labeled SA-TH- 
CpG with 87 μL RPMI medium/Mg 2+  and incubate at 
37 °C. Measure sample emission spectrum between 490 nm 
and 650 nm on fl uorescence spectrophotometer at various 
time points, with the excitation wavelength set at 470 nm.   

   4.    Quantify the ratio of acceptor’s fl uorescent intensity (570 nm) 
to donor’s fl uorescent intensity (510 nm). Defi ne this Acceptor 
to Donor (A/D) ratio as the stability of  DNA nanostructures  . 

3.2  Assembly of DNA 
Tetrahedron 
Nanostructures 
(TH-CpG)

3.3  Characterization 
of Assembled DNA 
Nanostructures 
by Non- denaturing 
PAGE Gel

3.4   In Vitro Stability 
Analysis 
of Streptavidin 
(SA)-TH-CpH Vaccine 
Complex

Xiaowei Liu et al.
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              1.      Maintain   RAW264.7 cell line in complete culture medium at 
37 °C with 5 % carbon dioxide (CO 2 ), and seed the RAW264.7 
cells into 12-well plate at the density of 5 × 10 5  cells per well in 
1 mL complete culture medium.   

   2.    Mix 5.5 μL of 1 mg/mL SA-DyLight488 with 100 μL1× 
TAE/Mg 2+  buffer, or 100 μL 250 nM TH-CpG nanostructure 

3.5  Cellular 
Internalization of DNA 
Nanostructures 
by Flow Cytometry

  Fig. 1    Characterization of  DNA nanostructure   assembly by 4 % non-denaturing 
PAGE gel. Lanes from  left  to  right  are: 10 bp DNA ladder (M1); component DNA 
strands (strand L, M, CpG, and S), where band intensities are infl uenced by both 
oligo length and secondary structures; Tetrahedron-CpG (TH-CpG) nanostruc-
tures with and without streptavidin (SA); 100 bp DNA ladder (M2)       

  Fig. 2    Effect of Mg 2+  concentrations on the  stability   of  DNA nanostructures  . The ratio of fl uorescence intensity 
of Acceptor to Donor, i.e., A/D ratio, was used to assess structural stability of DNA nanostructure under different 
concentrations of Mg 2+ . The A/D ratio post incubation was normalized by the A/D ratio at time 0, presenting as 
relative A/D ratio ( y -axis). Each data point is the average of 3 independent experiments along with standard 
error. The  red ,  black ,  blue , and  green lines  represent the change of relative A/D ratios over time in buffer con-
taining Mg 2+  at the fi nal concentration of 12.5 mM, 8 mM, 4 mM, and 0, respectively       
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or 100 μL 3 μM 5′ biotin-CpG in 1× TAE/Mg 2+  buffer and 
incubate at room temperature for 30 min to form SA488 
alone, SA488-TH-CpG, or SA488-CpG respectively.   

   3.    Add 20 μL of each diluent above into separate wells of cells 
and incubate at 37 °C for 5 min or 1 h.   

   4.    Collect cells by pipetting with 1 mL pipettor and transfer to 
fl exible U-bottom 96-well plate.   

   5.    Spin at 380 ×  g  for 5 min at 4 °C and aspirate supernatant.   
   6.    Add 30 μL DNase-1 (10 U/mL) and trypsin to the cell pellet 

and incubate at 37 °C for 5 min. Wash twice with staining 
buffer.   

   7.    Resuspend cells in 200 μL staining buffer each and analyze the 
mean fl uorescence intensity (MFI) of Dylight 488 on BD 
FACSCalibur  .      

       1.    Maintain RAW264. 7   cell line in complete culture medium at 
37 °C with 5 % carbon dioxide (CO 2 ).   

   2.    Harvest RAW264.7 cells at 60–70 % confl uency using a cell 
scrapper. After cell numeration with a hemocytometer, seed 
the cells into a 48-well plate at the density of 1 × 10 5  cells in 
250 μL medium per well. Culture cells in a 37 °C incubator 
with 5 % CO 2  overnight.   

   3.    After overnight culture, aspirate the old medium from each 
well, and add fresh complete culture medium that is mixed 
with polymyxin B sulfate (50 μg/mL) to exclude the stimula-
tory effect resulting from endotoxin contamination possibly 
present in the testing samples ( see   Note 11 ).   

   4.    Dilute free streptavidin (SA), free CpG ODN, or SA-TH-CpG 
in 1× TAE/Mg 2+  buffer to the concentration of 1 μM SA and 
3 μM CpG or equivalent, respectively, in a volume of 15 μl. 
Then add 12.5 μL of such diluents (i.e., either  CpG ODN   or 
SA-TH-CpG) to individual wells.   

   5.    Incubate for 20–24 h, detach and harvest cells by repetitive 
pipetting with 1 mL pipette. Collect the cells onto a U- bottom 
fl exible 96-well plate.   

   6.    Pellet cells by spinning at 380 ×  g  for 5 min at 4 °C and wash 
cells by staining buffer   

   7.    Stain cells with PE anti-mouse CD40 (1 μg/mL) and mouse 
FcR block (1 μg/mL) at 4 °C for 30 min and wash twice with 
staining buffer   

   8.    Analyze the surface CD40 expression of stimulated cells on 
BD FACSCalibur.   

   9.    The adjuvant activity is characterized by analyzing the MFI of 
PE to compare the level of CD40 expression after stimulation.       

3.6   In Vitro 
Stimulation Assay 
of Adjuvant

Xiaowei Liu et al.
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       1.    Assemble vaccine complexes by mixing 100 μL of annealed 
DNA TH-CpG (equivalent to 2 μg CpG) with 5.5 μg SA at 
room temperature for 30 min, which is the amount of antigens 
utilized for immunization of each mouse. Adjust the amount 
of assembly according to the number of immunizing animals 
( see   Note 12 ).   

   2.    Randomly assign 6-week-old female mice at fi ve per cage and 
acclimate them for at least 1 week prior to vaccination. 
Immunize the mice subcutaneously (either in the back or at 
the tail base) with the fully assembled SA-TH-CpG vaccine. 
Give additional boosting immunizations to enhance the  immu-
nogenicity   of the vaccines ( see   Note 13 ).   

   3.    Collect the blood from the facial veins at various times post the 
primary, secondary or tertiary immunization. Spin at 2000 ×  g  
at 4 °C for 10 min and save the supernatant serum. Store mouse 
serum as aliquots at −80 °C freezer. Analyze samples by direct 
 ELISA   for quantitative measurements of anti-SA antibodies.      

       1.    Coat  MaxiSorp   96-well ELISA plates with 1 μg/mL SA in coat-
ing buffer at 50–100 μL per well. Cover the plates with sticky 
plate sealer and keep them overnight at room temperature.   

   2.    Aspirate the ELISA plates and wash once with washing buffer. 
Block the plates with 100 μL ELISA blocking buffer per well 
at 37 °C for 1 h ( see   Note 14 ).   

   3.    Wash the plates three times with washing buffer. Prepare mouse 
serum samples in ELISA blocking buffer with a serial dilution 
in a U-bottom fl exible 96-well plate. Similarly, dilute the com-
mercial anti-SA antibody with known concentration in ELISA 
blocking buffer via a serial dilution to use it as a standard for 
estimating the level of anti-SA antibodies made in the serum.   

   4.    Add the diluted serum samples and anti-SA antibody standard 
to the ELISA plates and incubate them at 37 °C for 2 h.   

   5.    Wash the plates three times with washing buffer and add  alkaline 
phosphatase conjugated anti-mouse IgG+IgM that is diluted in 
ELISA blocking buffer following the dilution factors recom-
mended by the manufacturer. Incubate the plates at 37 °C for 1 h.   

   6.    Wash the plates three times with ELISA washing buffer and 
add the plates with the substrate solution, 4-nitrophenyl phos-
phate disodium salt hexahydrate. Incubate the plate at room 
temperature until the top row of standard antibody reaches to 
OD405 of 0.6–1.0, while maintaining the color gradient.   

   7.    Stop the reaction by adding 25 μL 0.3 M NaOH to each well. 
Read the plate on a standard 96-well plate reader at 405 nm. 
Calculate the concentrations of anti-SA antibodies in the serum 
samples by fi tting the OD405 to the standard curve that is 
generated from the standard antibody.        

3.7  Mouse 
Immunization

3.8   Quantifi cation 
of Antibody Responses 
by ELISA
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4    Notes 

     1.    The annealing buffer should be prepared and stored as sterile to 
avoid any pathogen contamination in the fi nal vaccine sample.   

   2.    10× TBE buffer tends to form precipitates after long term stor-
age, and therefore dilution as 1× TBE buffer (also the running 
buffer for denature gels) is recommended, except for making 
the 20 % and 0 % denaturing PAGE gel mix.   

   3.    When making 20 % denaturing PAGE gel mix, slight heating 
at 30–35 °C is recommended to help the dissolve of urea. But 
overheat or long time heating is not recommended as they may 
cause decomposition.   

   4.    20 % denaturing PAGE gel mix should be stored in dark or 
wrapped with aluminum foil to prevent decomposition by light.   

   5.    Do not overheat the sample.   
   6.    Concentrations of DNA oligos should be measured and  calculated 

in a precise manner, and the strand stoichiometry should be 
strictly followed, as the DNA strand stoichiometry greatly 
 infl uences the assembly yield of DNA tetrahedron nanostructure.   

   7.    After the annealing of  DNA nanostructures  , they can be stored 
at 4 °C for weeks. However, it is recommended to be used 
within 2 weeks.   

   8.    Purifi ed DNA strands should be stored at −20 °C for long 
term storage. However, annealed  DNA nanostructures   cannot 
be stored at −20 °C as freezing may destroy the assembled 
nanostructure. If put to −20 °C by accident, the annealed sam-
ples may be re-annealed with the same PCR program after 
thawing to room temperature.   

   9.    When running the 4 % native gel, it is important to ensure the 
running buffer in lower tank covers up to the bottom of wells. 
This helps control the gel temperature during running and pre-
vent DNA tetrahedron disassembly caused by gel overheating.   

   10.    Be extra gentle when handling 4 % native gels. Wrap the gel 
before lift it to prevent breaking gel into pieces.   

   11.    Handle PMB solution with caution to prevent endotoxin 
contamination.   

   12.    When assembling the  DNA nanostructures   and mixing with SA 
to construct the fi nal vaccine complexes, it is important to use 
sterile tubes and sterile pipette tips and to operate in a tissue cul-
ture hood.   

   13.    For immunization at the mouse tail base, use a tail access 
rodent restrainer for better control of mice. After tail base 
injection, it is normal to see a small bulge at the injection site.   

   14.    For  ELISA  , automated plate washer may provide better wash-
ing effi ciency and help reduce the background.          

Xiaowei Liu et al.
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Chapter 22

Alphavirus-Based Vaccines

Kenneth Lundstrom

1 Introduction

Vaccine development has been characterized by defining targets, 
which generate strong immune responses after vaccination and 
provide protection against challenges with lethal doses of disease 
agents. In this context, obvious targets have included infectious 
diseases and various types of cancers. The classic approach has been 
to apply attenuated or inactivated viral strains for immunization 
experiments [1]. More recently, viral surface and core proteins pro-
viding antigens for immunization have been identified for vaccine 
development [2]. This approach has mainly relied on generating 
high level expression of viral proteins using recombinant technolo-
gies. For this purpose, efficient expression vectors have been engi-
neered for alphaviruses based on Semliki Forest virus (SFV) [3], 
Sindbis virus (SIN) [4], and Venezuelan equine encephalitis virus 
(VEE) [5]. Moreover, alphavirus vectors have also been applied for 
vaccine development against cancer [6].

Alphavirus vectors have been used for vaccine development as 
naked RNA, recombinant viral particles, and layered DNA plas-
mids [7]. A large number of viral structural proteins such as influ-
enza virus HA (hemagglutinin) [8] and NA (neuraminidase) [9], 
HIV envelope (Env) [10] and glycoprotein 41 (gp41) [11], and 
Ebola virus nucleoprotein (NP) [12] and glycoprotein (GP) [13] 
have been expressed from alphavirus vectors and subjected to 
immunization studies in a variety of animal models. In this context, 
vaccination of chicken with recombinant VEE particles provided 
protection after challenges with lethal doses of influenza virus [8]. 
Likewise, immunization of primates with VEE particles protected 
from intramuscular and aerosol challenges with Ebola virus [14]. A 
number of studies have targeted overexpression of cancer-related 
genes for obtaining therapeutic efficacy and even protection against 
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disease development [7]. For instance, immunization with VEE 
particles expressing the neu gene demonstrated tumor regression 
in mice [15]. Furthermore, vaccination with SIN-HER2/neu 
DNA plasmids provided protection of mice challenged with neu 
overexpressing cancer cells [16]. Interestingly, a single injection 
with SFV-LacZ RNA presented complete tumor protection, and 
even immunization 2 days after tumor cell administration extended 
animal survival for 10–20 days [17]. Due to the association of 
alphaviruses to epidemics in different parts of the world they serve 
as attractive targets for vaccine development. For instance, a live 
attenuated V3526 VEE vaccine showed protection against VEE 
challenges [18]. Additionally, a new Chikungunya (CHIK) virus 
was isolated from an acutely infected human patient and subjected 
to the design of a synthetic DNA vaccine [19].

The success achieved in preclinical animal models has encour-
aged to subject vaccine programs to clinical trials. In a human phase 
II, randomized, double-blind, placebo-controlled, safety and 
immunogenicity study volunteers were subjected to subcutaneous 
injection of a serially passaged, plaque-purified live CHIK vaccine 
[20]. Neutralizing antibodies were detected in 98 % of vaccinated 
individuals and 85 % still remained seropositive a year later. 
Moreover, a two-component alphavirus replicon vaccine expressing 
cytomegalovirus (CMV) gB or pp65/1E1 fusion protein was sub-
jected to a phase I randomized, double-blind clinical trial [21]. 
Intramuscular or subcutaneous administration induced neutralizing 
antibodies and multifunctional T-cell responses in CMV seronega-
tive adult volunteers. Expression of carcinoembryonic antigen 
(CEA) from alphavirus particles was subjected to repeated adminis-
tration in patients with metastatic cancer in another clinical trial 
[22]. The elicited CEA-specific antibodies demonstrated cellular 
toxicity against colorectal cancer metastases and showed extended 
overall survival in patients with CEA-specific antibodies. In another 
human clinical trial, patients with metastatic cancers were immu-
nized with VEE replicons expressing the prostate-specific mem-
brane antigen (PSMA) [23]. A weak PSMA-specific signal was 
observed, but disappointingly no clinical benefit was achieved.

2 Materials

One key component in applying alphavirus vectors for vaccine 
development is the preparation of delivery vehicles for immuniza-
tion experiments. The approaches are obviously different depend-
ing on whether naked RNA, recombinant viral particles or layered 
DNA vectors are used. Similarly, the immunization procedures 
depend on the type of vector applied.

Kenneth Lundstrom
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 1. Cell cultures
Recombinant alphavirus particles are propagated in BHK-21 
(baby hamster kidney) cells cultured in a 1:1 mixture of 
Dulbecco’s modified F-12 medium (Gibco BRL) and Iscove’s 
modified Dulbecco’s medium (Gibco BRL) supplemented 
with 4 mM glutamine and 10 % fetal calf serum (FCS).

 2. Alphavirus plasmid vectors
SFV-, SIN-, and VEE-based expression vectors share common 
features and for simplicity the focus below will be on SFV only. 
Replication-deficient recombinant particles are generated from 
expression vectors pSFV1 and pSFV2gen (also called pSFV4.2) 
together with the pSFV-Helper2 vector (Fig. 1). The vectors 
pSFV1 and pSFV-Helper2 are linearized by SpeI and pSFV-
2gen by NruI. Moreover, modified vectors providing enhanced 
expression [24] and reduced cytotoxicity [24, 25] have been 
engineered.

 3. Reagents and Equipment

Fig. 1 SFV expression and helper vectors. Expression vector pSFV2gen and its derivative used for insertion of 
foreign genes of interest in the multi-cloning site (MCS). Both expression and helper vectors contain SP6 RNA 
polymerase promoter (SP6), SFV 26S promoter for expression of genes of interest and structural proteins (SPs), 
respectively. The genes coding for the nonstructural proteins (nsPs) and the polyadenylation signal (poly A) are 
indicated. Alternative linearization sites (LS) can be used

Alphavirus-Based Vaccines
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●● Restriction endonucleases SpeI, NruI (Roche Molecular 
Biochemicals)

●● 0.8 % agarose gel (Q-Biogene)
●● Gel electrophoresis apparatus (Bio-Rad)
●● Phenol–chloroform–isoamyl alcohol 25: 24:1 (v/v/v) (Gibco 

BRL)
●● 3 M Sodium acetate, pH 4.8 (Fluka)
●● 95 % and 70 % (v/v) ethanol (Merck)
●● 10× SP6 Buffer: 400 mM HEPES, pH 7.4, 60 mM magne-

sium acetate, 20 mM spermidine
●● 10 mM m7G(5′)ppp(5′)G sodium salt (Roche Molecular 

Biochemicals)
●● 50 mM dithiothreitol (DTT) (Fluka)
●● rNTP Mix: 10 mM rATP, 10 mM rCTP, 10 mM rUTP, 5 mM 

rGTP (Roche Molecular Biochemicals)
●● 10–50 U/μL RNase inhibitor (Roche Molecular Biochemicals)
●● 10–20 U/μL SP6 RNA polymerase (Amersham Pharmacia 

Biotech)
●● Phosphate buffered saline (PBS) (Gibco BRL)
●● Trypsin–ethylenediamine tetra-acetic acid (EDTA): 0.25 % 

trypsin, 1 mM EDTA × 4 Na) (Gibco BRL)
●● Microcentrifuge, 1.5 mL microcentrifuge tubes (Eppendorf)
●● Heating blocks and water baths (Eppendorf/Julabo)
●● Sterile electroporation cuvettes, 0.2 and 0.4 cm (Bio-Rad or 

BTX)
●● Electroporator (Bio-Rad Gene Pulser)
●● Tissue culture flasks (T25, T75, and T175) (Nunc Brand 

Products)
●● Microwell plates (6-, 12-, and 24-well plates) (Costar)
●● Falcon tubes (15 and 50 mL) (Becton Dickinson)
●● Plastic syringes (1, 10, and 50 mL) (Becton Dickinson)
●● Sterile 0.22 μm filters (Millipore)
●● MicroSpin™ S-200 HR Columns (Amersham)
●● Dulbecco’s modified F-12 medium (Gibco BRL)
●● Iscove’s modified Dulbecco’s medium (Gibco BRL)
●● Opti-MEM I reduced-serum medium (Gibco BRL)
●● X-gal stock solutions: 50 mM K ferricyanide, 50 mM K ferro-

cyanide, 1 M MgCl, 2 % X-gal in DMF or DMSO
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●● X-gal staining solution: 1× PBS, 5 mM K ferricyanide, 5 mM K 
ferrocyanide, 2 mM MgCl, 1 mg/ml X-gal

●● Mowiol 4-88 containing 2.5 % DABCO (1,4-diazobicyclo- 
[2.2.2]-octane)

●● Lysis buffer: 50 mM Tris–HCl pH 7.6, 150 mM NaCl, 2 mM 
EDTA, 1 % (v/v) Nonidet P-40 (NP40) (Sigma)

●● Hybond ECL nitrocellulose filter (Amersham)
●● TBST (TBS with 0.1 % Tween 20)
●● ECL Chemiluminescence kit (Amersham)
●● Starvation medium: methionine-free MEM, 2 mM glutamine, 

20 mM HEPES
●● Chase medium: E-MEM, 2 mM glutamine, 20 mM HEPES, 

150 μg/mL unlabeled methionine
●● BHK-21 cells (ATCC CCL-10)
●● CHO-K1 cells (ATCC CCL-61)
●● COS7 cells (ATCC CRL-1651)
●● HEK293 cells (ATCC CRL-1573)

3 Methods

General subcloning procedures are followed for introduction of 
genes of interest into the multiple cloning sites (MCS) of the SFV 
expression vectors. Because the region between the MCS and the 
linearization sites contains the RNA replication and polyA+ signals 
the linearization sites (SpeI, SapI, and NruI) in SFV cannot be 
used as cloning sites. Restriction endonuclease digestions and 
nucleotide sequencing are applied for insert verifications. The 
preparation of high purity DNA (Midiprep or Maxiprep DNA) is 
recommended for in vitro transcription reactions (see Note 1).

 1. Recombinant SFV plasmids are linearized by SpeI, SapI, or 
NruI under standard restriction digestion conditions.

 2. After confirmation of complete digestions by agarose gel elec-
trophoresis the linearized DNA is purified by phenol–chloro-
form extraction followed by ethanol precipitation (overnight 
at −20 °C or 15 min at −80 °C).

 3. Ethanol precipitates are centrifuged for 15 min at 18,000 × g at 
+4 °C and washed with 70 % ethanol. After repeated centrifu-
gation for 5 min, the DNA pellet is air-dried or lyophilized and 
resuspended in RNase-free H2O at a final concentration of 
0.5 μg/μL. MicroSpin™ S-200 HR Column purification can 
be alternatively used for DNA purification.

3.1 Subcloning 
into SFV Vectors

3.2 DNA 
Linearization
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It is recommended that in vitro transcribed RNA is prepared fresh 
for immunizations or electroporation although RNA transcripts 
can be stored for shorter periods (weeks) at −80 °C. Most impor-
tantly, the in vitro transcription reactions should be set up at room 
temperature as the SP6 buffer contains spermidine, which might 
lead to precipitation at lower temperatures. Enzyme components 
should be added last. Despite the availability of commercial in vitro 
transcription buffers, it is recommended that the optimized SP6 
RNA polymerase buffer below is used (see Note 2).

In Vitro Transcription Reaction
5 μL (2.5 μg) linearized plasmid DNA
5 μL 10× SP6 buffer
5 μL 10 mM m7G(5′)ppp(5′)G
5 μL 50 mM DTT
5 μL rNTP mix
x μL RNase-free H2O to reach a final volume of 50 μL
1.5 μL (50 U/μL) RNase Inhibitor
3.5 μL (20 U/μL) SP6 RNA polymerase

 1. All reaction components are mixed and incubated for 1 h at 
37 °C (see Note 3).

 2. The quality of in vitro transcribed RNA is assessed by agarose gel 
electrophoresis of 1–4 μL aliquots. An indication of high quality 
RNA is thick bands without smearing with an approximate 
mobility of 8 kb (compared to DNA markers) from the expres-
sion vector and a slightly faster mobility of helper RNA (Fig. 2).

3.3 In Vitro 
Transcription

Fig. 2 Analysis (quality control) of in vitro transcribed RNA. Samples from in vitro 
transcription reactions are loaded on 0.8 % agarose gel. Lane 1: DNA ladder; 
lane 2: pSFV-GFP RNA; lane 3: pSFV-Helper2 RNA
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 3. In vitro transcribed RNA can be directly subjected to electro-
poration or lipid-mediated transfection or stored for weeks at 
−80 °C. In case of using frozen samples, the quality of RNA 
should be reevaluated by agarose gel electrophoresis. Each 
in vitro transcription reaction is anticipated to generate 
20–50 μg of RNA.

Although BHK-21 cells are known to produce high-titer SFV 
stocks alternative host cells can be considered.

 1. Cells with a low passage number are cultured in T175 flasks to 
no more than 80 % confluency, washed once with PBS and 
trypsinized with 6 mL trypsin–EDTA per T175 flask for 5 min 
at 37 °C.

 2. After resuspension in 25 mL cell culture medium, the cells are 
centrifuged for 5 min at 800 × g and the cell pellet resuspended 
in a small volume (<5 mL) of PBS.

 3. The volume is increased to 25 mL with PBS and cells are 
recentrifuged for 5 min at 800 × g.

 4. Finally, cells are resuspended in approximately 2.5 mL PBS per 
T175 flask, equivalent to 1–2 × 107 cells per mL. Cells should 
be used immediately for electroporation although shorter stor-
age (<1 h) on ice is acceptable.

 5. Next 0.4 mL BHK-21 cell suspension is transferred to 0.2 cm 
cuvettes or 0.8 mL to 0.4 cm cuvettes. In vitro transcribed 
recombinant RNA (20–45 μL) and helper RNA (20 μL) are 
added to the cell suspension and two consecutive pulses are 
applied with the following settings for the Bio-Rad Gene 
Pulser:

The Bio-Rad Gene Pulser II requires the following 
modifications:

●● The pulse controller should be set to “high range” and “∝”
●● The capacitance rotary switch should be set to “high 

capacitance”

3.4 Electroporation 
of RNA

0.2 cm cuvette 0.4 cm cuvette

Capacitance extender 960 μF 960 μF

Voltage 1500 V 850 V

Capacitor 25 μF 25 μF

Resistance (pulse controller) ∝ Ω Disconnected

Expected time constant (TC) 0.8 s 0.4 s
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●● The following settings should be applied: 360 V and 
75 μF

●● The obtained resistance for 0.2 cm cuvettes is 10 Ω and 
the time constant 0.7–0.8 s

 6.   Cells are immediately diluted 25-fold in cell culture medium 
and transferred to T flasks or plates for overnight incubation 
at 37 °C in an incubator with 5 % CO2.

As an alternative to electroporation DMIRIE-C and other trans-
fection reagents can be applied for BHK-21, COS7 and CHO-K1 
cells.

 1. BHK-21 cells (1.5–3 × 105) in 35 mm petri dishes or on 6-well 
plates are cultured to approximately 80 % confluency.

 2. After washing cells with Opti-MEM I reduced-serum medium, 
the following cationic lipid-RNA complexes are prepared: 0, 3, 
6, 9, 12, and 15 μL of DMRIE-C to six 1.5 mL microcentri-
fuge tubes with 1 mL Opti-MEM I reduced-serum medium at 
room temperature.

 3. Next, 10 μL (~5 μg) in vitro transcribed recombinant RNA 
and 5 μL (~2.5 μg) helper RNA are mixed, added to each tube 
and vortexed briefly.

 4. The lipid-RNA complexes are added immediately to the 
washed cells and incubated at 37 °C for 4 h.

 5. The transfection medium is replaced with pre-warmed (37 °C) 
complete BHK medium and the BHK cells incubated at 37 °C 
overnight in an incubator with 5 % CO2.

Recombinant SFV particle production in the range of 108 to 109 
infectious particles per mL occurs within the first 24 h.

 1. Virus particles are harvested by carefully removing the medium 
from the BHK-21 cells.

 2. Filter-sterilization through a 0.22 μm filter removes cell debris 
and possible contaminants.

 3. Because repeated cycles of freezing and thawing can reduce the 
titers significantly it is advisable to aliquot virus stocks before 
stored at −20 °C (for weeks) and at −80 °C (for years).

Utilization of the conventional SFV helper vectors generates fully 
infectious particles. However, recombination may generate 
replication- competent particles at a low frequency, which has been 
eliminated by engineering a second generation pSFV-Helper2 vec-
tor for the production of conditionally infectious particles [26].

 1. Activation of particles takes place by addition of α-chymotrypsin 
at a final concentration of 500 μg/mL for 20 min at room 
temperature.

3.5 Lipid-Mediated 
Transfection of RNA

3.6 Harvest 
of Recombinant Viral 
Particles

3.7 Activation 
of Recombinant SFV 
Particles
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 2. The reaction is terminated with Aprotinin (trypsin inhibitor) at 
a final concentration of 250 μg/mL.

The replication-deficient nature of recombinant virus particles 
generates no plaques, which limits titer determination. Indirect 
titers can be estimated by determination of the number of infected 
cells for reporter gene expression.

 1. BHK-21 (or other) cells are cultured to a defined concentra-
tion on 6- or 12-well plates or on coverslips before infection 
with serial dilutions (e.g., fivefold dilutions in the range 
expected to give 20–50 positive cells per microscope field) of 
virus stocks expressing GFP or β-galactosidase.

 2. After incubation at 37 °C titers are estimated no later than 
48 h post-infection because especially mutant vectors may pro-
vide a suboptimal signal at earlier time points and later on 
cytopathic effects increase the number of detached cells.

Moreover, immunofluorescence methods can be applied. As alpha-
virus infection cause cell morphology changes (round up) micro-
scopic examination can also provide an approximate estimation of 
titers.

The number of GFP positive cells is counted applying fluorescence 
microscopy. The approximate titers are determined as infectious 
particles/mL based on the number of GFP positive cells per well 
and taken into account the virus dilution.

The number of β-galactosidase positive cells is counted applying 
light microscopy.

 1. Cells are washed with PBS, fixed in cold methanol at −20 °C 
for 5 min and washed again three times with PBS.

 2. Next cells are stained for at least 2 h in X-gal staining solution 
at 37 °C or room temperature.

 3. The number of X-gal (blue) positive cells is counted and the 
titers estimated as described for GFP detection.

 1. Coverslips with cultured cells are rinsed twice with PBS and 
fixed for 6 min at −20 °C in methanol.

 2. Coverslips are washed three times in PBS and incubated for 
30 min at room temperature in PBS containing 0.5 % gelatin 
and 0.25 % BSA to prevent unspecific binding.

 3. The blocking buffer is replaced with a primary antibody in the 
same buffer for 30 min at room temperature.

 4. After washing three times with PBS and incubated with a sec-
ondary antibody for 30 min at room temperature, the cover-

3.8 Verification 
of Virus Titers

3.8.1 GFP Detection

3.8.2 X-Gal Staining

3.8.3 Immuno 
fluorescence
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slips are washed again three times with PBS and once with 
H2O, and air-dried.

 5. Finally the coverslips are mounted on glass slides using 10 μL 
Mowiol 4-88 containing 2.5 % DABCO (1,4-diazobicyclo-
[2.2.2]-octane) and the number of positive cells is counted 
and the titers estimated as described for GFP detection.

Before proceeding to any immunization studies, it is advisable to 
rapidly evaluate the transgene expression from generated virus 
stocks. Estimation of expression levels and gene product size can 
be obtained by Western blotting when antibodies are available 
against the target protein or tag fusions in vector constructs 
(Fig. 3a). Alternatively, infected cells can be subjected to metabolic 
labeling with 35S-methionine (Fig. 3b).

 1. Appropriatecells (BHK-21, CHO-K1, HEK293) cultured on 
6-, 12-, or 24-well plates are infected with serial dilutions of 
virus stocks and incubated for 1–2 days at 37 °C.

 2. Cells are lysed with 250, 125, and 62.5 μL lysis buffer per 6-, 
12-, and 24-well plate, respectively, and incubated for 10 min 
on ice before samples are loaded on 10–12 % SDS-PAGE.

3.9 Evaluation 
of Gene Expression

3.9.1 Western Blotting
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Fig. 3 Expression verification by 10 % SDS-PAGE. (a) Western blotting: Lane 1: human cannabinoid 2 recep-
tor; lane 2: human chemokine receptor 3 detected with anti-His antibody against vector-based His-tag. (b) 
Metabolic labeling: Lane 1: BHK-21 cells electroporated with pSFV-NKI (neurokinin 1 receptor) and pSFV-
Helper 2 RNA; lane 2: BHK cells infected with recombinant SFV-NK1 virus
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 3. Electrophoresed protein material is transferred to a Hybond 
ECL nitrocellulose filters for 30 min.

 4. Filters are treated with 5 % milk in TBST at +4 °C for 30 min 
followed by primary and secondary antibody treatment, each 
for 30 min at room temperature.

 5. Specific bands are visualized with the ECL Chemiluminescence 
kit.

 1. Host cells (BHK-21, CHO-K1, HEK293) cultured on 6-, 12-, 
or 24-well plates are infected with serial dilutions of virus 
stocks and incubated for 1–2 days at 37 °C.

 2. The medium is removed, cells washed once with PBS and 
Starvation medium added.

 3. After 30 min at 37 °C the medium is replaced with 50–100 μCi/
mL of 35S methionine (in Starvation medium) and incubated 
for 20 min at 37 °C.

 4. The medium is removed, cells washed twice with PBS and 
Chase medium added for appropriate time (15 min to 3 h).

 5. After removal of Chase medium, cells are washed once with 
PBS, 250 μL lysis buffer per 6-well plate added and incubated 
for 10 min on ice.

 6. Samples are loaded on 10–12 % SDS-PAGE under standard 
conditions, fixed in 10 % acetic acid, 30 % methanol for 30 min 
at room temperature and replaced with Amplify® for 30 min at 
room temperature.

 7. The gel is dried and exposed on Hyperfilm-MP for 2–24 h 
(depending on signal) at room temperature or at −80 °C apply-
ing radioactivity-intensifying screens for visualization.

For alphavirus-based preclinical vaccine studies it may be advanta-
geous to prepare further purified virus stocks for immunization 
studies (see Note 4). In case of clinical trial these procedures are 
mandatory. For this purpose, various methods such as ultracentri-
fugation and affinity chromatography can be employed.

 1. A step gradient is prepared in ultracentrifuge tubes by addition 
of 1 mL of 50 % sucrose solution (bottom) and 3 mL of 20 % 
sucrose solution (top).

 2. Virus stock solution (9 mL for SW 40 Ti or 8 mL for SW 41 
Ti) is added onto the sucrose gradient.

 3. Ultracentrifugation is performed at 160,000 × g (30,000 rpm 
in SW 40 Ti or SW41 Ti rotor) for 90 min at +4 °C.

 4. The virus will settle near the interface between the 20 % and 
50 % sucrose layers and can be collected by discarding the 
medium fraction and the bottom 0.8 mL consisting of 50 % 
sucrose.

3.9.2 Metabolic Labeling

3.10 Virus Stock 
Purification

3.10.1 Ultracentri-
fugation of Virus Stocks
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 1. Virus stocks are loaded onto the sample container of the 
Centriprep concentrator as described by the manufacturer.

 2. The assembled concentrator is centrifuged at an appropriate 
g-force (according to the manufacturer’s recommendations), 
until the fluid levels inside and outside the filtrate collector 
equilibrate.

 3. The device is removed, the airtight seal cap snapped off, the 
filtrate decanted, the cap replaced, and the concentrator centri-
fuged a second time.

 4. The filtrate is decanted, the twist-lock cap is loosed, and the 
filtrate collector removed.

 5. The concentrated virus sample is collected with a 1 mL dispos-
able plastic pipette. If further concentration of virus is desired, 
additional centrifugation can be performed after decanting the 
filtrate.

The application of the Matrex® Cellufine™ Sulfate columns for 
virus concentration allows efficient removal of endotoxins and 
other contaminants and should be used according to the manufac-
turer’s recommendations.

 1. The affinity matrix column is equilibrated with adsorption buf-
fer (0.01 M phosphate, 0.1 M NaCl, pH 7.5) and samples are 
loaded at pH 7.5.

 2. The column is washed with several bed volumes of adsorption 
buffer to remove nonbinding contaminants and the concen-
trated virus is eluted with elution buffer (1–2 M NaCl  
or KCl).

Alphavirus vectors have been applied in a number of immunization 
studies for vaccine development [7]. The immunization proce-
dures obviously vary depending on whether the vectors are pro-
vided in the form of naked RNA, recombinant viral particles or 
layered DNA plasmids. Obviously, each vaccine target is unique 
and the methodology varies significantly depending on whether 
the aim is to develop a vaccine against pathogenic viruses or tumors. 
All methods cannot be presented here, so only a few examples are 
described.

In the context of immunization with naked replicon RNA, in vitro 
transcribed RNA can be directly applied.

 1. BALB/c mice are subjected to intramuscular injection of 
100 μg of in vitro transcribed SFV-LacZ RNA [17].

3.10.2 Centriprep 
Concentration

3.10.3 Affinity 
Chromatography 
Concentration

3.11 Immunizations

3.11.1 Immunization 
with RNA
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 2. Evaluation of immune response is monitored from sera by 
ELISA for the presence of IgG antibodies against recombinant 
β-galactosidase protein [27] 21 days post-injection.

 3. In case of monitoring β-galactosidase-specific CD8+ T cell rec-
ognition splenocytes are isolated 21 days after immunization 
and re-stimulated in vitro for 6 days in the presence of the Ld- 
restricted peptide β-gal 876–884 (1 μg/mL).

Tumor protection of mice immunized with in vitro transcribed 
RNA can be evaluated as follows.

 1. Mice are subjected to intravenous injection of 5 × 105 CT26.
CL25 tumor cells and evaluated 21 days post-immunization.

 2. After 12 days, pulmonary metastases “blinded” to sample 
identity are counted.

 3. In case of preestablished tumors, BALB/c mice are intrave-
nously injected with 1 × 105 CT26.CL25 cells and tumors are 
grown for 2 days before immunization with 100 μg SFV-LacZ 
RNA and assessed for survival.

 1. Recombinant alphavirus particles such as 106 VEE particles are 
diluted in PBS and injected subcutaneously into the plantar 
surface of each footpad of C57BL/6 mice three times at  
2 weeks interval [28].

 2. In case of tumor protection evaluation, vaccinated mice are 
challenged with 7.5 × 104 B16F10 tumor cells intradermally  
2 weeks after immunization.

 3. To address therapeutic efficacy, mice are first inoculated with 
7.5 × 104 B16F10 tumor cells (either intradermally or intrave-
nously) before subjected to 3 weekly vaccinations with VEE 
particles.

 1. In the case of vaccine development against Ebola virus naïve 
cynomolgus macaques are intramuscularly injected with 1010 
VEE-EBOV GP focus forming units (FFUs) in the quadriceps 
muscle [14].

 2. Vaccinated animals are challenged intramuscularly and intrana-
sally with approximately 1000 PFU of Ebola virus and moni-
tored closely for at least 28 days.

 1. Immunization with 3 μg layered plasmid DNA vectors is 
 conducted in C57BL/6 mice by 5 weekly intramuscular injec-
tions, which could be enhanced by plasmid-coated gold parti-
cles applying gene gun technology [29].

3.11.2 Immunization 
with Recombinant Particles

VEE Particles in Mice

VEE Particles in Macaques

3.11.3 Immunization 
with DNA

DNA Immunization 
of C57BL/6 Mice
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 2. One week after the last immunization mice are inoculated with 
1 × 105 B16F10 tumor cells and tumor growth is monitored 
for at least 3 weeks.

 1. In the case of viral targets SFV plasmid DNA vectors express-
ing membrane proteins PrM and E of Murray Valley encepha-
litis virus (MVE) are diluted in saline to a concentration of 
1  mg/mL and 100–125 mg DNA doses are intramuscularly 
injected into BALB/c mice [30].

 2. Immunized mice are challenged intraperitoneally with 1.3 × 108 
PFU of MVE and observed for 21 days for signs of encephali-
tis. Alternatively, SPF mice are intramuscularly immunized 
with 100 mg DNA into multiple sites on the hind leg muscles 
and boosted after 21 days.

 3. Two weeks after the final immunization, mice are intracranially 
challenged with 1000 TCID50 of MVE and monitored for 
signs of encephalitis for 21 days.

4 Notes

 1. It is essential to prepare plasmid DNA of high purity as it will 
enhance both quality and quantity of in vitro transcribed RNA 
directly used for immunization or for generation of high-titer 
recombinant virus stocks (Subheading 3.1).

 2. Maximal in vitro transcription yields are achieved by using 
optimized CAP analogue m7G(5′)ppp(5′)G concentration and 
appropriate transcription buffer. Particular attention should be 
addressed for commercial buffers as the quality of generated 
RNA is not always compatible with high virus titer yields 
(Subheading 3.3).

 3. The length of the gene of interest introduced into the expres-
sion vector might affect the RNA yields. When inserts exceed 
4 kb RNA, yields might be improved by extending the incuba-
tion time for the in vitro transcription reaction (Subheading 3.3).

 4. Recombinant virus stocks can be further purified by ultracen-
trifugation or affinity column purification methods (Subheading 
3.10).

References

DNA Immunization 
of BALB/c Mice

 1. Delrue I, Verzele D, Madder A, Nauwynck HJ 
(2012) Inactivated virus vaccines: from chem-
istry to prophylaxis: merits, risks and chal-
lenges. Expert Rev Vaccines 11:695–719

 2. Deng MP, Hu ZH, Wang HL, Deng F (2012) 
Developments of subunit and VLP vaccines 

against influenza A virus. Virol Sin 27: 
145–153

 3. Liljestrom P, Garoff H (1991) A new genera-
tion of animal cell expression vectors based on 
the Semliki Forest virus replicon. Biotechnology 
(N Y) 9:1356–1361

Kenneth Lundstrom



327

 4. Xiong C, Levis R, Shen P, Schlesinger S,  
Rice CM, Huang HV (1989) Sindbis virus: an 
efficient, broad host range vector for gene 
expression in animal cells. Science 243: 
1188–1191

 5. Davies NL, Brown KW, Johnston RE (1989) 
In vitro synthesis of infectious Venezuelan 
equine encephalitis virus RNA from a cDNA 
clone: analysis of a viable deletion mutant. 
Virology 171:189–204

 6. Lundstrom K (2003) Alphavirus vectors for 
vaccine production and gene therapy. Expert 
Rev Vaccines 2:447–459

 7. Lundstrom K (2014) Alphavirus-based vac-
cines. Viruses 6:2392–2415

 8. Brand D, Lemiale F, Turbica I, Buzelay L, Brunet 
S, Barin F (2000) Comparative analysis of humoral 
immune responses to HIV type 1 envelope glyco-
proteins in mice immunized with a DNA vaccine, 
recombinant Semliki Forest virus RNA, or recom-
binant Semliki Forest virus particles. AIDS Res 
Hum Retroviruses 14:1369–1377

 9. Kirman JR, Turon T, Su H, Li A, Kraus C, 
Polo JM et al (2003) Enhanced immunogenic-
ity to Mycobacterium tuberculosis by vaccina-
tion with an alphavirus plasmid replicon 
expressing antigen 85A. Infect Immun 
71:575–579

 10. Giraud A, Ataman-Onal Y, Battail N, Piga N, 
Brand D, Mandrand B et al (1999) Generation 
of monoclonal antibodies to native human 
immunodeficiency virus type 1 envelope glyco-
protein by immunization of mice with naked 
RNA. J Virol Methods 79:75–84

 11. Caley IJ, Betts MR, Irlbeck DM, Davis NL, 
Swanstrom R, Frelinger JA et al (1997) 
Humoral, mucosal, and cellular immunity in 
response to a human immunodeficiency virus 
type 1 immunogen expressed by a Venezuelan 
equine encephalitis virus vaccine vector. J Virol 
71:3031–3038

 12. Pushko P, Bray M, Ludwig GV, Parker M, 
Schmaljohn A, Sanchez A et al (2000) 
Recombinant RNA replicons derived from 
attenuated Venezuelan equine encephalitis 
virus protect guinea pigs and mice from Ebola 
hemorrhagic fever virus. Vaccine 19:142–153

 13. Yang SG, Wo JE, Li MW, Mi FF, Yu CB, Lv GL 
et al (2009) Construction and cellular immune 
response induction of HA-based alphavirus 
replicon vaccines against human-avian influ-
enza (H5N1). Vaccine 27:7451–7458

 14. Herbert AS, Kuehne AI, Barth JF, Ortiz RA, 
Nichols DK, Zak SE et al (2013) Venezuelan 
equine encephalitis virus replicon particle 

 vaccine protects nonhuman primates from 
intramuscular and aerosol challenge with 
Ebolavirus. J Virol 87:4952–4964

 15. Moran TP, Burgents JE, Long B, Ferrer I, 
Jaffee EM, Tisch RM et al (2007) Alphaviral 
vector-transduced dendritic cells are successful 
therapeutic vaccines against neu- overexpressing 
tumors in wild-type mice. Vaccine 25: 
6604–6612

 16. Lachman LB, Rao XM, Kremer RH, Ozpolat 
B, Kiriakova G, Price JE (2001) DNA vaccina-
tion against neu reduces breast cancer inci-
dence and metastasis in mice. Cancer Gene 
Ther 8:259–268

 17. Ying H, Zaks TZ, Wang RF, Irvine KR, 
Kammula US, Marincola FM et al (1999) 
Cancer therapy using a self-replicating RNA 
vaccine. Nat Med 5:823–827

 18. Hart MK, Caswell-Stephan K, Bakken R, 
Tammariello R, Pratt W, Davis N et al (2000) 
Improved mucosal protection against Vene-
zuelan equine encephalitis virus is induced  
by the molecularly defined, live-attenuated 
V3526 vaccine candidate. Vaccine 18: 
3067–3075

 19. Mallilankaraman K, Shedlock DJ, Bao H, 
Kawalekar OU et al (2011) A DNA vaccine 
against chikungunya virus is protective in mice 
and induces neutralizing antibodies in mice 
and nonhuman primates. PLoS Negl Trop Dis 
5, e928

 20. Edelman R, Tacket CO, Wasserman SS, 
Bodison SA, Perry JG, Mangiafico JA (2000) 
Phase II safety and immunogenicity study of 
live chikungunya virus vaccine TSI-GSD-218. 
Am J Trop Med Hyg 62:681–685

 21. Bernstein DI, Reap EA, Katen K, Watson A, 
Smith K, Norberg P et al (2009) Randomized, 
double-blind, Phase 1 trial of an alphavirus 
replicon vaccine for cytomegalovirus in CMV 
seronegative adult volunteers. Vaccine 
28:484–493

 22. Morse MA, Hobeika AC, Osada T, Berglund P, 
Hubby B, Negri S et al (2010) An alphavirus 
vector overcomes the presence of neutralizing 
antibodies and elevated numbers of Tregs  
to induce immune responses in humans  
with advanced cancer. J Clin Invest 120: 
3234–3241

 23. Slovin SF, Kehoe M, Durso R, Fernandez C, 
Olson W, Gao JP et al (2013) A phase I dose 
escalation trial of vaccine replicon particles 
(VRP) expressing prostate-specific membrane 
antigen (PSMA) in subjects with prostate can-
cer. Vaccine 31:943–949

Alphavirus-Based Vaccines



328

 24. Sjöberg EM, Suomalainen M, Garoff H  
(1994) A significantly improved Semliki Forest 
virus expression system based on translation 
enhancer segments from the viral capsid gene. 
Biotechnology 12:1127–1131

 25. Lundstrom K, Abenavoli A, Malgaroli A, 
Ehrengruber MU (2003) Novel Semliki Forest 
virus vectors with reduced toxicity and 
temperature- sensitivity for long-term enhance-
ment of transgene expression. Mol Ther 
7:202–209

 26. Berglund P, Sjöberg M, Garoff H, Atkins GJ, 
Sheahan BJ, Liljestrom P (1993) Semliki forest 
virus expression system: production of condi-
tionally infectious recombinant particles. 
Biotechnology 11:916–920

 27. Irvine KR, Rao JB, Rosenberg SA, Restifo NP 
(1996) Cytokine enhancement of DNA immu-
nization leads to effective treatment of estab-

lished pulmonary metastases. J Immunol 
156:238–245

 28. Avogadri F, Merghoub T, Maughan MF, 
Hirschhorn-Cymerman D et al (2010) 
Alphavirus replicon particles expressing TRP-2 
provide potent therapeutic effect on melanoma 
through activation of humoral and cellular 
immunity. PLoS One 5, e12670

 29. Reitner WW, Hwang NL, de Veer MJ, Zhou A, 
Silverman RH, Williams BRG et al (2003) 
Alphavirus-based DNA vaccine breaks immu-
nological tolerance by activating innate antivi-
ral pathways. Nat Med 5:33–39

 30. Colombage G, Hall R, Pavy M, Lobigs M 
(1998) DNA-based and alphavirus-vectored 
immunization with PrM and E proteins elicits 
long-lived and protective immunity against the 
flavivirus, Murray Valley encephalitis virus. 
Virology 250:151–163

Kenneth Lundstrom



329

Sunil Thomas (ed.), Vaccine Design: Methods and Protocols, Volume 2: Vaccines for Veterinary Diseases, Methods in Molecular Biology, 
vol. 1404, DOI 10.1007/978-1-4939-3389-1_23, © Springer Science+Business Media New York 2016

    Chapter 23   

 Vaccine Design: Replication-Defective Adenovirus Vectors                     

     Xiangyang     Zhou     ,     Zhiquan     Xiang     , and     Hildegund     C.  J.     Ertl      

1        Introduction 

   Replication-defective adenovirus (Ad)       vectors based on human or 
simian serotypes are being developed as vaccine carriers for a large 
number on  pathogens   or cancers [ 1 – 14 ]. Several features render 
Ad vectors highly attractive as vaccine carriers. They induce potent 
adaptive  immune responses   to transgene products [ 15 ]. Ad vectors 
similar to wild-type Ads persist at low levels in activated T cells in a 
transcriptionally active form, which results in very sustained 
immune responses [ 16 ]. Through deletions of the E1 domain Ad 
vectors can be rendered replication-defective. In addition, deletion 
of E1 reduces transcription of Ad antigens without affecting tran-
scription of the transgene, which is typically under the control of a 
ubiquitously active, strong promoter such as the cytomegalovirus 
(CMV) early promoter. This in turn allows immune  response   to 
focus on the transgene product rather than on Ad antigens. Ad 
vectors are relatively easy to generate [ 16 ], packaging cell lines are 
available for many serotypes, yields upon propagation suffi ce for 
clinical development, and procedures for production and release 
testing under good manufacturing practice (GMP) are available. 
Clinical experience has shown that E1-deleted Ad vectors given at 
immunogenic doses are well tolerated by humans [ 4 ,  14 ]. 

 The 35–40 kb genome of several serotypes of Ad has been 
cloned into plasmid vectors, which allows for modifi cations of the 
genome including excision of domains that are essential for viral 
replication, such as the E1 domain, or regions that are nonessential 
such as E3. Replacing the deleted E1 domain with sites for rare 
restriction enzymes then allows for easy insertion of an for expres-
sion of a foreign antigen. The permitted size for inserted sequences 
depends on the type of deletion. E1-only deleted adenovirus vec-
tors can accommodate ~4 kp, and additional deletion in E3 allows 
for insertion of ~7.5 kb of foreign sequences. 
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 We previously described procedures to develop  viral molecular 
clones   of Ad genomes [ 16 ]. This chapter offers a description of 
generating and  quality   controlling recombinant Ad vectors from 
already available viral molecular clones. The focus is on generation 
of E1-deleted Ad vectors, in which the foreign expression cassette 
is inserted into E1. Specifi cally, generation of recombinant  pShut-
tle vectors   for E1 is described followed by procedures to clone the 
expression cassette from pShuttle into the  viral molecular clone  . 
Virus is then rescued, expanded, and purifi ed. Methods are 
 provided for quality control of Ad vectors including titration, 
 testing for genetic integrity and  stability  , assessing potential 
 contaminations with replication-competent Ad, and levels of trans-
gene product expression. Additional processes needed to release 
clinical lots are not addressed. 

    pShuttle vectors   for insertion of an expression cassette into an Ad 
molecular clone, in which the deleted E1 domain is replaced by 
restriction enzyme sites for I-CeuI and PI-SceI, are available from 
Clonetech and other vendors. This vector has a pUC origin, a kana-
mycin resistance gene, an expression cassette with a multicloning site 
(MCS) flanked by the CMV immediate early promoter, including 
enhancer and TATA box and a bovine growth hormone (BGH) 
polyadenylation signal. The expression cassette is bordered by sites 
for I-CeuI and PI-SceI restriction enzymes. The vector is expanded 
in competent cells of an  E.    coli    strain, such as DH5α. A transformed 
bacterial clone is selected and expanded. Aliquots of the transformed 
bacteria are cryopreserved. Plasmid DNA is purified from the 
remaining bacteria and quantified. 

 The next step is preparation of the sequence for insertion into 
pShuttle. The sequence can either be derived from another plasmid 
vector, directly from a  pathogen  , by polymerase chain reaction 
(PCR) amplifi cation of a pathogen’s genome or upon reverse tran-
scription of a pathogen’s transcript. In some cases it is benefi cial to 
produce an artifi cial gene by synthesis of the coding sequence. This 
is particularly useful if the pathogen or sequences thereof are not 
readily available. It also allows for codon-optimization of sequences, 
which achieves in general higher levels of protein expression 
 compared to wild-type sequences. The coding sequence requires a 
start codon, as this is not present in pShuttle. The MCS of pShuttle 
has three stop codons; nevertheless, depending on which enzymes 
sites are used for insertion of the transgene, these sequences may 
be deleted. Therefore, use transgenes that contain both start and 
stop codons. The following enzymes can be used for ligation of the 
transgene into pShuttle: BglII, NotI, ScaI, NheI, SpeI, EcoRV, 
PvuI, SalI, SrfI, and XhoI. ScaI and EcoRV are blunt end cutters 
and can be used if the insert is not fl anked by enzymes sites 
 compatible with those of pShuttle’s MCS. 

1.1  Generation 
of pShuttle Vectors 
with New Transgenes
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 The next step depends on the origin of the insert sequence. 
If the sequence can be cut from an already available vector, if 
possible, use two different restriction enzymes for excision of the 
genes that also have sites in the correct order in the MCS of 
pShuttle. The original vector is cut with restriction enzymes fol-
lowing the manufacturers’ instructions. Upon digestion the 
fragment is separated from the vector backbone by gel electro-
phoresis, purifi ed, and quantifi ed. If the same enzymes that are 
used to excise the fragment can be used to cut the MCS of 
pShuttle, the fragment is now ready for ligation. If different 
enzymes are used the fragment should be blunt ended by a fi ll in 
reaction with Klenow fragment of DNA polymerase. This 
enzyme exhibits 5′ to 3′ polymerase and 3′ to 5′ exonuclease 
activities. However, the 3′ to 5′ exonuclease function of Klenow 
is comparatively weak. Therefore use T4 DNA polymerase to 
blunt 3′ overhangs. If the fragment is produced by PCR, use 
oligonucleotide primers for amplifi cation, which carry the 
desired restriction enzymes; during synthesis of artifi cial genes, 
it is necessary to ensure such sequences are introduced at 5′ and 
3′ ends of the coding sequence. In either case the sequence is cut 
with restriction enzymes and then either purifi ed by gel electro-
phoresis or enzymes are inactivated by high temperature. Once 
the insert is cut and purifi ed, determine concentration. In paral-
lel, prepare the  pShuttle vector  . The vector is digested with 
enzymes that target the MCS. The enzyme used largely depends 
on the insert. If  possible, use two enzyme sites to avoid insertion 
in the wrong  orientation. If enzyme sites do not match, cut the 
pShuttle with one of the two blunt-end cutters, i.e., ScaI or 
EcoRV. Alternatively, if only one end between pShuttle and the 
insert is compatible, it is possible to digest this with one enzyme. 
In either case, vectors are then treated with phosphatase to pre-
vent self-ligation. Use of phosphatase or cutting with two 
enzymes that generate non-compatible ends is desirable to pre-
vent high background due to vectors that religate without insert 
enzymes. After phosphatase treatment, pShuttle is checked by 
gel electrophoresis against an aliquot of uncut pShuttle to ensure 
complete digestion. Completely digested vector is then 
purifi ed. 

 Both the  pShuttle vector   and the insert are now ready for 
 ligation. A reaction containing cut pShuttle without insert is 
included. The ligated plasmid is then transfected into  E.    coli    strain 
DH5α. Plasmid carrying bacteria are expanded on LB agarose 
plates with kanamycin. Bacteria transformed with pShuttle without 
insert should yield no or only a few colonies. Colonies from the 
pShuttle- insert ligation are selected and expanded, the plasmid 
DNA is purifi ed, cut with restriction enzymes, and separated by gel 
electrophoresis; the gel is checked under UV light to ensure that 
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an insert of the expected size is present in the correct orientation. 
Once this is confi rmed, aliquots of the transformed bacteria are 
cryopreserved; the rest is expanded. The plasmid is then again 
purifi ed. As a rule, to guard against fl awed constructs, sequence 
part of the newly generated  pShuttle vector   emphasizing sequences 
that fl ank the ligation sites.  

    Viral molecular clones   for Ad of human serotype 5 (HAdV-5) are 
available from Clontech. Molecular clones for other serotypes have 
been generated by investigators in academia, who as a rule share 
such clones under material transfer agreements. It is important to 
obtain the entire nucleotide sequence of an Ad molecular clone for 
this is needed to characterize the DNA of  recombinant virus  . Viral 
molecular clones are large (>30 kb) and have to be treated gently; 
be careful to not break the DNA by vigorous pipetting or shaking. 
Once the viral molecular clone is expanded in a strain of  E.    coli    that 
can accommodate large plasmids, purified, and quantified, it is cut 
with the rare recognition site enzymes I-CeuI and PI-SceI. The 
recombinant pShuttle is cut with the same enzymes to release the 
expression cassette including the insert. After purification of the cut 
viral molecular clone and the insert, both pieces are combined by 
ligation. The recombinant viral molecular clone is then transformed 
into bacteria. Upon expansion the molecular clone is  purified. After 
visualizing the purified and quantified plasmid by gel electrophore-
sis two methods are used to ensure that the correct sequence is 
obtained. First two sets of restriction enzymes are used: one set that 
cuts within the insert and within the backbone, one set that cuts 3′ 
and 5′ from the insert. Again considering the size of the viral molec-
ular clone, enzymes should be selected carefully; they should yield 
at least four to six bands but no more than 10–12 to allow for good 
resolution upon gel electrophoresis. Also, the digestion needs to be 
complete; incomplete digestion yields  additional bands, which 
make it very hard to interpret the results ( see   Note 1 ). Once the 
anticipated banding pattern is confirmed, sequence part of the viral 
molecular clone, focusing on the  insertion site.  

   Ad  vectors   are rescued in cells that provide Ad E1 in trans. Cells 
with the E1 of HAdV-5, such as HEK 293 cells, are available from 
ATCC (ATCC ®  Number: CRL-1573™      ). The E1 in HEK 293 cells 
not only transcomplements the deletion of HAdV-5 vectors but 
also of other human or simian serotype vectors. Nevertheless, it is 
not suited for some Ad serotypes. For these, new packaging cell 
lines based on mammalian cells that can readily be infected with Ad 
need to be developed. For viral rescue the linearized  viral molecu-
lar clone   is transfected into HEK 293 cells. In general it takes 5–7 
days till viral plaques become visible. Once at least half of the cell 
monolayer is destroyed, cells are harvested and virus is released 
from the cell pellet by  freeze-thaw  ing. Virus is then gradually 
expanded in HEK 293 cells ( see   Note 2 ).  

1.2  Generation 
of a Recombinant Viral 
Molecular Clone

1.3  Viral Rescue
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   Once virus  is   expanded and released from cells by freeze-thawing, 
the solution is cleared from cell debris by low-speed centrifugation. 
The cleared supernatant is then subjected to CsCl gradient ultra-
centrifugation. Upon centrifugation three bands should become 
visible. The band on top refl ects residual cell debris, the middle 
band is formed by defective viral particles (vps), and the lower 
band contains intact vps. The lower band is harvested and further 
purifi ed by gel chromatography. Purifi ed vector is then aliquoted 
and stored in a −70 °C freezer. Use one CsCl gradient step. For 
better purity a second gradient can be added; however, in our 
experience this results in a signifi cant loss in viral yields and increases 
in vp to infectious units (IU) ratios. Store the virus in PBS + 10 % 
glycerol. Other buffers may yield better thermostability at 4 °C or 
at room temperature. If increased  stability   is warranted, alternative 
buffers must be tested. The ideal buffer for each serotype needs to 
be established experimentally through stability testing at different 
temperatures. For these assays a working dilution of Ad vectors 
(i.e., 10 10  vp/ml) should be used, as high concentrations of vectors 
tend to increase thermostability ( see   Note 3 ).  

   The vp content is determined by spectrophotometry at 260 and 
280 nm. The OD 260  is used to determine vp using the formula: 
OD 260  × dilution × 1.1 × 10 12 . The ratio of OD 260  over OD 280  refl ects 
purity and should be close to 1.3. The expected yield of vp from 
large batches of Ad vectors (40 T175 fl asks) ranges from 10 13  to 
10 14 vp. Several methods are available to determine content of 
IU. Plaque assays are suitable for viruses that yield distinctive 
 cytopathology; they are not useful for some of the simian Ads. A 
staining method for hexon of HAdV-5 virus is available. Use a 
nested PCR based on hexon-specifi c primers. For this method, 
virus is serially diluted according to vps. Typically, cells are infected 
with 10, 100, 1000, and 10.000 vps/well. Cells are harvested 7 
days later; RNA is isolated and reverse-transcribed. The cDNA is 
then amplifi ed by a nested PCR against a positive control (e.g., the 
 viral molecular clone  ) and uninfected HEK 293 cells as a negative 
control. Amplicons are visualized by gel electrophoresis and 
 number of positive wells at a given dilution is used to determine 
the IU titer. Typically used are two dilutions that yield amplicons 
in less than 100 % of the wells. For example: at 100 vp 8/10 wells 
are positive, titer [% positive wells: 50] = 1.6 IU in 100vp; at 10vp 
2/10 wells are positive; titer [% positive wells: 50] = 0.4 IU in 10 
vps or 4 IU in 100 vp. Then use the average (in our example 2.8 IU 
in 100vp) to determine IU titer and calculate vp to IU ratio (in this 
example 35.7:1). Typically vp to IU ratios are below 100:1 
although this depends on the Ad serotype and on the type of the 
insert. In our experiments, HAdV-5 vectors in general yield lower 
vp to IU ratios than simian Ad vectors; expression cassettes that 
encode very long or toxic proteins tend to yield higher vp to IU 
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ratios. It is common to see that the fi rst viral expansion, which is 
based on untitrated viral stocks, yields higher vp to IU ratios than 
subsequent expansions, which are based on expansion of vectors 
that already have been titrated. Therefore, use virus from the fi rst 
virus expansion after some initial control studies mainly as a master 
virus bank (MVB). All subsequent virus batches are derived from 
this MVB. Once the MVB has been depleted, re-rescue the virus. 
For a second expansion, use 0.5–1 IU to infect each HEK 293 cell. 
Of note: Procedures for virus expansion have to be optimized for 
Ad vectors based on different serotypes by trial and error. Some 
 vectors can be expanded in suspension cells without fetal bovine 
serum (FBS); others give better yields when grown on monolayer cells 
with FBS. The optimal infection dose for expansion varies depending 
on the type of the vector. The best time to harvest cells after infection 
also varies and depends in part on the dose used for infection. The 
fetal calf serum has to be screened as some batches interfere with 
 vector replication. HEK 293 cells have to be used at a low passage 
number as upon passaging cells apparently lose E1 and then only 
poorly support growth of E1-deleted Ad vectors ( see   Note 4 ).  

    Conduct a  number   of quality control studies once the vector is 
purifi ed and titrated to ensure that the  viral rescue   resulted in a 
vector with the expected characteristics. 

   First ensure integrity of the viral genome to spot possible 
 rearrangements or loss of transgene. For this, DNA is purifi ed from 
5 × 10 12  vp of vector using a DNA purifi cation kit according to the 
manufacturer’s instruction. The purifi ed DNA is cut separately 
with two enzymes; use the same enzymes that are used for charac-
terization of the  viral molecular clone  . Upon complete digestion, 
the bands are visualized by gel electrophoresis. Provided the 
 correct banding pattern is obtained, next determine expression of 
the transgene ( see   Note 5 ).  

   HEK 293 cells (1.2 × 10 6 /well per well) plated in 6-well plates are 
infected with 10 9  or 10 10  vp of vector. Two days later the cells are 
harvested. If the vaccine antigen is secreted, one may harvest 
supernatant, which can be concentrated by various methods such 
as  precipitation or  lyophilization  . If antibodies are available, per-
form Western blots. If antibodies detect conformation dependent 
 epitopes  , use immunoprecipitation. For surface expressed antigens, 
fl uorochrome-labeled antibodies followed by  fl ow cytometry   may 
be used. If no antibodies are available, design the insert to express 
a fl ag-tag and then use antibodies against the tag. If this is not an 
option, reverse-transcribe the RNA and use a real-time PCR to 
quantify insert-specifi c transcripts. The latter is not ideal as it fails to 
determine if a protein of the expected size is expressed ( see   Note 6 ).  

1.6  Vector Quality 
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   Once protein expression has been confi rmed, determine endotoxin 
content using a commercially available kit for vector batches that 
are to be tested in animals.  

   For AdHV-5  vectors   expanded in HEK 293 cells, test for presence 
of replication-competent Ad (RCA), which can arise due to homol-
ogous recombination between the E1-fl anking region in the Ad 
vector and the E1 present in HEK 293 cells. As E1-fl anking 
sequences between different serotypes of Ad are not homologous, 
this assay for simian Ads grown in HEK 293 cells is not routinely 
conducted. The assay is based on plaque formation in cells that 
lack E1 such as A549 cells. The assay is conducted in six-well plates 
using serial dilutions of the vector. Wild-type Ad is used as a  positive 
control. To ensure that the vector preparation does not interfere 
with plaque formation additional wells are cultured with wild-type 
virus mixed with serial dilutions of Ad vectors. Cells are screened 
under a microscope for viral plaques 4–8 days later.  

   Ad vectors, which are generated as precursors for clinical develop-
ment, should be tested for genetic stability upon serial passages ( see  
 Note 7 ). This is achieved by serially passaging virus from the MVB 
12 times in 2 daily intervals in HEK 293 cells. After the 12th pas-
sage the virus is expanded which takes another three passages. 
Virus is then purifi ed, and vp content is measured. Vector DNA is 
isolated and tested by the two sets of restriction enzymes used to 
characterize the MVB. DNA from the MVB serves as a positive 
control. The banding pattern of the genome obtained after 15 pas-
sages should be identical to that of the genome of early passage 
vector [ see   Note 8 ].     

2    Materials 

       1.     pShuttle  vector   for Ad vectors.   
   2.    Competent DH5α cells.   
   3.    LB medium.   
   4.    LB medium with kanamycin (50 μg/ml).   
   5.    Agarose plates with kanamycin (50 μg/ml).   
   6.    TE buffer.   
   7.    Qiagen Plasmid Mini Kit.   
   8.    Qiagen Plasmid Midi Kit.   
   9.    DNA purifi cation kit.   
   10.    1 % agarose gel in TAE buffer: 10× stock solution: 48.4 g of 

Tris base, 3.72 g disodium EDTA, adjusted to pH 8.5, with 
0.5 μg/ml of ethidium bromide, molecular weight marker.   

1.6.3  Endotoxin Levels

1.6.4  Content 
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2.1  Generation 
of pShuttle Vectors 
with New Transgenes

Adenovirus Vector Construction



336

   11.    Sterile glycerol.   
   12.    Cryovials, −70 °C freezer.   
   13.    37 °C incubator, 37 °C shaker.   
   14.    Gel electrophoresis system with power source.   
   15.    Gel documentation system.   
   16.    Eppendorf centrifuge (used in these experiments: 5810R; 

5415D [g calculated using Eppendorf website:   http://www.
eppendorf.com/int/index.php?l=1&action=products&conte
ntid=169    ]).   

   17.    UV spectrophotometer.   
   18.    Enzymes: restriction enzymes, e.g., BglII, NotI, ScaI, NheI, 

SpeI, EcoRV, PvuI, Sal I, SrfI, and/or XhoI.   
   19.    Alkaline phosphatase.   
   20.    T4 DNA ligase.       

       1.    Adenoviral molecular clone, e.g., pAdEasy-1 vector (Agilent).   
   2.    Vector map.   
   3.    Software (Vector NTI ® ).   
   4.    Competent cells of  E.    coli    strain Stbl2 (Invitrogen).   
   5.    Agarose plates and LB broth with ampicillin (100 mg/l).   
   6.    I-CeuI and PI-SceI restriction enzymes.   
   7.    T4 DNA ligase.   
   8.    1 % agarose gel with ethidium bromide and molecular weight 

marker.   
   9.    DNA purifi cation kit.   
   10.    Qiagen Plasmid Mini/Midi Kits.   
   11.    Endofree Qiagen Plasmid Maxi Kit.      

       1 .    HEK 293 cells.   
   2.    DMEM  medium   with 1 % glutamine. 1 % Pen/Step, without 

or with 5 % FBS.   
   3.    T25 fl asks.   
   4.    T175 fl asks.   
   5.    Six-well plates.   
   6.    5, 15, 50 ml plastic tubes.   
   7.    37 °C incubator with 5 % CO 2 .   
   8.    Inverted microscope.   
   9.    Restriction enzyme Pac I.   
   10.    Reagents for transfection (e.g., CaCl 2 , Lipofectin, or others).   

2.2  Generation 
of New Recombinant 
Molecular Viral Clones

2.3  Viral Rescue 
and Expansion
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   12.    Serum-free HEK 293 medium: DEME with glutamine and 
antibiotics.   

   13.    Regular growth medium: DMEM with glutamine, antibiotic, 
and 5 % FBS.       

       1.     CsCl at 1.2 g/ml and 1.45 g/ml  in   10 mm Tris buffer.   
   2.    Refrigerated centrifuge.   
   3.    Ultracentrifuge.   
   4.    SW32 rotor.   
   5.    Ultracentrifuge tubes.   
   6.    Liquid chromatography column.   
   7.    Bio-Gel P polyacrylamide gel.   
   8.    PBS with a fi nal concentration of 10 % glycerol.       

       1.    UV spectrophotometer.   
   2.    Nested PCR primers, e.g., for hexon, one set should result in 

500–600 bp amplicon, 2nd set in 200–300 bp amplicon.   
   3.    PCR machine.   
   4.    Primers shown are suitable for titration of vectors derived from 

HAdV-5: fi rst PCR, forward primer: 5′- ATCATGCAGCTGG
GAGAGTC- 3′, reverse primer: 5′- ACACCTCCCAGTGGAAA
GCA-3′; nested PCR, forward primer: 5′- GACTCCTAAAGT
GGTATTGT-3′, reverse primer: 5′- GTCTTGCAAATCTACA
ACAG-3′.   

   5.    Tri-Reagent.   
   6.    SuperScript One-Step RT-PCR with Platinum Taq kit.   
   7.    Illustra TM  puReTaq Ready-To-Go PCR Beads.   
   8.    1 % agarose gel, ethidium bromide and molecular weight 

markers.   
   9.    Gel electrophoresis apparatus with power source.   
   10.    Gel documentation system.      

       1.     Vector map, Software (Vector NTI ® ).   
   2.    DNA isolation kit.   
   3.    Restriction enzymes with buffer.   
   4.    1 % agarose gel,    ethidium bromide, and molecular weight 

markers.   
   5.    Gel electrophoresis apparatus with power source.   
   6.    Gel documentation system.   
   7.    HEK 293 cells.   
   8.    A549 cells.   

2.4  Vector 
Purifi cation

2.5  Vector Titration
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   9.    DMEM growth medium.   
   10.    T25 fl asks.   
   11.    T175 fl asks.   
   12.    Six-well plates.   
   13.    5, 15, and 50 ml plastic tubes.   
   14.    Endotoxin kit.   
   15.    Wild-type Ad virus.   
   16.    37 °C incubator   
   17.    Inverted microscope.   
   18.    2 % Seahorse agarose solution in H 2 O: 2× culture medium, 

10 % fetal calf serum, placed in 37 °C water bath.        

3    Methods 

          1.    Add 40 ng of pShuttle diluted in 1× TE buffer to 250 μl  of   
competent  E.    coli    cells,  strain   DH5α.   

   2.    Incubate for 30 min on ice.   
   3.    Heat-shock for 2 min at 42 °C.   
   4.    Add 1 ml of LB medium and incubate for 1 h at 37 °C under 

gentle agitation.   
   5.    Plate on agarose plate with kanamycin (50 μg/ml).   
   6.    Incubate overnight at 37 °C.   
   7.    Select individual colonies.   
   8.    Expand overnight in 3.5 ml of LB medium with kanamycin at 

37 °C on a shaker.   
   9.    Pellet bacteria from 1.5 ml, and save 2 ml of the suspension 

cultures.   
   10.    Isolate plasmid DNA from the cell pellets with Qiagen Plasmid 

Mini Kit.   
   11.    Run an aliquot of the DNA on a 1 % agarose gel with 0.5 μg/

ml of ethidium bromide; include a molecular weight marker.   
   12.    Visualize band under UV; pShuttle should give a band at 

~4.2 kb + size of insert.   
   13.    Expand remaining 2 ml of transformed bacteria in 100 ml of 

LB with kanamycin for 14–18 h at 37 °C on a shaker.   
   14.    Freeze down an aliquot of the bacteria upon mixing bacterial 

suspension with glycerol to a fi nal concentration of 20 % glyc-
erol, and store bacterial stocks in cryovials in a −70 °C freezer.   

   15.    Purify plasmid DNA from expanded bacteria by Qiagen 
Plasmid Midi Kit.   

3.1   Generation 
of pShuttle Vectors 
with New Transgenes

3.1.1  Expansion 
of pShuttle
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   16.    Run aliquot on a 1 % agarose gel with ethidium bromide; the 
expected size of the band is same as above.   

   17.    Quantify DNA by UV spectrophotometry at 260 nm.   
   18.    Calculate DNA quantity (optical density [OD] of 1 at 

260 nm = approximately 1 μg/μl of DNA).      

   Insert derived from another vector with matching restriction sites

    1.    Expand and purify vector as described in Subheading  3.1.1 .   
   2.    Excise gene of interest, preferentially by cutting with BglII, 

NotI, ScaI, NheI, SpeI, EcoRV, PvuI, SalI, SrfI, and/or XhoI.   
   3.    Preferentially use two enzymes but ensure that the direction of 

the two enzyme sites are identical to those in the MSC of 
pShuttle.   

   4.    Run digested plasmid on a 1 % low-melt agarose gel with 
ethidium bromide together with a molecular weight marker.   

   5.    Excise fragment from the gel with a scalpel.   
   6.    Place fragment into Eppendorf tube and melt for 5 min at 

65 °C, and add buffer.   
   7.    Purify by a DNA purifi cation kit.   
   8.    Quantify DNA by spectrophotometry. 

 Insert derived from another vector with non-matching restriction 
sites.   

   1.    After excising the fragment from the gel treat with Klenow frag-
ment (1 U/1 μg of DNA) for 30 min at room temperature.   

   2.    Stop reaction by incubation for 20 min at 65 °C. 

 Insert derived from PCR product   

   1.    Use primers that add suitable restriction enzymes to the 5′ and 
3′ end of the sequence.   

   2.    Purify amplicon by gel electrophoresis.   
   3.    Excise amplicon from gel following the procedures described 

above.   
   4.    Cut amplicon with the restriction enzymes and then proceed 

as described above. 

 Insert derived from synthetic sequence   

   1.    Ensure that suitable restriction enzyme sites are placed at 5′ 
and 3′ ends of the sequence.   

   2.    Proceed as described above.      

       1.    Cut pShuttle with the appropriate restriction enzymes match-
ing those used for the insert.   

   2.    Alternatively cut pShuttle with a blunt end cutter, e.g., EcoRV.   

3.1.2  Preparation 
of the Insert

3.1.3  Preparation 
of pShuttle
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   3.    Purify digested pShuttle by DNA purifi cation kit.   
   4.    Incubate with alkaline phosphatase for 20 min at 37 °C for 5′ 

overhangs or for 1 h at 37 °C for blunt ends or 3′ overhangs.   
   5.    Run aliquot of digested  pShuttle vector   on a 1 % agarose gel 

with ethidium bromide.      

       1.    Mix 75 ng of insert and 25 ng of pShuttle with 1 U of T4 
ligase in ligation buffer.   

   2.    In a 2nd reaction incubate 25 ng of pShuttle with T4 DNA 
ligase, this reaction should yield no or only few colonies.   

   3.    Incubate at 16 °C for 16–18 h.   
   4.    Transform into competent  E.    coli     DH5α   as described above, 

select and expand colonies, purify DNA as described above.   
   5.    Cut purifi ed plasmid DNA with suitable restriction enzymes.   
   6.    Run on 1 % agarose gel with ethidium bromide.   
   7.    Under UV light bands of the expected size should become 

visible.   
   8.    Expand plasmid positive bacteria in LB broth with kanamycin.   
   9.    Freeze down aliquot of bacteria.   
   10.    Purify plasmid DNA with Qiagen Plasmid Midi Kit.   
   11.    Quantify DNA by UV spectrometry.   
   12.    Not essential but prudent: sequence the insertion sites of the 

plasmid vector.        

         1.    Transform competent cells of  E.    coli    strain Stbl2 with the plas-
mid containing the  viral molecular clone  .   

   2.    Select transformed bacteria, expand bacteria, and purify plas-
mid DNA as described above but use ampicillin (100 μg/ml) 
rather than kanamycin for selection.      

       1.    Cut ~1 μg of pShuttle with I-CeuI and PI-SceI restriction 
enzymes.   

   2.    Cut ~2 μg of the molecular viral with I-CeuI and PI-SceI 
restriction enzymes.   

   3.    Run aliquots of both digests on 1 % agarose gels with ethidium 
bromide.   

   4.    If digest is complete purify the insert from pShuttle by gel elec-
trophoresis as described above; purify the digested molecular 
viral  clone   using a DNA purifi cation kit.   

   5.    Quantify DNA by UV spectrophotometry.   

3.1.4   Cloning 
of  the Insert into pShuttle
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   6.    Mix 75 ng of the insert and 25 ng of the viral molecular clone 
with 1 U of T4 ligase.   

   7.    Proceed as described above but use competent Stbl2 cells and 
medium containing ampicillin for expansion of the viral molecular 
clones.   

   8.    Grow up ~100 ml of transformed bacteria.   
   9.    Purify the DNA from pelleted bacteria using the Qiagen 

Plasmid Midi Kit.   
   10.    Use an aliquot for digestion with I-CeuI and PI-SceI to ensure 

the insert is still present.   
   11.    Use an aliquot of the DNA for sequencing of the insert includ-

ing  the   insert’s fl anking regions [ see   Note 1 ].       

         1.     Plate 2 × 10 6  HEK 293  cells   at a low passaging number (<60) 
in a T25 fl ask.   

   2.    Check cells the following day, they should be 70–80% confl uent.   
   3.    Digest 5 μg of the recombinant  viral molecular clone   with Pac 

I to linearize the plasmid.   
   4.    Prepare the transfection mixture: 300 μl of 2× DMEM medium 

with an equal volume of a mixture that contains 37 μl of 2M 
CaCl 2  and the digested plasmid, incubate for 30 min at room 
temperature.   

   5.    During incubation replace the cell culture medium with serum-
free HEK 293.   

   6.    Add vector–CaCl 2  mixture slowly to the cells.   
   7.    Incubate overnight at 37 °C in a 5% CO 2  incubator.   
   8.    The next day replace the vector-containing medium with 5 ml 

of regular growth medium.   
   9.    Incubate fl ask for 3–4 days at 37 °C, 5 % CO 2 .   
   10.    Thereafter, add 1 ml of fresh growth medium every second day.   
   11.    Start checking for viral plaques daily by day 5 after transfection.   
   12.    Once viral plaques have destroyed 30–50% of the cell mono-

layer, shake fl asks vigorously to remove cells adherent to the 
plastic.   

   13.    Collect cells and spin down for 10 min at 900 ×  g  in a refriger-
ated centrifuge.   

   14.    Discard supernatant and resuspend cell pellet in 1 ml of HEK 
293 growth medium without serum.   

   15.    Freeze cells on dry ice and thaw in 37 °C water bath. Repeat 
twice.   

   16.    Pellet cell debris by centrifugation in an Eppendorf tube 
( see   Note 2 ).      

3.3  Viral Rescue 
and Expansion

3.3.1  Transfection 
of Packaging Cells (e.g., 
HEK 293 Cells)
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       1.    Use about ½ of the supernatant to infect a fresh T25 fl ask of 
HEK 293 cells (~70 % confl uent).   

   2.    Remove FBS prior to infection.   
   3.    Replace the virus-containing medium with fresh medium +5 % 

FBS after a 1–2 h incubation period at 37 °C.   
   4.    Check cells daily for viral plaques, harvest cells once plaques 

have destroyed at least 30 % of the monolayer and release virus 
by  freeze-thaw  ing of cell pellets as described above.   

   5.    Use most of the virus solution to infect 3 T175 fl asks of HEK 
293 cells.   

   6.    Harvest cells 24–72 h later depending on the degree of cyto-
pathic effects (CPE).   

   7.    Release virus by  freeze-thaw  ing as described above and use 
most of the resultant solution to infect 40 T175 fl asks of HEK 
293 cells.   

   8.    Harvest cells once viral CPEs have destroyed most of the 
monolayer (typically within 48–72 h).   

   9.    Release virus by freeze-thawing, the last thaw should not be 
conducted till everything is ready for vector purifi cation    .       

         1.     Place cell  suspension   in 50 ml sterile plastic tube and centrifuge 
at 4 °C at 1800 ×  g  for 25 min.   

   2.    Collect virus-containing supernatant.      

       1.    Place 4 ml of 1.45 g/ml CsCl into Ultra-Clear Beckman 
 centrifuge tubes, overlay with 2 ml of 1.2 g/ml CsCl, and add 
8 ml of cleared virus containing supernatant.   

   2.    Prepare balance tube with identical weight (difference in 
weight has to be <0.05 g).   

   3.    Place tubes in SW27 rotor, spin at 100,000 ×  g  at 4°C for 2 h, 
decelerate without brake.   

   4.    Remove tubes and place into laminar fl ow hood; three bands 
should be visible: the band on top is residual cell debris, the 
middle band contains defective vps, and the lower band con-
tains intact vps.   

   5.    Harvest the lower band with a syringe and needle, carefully 
piercing the centrifuge tube just below the lower band 
( see   Note 3 ).      

       1.    Fill 5 ml of Bio-gel in 10 mm Tris buffer, pH 8.0 from Bio-
Rad into a column.   

   2.    Add the fl u2id collected from the CsCl gradient to the 
column.   

3.3.2  Expansion 
of Vectors in HEK 293 Cells

3.4  Vector 
Purifi cation

3.4.1  Removal 
of Cell Debris

3.4.2  Gradient 
Centrifugation on CsCl 
Gradient

3.4.3  Removal of CsCl
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   3.    Stepwise add 0.5 ml of PBS (~10 times) and harvest each 
eluate.   

   4.    Eluates that are milky contain virus; save and pool these.   
   5.    Measure vp content (see next paragraph).   
   6.    Dilute to 10 12  vp per ml in buffer.   
   7.    Label cryotubes, aliquot vector, and freeze down at −70 °C.        

         1.    Dilute virus at 1:10, place 1 ml of virus into cuvette, and 
 measure OD at 260 and 280 nm.   

   2.    Calculate vp based on OD 260  using the formula: OD 260  × 
dilution × 1.1 × 10 12 .   

   3.    Assess purity by ratio of OD 260 /OD 280 ; this ratio should be 
close to 1.3.      

       1.    Plate 2 × 10 5  HEK 293 cells in 2 ml of culture medium into 
wells of 6-well plates.   

   2.    Incubate overnight at 37 °C in a 5 % CO 2  incubator. Check the 
next day to ascertain cells are ~70–80% confl uent.   

   3.    Dilute vector in serum-free HEK 293 medium to 10 1 , 10 2 , 
10 3 , and 10 4  vp. Prepare ~10 ml for each dilution.   

   4.    Remove medium from HEK 293 cells and replace with 2 ml of 
the diluted virus. Set up at least 5 wells per dilution.   

   5.    Incubate for 1 h at 37 °C, then add 2 ml of culture medium to 
each well.   

   6.    Incubate for 7 days at 37 °C in a 5 % CO 2  incubator.   
   7.    Remove most of the supernatant, use a scraper to remove the 

cells from the plastic, collect cells with a pipette into a 5 ml 
plastic tube.   

   8.    Rinse cells with 1 ml of medium to collect residual cells, pellet 
cells by centrifugation at 1800 ×  g  for 5 min.   

   9.    Isolate RNA from cell pellet by adding 1 ml/well of Tri reagent 
(Sigma).   

   10.    After 15 min transfer liquid to Eppendorf tubes, add 0.1 ml 
phase separation solution, vortex for 1 min, spin at 20,000 ×  g  
for 20 min.   

   11.    Collect aqueous phase, add equal amount of isopropanol, 
incubate at −20 °C for 1 h, spin at 20,000 ×  g  for 25 min, and 
rinse pellet once with 75% ethanol followed by centrifugation 
at 13.500 ×  g  for 10 min.   

   12.    Add 0.035 ml DEPC-treated water to dissolve RNA pellet.   
   13.    Take 1 μl of RNA, set up one-step RT-PCR reaction using 

SuperScript One-Step RT-PCR with Platinum Taq.   

3.5  Vector Titration

3.5.1  VP Content

3.5.2  IU Content 
of by PCR
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   14.    Mix 1 μl of template (~10 pg–1 μg), 12.5 μl of 2× reaction 
mix, 0.5 μl of each of the 1st PCR primers diluted to a 10 μM 
stock solution, 0.5 μl of RT/Platinum Tag Mix, H 2 O to a fi nal 
volume of 25 μl. Mix the reaction by vortexing and centrifuge 
briefl y. Run the reaction on a PCR machine with conditions 
optimized for your specifi c primers.   

   15.    Set up nested PCR reaction using Illustra TM  puReTaq Ready- 
To- Go PCR Beads.   

   16.    Mix 0.2 μl of the 1st amplicon, 1 PCR bead, 0.5 μl of each of 
the nested PCR primers diluted to a 10 μM stock solution, 
H 2 O to a fi nal volume of 25 μl.   

   17.    Mix the reaction by vortexing and centrifuge briefl y. Run the 
reaction on a PCR machine using conditions optimized for 
your primer pair.   

   18.    Run 5.0 μl of nested PCR amplicon on 1%(wt/vol) agarose gel 
in TAE buffer. Take photo using gel imaging system after 
 running the gel at 130 V for 30 min ( see   Note 4 ).       

         1.     Carefully check  the   nucleotide map of your insert and the Ad 
genome within the  viral molecular clone  .   

   2.    Select two enzymes that cut the combined sequence at 3–6 
different sites.   

   3.    Calculate the size of each band that you expect upon 
digestion.   

   4.    Isolate DNA from ~1 × 10 12  vp of vectors with Qiagen kit 
(DNeasy Blood & Tissue).   

   5.    Place two aliquots of ~500 ng of vector DNA into Eppendorf 
tube.   

   6.    Digest DNA in each aliquot with one of the two different 
enzymes that you selected.   

   7.    Use the same enzymes to cut the plasmid DNA of the recom-
binant  viral molecular clone  .   

   8.    Upon complete digestion, separate bands on 1 % agarose gel, 
include molecular weight marker, visualize bands on a UV, and 
take photo of gel.   

   9.    Carefully check: if only bands of the expected size are present, 
the same bands should be present in the digest of the  viral 
molecular clone   ( see   Note 5 ).      

       1.    Infect 70–80 % confl uent HEK 293 cells plated the day before 
into a six-well plate at 2 × 10 6  cells/well with 10 8 , 10 9 , and 
10 10  vp of vector, infect an additional well with 10 10  vp of a 
control vector.   

   2.    Harvest cells 48 h later. If transgene product is secreted, 
 harvest supernatant as well.   

3.6  Vector Quality 
Control

3.6.1  Genetic Integrity

3.6.2  Expression 
of the Transgene Product
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   3.    The procedure for detection of transgene product will vary 
depending on the type of the protein and on availability of 
antibodies for detection.   

   4.    Proteins for which antibodies are available use Western blots, 
immunoprecipitation, or immunofl uorescent stains, followed 
by analysis by  fl ow cytometry  .   

   5.    If antibodies are not available assess levels of transgene product- 
specifi c transcripts by a real-time PCR of reverse-transcribed 
cDNA [ see   Note 6 ].      

       1.    Test purifi ed vectors with the Cape Cod Endotoxin kit 
 following the manufacturer’s instructions.   

   2.    Endotoxin levels should be <0.5 EU per 10 12  vp; batches with 
higher levels should not be used in animals.      

       1.    Plate A549 cells into six-well plates, set up three plates; next 
day check cells to ensure that they are semiconfl uent.   

   2.    The same day dilute vector to 2 × 10 9 , 2 × 10 10 , and 2 × 10 11  vp/
ml in A549 cell growth medium, and dilute wild-type  adenovirus 
to 2, 20, or 200 IU/ml.   

   3.    In separate tubes mix 1 ml of the three dilutions of wild-type 
virus with 1 ml of the 2 × 10 11  vp dilution of vectors.   

   4.    Remove medium from A549 cells, add 0.5 ml of the vector or 
wild-type virus dilutions and 1 ml of the vector–wild-type virus 
mixtures to the A549 cells, adjust fi nal volumes to 1 ml.   

   5.    Incubate for 2 h at 37 °C.   
   6.    Prepare ~20 ml of 2 % Seahorse agarose solution in H 2 O.   
   7.    Once cells are infected for ~2 h, boil Seahorse agarose solution 

in microwave, pipette agarose up and down till solution is 
homogenous, mix 20 ml of the agarose with 20 ml of 2× 
medium, and remove supernatant from A549 cells.   

   8.    Make sure that temperature of agarose–medium mixture is 
acceptable (touch it, if its hot, cool the solution down by pipet-
ting it up and down).   

   9.    Slowly add 2 ml of the agarose solution to each well of the 
A549 cells.   

   10.    Leave at room temperature till gel solidifi es, then incubate for 
4–8 days at 37 °C in a 5 % CO 2  incubator.   

   11.    On days 4 and 8 check for viral plaques under a microscope; 
viral plaques should form in wells incubated with wild- type 
virus, and plaque formation by wild-type virus should not be 
affected by addition of replication-defective vectors; replication- 
defective vectors should not result in viral plaques.      

3.6.3  LPS Content

3.6.4  Content 
of Replication 
Competent Ad
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       1.    Plate 2 × 10 6  HEK 293  cells   in one well of a six-well plate, and 
continue to do this every second day   

   2.    The next day check if cells are ~90 % confl uent.   
   3.    Then add 2 × 10 6  vp of vector from the MVB to the cells, incu-

bate for 2 days, by then most of the cell monolayer should be 
destroyed.   

   4.    Collect the cells, spin down, dilute cell pellet in 1 ml of medium 
and  freeze-thaw   as described above.   

   5.    Pellet cell debris by centrifugation and add half of the superna-
tant to HEK 293 cells in a six-well plate (prepared the day 
before).   

   6.    Repeat this process 11 more times.   
   7.    After the 12th passage, expand virus into a T25 fl ask, from 

there into 2 T175 fl asks and then into 20 T175 fl asks.   
   8.    Harvest and purify vector and then vector genome as described 

above.   
   9.    Digest purifi ed DNA from the MVB and the serially passaged 

vector with two sets of restriction enzymes.   
   10.    Run digest on a 1 % agarose gel with ethidium bromides and 

molecular weight markers.   
   11.    The banding pattern of the genomes of vector from the MVB 

and the late passage should be identical ( see   Note 7 ).         

4    Notes 

     1.    Problems with assembling a recombinant molecular clone may 
occur. An abundance of bacterial colonies upon transformation 
with the control ligation mixtures (molecular clone without 
insert) indicates incomplete digestion of the molecular clone; 
increase amount of I-CeuI and PI-SceI restriction enzymes or 
time used for digestion. Check digestion by gel electrophore-
sis. Colonies with plasmids that are smaller than the expected 
recombinant viral clone may refl ect DNA breakage. Try again 
but avoid vigorous shaking or pipetting of the  viral molecular 
clone  . Lack of insert especially upon blunt end ligation is 
 common and can be addressed by changing the ratio of insert 
to molecular clone DNA.   

   2.    Virus fails to rescue or the initial viral plaques fail to expand. 
This could refl ect that the HEK 293 cell passage number is too 
high. Using freshly thawed cells with a lower passaging num-
ber can easily address this. The DNA of the recombinant clone 
may be contaminated with a substance that interferes with 
transfection or the transfection may have been ineffi cient. 
Using a control  viral molecular clone   that carries an expression 

3.6.5   Genetic Stability
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cassette for green fl uorescent protein (GFP) can check for this 
as it allows for direct visualization of transfected cells under a 
fl uorescent microscope. Checking the cells daily also gives 
insight into the speed of viral propagation as clusters of 
infected cells become visible around day 3–5; they should 
slowly grow bigger and then eventually form viral plaques. 
Good transfection effi cacy with lack of plaque formation may 
indicate that the HEK 293 cells can no longer support virus 
growth. Some vectors simply cannot be rescued—the protein 
is too toxic or something within the vector genome allows for 
homologous recombination resulting in loss of genes that are 
essential for viral growth. In this case, occasionally small viral 
plaques are observed that eventually disappear. In general, try 
to rescue a  viral molecular clone   three times and if failure 
 continues, reconstruct the expression cassette within pShuttle. 
If it is known that a protein is toxic, remove the intron or 
enhancer, or change the promoter.   

   3.    There is no band upon CsCl gradient separation. This refl ects 
poor expansion of the virus, which could either relate to the 
passage number of HEK 293 cells, a suboptimal protocol for 
vector expansion or genetic instability of the vector. The latter 
poses the most challenging problem, as it again requires recon-
struction of the recombinant  pShuttle vector  . There is no 
 boilerplate protocol on how to optimize the process for 
 expansion of a new Ad vector, which has not yet been titrated. 
Some Ad vectors grow fast, others more slowly. Check infected 
cells carefully for CPE each day after infection and depending 
on the degree of CPE, vary the time from infection to harvest.   

   4.    Vector yields, measured by vp content, are low. This again can 
refl ect genetic instability or toxic transgenes ( see   Note 5 ) or 
more likely a suboptimal protocol for vector expansion (see 
below). The vp to IU ratio may be unacceptably high (>1000:1). 
If the vector passes the other quality control studies, this again 
most likely refl ects a suboptimal protocol for vector expansion, 
which in most cases is fi xed by conducting a second expansion 
using 0.5–1 IU/cell for infection of HEK 293 cells.   

   5.    Upon restriction enzyme digest of the viral DNA the banding 
pattern is different from the expected banding pattern. This 
can be caused by partial digestion, initially; repeat the diges-
tion using more enzymes or a longer incubation time. It could 
also refl ect that part of the genome was lost during  viral rescue  . 
Most commonly the entire or part of the transgene expression 
cassette is deleted; however, deletions in nonessential regions 
of the Ad genome have been observed. This can be caused by 
undue stress during viral rescue and expansion linked to high 
passage HEK 293 cells or other adverse conditions such as 
problems with the incubator (wrong temperature, wrong CO 2  
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concentration) or the growth medium (fetal calf serum batch) 
or in a worst case scenario inherent vector genome instability. 
As a rule, re-rescue, expand, and purify the vector again; if the 
problem persists, reconstruct the expression cassette.   

   6.    Lack of protein expression by vectors that upon restriction 
enzyme digest of their genome yield the expected banding 
 pattern may refl ect point mutations within the expression 
 cassette that arose during  viral rescue   or expansion. To assess 
the former, test cells transfected with the pShuttle-transgene 
vectors for 2–3 days for expression of the protein. If pShuttle-
transgene fails to express the protein, reconstruct the expression 
cassette. If the protein is expressed by pShuttle but not by the 
Ad vector, sequence the expression cassette within the vector 
genome. Point mutations within crucial regulatory elements 
or the transgene indicate genetic instability, so backtrack and 
reconstruct the pShuttle-transgene vector.   

   7.    Outgrowth of replication competent virus is caused by homolo-
gous recombination between the E1 within HEK 293 cells and 
the E1-fl anking regions within the  viral molecular clone  . It is a 
serendipitous event that is hard to control for. It can be avoided 
by using for example simian Ads, which do not recombine with 
the E1 of HAdV-5 or by using alternative cell line such as PerC6 
cells which are not readily available to academia. Alternatively 
one can develop vectors with additional deletions such as of E4 
but this requires construction of new packaging cell lines. As a 
rule, if high levels of RCAs are observed, repeat  viral rescue   and 
expansion.   

   8.    We only conduct this assay for vectors that we plan to  eventually 
advance to clinical testing. If the restriction enzyme-digest 
banding pattern changes upon serial passages, the vector is 
genetically unstable. This happens rarely at this late stage as 
genetic instability in general shows up after the fi rst large-scale 
expansion. Nevertheless, it has happened to us and we ended 
up reconstructing the transgene expression  cassette.           
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    Chapter 24   

 Generation of Lymphocytic Choriomeningitis Virus Based 
Vaccine Vectors                     

     Sandra     Ring     and     Lukas     Flatz      

1        Introduction 

    Exposure   of mice  to   the prototypic  arenavirus   lymphocytic chorio-
meningitis virus (LCMV) is one of the best infection models to 
study T cell immunity. Important key concepts in  immunology   and 
viral pathogenesis such as MHC restriction, T cell exhaustion, and 
persistent viral infections were developed studying LCMV [ 1 ,  2 ]. 
In 1933, LCMV was fi rst isolated by Armstrong and Lillie from a 
patient who was suspected to suffer from an infection with the St. 
Louis Encephalitis Virus [ 3 ]. Persistently LCMV infected rodents 
spread the virus with the urine, feces or saliva. LCMV can also be 
transmitted to humans through contact with infected murine excre-
tions. In immunocompetent individuals an infection with LCMV 
often remains asymptomatic or shows mild fl u-like  symptoms. 
However, immunosuppressed individuals particularly organ-recipients 
can develop life threatening severe aseptic meningitis or meningoen-
cephalitis [ 4 ]. Furthermore, LCMV is a particular concern for 
 pregnant women as it was shown that congenital infection can lead to 
severe and permanent brain injury in children [ 5 ,  6 ]. 

 LCMV is a non-cytopathic enveloped negative-strand  RNA 
virus   with a spherical shape and a diameter between 50 and 300 nm. 
Its genome consists of two single-strand RNA segments both 
encoding for two viral genes in ambisense orientation. The viral 
genes on each segment are separated by an intergenic region (IGR) 
which forms a stable hair pin loop in the RNA sequence (Fig.  1a ). 
The short segment (S segment) is 3.4 kb long and contains the 
glycoprotein (GP) precursor (GPC) genes, GP-1 and GP-2, and 
the nucleoprotein (NP) gene [ 7 ]. The nucleoproteins build com-
plexes with the viral RNA segments. The glycoprotein of LCMV 
forms the spikes on the viral envelope and mediates the interaction 
with host cell surface receptors and the entry of the virus into the 
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host cell. Therefore, the LCMV-GP represents the only target for 
neutralizing antibodies against LCMV. However, it was shown that 
convalescent serum fails to prevent reinfection with LCMV, hence 
proving that the neutralizing antibody response to LCMV is 
extremely weak [ 8 ]. The long segment (L segment) is 7.2 kb long 
and encodes for the RNA-dependent RNA polymerase (L) and a 
small Zn 2+  ion-binding RING fi nger protein (Z). Lee and colleagues 
[ 9 ] demonstrated that both GP and Z are required for the assembly 
and budding of LCMV-infectious virus-like particles (VLPs).

    Reverse genetics      of arenaviruses and LCMV in particular have 
been hampered for a long time due to the fact that it is a negative- 
strand  RNA virus   with an ambisense coding strategy, i.e., transfection 
of permissive cells with purifi ed viral RNA does not initiate an 
  infectious   cycle. Recent efforts combining recombinant cDNA 
 technology and bioengineering have made it possible to manipulate 
the LCMV genome [ 10 – 13 ]. Due to these technologies LCMV 
 vectors can be modifi ed to create propagation-incompetent vaccine 
vectors with an acceptable safety profi le and to incorporate diverse 
vaccine antigens into their genome. In the described recombinant 
LCMV (rLCMV) vaccine vectors the LCMV-GP is substituted with 
a gene of interest (vaccine antigen, Fig.  1a ). As LCMV-GP is important 

  Fig. 1    Schematic overview of the generation of recombinant LCMV vectors. ( a ) The wild-type LCMV genome is 
composed of two single-strand RNA segments (S and L segment). The S segment encodes for the GP and NP and 
the L segment encodes for Z and L. In the rLCMV vectors the gene encoding the LCMV-GP is substituted with a 
gene of interest (vaccine antigen). ( b ) The RNA genome, composed of the S and L segment, is intracellularly 
expressed under the control of a rodent-specifi c Pol-I-promoter and a Pol-I-terminator (Pol-I-Sv and Pol-I-L). The 
plasmids Pol-II-NP and Pol-II-L contain the ORFs for the  trans -acting proteins NP and L with a poly-A tail under 
the control of an actin promoter. ( c ) rLCMV vectors are created with a four-plasmid transfection system in BHK-
21-GP producer cells (virus  rescue  ). For the generation of viral  vectors  , 293T-GP cells are used (virus production). 
Both cell lines stably express the viral GP to complement the GP-defi cient genomes  in trans        
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for viral cell entry and thus viral propagation, this substitution  renders 
the virus propagation-incompetent in vivo and in vitro [ 14 ]. For the 
generation of rLCMV vectors in which GP is replaced by a vaccine 
antigen a four-plasmid co- transfection system is used which was origi-
nally established to generate wild-type LCMV [ 11 ].  Pol-I-Sv and 
Pol-I-L contain the S and the L vector RNA genome segment under 
the control of a rodent-specifi c RNA polymerase I promoter and 
 terminator. This enables the transcription of the viral RNA in a 
 producer cell line and the incorporation of the rLCMV RNA genome 
into the vector particles. In the Pol-I-Sv plasmid the LCMV-GP is 
substituted with the desired antigen of interest. Additional plasmids, 
Pol-II-L and Pol-II-NP, ensure the co-expression of the  trans -acting 
proteins NP and L under a mammalian-specifi c RNA polymerase II 
promoter (Fig.  1b ). Due to the missing GP, rLCMV  vaccine vectors 
are propagation-incompetent and cannot enter new host cells. 
Therefore, producer cell lines are generated, BHK- 21- GP or 293T-
GP cells that are stably transfected with an LCMV-GP expression 
vector [ 15 ]. Thereby, the GP-defi cient viral genomes are comple-
mented  in trans  and generate viral  vectors   whose RNA can be ampli-
fi ed and expressed in target cells (Fig.  1c ). We have previously 
demonstrated that the generated rLCMV vectors could not give rise 
to spreading virus and propagate infection in vitro and in vivo [ 14 ]. 

 Thus, a protocol has been established to effi ciently manipulate the 
LCMV genome for the generation of safe propagation-incompetent 
rLCMV vectors expressing antigens of interest. Furthermore due to 
the natural tropism of LCMV for  dendritic cells   and the induction of 
a broad and long-lived cytotoxic T lymphocyte (CTL)    response [ 16 ], 
LCMV represents a persuasive vaccine vector for the induction of a 
potent CTL response against infectious diseases and cancer.  

2    Materials 

       1.    Kits and enzymes: Direct-Zol  RNA   Miniprep Kit (Zymo 
Research, USA), High Capacitiy cDNA Reverse Transcription 
Kit (Applied Biosystems), NucleoSpin Gel and PCR Clean-up 
Kit and NucleoSpin Plasmid (Machery Nagel), High Fidelity 
Polymerase (e.g., HotStar High Fidelity Polymerase Kit, 
Qiagen), T4 DNA Ligase (Promega).   

   2.    Restriction enzymes: BsmBI, and other restriction enzymes 
according to the cloning strategy (NEB).   

   3.    Culturing of competent bacteria (e.g., DH5α competent cells) 
in LB medium, pH 7.5 (1 l): 10 g Bacto tryptone, 5 g yeast 
extract, 10 g NaCl. Selection of positive clones after transfor-
mation: 100 μg/ml ampicillin.   

   4.    Components for agarose gel electrophoresis .      

2.1   Components 
for Cloning
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       1.    Cell culture: DMEM + GlutaMAX™-I with 5–10 % FCS and 
1 % penicillin/streptomycin (100×), trypsin–EDTA in 1× PBS, 
Opti-MEM ®  I (all from Life Technologies). Selection of stably 
transfected cells: 2 μg/ml puromycin.   

   2.     Lipofectamine   2000 (Invitrogen).   
   3.    T-75, and T-150 fl asks, 6-well, 24-well, and round-bottom 

96-well plates (TPP), 5 ml Polystyrene round-bottom tubes 
(Falcon, BD).      

       1.    Overlay medium: Mix 2× DMEM and 2 % Methylcellulose 1:1 
directly before use. 2× DMEM: Dissolve 27 g of DMEM- 
powder (Sigma-Aldrich) and 7.4 g of NaHCO 3  in 1 l 
H 2 O. Adjust the pH to 7.4 and fi lter the medium. Shortly 
before use add 10 % FCS and 2× Penicillin/Streptomycin. 

 2 % Methylcellulose: Dissolve 10 g of methylcellulose 
(Methocel, Sigma-Aldrich) in 500 ml H 2 O and stir overnight 
at 4 °C. Autoclave to sterilize and stir again at 4 °C for several 
days to ensure the total dissolving of the methylcellulose. 
Check from time to time.   

   2.    Prepare a 4 % Paraformaldehyde (PFA) solution: For Solution 
A prepare a 0.2 M Na Phosphate (pH 7.4) solution. Therefore, 
mix 77.4 ml 1 M Na 2 HPO 4  with 22.6 ml 1 M NaH 2 PO 4 , 
adjust the pH to 7.4 and fi ll up with H 2 O to 500 ml. For solu-
tion B prepare 8 % PFA in H 2 O. Dissolve 40 g PFA in H 2 O 
and warm the solution to approximately 50 °C on a magnetic 
stirrer. Then slowly add 5 N NaOH until the solution clears up 
and adjust the pH to 7.4. Solution A can be stored at room 
temperature and solution B at −20 °C. To obtain a 4 % buff-
ered PFA solution, mix solutions A and B 1:1. As an alternative 
you can use the ready-to-use 4 % buffered Formafi x (Formafi x, 
Switzerland).   

   3.    1 % Triton X-100 in 1× PBS.   
   4.    10 % FCS and 1 % FCS in 1× PBS.   
   5.    Antibodies: rat-α-LCMV, clone VL-4 (BioXCell, Order# 

BE0106), 1:200 in DMEM, and peroxidase-conjugated goat- 
α- rat IgG (H + L; Jackson, Order# 112-036-062), 1:400 in 
PBS with 1 % FCS.   

   6.    SIGMAFAST™ OPD ( o -phenylenediamine dihydrochloride) 
Tablets (Sigma-Aldrich, Order# P9187). Dissolve one urea/
hydrogen peroxide/buffer tablet and one OPD tablet in 10 ml 
H 2 O.      

       1.     C57BL/6 mice  , 8–12  weeks  .   
   2.    Buffer for FACS analysis: 2 % FCS, 2 mM EDTA, and 0.1 % 

NaN 3  in 1× PBS.   

2.2  Components 
for Cell Culture 
and Transfection

2.3  Components 
for the Immunofocus 
Assay

2.4  Components 
for the Analysis 
of the Induced CTL 
Response In Vivo
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   3.    Erythrocyte lysis of blood samples: BD FACS™ Lysing 
Solution (BD Bioscience), prepare a 1:10 dilution in H 2 O.   

   4.    Tetramer and antibodies for FACS analysis: OVA 257–264  
(SIINFEKL)-PE (TCMetrix, Epalinges, Switzerland), 
α-CD8a- APC (clone 53-6.7, Biolegend).   

   5.    100 μm cell strainer and 70 μm Cup Filcons (BD Biosciences).       

3    Methods 

   Generate the  plasmids   Pol-I-Sv, Pol-I-L, Pol-II-L, and Pol-II-NP 
(Fig.  1b ) as described [ 10 ,  11 ]. The exact cloning of the gene 
sequences is very important, especially for the Pol-I-Sv and the 
Pol-I-L plasmid, because the RNA of these plasmids will be incor-
porated later into the vector particles. The cloning of the antigen 
of interest into the Pol-I-Sv plasmid is performed as described 
[ 14 ]. The GP is deleted from the start codon to the stop codon 
and the gene of interest is inserted exactly between the 5′UTR and 
the IGR. Additionally the Pol-I-Sv plasmid encodes for the 
Ampicillin resistance gene and positive bacteria clones can be 
selected with Ampicillin. All kits are used according to manufac-
turer’s instructions.

    1.    Isolate RNA from target cells and transcribe the isolated RNA 
to cDNA. Amplify the desired gene sequence by PCR using 
primers with associated restriction sites for BsmBI (5′…
CGTCTC(N) 1  ▼ …3′ and 3′…GCAGAG(N) 5  ▼ …5′,  see   Notes 
1  and  2 ). To verify the amplifi cation of the gene sequence, run 
the PCR reaction on an agarose gel and purify the PCR prod-
uct afterwards from the agarose gel.   

   2.    Digest the purifi ed PCR product and the Pol-I-Sv plasmid 
with BsmBI at 55 °C for 1 h ( see   Note 3 ). Again purify the 
digested PCR product and the Pol-I-Sv plasmid from an 
 agarose gel.   

   3.    Perform a ligation of the digested PCR product into the 
 Pol-I- Sv plasmid using the T4 DNA ligase.   

   4.    Use competent bacteria to amplify the Pol-I-Sv plasmid with 
the inserted target antigen. Plate the transformed bacteria on 
LB plates containing 100 μg/ml Ampicillin and incubate the 
plates overnight at 37 °C.    

  On the next day pick positive clones from the plate and 
 inoculate them in 3 ml LB containing 100 μg/ml ampicillin. 
Grow the cultures on a shaker overnight at 37 °C and 200–
250 ×  g . The following day re-isolate the Pol-I-Sv plasmid and 
perform a restriction digest to check if the desired gene sequence 
is inserted into the plasmid ( see   Note 4 ). To additionally verify 
the correct insertion of the gene sequence of interest into the 
Pol-I-Sv  plasmid, sequence the plasmid .  

3.1   Cloning 
of the Gene of Interest 
(Vaccine Antigen) 
into the Pol-I-Sv 
Plasmid
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    Generate  the   BHK-21-GP cells ( see   Note 5 ) as described [ 15 ] and 
grow them in DMEM with 10 % FCS. BHK-21-GP cells are stably 
transfected with the plasmid M369 that expresses a codon-opti-
mized LCMV-GP cDNA and the resistance gene for puromycin. 
Therefore, stable transfectants are maintained with the addition of 
2 μg/ml puromycin to the culture medium. Incubate the cells at 
37 °C and 5 % CO 2  in an incubator.

    1.    Grow the BHK-21-GP cells in 150 cm 2  fl asks. One day before 
transfection seed 6 × 10 5  cells/well in 2 ml medium in a 6-well 
plate. On the day of transfection cells should be around 80 % 
confl uent.   

   2.    On the day of transfection prepare the Plasmid-Lipofectamine 
mix in 5 ml Polystyrene Snapcap tubes as follows: in the fi rst tube 
mix 100 μl Opti-MEM with 12 μl Lipofectamine (Lipofectamine 
mix). In a second tube add 0.8 μg Pol-I-Sv, 1.4 μg Pol-I-L, 
0.8 μg Pol-II-pC NP, and 1.0 μg Pol-II-pC L to 100 μl Opti-
MEM. As a negative control leave one plasmid of choice out of 
the mix. Add drop by drop 12 μl of the Lipofectamine mix from 
the fi rst tube to the second tube with the plasmid mix and 
 incubate for 30–40 min at room temperature.   

   3.    After the incubation time add 800 μl Opti-MEM to the mix 
and immediately proceed with  step 4 .   

   4.    Carefully remove the supernatant of the BHK-21-GP cells, 
add 1 ml Plasmid/Lipofectamine mix to the cells and incubate 
the cells for 5 h at 37 °C.   

   5.    Remove the Plasmid/Lipofectamine mix and replace it with 
2 ml of pre-warmed cell culture medium. Incubate the cells for 
72 h at 37 °C.   

   6.    After 72 h remove the supernatant and discard it. Wash the 
cells once with 1× PBS. Add 500 μl Trypsin per well and incu-
bate at 37 °C until the cells detach. Resuspend the cells in 
20 ml fresh pre-warmed cell culture medium, seed them in a 
75 cm 2  fl ask and incubate them for 48 h at 37 °C.   

   7.    After 48 h remove the supernatant and store the aliquots at 
−80 °C. To quantify the rLCMV vector titer perform an immu-
nofocus assay on 293T-GP cells with an aliquot which has been 
frozen.    

      Generate 293T-GP cells as described [ 15 ] and grow them in 
DMEM with 10 % FCS. 293T-GP cells are stably transfected with 
the plasmid M369 that expresses a codon-optimized LCMV-GP 
cDNA and the resistance gene for puromycin. Therefore, stable 
transfectants are maintained with the addition of 2 μg/ml puromy-
cin to the culture medium. Incubate the cells at 37 °C and 5 % CO 2  
in an incubator.

3.2  Four-Plasmid 
Co-transfection 
and Virus Rescue

3.3  Generation 
of rLCMV Stocks
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    1.    Grow 293T-GP cells in 150 cm 2  fl asks. One day before infec-
tion seed cells at approximately 5 × 10 6  cells per 150 cm 2  fl ask 
and incubate them overnight in an incubator. At the day of 
infection cells should be 80–90 % confl uent.   

   2.    On the day of infection remove the supernatant and add the 
virus at a multiplicity of infection (MOI) of 0.1–0.01 ( see   Note 
6 ) in 2 ml DMEM with 5 % FCS (without puromycin). 
Incubate at room temperature for 20 min and carefully rotate 
the fl ask from time to time ( see   Note 7 ) so that the virus is 
distributed evenly and is adsorbed.   

   3.    Add 15 ml 5 % DMEM and incubate the cells for 48 h at 
37 °C.   

   4.    After 48–72 h ( see   Note 6 ) transfer the supernatant into 50 ml 
Falcons and centrifuge for 10 min at 400 ×  g  to remove remaining 
cells.   

   5.    Make aliquots of the supernatant and store them at 
−80 °C. Perform an immunofocus assay on 293T-GP cells to 
determine the rLCMV vector titer with an aliquot which has 
been frozen ( see   Note 8 ).    

     Determine rLCMV vector titers by performing an immunofocus 
assay based on the original protocol by Battegay et al. [ 17 ]. 
However, as the viral vector particles are propagation-incompetent 
due to the removal of the GP, 293T-GP cells ( see   Note 9 ) are used 
instead of MC57 cells as described in the original protocol for the 
immunofocus assay. 

   Carry out all steps on ice unless otherwise specifi ed to keep the 
virus viable. For the following steps use an 8-channel multichannel 
pipette. As a positive control use a virus sample with a known titer 
and as a negative control use only cells without a virus sample.

    1.    Grow 293T-GP cells in 150 cm 2  fl asks in DMEM with 10 % 
FCS and 2 μg/ml puromycin until they reach 80–90 % confl u-
ency. Detach the 293T-GP cells with the culture medium from 
the bottom of the cell culture fl asks and transfer them into 
50 ml Falcon tubes. After centrifugation at 300 ×  g  for 
1 min/2 ml volume discard the supernatant and resuspend the 
cells in DMEM with 5 % FCS (without puromycin). Determine 
the cell number and use 2.4 × 10 5  cells/well in 200 μl/well for 
the titration ( see   Note 10 ). Keep the cells on ice while diluting 
the virus samples.   

   2.    For each virus sample four rows of a 96-well round-bottom 
plate are used. Prepare a dilution of the rLCMV vector sample 
in DMEM with 5 % FCS ( see  Subheading  3.4.2 ,  step 13 , 
 dilution factor, e.g., 1:5 dilution). Add 200 μl of the rLCMV 
vector sample in the fi rst column (Fig.  2a , sample).

3.4  Immunofocus 
Assay 
for the Determination 
of rLCMV Vector Titers

3.4.1  Titration of rLCMV
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       3.    Add 130 μl of DMEM per well into column 2–11 (Fig.  2a ).   
   4.    Gently mix the samples in the fi rst row and transfer 60 μl from 

column 1 to column 2 using a multichannel pipette. Mix the 
samples in column 2 and transfer 60 μl from column 2 to 
 column 3. Do not mix in column 3 and change pipette tips.   

   5.    Repeat  step 4  for the following columns until you reach 
 column 12. Thereby change pipette tips after transferring 60 μl 
into columns 3, 5, 7, 9, and 11 (Fig.  2a , grey circles).   

   6.    Transfer 200 μl (2 × 100 μl, two pipette tips per well) from 
column 11 of the 96-well plate to column 6 on a 24-well plate 
(Fig.  2b ).   

   7.    Repeat  step 6  and transfer 200 μl (2 × 100 μl) from columns 9, 
7, 5, 3, and 1 of the 96-well plate (Fig.  2a , grey circles) to col-
umns 5, 4, 3, 2, and 1 on the 24-well plate (Fig.  2b ). To avoid 
contamination start in column 11 and 6, respectively, and work 
from the right to the left side of the plates (Fig.  2b , black 
arrow). Add 200 μl (2 × 100 μl) 293T-GP cells (prepared in 
 step 1 ) to each well of the 24-well plate starting again in 
 column 6. To avoid contamination again work from the right 
to the left side of the plate and change pipette tips regularly.   

   8.    Softly tap the plates to ensure a homogenous distribution of 
the cells and to mix cells with the virus ( see   Note 10 ). Incubate 
the plates for 2–4 h at 37 °C in an incubator.   

   9.    To prevent spreading of the virus on all cells in a well very gen-
tly add 200 μl (2 × 100 μl) overlay medium (use cut tips) to 
each well. Slowly rinse down the overlay medium along the 

  Fig. 2    Pipetting scheme for the determination of rLCMV vector titers (Immunofocus Assay). Viral  vector   titers 
are determined on 293T-GP cells. ( a ) Pipetting scheme for a 96-well plate. Virus samples are added to the fi rst 
column.  Grey circles  represent columns when pipette tips are changed and which samples are transferred to 
a ( b ) 6-well plate. The  arrow  represents the working direction from the right to the left side of the plate       
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wall of the wells to avoid damage of the cellular monolayer. 
Incubate the plates in an incubator for 48 h until a uniform 
monolayer has formed.      

    Carry out all procedures at room temperature. Prepare a container 
with 1× PBS to wash the plate.

    1.    After 48 h of incubation gently fl ick off the overlay ( see   Note 
11 ). Fix the monolayer with 200 μl (2 × 100 μl) of 4 % PFA and 
incubate the plates for 30 min ( see   Note 12 ).   

   2.    Gently fl ick off the liquid ( see   Note 13 ) and wash the plate twice 
in the container with 1× PBS. Dry the plate on a paper towel.   

   3.    Add 4–5 drops of 1× PBS with 1 % Triton X-100 (permeabiliza-
tion solution) to each well and incubate for 20 min.   

   4.    Wash as in  step 2 .   
   5.    Add 4–5 drops of 1× PBS with 10 % FCS (blocking solution) 

to each well and incubate for 30 min.   
   6.    Gently fl ick off the liquid and dry the plate on a paper towel.   
   7.    Dilute the fi rst antibody (rat-α-LCMV, clone VL-4,  see   Note 

14 ) in DMEM with 5 % FCS. Add 200 μl (2 × 100 μl) of the 
fi rst antibody to each well and incubate for 60 min.   

   8.    Wash as in  step 2 .   
   9.    Prepare the second antibody in 1× PBS with 1 % FCS (Peroxidase- 

conjugated goat-α-rat IgG, 1:400). Add 200 μl (2 × 100 μl) of 
the second antibody to each well and incubate for 60 min.   

   10.    Wash as in  step 2 .   
   11.    Prepare the OPD substrate by dissolving one tablet set in 

10 ml deionized water. Add 200 μl (2 × 100 μl) of the OPD 
solution to each well and incubate until the foci develop. Wait 
until brown foci become clearly visible on the cell monolayer.   

   12.    Gently fl ick off the liquid and stop the reaction by washing the 
plates in a container with tap water. Dry the inverted plate on 
Whatman paper.   

   13.    Determine the number of foci for all the wells where you can 
easily count separate foci. Calculate the titer of the viral  vector 
  (immunofocus forming units per ml) with the following 
 formula ( see   Notes 15  and  16 ).

  

foci number dilution factor

ml
IFU ml

´
=

0 2.
/

   

          To show an example for the induction of a CD8 +  T cells response 
against an antigen of interest  C57BL/6 mice   are immunized intra-
peritoneally (ip) with 1 × 10 5  IFU/ml rLCMV vectors expressing 
the ovalbumin (OVA) antigen ( see   Note 17 ). Mice are then 
 analyzed on day 10 ( see   Note 18 ) after immunization (Fig.  3 ).

3.4.2  Staining 
of Viral Foci

3.5  Analysis 
of the Induced CTLA 
Response 
against the Vaccine 
Antigen In Vivo
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      Keep the blood samples on ice and carry out all the procedures on 
ice unless specifi ed otherwise. Carry out all centrifugation steps at 
4 °C for 5 min at 300 ×  g .

    1.    Prepare 5 ml Falcon tubes containing 3 ml of FACS buffer.   
   2.    In order to dilate the blood vessel prior to taking the blood 

sample warm the mice under a red lamp ( see   Note 19 ) or put 
the tail in warm water (40 °C). Make the mice comfortable in 
a restrainer. Use a needle to prick the tail vein and collect 3–4 
drops of blood in a tube containing FACS buffer.   

   3.    Centrifuge your samples and discard the supernatant carefully. 
Perform the tetramer staining under appropriate conditions 
for each TCR/Tetramer. For the OVA 257–264  (SIINFEKL)-PE 
Tetramer (0.5 μl in 50 μl FACS buffer) incubate the samples at 
37 °C for 10 min in the dark ( see   Note 20 ).   

3.5.1  Tetramer Staining 
of CD8 +  T Cells in Blood

  Fig. 3    Immunization of mice with rLCMV-OVA elicits an OVA-specifi c CD8 +  T cell response.  C57BL/6 mice   were 
immunized with 1 × 10 5  IFU rLCMV-OVA ip. ( a ,  b ) SIINFEKL-specifi c CD8 +  T cell response was measured in the 
( a ) blood and ( b ) spleen on day 10 after immunization       

 

Sandra Ring and Lukas Flatz



361

   4.    Put the samples immediately back on ice and proceed with the 
surface staining for 20 min in the dark (0.5 μl α-CD8a-APC in 
50 μl FACS buffer, fi nal dilution 1:200).   

   5.    Wash the samples once with 3 ml FACS buffer. After centrifu-
gation discard the supernatant carefully and resuspend the cells 
in 500 μl 1× BD Lysis Buffer. Vortex immediately and incubate 
at room temperature for 5 min in the dark.   

   6.    Wash the samples again with 3 ml FACS buffer and completely 
discard the supernatant after centrifugation. Resuspend the 
cells in 100–300 μl FACS buffer and perform FACS analysis 
(Fig.  3a ).    

     Keep the samples on ice and carry out all the procedures on ice 
unless specifi ed otherwise. Carry out all centrifugation steps at 
4 °C for 5 min at 300 ×  g .

    1.    Sacrifi ce the mice and quickly remove the spleens. Keep the 
spleens in 10 ml FACS buffer on ice until you further process 
them.   

   2.    Make a single cell suspension of the spleen by mashing it 
through 100 μm cell strainer with the plunger end of a syringe. 
Rinse the cell strainer several times with the single cell suspen-
sion itself.   

   3.    Centrifuge the samples and discard the supernatant. Resuspend 
the cells in an appropriate amount of FACS buffer. Transfer 
1–5 × 10 6  cells into 5 ml Falcon tubes and add 3 ml FACS buf-
fer. Centrifuge again and discard the supernatant.   

   4.    Perform the tetramer and surface staining as described in 
Subheading  3.5.1 . Wash the cells once with 3 ml FACS buffer 
and after centrifugation resuspend the samples in 300 μl FACS 
buffer. Before the FACS analysis fi lter the samples through 
70 μm fi lters to avoid clogging of your FACS machine 
(Fig.  3b ).    

4        Notes 

     1.    The maximum insertion size for an antigen of interest instead 
of the LCMV-GP gene is around 2000 bp. However, the 
  stability   of the S segment may decrease with an increasing size 
of the insert.   

   2.    As the PCR primers are longer than usual perform a tempera-
ture gradient, e.g., ranging from 55 to 65 °C.   

   3.    Check your target gene sequence for internal BsmBI restric-
tion sites. However, you can insert other restriction sites into 
the Pol-I-Sv plasmid.   

3.5.2  Tetramer Staining 
of CD8 +  T Cells in Spleen
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   4.    To check for the insertion of the target sequence into the 
 Pol- I- Sv plasmid use at least two restriction enzymes except 
BsmBI. It is reasonable to select an enzyme that cuts in the 
inserted target sequence and an enzyme that cuts in the 
 Pol-I- Sv plasmid backbone.   

   5.    Only the DNA-dependent RNA polymerase of a rodent cell 
line like BHK-21-GP cells is able to process the inserted Pol-I 
cassette of the S and L segment. Therefore, viral particles can 
only be rescued using the BHK-21-GP cell line. Recently other 
systems were established which use 293T and  Vero cells  , an 
FDA-approved cell line for vaccine development, for  viral 
 rescue   without the need of rodent cell lines [ 18 ].   

   6.    For a high yield of the viral titer, test the optimal MOI and 
generation time for harvesting the viral  vectors  . A higher 
MOI for the infection of the 293T-GP cells does not neces-
sarily result in higher viral titers (negative interference). We 
usually use an MOI of 0.01–0.1 and an incubation time 
of 48 h.   

   7.    Be careful when you add fresh medium, because 293T-GP cells 
detach very easily from the bottom of the fl ask.   

   8.    Avoid  freeze-thaw  ing of the viral vectors, because every 
 thawing decreases the viability of the vector particles.   

   9.    It is possible to use BHK-21-GP cells for the immunofocus 
assay, but in our experience the use of 293T-GP cells results in 
better and more reliable staining results.   

   10.    It is important that the cells form a monolayer because viral 
foci are only visible on a uniform monolayer. If cells over-
grow it will be diffi cult to determine viral foci. However, if 
the cell layer is not dense enough, the cells will detach and 
the  staining will not work properly. If you have problems 
when  performing the immunofocus assay, a possibility could 
be to change the cell number. Another option could be to 
change the  incubation time; however, you should incubate 
the cells for at least 48 h.   

   11.    If the cells detach very easily, you can also take off the superna-
tant with the pipette.   

   12.    To obtain a nicer result for the staining of viral foci prepare the 
4 % PFA solution yourself and do not use the ready-to-use 
Formafi x solution.   

   13.    Although you are working with propagation-incompetent 
rLCMV vectors avoid aerosol formation by fl icking off the 
supernatant into the sink. It is better to dispose the superna-
tant into a special waste box.   

   14.    Titrate the rat-α-LCMV antibody for a good staining of viral 
foci. Another possibility is to directly use the supernatant of 
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 hybridoma   cells (VL-4) producing the α-LCMV antibody 
(European Virus Archive, EVA). Dilute the supernatant 
 containing the α-LCMV antibody in DMEM according to the 
antibody concentration in your supernatant.   

   15.    The viral titer (foci that are stained with rat-α-LCMV 
 antibody) does not allow conclusions concerning the 
 expression of the antigen. In addition you can stain for the 
expression of your inserted antigen if good antibodies are 
available and determine the foci by an immunofocus assay. 
Furthermore you can determine the expression of your anti-
gen in vitro for instance with quantitative PCR (qPCR), 
Western blot, or FACS analysis.   

   16.    To get higher viral titers you can use FreeStyle 293-F cells (Life 
Technologies) and transfect them with the plasmid M369 that 
expresses a codon-optimized LCMV-GP cDNA as described 
for the BHK-21-GP and 293T-GP cell lines [ 15 ]. These cells 
demonstrate high transfection effi ciencies. They grow as a 
 suspension culture in serum-free conditions and permit the 
infection of cells at large volumes. After harvesting the viral 
 vectors   you can concentrate them by applying tangential fl ow 
fi ltration, Centrifugal Filter Units (Millipore), or a sucrose 
 gradient. However, you have to fi nd out the most effi cient 
method according to your needs.   

   17.    The induced CTL  response   can vary for different routes of 
immunization (e.g., intravenous, intraperitoneal, or subcuta-
neous) and for different antigens (e.g., foreign antigens versus 
self-antigens).   

   18.    It is recommended to determine the kinetics of the induced 
antigen-specifi c CTL response after immunization with the 
rLCMV vectors because the peak of the T cell response may be 
variable for different antigen. As a control you can stain for the 
induction of a LCMV-specifi c T cell response (e.g., for NP 396–

404 -specifi c CD8 +  T cells).   
   19.    Take care to avoid hyperthermia and dehydration of the mice.   
   20.    The conditions for the tetramer staining vary between  different 

tetramers. Therefore, it is recommended to try different 
 conditions (e.g., temperature, and incubation time) for your 
tetramers to obtain stable and reliable stainings.           
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    Chapter 25   

 Production of Japanese Encephalitis Virus-Like Particles 
Using Insect Cell Expression Systems                     

     Hideki     Yamaji      and     Eiji     Konishi     

1        Introduction 

    Structural   viral proteins      such as envelope and  capsid   proteins 
 self- assemble into particulate structures similar to authentic virus 
particles or naturally occurring subviral particles. Based on this 
characteristic, the expression of such viral surface proteins in 
heterologous systems using recombinant DNA technology allows 
the production of VLPs [ 1 – 5 ]. VLPs are non-infectious and 
 non- replicating because they are formed without incorporation of 
either the DNA or RNA of the virus. VLPs can induce strong 
humoral and cellular  immune responses   because of their densely 
repetitive display of viral antigens in an authentic conformation 
[ 1 – 5 ]. Therefore, VLPs offer a promising platform for the devel-
opment of safe and effi cacious vaccines and diagnostic antigens. 

 VLPs can be rapidly manufactured on a large scale using 
 recombinant protein production   systems. A variety of expression 
systems, including bacterial, yeast, insect, mammalian, and plant 
cell systems and in vitro cell-free systems, are generally available for 
the production of recombinant proteins [ 5 ,  6 ]. Among them, the 
 baculovirus–insect cell system   has been employed extensively in 
the production of VLPs and  subunit vaccines   [ 4 – 11 ]. In the typical 
baculovirus–insect cell system, a recombinant nucleopolyhedrovi-
rus (NPV) is generated, wherein the polyhedrin gene is replaced 
with a foreign gene of interest. The promoter for the polyhedrin 
gene is extremely strong, whereas the polyhedrin gene is essential 
neither for the infection nor for the replication of a  baculovirus  . 
Consequently, the infection of cultured lepidopteran insect cells, 
such as  Spodoptera frugiperda  Sf9 cells and  Trichoplusia ni  
 BTI- TN- 5B1-4 (High Five)  cells  , with a recombinant  baculovirus   
often leads to the expression of large quantities of foreign protein 
under the control of the polyhedrin promoter during the very late 
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phase of infection. Host insect cells perform most of the posttrans-
lational processing and modifi cations of higher eukaryotes [ 12 ]. 
The  baculovirus–insect cell system   is not hazardous to humans 
since baculoviruses are nonpathogenic to vertebrates and plants. In 
addition, insect cells do not support the growth of mammalian 
viruses (except for arboviruses) or mycoplasmas. Insect cells easily 
grow to a high cell density in suspension culture with a serum-free 
or animal- derived component-free medium. A  human papillomavirus  - 
like particle vaccine that has been approved for the prevention of 
cervical cancers is manufactured on an industrial scale using the 
baculovirus–insect cell system [ 8 ,  9 ,  13 ]. This system is also 
employed for the manufacture of a seasonal  infl uenza vaccine   that 
has been approved for use in the USA, and consists of recombinant 
 hemagglutinin   [ 9 ,  14 ]. The latter vaccine is not based on VLPs, 
but these examples demonstrate that insect cells can be a practical 
platform for the large-scale production of recombinant  protein 
vaccines  . 

 The  baculovirus–insect cell system   allows for attractive “plug 
and play” production where a single approved insect cell line can 
be used for the manufacture of different antigen proteins [ 9 ]. In the 
production of VLPs, however, the contamination of progeny bacu-
loviruses released from infected insect cells can become a critical 
problem [ 5 ,  8 ,  10 ]. The release of intracellular proteins from lysed 
cells can result in the proteolytic degradation of products and can 
also complicate the downstream processing and purifi cation of 
products. Stably transformed insect cells can be used as attractive 
alternative platforms for the  baculovirus–insect cell system   [ 11 , 
 15 – 22 ]. For the construction of stably transformed insect cells, 
host insect cells are transfected with a plasmid vector, into which a 
gene of interest is cloned under the control of an appropriate 
 promoter, as in the case of mammalian cells. If the introduced 
 vector integrates into the chromosomal DNA of the host cell, the 
protein of interest can be synthesized either constitutively or upon 
induction. To facilitate the selection of a small fraction of 
 transformed cells, an  antibiotic resistance   gene, carried either on 
the same plasmid as the gene of interest or on a separate plasmid, 
is introduced into host cells with the gene of interest. The stably 
transformed insect cells are particularly useful for the production 
of complex secreted and membrane-bound proteins, because the 
protein synthesis and processing machinery of the host insect cell 
is not damaged by baculovirus infection. This chapter describes the 
procedure that is used to produce Japanese encephalitis (JE) VLPs 
from stably transformed lepidopteran insect cells. For the produc-
tion of JE VLPs using the  baculovirus–insect cell system  , please 
refer to the literature references [ 23 ,  24 ]. The strategy described in 
this chapter would be applicable to other  fl aviviruses   such as 
 dengue and West Nile viruses [ 25 ,  26 ].  
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   JE is a serious disease caused by the JE virus (JEV). It is widespread 
throughout Asian countries, but effective  vaccines   are available to 
prevent JE. JEV belongs to the genus  fl avivirus , which includes 
many important human  pathogens   such as dengue, West Nile, and 
yellow fever  viruses   [ 27 ]. The  fl avivirus   particle has a nucleocapsid 
structure surrounded by a lipid bilayer containing an envelope gly-
coprotein (E) and a membrane protein (M) [ 28 – 32 ] (Fig.  1a ). The 
E protein is the major surface protein that plays a role in cellular 
receptor binding and membrane fusion. It induces neutralizing 
antibodies that protect hosts against disease. The M protein is 
 synthesized as the precursor membrane protein (prM) in infected 
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cells. The prM protein is then cleaved to M by a cellular protease, 
furin, during the virion maturation process. This cleavage event 
causes the rearrangement of E proteins from a prM/E heterodimer 
to an E homodimer on virus particles, which is the preliminary 
process in the formation of mature virions that can induce host-cell 
fusion, making them infectious (Fig.  1a ).

   Nucleocapsid-free subviral particles containing E and M 
 proteins, known as slowly sedimenting hemagglutinin (SHA) 
 particles, are the natural by-products of  fl avivirus   assembly and are 
released from infected cells [ 28 – 30 ] (Fig.  1a ). Coexpression of the 
prM and E proteins has been known to lead to the formation and 
secretion of recombinant subviral particles without nucleocapsids 
that can be used as an immunogen with protective capabilities [ 28 –
 30 ]. In order to generate a mammalian cell line that can continu-
ously produce a secreted form of JE VLPs, CHO cells were 
transfected with the JEV prM and E genes, but stable expression 
cell lines were not obtained due to the toxic cell-fusing ability of 
VLPs that contained E and M proteins [ 33 ]. By contrast, a stable 
CHO cell line secreting JE VLPs was successfully established by 
transfecting the E gene and a DNA fragment encoding a mutated 
form of prM containing a modifi cation of the amino acid sequence 
at the pr/M cleavage site. Biochemical alteration of the prM 
 protein is critical for the successful generation of a JE VLP-
producing mammalian cell line [ 33 ], though exceptions have also 
been reported [ 34 ,  35 ]. Nevertheless, the yields of the E protein 
produced by the recombinant CHO cells have not been suffi cient 
to meet the requirements of practical application. 

 Expression systems using lepidopteran insect cells, such as Sf9 
and  High Five cells  , can be employed for the effi cient production 
of JE VLPs. A secreted form of JE VLPs has been produced using 
Sf9 insect cells following infection with a recombinant  baculovirus   
that contains the JEV authentic prM gene and the E gene down-
stream of the polyhedrin promoter [ 23 ]. Baculovirus-infected Sf9 
cells have produced yields of E antigen that are more than tenfold 
higher than that obtained using previously reported recombinant 
CHO cells. The polyhedrin promoter may direct high levels of 
 foreign gene expression even for toxic proteins in infected insect 
cells, because it is highly active during the very late phase of 
 infection when gene expression is primarily virus-specifi c. On the 
other hand,  High Five cells   were stably transformed via the use of 
a powerful plasmid vector carrying the JEV prM and E genes [ 22 ]. 
The use of DNA encoding a form of prM with a pr/M cleavage 
site mutation led to a considerably higher yield of E protein than 
that obtained with the  baculovirus–insect cell system   [ 22 ,  36 ]. 
Transient expression experiments showed that the use of the 
mutated prM gene was favorable even in lepidopteran insect cells, 
while the cytotoxicity of JEV proteins against insect cells may be 
lower than it is against mammalian cells because JEV is an 
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 insect-borne virus. VLPs recovered from the culture supernatant 
from recombinant  High Five cells   successfully induced neutraliz-
ing antibodies in mice [ 22 ]. Based on the evidence, lepidopteran 
insect cell expression systems may offer a promising approach to 
the effi cient production of mammalian virus proteins including 
VLPs for use as vaccines and diagnostic antigens.   

2     Materials 

     1.    Insect cells:  T. ni  BTI-TN-5B1-4 (High Five)    are obtained 
from Life Technologies (Carlsbad, CA, USA).   

   2.    Culture medium: Express Five SFM (serum-free medium) 
(Life Technologies) supplemented with 16.5 mM  L -glutamine 
( see   Note 1 ).   

   3.    Plasmid vectors: The pIB and pIZ vectors are available from 
Life Technologies. These vectors contain the OpIE2 promoter 
from  Orgyia pseudotsugata  NPV (OpNPV) for the constitutive 
expression of a gene of interest and either the blasticidin resis-
tance gene or the Zeocin resistance gene for the selection of 
stable cell lines. The pIEx series and the pIE1-neo are available 
from EMD Millipore (Billerica, MA, USA). The pIEx vectors 
contain the  Autographa californica  NPV (AcNPV) HR5 
enhancer and the AcNPV IE-1 promoter for high-level consti-
tutive expression ( see  Subheading  3.1 ) but no  antibiotic resis-
tance   gene. By cotransfecting the pIE1-neo with the pIEx and 
selecting with G418, a stable cell line can be generated.   

   4.    TE buffer, pH 8.0: 10 mM Tris–HCl and 1 mM EDTA at pH 8.0.   
   5.    Transfection reagent: FuGENE 6 transfection reagent 

(Promega, Madison, WI, USA).   
   6.    Antibiotics for the selection of transformed cells: blasticidin for 

the blasticidin resistance gene and Zeocin for the Zeocin resis-
tance gene (InvivoGen, San Diego, CA, USA). G418 for the 
pIE1-neo and the pIEx (InvivoGen).   

   7.    Sterile 96-well tissue culture plates.   
   8.    Sterile 12-well tissue culture plates.   
   9.    Sterile 6-well tissue culture plates.   
   10.    Sterile 100-mm tissue-culture dishes.   
   11.    Sterile tissue-culture fl asks (25 and 75 cm 2 ).   
   12.    Sterile microcentrifuge tubes (1.5 mL).   
   13.    Sterile centrifuge tubes (15 mL).   
   14.    Sterile pipets (5 or 10 mL).   
   15.    Glass  cloning   cylinders.   
   16.    Silicon grease.   
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   17.    Glass petri dish.   
   18.    Stainless steel tweezers.   
   19.    Micropipettes and sterile tips.   
   20.    Non-humidifi ed incubator capable of maintaining a tempera-

ture of 27 °C ( see   Note 2 ).   
   21.    Laminar fl ow hood.   
   22.    Autoclave.   
   23.    Centrifuge and a swing-bucket rotor.   
   24.    Vortex mixer.      

3    Methods 

      Lepidopteran insect cells such as Sf9 cells and  High Five cells   have 
been used for stable transformation. High Five cells have proved to 
be an excellent host for the production of recombinant secreted 
proteins [ 16 ,  17 ,  20 ]. 

 Prior to transfection, the gene of interest is cloned into a 
 plasmid vector under the control of a promoter. A constitutively 
active promoter is generally used for lepidopteran insect cells. The 
choice of a promoter to drive the  heterologous   gene expression is 
important, as the use of a weak promoter results in low yields of 
recombinant protein [ 21 ]. The activity of a promoter used in lepi-
dopteran insect cells can be enhanced by certain  cis - or  trans -acting 
elements that are derived from baculoviruses [ 18 ,  19 ]. The AcNPV 
HR5 enhancer has been used to stimulate AcNPV IE-1 promoter- 
mediated transcription [ 19 ,  37 ]. The pIEx vectors containing the 
HR5 enhancer and the IE-1 promoter are commercially available 
( see  Subheading  2 ,  item 3 ). By cotransfection of the pIEx vector 
with the pIE1-neo and selection with G418, a stable cell line can 
be generated. A high-level expression vector pIE1/153A 
 containing the  Bombyx mori  cytoplasmic actin promoter, from 
which foreign gene expression is stimulated with the  B. mori  NPV 
(BmNPV) IE-1 transactivator and the BmNPV HR3 enhancer, has 
been developed for lepidopteran insect cells [ 15 – 17 ]. The use of 
the IE-1 transactivator and the HR3 enhancer allows a more than 
1000-fold increase in the stimulation of foreign gene expression 
through the actin promoter [ 38 ]. The pIE1/153A does not 
 contain a selection marker for selecting stable cell lines. 

 Coexpression of the JEV prM and E genes together with the 
prM signal sequence leads to the successful production of a secretory 
form of VLPs. The  fl avivirus   prM signal sequence is a transmem-
brane signal located adjacent to the prM that directs the  translocation 
of the prM into the lumen of the ER from its synthesis site on the 
surface of the ER [ 29 ,  39 ,  40 ]. Rather than being secreted, E  protein 
reportedly accumulates in the cytoplasm of Sf9 cells infected with 

3.1  Transfection
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recombinant baculoviruses encoding JEV E protein with an 
N-terminal signal sequence derived from its adjacent prM [ 41 ]. By 
contrast, when CHO cells [ 33 ] and High Five cells [ 22 ] are  trans-
fected   with the JEV prM signal sequence (57 bp adjacent to prM), 
the mutated prM gene, and the E gene, they produce a secreted 
form of VLPs that contain E and prM proteins (Fig.  1b ). Instead of 
the JEV prM signal sequence, the  Drosophila  BiP signal sequence 
can be used for the successful secretory production of JE VLPs [ 36 ]. 

 Please use the general molecular biology techniques and 
 methods, as described by Sambrook and Russell [ 42 ]. See also the 
protocol recommended by the manufacturer of the plasmid vector 
of choice and transfection reagent. All handling of insect cells 
should be carried out under sterile conditions in a laminar fl ow 
hood. For guidelines and detailed information on insect cell 
 cultures, please refer to the literature references [ 43 – 45 ].

    1.    Clone the DNA fragment encoding the JEV prM signal 
sequence and the prM and E genes into the plasmid vector of 
choice using either restriction enzyme digestion and ligation 
or other appropriate techniques. Isolate the plasmid DNA and 
analyze for the inserted element.   

   2.    Prepare the plasmid DNA in TE buffer at a fi nal concentration 
of 0.2–1 mg/mL for transfection into insect cells. The plasmid 
DNA must be very clean and free from contaminants that 
interfere with transfection.   

   3.    Collect  High Five cells   in the exponential growth phase with 
>95 % viability into a 15-mL centrifuge tube. Centrifuge the 
cell suspension at <500 ×  g  for 3–5 min, and discard the super-
natant. Resuspend the cells at 1 × 10 5  cells/mL in fresh medium 
that does not contain antibiotics ( see   Note 3 ).   

   4.    Add 2 mL of the cell suspension in each well of a 6-well tissue 
culture plate. Incubate the cells for 24 h at 27 °C in an 
incubator.   

   5.    For each transfection sample, add 6 μL FuGENE 6 transfection 
reagent and 1 μg plasmid DNA to 94 μL fresh medium without 
antibiotics in a 1.5-mL microcentrifuge tube. Mix by vortexing 
briefl y and incubate for 15 min at room temperature.   

   6.    Add the mixture to each well of the cells to be transfected.   
   7.    Incubate the cells at 27 °C in an incubator. When testing for 

gene expression or optimizing transfection conditions, incu-
bate the cells for 3–5 days and analyze the cell-culture superna-
tant for the expression of E protein by  western blotting   and 
 enzyme- linked immunosorbent assay (ELISA)  . Prior to stable 
transformation, optimization of the transfection conditions is 
recommend, which include the transfection reagent–DNA 
ratio, amount of DNA used, and incubation time after mixing 
the transfection reagent with the DNA.    
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     Once the E protein secretion from the transfected  High Five cells   
has been confi rmed, stably transformed cell lines can be generated 
for long-term storage and large-scale production of VLPs.

    1.    Prepare selective medium by supplementing Express Five SFM 
with 16.5 mM  L -glutamine and either blasticidin, Zeocin, or 
G418 at the appropriate concentration. The use of a drug con-
centration that will kill cells within a week is recommended. 
Different concentrations of drugs should be tested in order to 
determine a concentration that will kill cells within a week ( see  
 Note 4 ).   

   2.    Follow the transfection procedure described in Subheading  3.1 , 
 steps 1 – 6 . When the gene of interest is cloned in a plasmid 
vector without a selection marker, including the pIEx vector, 
cotransfect the expression vector with a plasmid containing 
an antibiotic resistance gene, such as the pIE1-neo (see 
Subheading  3.1 )   

   3.    Incubate the cells for 48 h at 27 °C in an incubator.   
   4.    Dislodge the cells from each well and resuspend them at 1 × 10 5  

cells/mL in 10 mL fresh medium. Transfer the cell suspension 
into a 100-mm tissue culture dish. Incubate the cells at 27 °C 
in an incubator.   

   5.    Following 24-h incubation, remove the medium and replace it with 
selective medium. Incubate the cells at 27 °C in an incubator.   

   6.    Replace selective medium every 3–4 days until distinct colonies 
can be visualized. Isolate clonal cell lines using  cloning   cylin-
ders as follows ( see   Note 5 ). Sterilize the cloning cylinders and 
the silicon grease together in a glass petri dish by autoclaving. 
Using fl ame-sterilized tweezers, dip one end of a sterile clon-
ing cylinder into grease on the petri dish. Remove the culture 
medium and place the cylinder fi rmly around a well-isolated 
colony. Add 100 μL of fresh medium without drugs to the 
inside of the cylinder. Using a micropipette, gently disperse the 
cells from the colony. Transfer the cells and the medium to 
each well of a 96-well tissue culture plate. Work quickly to 
prevent the cells from drying. Incubate the cells for 24 h at 
27 °C in an incubator. Instead of using  cloning   cylinders, limit-
ing dilution can be employed to isolate clonal cell lines. 
Otherwise, to isolate a polyclonal cell line, let the resistant cells 
grow to confl uency in the 100-mm culture dish.  See  [ 19 ] and 
the protocol recommended by the manufacturer of the plas-
mid vector of choice.   

   7.    Following 24 h of incubation, remove the medium and replace 
it with selective medium. Check the cells daily under an 
inverted microscope. Transfer the cells that have reached 
approximate confl uency to each well of a 12-well plate. Allow 
the cells to grow close to confl uency. Analyze the cell-culture 
supernatant for the expression of E protein by  western blotting   

3.2  Stable 
Transformation
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and  ELISA  . Screen highly productive cell lines and transfer the 
cells to 25-cm 2  tissue-culture fl asks ( see   Note 6 ). Expand the 
cells into 75-cm 2  fl asks to prepare frozen stock.   

   8.    To check whether secreted E proteins are in a particulate form, 
fractionate the culture supernatant from stably transformed cells 
via sucrose density-gradient centrifugation, and determine the E 
protein concentration in each fraction via  ELISA   [ 22 ,  33 ].    

     Once stably transformed cell lines have been obtained and frozen 
stocks of the cell lines have been prepared, the cells should be 
 cultured in larger fl asks, spinner fl asks, shake fl asks, or bioreactors to 
produce VLPs. Insect cells can be grown to high densities in suspen-
sion cultures. A higher recombinant protein yield is often achieved 
in a shake-fl ask culture compared with a static culture, probably due 
to the better oxygen supply in a shake-fl ask culture [ 20 ,  22 ].   

4    Notes 

     1.    Supplementing the medium with 10 mg/L gentamicin sulfate 
is recommended for a routine cell culture. Serum-free media 
such as PSFM-J1 Medium Wako (Wako Pure Chemical 
Industries, Osaka, Japan) and Cosmedium 009X (Cosmo Bio, 
Tokyo, Japan) are also available.   

   2.    Lepidopteran insect cells are maintained at around 27 °C with-
out CO 2  supplementation in the atmosphere. When using a 
humidity-controlled incubator, tissue-culture dishes are avail-
able without desiccation of a culture medium.   

   3.    Using antibiotics in the transfection medium is not recom-
mended, because antibiotics may adversely affect the transfection 
effi ciency.   

   4.    Generally, 10–20 μg/mL blasticidin will kill  High Five cells   
within a week in Express Five SFM. Zeocin concentrations that 
kill lepidopteran insect cells reside in the 200–600 μg/mL 
range. Concentrations of approximately 700 μg/mL G418 will 
kill  High Five cells   in Express Five SFM within 2–3 weeks. When 
maintaining stable lepidopteran cell lines, lower the  concentration 
of blasticidin to 10 μg/mL, Zeocin to 50 μg/mL, and G418 to 
300 μg/mL, respectively. Refer to the  protocol recommended 
by the manufacturer of the plasmid vector of choice.   

   5.    To obtain highly productive clonal cell lines, attempt to isolate 
as many colonies as possible for the expression testing. As in 
mammalian cell cultures, the integration location in the chro-
mosomal DNA of the host cell, and the number of integrated 
genes may affect the expression of a target gene.   

   6.    Cells should not be inoculated at low densities  (<1 × 10 5  
cells/mL).          

3.3  Production 
of VLPs
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    Chapter 26   

 Subunit Protein Vaccine Delivery System for Tuberculosis 
Based on Hepatitis B Virus Core VLP (HBc-VLP) Particles                     

     Dhananjayan     Dhanasooraj    ,     R.     Ajay     Kumar    , and     Sathish     Mundayoor      

1        Introduction 

    Tuberculosis (TB)       is the second leading  infectious   disease by mor-
tality rate. The disease is caused by the bacterium   Mycobacterium 
tuberculosis  (Mtb)  . TB primarily affects the respiratory system 
resulting in Pulmonary Tuberculosis, but it has also extrapulmo-
nary targets. According to latest estimates, globally 9.0 million 
new cases are reported annually and 1.5 million deaths due to TB 
were reported in 2013 alone. TB is prevalent across the globe with 
South-East Asia and Western Pacifi c Regions accounting for 56 % 
of the cases and the African region contributing another quarter. 
Among different nations, India and China have the largest number 
of disease cases [ 1 ]. 

 Mtb is characterized by slow growth, complex cell envelope, 
intracellular pathogenesis, slow generation time (~24 h for the 
organism in synthetic medium or in infected animals) and has a 
striking dormancy profi le. The bacterial genome of 4.41 Mb base 
pairs has an uncharacteristically high GC (Guanine + Cytosine) 
content (~65.9 %) and encodes about 4015 genes [ 2 ]. The disease 
transmission is mainly by inhalation of aerosol containing bacteria 
which originates from the expectoration of affected individuals. 
The entry of the bacterium into the human body is mostly by 
respiratory route and in case of severe infection it can spread to 
other parts of the body via lymphatic system or blood. About 15 % 
of patients develop extrapulmonary TB of pleura, lymphatics, 
bone, genitourinary system, meninges, peritoneum, or skin [ 3 ]. 

 Bacille Calmette-Guerin (BCG) has been the only available 
vaccine for TB for nearly one century but has many drawbacks. As 
the effi cacy of BCG has been shown to vary from zero to 80 %, the 
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emergence of new and dangerous drug resistant bacteria, calls for 
urgent measures to fi nd new vaccines. Obviously the availability of 
an affordable vaccine could help to eliminate the disease burden 
globally [ 4 ]. Even though there have been many ideas to develop 
new vaccines, most strategies involve mixing more than one 
selected antigen/ epitope   from a  pathogen   and using it as a vaccine. 
Due to the presence of several antigenic epitopes, these vaccines 
are expected to generate greater protection when compared to a 
single antigen. Several putative protective antigens have been iden-
tifi ed from   Mycobacterium tuberculosis  (Mtb)  , the bacteria that 
cause TB [ 5 ,  6 ]. This type of vaccine where recombinant protein 
subunit comprising multiple open reading frames strung together 
is both simple and cost effective and these fusion vaccines can be 
more immunogenic than the individual components. Such hybrid 
protein vaccines consisting of mycobacterial proteins such as 
Mtb39 and Mtb32 (Mtb72F), or  Ag85B   and ESAT-6 (Hybrid-1) 
[ 7 ], the polyprotein of ESAT-6 and Ag85A have shown to be 
promising in different studies [ 8 ]. Both Mtb72F and Hybrid-1 in 
selected  adjuvants   have shown protective level of  immune response   
generation in the mouse and  guinea pig   TB challenge models [ 8 –
 11 ]. Thus even though these  subunit vaccines   are safe and eco-
nomic, the major hurdle for a successful TB vaccine is the 
requirement for a proper adjuvant and delivery systems. 

 Particulate antigen delivery systems have special interest in vac-
cine research [ 12 ,  13 ]. The method described here use the con-
struction of a vaccine delivery system for tuberculosis subunit 
vaccine based on  Hepatitis B virus   core protein VLPs (Virus-like 
particle) [ 14 ]. VLPs are non-infectious, nano-sized particles with 
broad  stability   with the capacity to self-assemble. HBc-VLPs can 
be expressed in most of the known protein expression systems [ 15 –
 17 ]. The HBc gene was amplifi ed from genomic DNA of  Hepatitis 
B virus  . By using OEPCR (overlap extension PCR) sequences for 
restriction enzymes and linkers for inserting external antigen in the 
major immunodominant region (MIR) of HBc gene could be 
incorporated where required. The modifi cations were designed in 
such a way that any external antigen amplifi ed with the sequences 
incorporated at both ends for the respective restriction endonucle-
ases could easily be inserted inside the MIR region by appropriate 
restriction digestion. This modifi ed HBc gene was cloned into a 
pET 32 expression system. Culture fi ltrate protein 10 (CFP 10), 
one of the major immunodominant mycobacterial antigen which 
has been suggested to be a promising vaccine candidate antigen 
[ 18 ,  19 ] was chosen as the antigen to be inserted. The genomic 
DNA isolated from   Mycobacterium tuberculosis    H37Rv, the labora-
tory strain of tuberculosis was used as a template for amplifying the 
CFP 10 gene. All the molecular manipulations were designed in 
such a way that the expressed proteins form a fusion of HBc  protein 
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with the external antigen displayed on the MIR region supported 
by linkers, and the expressed proteins sport a Six-Histidine tag at 
the C-terminal to assist in downstream purifi cation. 

 The recombinant plasmids, pET32 carrying HBc-CFP 10 was 
transformed into  E .   coli    JM109 for increasing the quantity of plas-
mid. The purifi ed plasmids were transformed into  E. coli  BL 21 
(DE3) for protein expression and purifi cation. Isopropyl-beta- 
thiogalactopyranoside (IPTG) was used for the induction of pro-
tein expression. After optimizing proper IPTG concentration and 
time for maximum protein expression, the bacterial cells were pel-
leted and stored at −80 °C till purifi cation. For protein purifi ca-
tion, bacterial cells were lysed and protein fraction was fi rst 
separated by centrifugation. A mild denaturing condition using 
urea was applied to dissociate the VLP dimer particles. The mild 
denaturation dissociated VLPs to dimers and exposed the C termi-
nal HIS tag. Dimers could be easily reassembled later. Monomer 
formation would require stronger denaturing conditions and these 
are diffi cult to reassemble. 

 The solution containing dimers were then bound to a Ni-Silica 
resin column pre-equilibrated with dissociation buffer. Unbound 
proteins were washed out using wash buffer, the urea concentra-
tion was decreased by washing with washing buffer and proteins 
were eluted by gravity fl ow. The eluted protein dimers were 
desalted, and concentrated and allowed to form VLPs. VLPs were 
recovered by sucrose density gradient ultracentrifugation. The sep-
arated VLP fractions were recovered from density gradient layers 
and analyzed on Western blot using antibodies against HBc anti-
gen. The formation of HBc-CFP 10 VLPs was characterized fur-
ther by TEM. 

     Primers labeled CEFP2 and CEHsR were designed to amplify the 
nucleotides necessary for forming HBc-VLP (149 amino acid 
encoding region of HBc gene). Both the primers were designed to 
incorporate restriction enzyme sequences  NdeI  and  XhoI  respec-
tively, to clone the amplifi ed product into pET vector. Based on 
the nucleotide sequence encoding MIR (Major Immunodominant 
Region) of HBc gene, additional primers were designed to modify 
HBc gene. Overlap extension PCR (OEPCR), a variant of PCR 
technique (Fig.  1 ) was used for the HBc gene modifi cation and full 
length  Hepatitis B virus   core gene (HBc) containing plasmid 
(HBc-pGEMT) was used as template.

      The modifi ed HBc gene was cloned into pET 32a expression vec-
tor using  NdeI  and  XhoI  restriction enzyme sites (pETMHBc, 
Fig.  2 ). The products were sequenced to ensure that the sequences 
were in frame as expected.  E .   coli    strain JM109 cells was used for 
transformation and the plasmids were isolated.

1.1  Amplifi cation 
of Selected Genes 
and Construction 
of Vectors

1.1.1  HBc Gene 
Modifi cation

1.1.2  Inserting Modifi ed 
HBc Gene 
into the Expression Vector 
pET32a
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      Genomic  DNA   from   Mycobacterium tuberculosis    H37Rv was iso-
lated and CFP10 gene was amplifi ed by PCR using the genomic 
DNA as template. The primers were designed to sport the restric-
tion enzyme sequences on both sides of the amplifi ed product so 
that this could be inserted into modifi ed HBc gene by restriction 
digestion followed by ligation.  

1.1.3  CFP10 Gene 
Amplifi cation 
from  Mycobacterium 
tuberculosis  H37Rv

PCR 1

PCR 3

PCR 4

PCR 2

5’
5’

5’

5’

5’

5’

  Fig. 1    OEPCR (Overlap extension PCR)       

  Fig. 2    Modifi ed HBc containing pET plasmid (pETMHBc)       
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   The  amplifi ed    CFP10 gene   and modifi ed HBc containing pET32 
were digested with enzymes  EcoRI  and  HindIII . The products 
were used to clone CFP10 into modifi ed HBc gene in pET32. 
Thus the resulting vector contained sequences coding for modifi ed 
HBc carrying CFP10 gene in its MIR region in a single reading 
frame and sporting a Histidine tag at the C terminal of the expressed 
protein.   

   The vector encoding the modifi ed fusion VLP, generated after 
ligation reactions were checked by restriction digestion and 
sequencing. The new vector was then transformed into JM109 
cells to increase the plasmid copy number. The plasmid isolated 
from JM109 was used to transform the expression host  E .   coli  
  BL21 (DE3). The transformed cells were cultured in large vol-
umes and the protein expression was induced by using IPTG after 
proper bacterial growth. The expressed proteins were separated 
and VLP dimers were isolated by inducing a mild denaturing con-
dition so that the dimers could be bound to Ni-silica column using 
His tag binding. The isolated and purifi ed dimers were then 
allowed to reassemble and VLPs were purifi ed by sucrose density 
gradient centrifugation.  

   The content and structure of VLPs were confi rmed by Western 
blot (Fig.  3 ) and TEM (Fig.  4 ).

1.1.4  Construction 
of Expression Vector 
for Fusion Protein

1.2  Expression 
and Purifi cation of VLP

1.3  Confi rmation 
of Expressed Protein

  Fig. 3    Western blot of purifi ed proteins. ( a ) purifi ed HBc probed with anti-HBc 
antibody; ( b ) purifi ed FVLP with anti-HBc antibody. M, protein molecular weight 
marker in kDa       
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2          Materials 

       1.    The study used HBc gene containing vector as template. The 
amplifi cation of HBc gene also can be obtained from sera puri-
fi ed genomic DNA of HBV (QIAamp DNA Mini Kit, Hilden, 
Germany).   

   2.    Primer designing software program (Primer Premier [ 20 ]).   
   3.    Sequence alignment programs (National Center for 

Biotechnology (NCBI) Blast online [ 21 ], Biology WorkBench 
SDSC [ 22 ]).   

   4.    Taq DNA Polymerase (Sigma-Aldrich, MO, USA), Phusion 
High-Fidelity DNA Polymerase, 5× Phusion HF Buffer, dNTP 
mix (10 mM), and MgCl 2  solution (50 mM) (Finnzymes-
Thermo Fisher Scientifi c, Espoo, Finland).   

   5.    PCR machine (iCycler, Bio-Rad, CA, USA).   
   6.    Agarose, DNA loading dye, ethidium bromide, Tris-acetate 

buffer (TAE).   
   7.    Agarose gel electrophoresis system.   
   8.    Gel documentation system (UVP, CA, USA).   
   9.    Agarose gel band purifi cation kit (Illustra GFX PCR DNA and 

Gel Band Purifi cation Kit, GE Health care, Little Chalfont, UK).   
   10.    Spectrophotometer (NanoDrop, Thermo Fisher Scientifi c).   
   11.    CEFP2: GGAATTCCATATGGACATTGACCCTTATAAAGA 

(Genosys, Sigma).   
   12.    CEHsR: CCGCTCGAGCTAATGGTGATGGTGATGGTGAA

CAACAGTAGTCTCCGGAAGTG   

2.1  HBc 
Amplifi cation 
and Modifi cation

  Fig. 4    Transmission electron microscopic pictures of VLPs. FVLP. Bar = 100 nm       
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   13.    CMPRP: AAGCTTGGGCCGGAATTCGGTGCCACCGCC
ACCAGAGCCACCGCCACCATCTTCCAA   

   14.    CMPFP: GAATTCCGGCCCAAGCTTGGTGGCGGTGGC
TCTGGTGGCGGTGGCTCTAGGGAC   

   15.    dNTPs sets (GE Healthcare).   
   16.    Sequencing reaction reagents (Big Dye Terminator Cycle 

Sequencing Reaction Kit, Applied Biosystems, USA).   
   17.    −20 °C deep freezer (Vest-Frost, Denmark), −70 °C deep 

freezer (New Brunswick, USA).      

       1.      Mycobacterium tuberculosis    H37Rv genomic DNA.   
   2.    Mcfp10F: CCGGAATTCGCAGAGATGAAGACCGATG   
   3.    Mcfp10R: CCCAAGCTTGAAGCCCATTTGCGAGGACAGC      

       1.    pET32a vector (Novagen).   
   2.    Luria–Bertani broth and agar, Miller (HiMedia Laboratories, 

Mumbai, India).   
   3.    Ampicillin (Sigma-Aldrich).   
   4.    Culture fl asks, tubes and incubators.   
   5.    Plasmid isolation kit (Illustra plasmid Prep Mini Spin Kit, GE 

Healthcare).   
   6.    Restriction enzymes  NdeI ,  XhoI ,  EcoRI ,  HindIII  and 10× 

buffers (New England Biolabs, MA, USA).   
   7.    Agarose gel band purifi cation kit (Illustra GFX PCR DNA and 

Gel Band Purifi cation Kit, GE Health care).   
   8.    T4 DNA Ligase and buffer (Promega, Madison, WI, USA).   
   9.    JM109 endA1, recA1, gyrA96, thi, hsdR17 (rk–, mk+), relA1, 

supE44, Δ(lac-proAB), [F′ traD36, proAB, laqIqZΔM15] 
(Promega, USA).      

       1.    BL21(DE3) (fhuA2 [lon] ompT gal (λ DE3) [dcm] ∆hsdS λ 
DE3 = λ sBamHIo ∆EcoRI-B int::(lacI::PlacUV5::T7 gene1) 
i21 ∆nin5) (Novagen, USA).   

   2.    Ultra Yield Flasks (Thomson, California, USA).   
   3.    Sonifi er (Branson Ultrasonics, USA).   
   4.    HisLink™ Protein Purifi cation Resin (Promega).   
   5.    D-Tube Dialyzer (Novagen).   
   6.    Antibody: Hep Bc Ag (Santa Cruz Biotechnology, USA).   
   7.    Antibody: Anti-CFP-10 (Thermo Scientifi c, USA).   
   8.    Bovine serum albumin (BSA), bromophenol blue (BPB), xylene 

cyanol, 5-bromo-4-chloro-3-indolyl-β- d - galactopyranoside 
(X-Gal), nitro-blue tetrazolium chloride (NBT), 5-bromo-4-
chloro-3′-indolylphosphate  p -toluidine salt (BCIP), Tween 20, 

2.2  Antigen 
Amplifi cation 
from Mtb

2.3  Clone Antigen 
into Modifi ed HBc

2.4  Protein 
Expression 
and Purifi cation
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Triton X-100, tetramethylethylenediamine (TEMED) (US 
Biochemicals, USA).   

   9.    Protein gel electrophoresis apparatus (Bio-Rad, USA).   
   10.    Acrylamide, ammonium persulfate (APS), sodium dodecyl sul-

fate (SDS), glycerol, glycine, isopropyl-β- d -1-thiogalactoside 
(IPTG), sucrose (Sigma-Aldrich).   

   11.    Western blot apparatus (Bio-Rad).   
   12.    PVDF membrane (Millipore, USA). Filter papers of Grade 2 

and 3 (Whatman, GE Health Care, USA). U-tube concentra-
tor (Novagen), dialysis tubes (Novagen, EMD Millipore, 
USA).   

   13.    Ultracentrifuge and tubes (Optima L-100K, Beckman Coulter, 
USA).      

       1.    Transmission electron microscope (Jeol, Tokyo, Japan).   
   2.    Uranyl acetate (USB).       

3    Methods 

    Primers are synthesized based on the sequence (Subheading  2 ). 
HBc gene containing vector is used as template.

    1.    Set up the PCR reaction as shown in Table  1  and run as per the 
conditions listed.

       2.    Analyze the product on Etbr-agarose gel (0.8 %) ( see   Note 1 ).   
   3.    Using UV transilluminator carefully slice out the product ( see  

 Note 2 ).   
   4.    Weigh the slice, add appropriate volume of capture buffer and 

dissolve the gel ( see   Note 3 ).   
   5.    Add the dissolved gel mixture to the GFX gel binding column 

and wash with washing buffer (as described by the manufac-
turer) ( see   Note 4 ).   

   6.    Elute the products into sterile water (~50 μl) ( see   Note 5 ).   
   7.    Keep the products in −20 °C until use.    

      The amplifi ed HBc from Subheading  3.1 ,  step 1  can be used for 
the modifi cation ( see   Note 6 ).

    1.     PCR 1  ( see   Note 7 ).
    (a)    Follow the PCR conditions as shown in Tables  1  and  2 .
       (b)     Run the products on 0.8 % agarose gel and slice out spe-

cifi c product from gel and elute into nuclease-free water 
using GFX column.   

   (c)    Keep the products in −20 °C until use.    

2.5  Confi rming VLP

3.1  Amplifi cation 
of HBc

3.2  Modifi cation 
of HBc
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      2.     PCR 2  ( see   Note 8 ).
    (a)    Follow the PCR conditions as shown in Tables  1  and  2 .   
   (b)     Determine the products size on 0.8 % agarose gel and 

elute the specifi c band into nuclease-free water using GFX 
column.   

   (c)    Keep the products in −20 °C until use.    
      3.     PCR 3  ( see   Note 9 ).
    (a)     Keep the reaction setup for the PCR as shown in Tables  1  

and  2 .   
   (b)     Visualize the size of the product on 0.8 % agarose gel and 

select the specifi c band, cut out and elute into nuclease-
free water using GFX column.   

   (c)    Keep the products in −20 °C until use.    
      4.     PCR 4  ( see   Note 10 ).
    (a)    Set up the PCR as per conditions shown in Tables  1  and  2 .   

        Table 1  
  PCR conditions used for gene amplifi cations   

 Sl. 
No.  Primers 

 Initial 
denaturation 

 Denaturation  Annealing  Extension 
 Final 
extension  (35 cycles) 

 1  CEFP2 and CEHsR  95 °C, 4 min  95 °C, 45 s  55.2 °C, 30 s  72 °C, 1 min  72 °C, 7 min 

 2  CEFP2 and CMPRP  95 °C, 4 min  95 °C, 45 s  59.2 °C, 30 s  72 °C, 1 min  72 °C, 7 min 

 3  CMPFP and CEHsR  95 °C, 4 min  95 °C, 45 s  57.8 °C, 30 s  72 °C, 1 min  72 °C, 7 min 

 4  PCR 1 and PCR 2 
products 

 95 °C, 4 min  95 °C, 45 s  57.8 °C, 30 s  72 °C, 1 min  72 °C, 7 min 

       Table 2  
  PCR reaction mixture compositions   

 Sl. No.  Component  Vol (for 50 μl) 

 1  Water  39.5 

 2  10× reaction buffer  5 

 3  dNTP mix (2.5 mM stock)  0.2 

 4  Primer 1 (10 μM stock)  2.5 

 5  Primer 2 (10 μM stock)  2.5 

 6  Taq DNA polymerase  0.3 
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   (b)    Analyze the product size in 0.8 % agarose gel.   
   (c)     Gel-elute the specifi c band into nuclease-free water, keep 

the products in −20 °C until use.    

             1.    Keep restriction digestion reaction for pET32a and modifi ed 
HBc separately, with the enzymes  NdeI  and  XhoI , as shown in 
the reaction ( see   Note 11 ) (Table  3 ).

       2.    Run the products in agarose gel and slice out the digested vec-
tor (pET32) and inserts (digested HBc-modifi ed).   

   3.    Elute the products in sterile water separately as described before.   
   4.    Keep eluted products for ligation (as shown in Table  4 ) at 

4 °C, overnight ( see   Note 12 ).
       5.    Spin down the ligation mixture ( see   Note 13 ).   
   6.    Add full mixture into JM109 competent cells.   
   7.    General transformation procedure was followed ( see   Note 14 ).   
   8.    Transformed bacterial colonies were selected using ampicillin 

containing plates.   
   9.    Select colonies and inoculate to 4 ml LB broth containing 

ampicillin (60–100 μg/ml) and incubate the culture tubes at 

3.3  Clone Modifi ed- 
HBc Gene into pET 32 
Plasmid

   Table 3  
  Restriction enzyme digestion reaction composition   

 Sl. No.  Component  Vol (for 20 μl) 

 1  Water  13.8 

 2  Buffer (10×)  2 

 3  BSA  0.2 

 4  Plasmid (or PCR product)  2 

 5  Enzyme 1  1 

 6  Enzyme 2  1 

     Table 4  
  Ligation reaction composition   

 Sl. No.  Component  Vol (for 10 μl) 

 1  Water  1 

 2  Ligation buffer (10×)  1 

 3  Insert DNA  5 

 4  Vector DNA  2 

 5  DNA ligase  1 
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37 °C in a shaker incubator at 160 rpm till OD 600  reaches ~1 
( see   Note 15 ).   

   10.    Isolate the plasmids (follow instructions of the plasmid isola-
tion kit) and analyze the plasmid on agarose gel after restriction 
digestion ( see   Note 16 ).   

   11.    Colony containing inserts of proper size can be grown in large 
scale to increase the plasmid quantity ( see   Note 17 ).   

   12.    From the selected cultures isolate plasmid in 1× TE buffer and 
store in −20 °C.   

   13.    Store the selected cultures that contain the plasmid as a main 
stock at −80 °C.      

     Mycobacterium tuberculosis    H37Rv cultured on Lowenstein-Jensen 
medium (LJ medium) can be used for DNA isolation. Standard 
procedures are available to isolate genomic DNA of Mtb; in our 
laboratory we follow the CTAB method [ 23 ]. In Brief, suspend 
the bacterial pellets in TE buffer containing proteinase K and 
SDS. Precipitate the protein contaminants from the solution using 
CTAB (65 °C for 1 h) solution. Subsequently DNA can be purified 
by extracting with Chloroform: Isoamyl alcohol (24:1). Precipitate 
DNA using 2.5 volumes of ice-cold absolute ethanol and one-
tenth volume of Sodium acetate (3 M, pH 5.2). Wash the spooled 
DNA with 70 % ethanol, air dry, dissolve and store in TE buffer at 
−20 °C till use ( see   Note 18 ).

    1.    Amplify the  CFP-10 gene   from Mtb genome using the primers 
Mcfp10F and Mcfp10R as per the conditions shown in Tables  1  
and  2  ( see   Note 19 ).   

   2.    Determine the products size by running on 0.8 % agarose gel.   
   3.    Purify the gel bands using GFX column and elute into nuclease- 

free water.   
   4.    Keep the products at −20 °C until use.    

         1.    Digest both pET containing modifi ed HBc/MIR and CFP 10 
amplicon using restriction enzymes  EcoRI  and  HindIII  
( see   Note 20 ).   

   2.    The restriction enzyme reactions are as shown in Table  4 .   
   3.    Elute the digested products into nuclease-free water using 

GFX column.   
   4.    Keep the vector and insert for ligation reaction as stated in 

Table  4 .      

       1.    Use the ligated product from the above procedure to trans-
form JM109 as shown in previous procedure ( see   Note 21 ).   

   2.    From the selected cultures isolate plasmid in 1× TE buffer and 
store in −20 °C.      

3.4  Amplifi cation 
of CFP 10 Gene 
from Mtb

3.5   Cloning of  CFP 
10 Genes into Modifi ed 
HBc MIR

3.6  Transforming 
Ligated Plasmid 
(HBc-CFP10 in pET32) 
into  E .   coli    JM109

HBc Virus-Like-Particles as Vaccine Delivery System for Tuberculosis 
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       1.    General transformation procedure can be followed here.   
   2.    Select the transformed bacterial colonies using ampicillin con-

taining plates.   
   3.    Select colonies and inoculate fi rst into 4 ml LB containing 

ampicillin.   
   4.    On reaching OD 600  value ~1, inoculate the culture to large 

volumes (here used 200 ml, in Ultra Yield Flasks).   
   5.    Keep the fl asks at 37 °C, with shaking at 300 rpm until the 

culture reaches OD 600  value of 0.6–1.   
   6.    On reaching the specifi c OD, induce protein expression by 

adding IPTG (0.5 mM).   
   7.    After induction keep the fl ask in shaking incubator 28 °C, 

300 rpm for nearly 6 h.   
   8.    Pellet the cells (here use 50 ml conical bottom Falcon tubes), 

and keep the pellets at −80 °C until the next procedure.      

       1.    Resuspended the pellets in lysis buffer I (100 mM NaCl, 
50 mM Tris–HCl (pH 8), 0.2 % Triton X-100 and 10 μg/ml 
DNAse) ( see   Note 24 ).   

   2.    Lyse the cells on ice by ten cycles of sonication with 1 min 
intervals to avoid heating of the material ( see   Note 25 ).   

   3.    Remove the  E .   coli    cell debris by centrifugation at 10,000 ×  g  at 
4 °C for 20 min, and collect the supernatant.   

   4.    Load the supernatant on 20 % sucrose cushion at 25,000 rpm 
(106750 ×  g ) and pellet the particles ( see   Note 26 ).   

   5.    Resuspend the pelleted material in dissociation buffer (6 M 
urea, 10 mM imidazole, 50 mM Tris–HCl (pH 8.0), and 
50 mM NaCl), and incubate at room temperature for 15 min. 
All subsequent steps can be performed at room temperature.   

   6.    Pre-equilibrate the Ni-Silica resin column in dissociation buf-
fer ( see   Note 27 ).   

   7.    Add the particle suspension to the pre-equilibrated resin and 
allow to bind for nearly 30 min.   

   8.    Wash the resin by decreasing concentration of urea by washing 
with washing buffer (20 mM imidazole, 50 mM Tris–HCl (pH 
8.0), and 50 mM NaCl) containing 5, 4, 3, 2, 1 and 0.5 and 
0 M urea, followed by washing buffer containing 300 mM 
NaCl ( see   Note 28 ).   

   9.    Add twice the gel bed volume of elution buffer (250 mM 
imidazole, 50 mM Tris–HCl (pH 8.0), and 300 mM NaCl), 
after a 30 min incubation, elute the proteins by gravity fl ow.   

   10.    Dialyse the eluted fractions using D-Tube Dialyzer (observing 
manufacturers’ protocol) ( see   Note 29 ).   

3.7  Transformation 
into  E .   coli    BL21
(DE3) and Protein 
Expression 
( See   Note 22 )

3.8  Protein Purifi cation 
( See   Note 23 )
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   11.    The sample can be concentrate by passing it through 3 kDa 
cutoff membrane (Amicon Ultra, Millipore) ( see   Note 30 ).   

   12.    The concentrated product layer on the top of a sucrose density 
gradient (10–60 % discontinuous sucrose gradient) ( see   Note 31 ).   

   13.    Proceed with ultracentrifugation at 40,000 rpm (274355 ×  g ), 
25 °C for 2 h for 30 min on (swinging bucket rotor SW 41TI, 
Beckman Coulter).   

   14.    After centrifugation samples collect as 500 μl aliquots each 
from the top layer ( see   Note 32 ).   

   15.    Analyze the fractions on  SDS-PAGE   and confi rm by Western 
blot (Fig.  3 ) ( see   Note 33 ).      

   Sucrose density gradient fractions from HBc and  fusion proteins   
were analyzed on Transmission Electron Microscope at various 
magnifi cations.

    1.    Dilute the samples in 1× PBS.   
   2.    Layer the samples on TEM-copper grid and the grids.   
   3.    Keep the sample in a desiccator to remove moisture content 

( see   Note 34 ).   
   4.    Apply 2 % uranyl acetate solution on the layered sample.   
   5.    Observe the images with TEM at different magnifi cations.    

4       Notes 

     1.    From the reaction product take 2 μl from tubes and check on 
agarose gel to confi rm the size on Etbr-agarose gel (0.8 %) 
with 100 bp DNA ladder as a marker. Care should be taken as 
Etbr is carcinogenic.   

   2.    High exposure of UV on gel may affect the downstream pro-
cess, so minimize the exposure time. Other methods which 
stain DNA without UV exposure also can be used in this step.   

   3.    The gel should solubilize completely otherwise it may interfere 
with the DNA recovery.   

   4.    After the column wash, allow ethanol content to dry com-
pletely by keeping the column for few min at room 
temperature.   

   5.    Elute the product in sterile water; chelating agents containing 
buffers may interfere in downstream process such as restriction 
enzyme digestion and ligation.   

   6.    The HBc gene encoding amino acids necessary for the VLP 
formation is required (149aa), the remaining part of the 
sequences are DNA binding region for the native virus.   

3.9  Confi rmations 
of Purifi ed Proteins

HBc Virus-Like-Particles as Vaccine Delivery System for Tuberculosis 
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   7.    Here the reverse primer (CMPRP) incorporates modifi ed 
nucleotides which span the area intended to amplifi ed (MIR 
region) is used.   

   8.    Here the forward primer (CMPFP) has incorporated modifi ed 
nucleotides.   

   9.    The products of the above reactions (PCR 1 and PCR 2) are 
allowed to extend the modifi ed regions in this step.   

   10.    The product of PCR 3 was used as the template in this step, 
the primers (CEFP2 and CEHsR) used are the same as that for 
amplifying HBc gene.   

   11.     NdeI  and  XhoI  digestion removes most of the Multiple 
Cloning Site of the vector, while designing His tag on the 
primer itself results in proper protein expression with the 
desired tag at one end.   

   12.    The ligation for overnight has shown to be more successful 
than other temperatures and conditions.   

   13.    In this step, the whole ligation reaction mixture can be directly 
used for transformation experiment, but verify the clones after 
selection.   

   14.    General transformation method used [ 24 ].   
   15.    Glycerol stocks can be prepared in this step.   
   16.    The insert can be verifi ed by double digestion using the same 

enzymes used for  cloning   the insert. The insert can be 
 confi rmed by setting up a new PCR reaction with primers spe-
cifi c for the insert.   

   17.    The procedures following this step require more concentration 
of plasmids, and so it is better to keep plasmid in required 
quantity by transforming and isolating from JM109 bacterial 
cells.   

   18.    CTAB method is one of the best methods to recover good 
quality DNA from Mtb.   

   19.    Primers for inserting  CFP-10 gene   into the modifi ed HBc 
gene, Mcfp10F and Mcfp10R were designed to amplify CFP- 
10 gene from Mtb and then clone into the modifi ed region of 
the HBc gene in pET vector.   

   20.    The pET 32 containing modifi ed HBc and the product from 
the procedure in Subheading  3.2  can be used here.   

   21.    Use the same method used for the previous ligation reaction.   
   22.    BL21 should be always used fresh for transformation, because 

variations in expression have been observed if frozen or old 
transformed colonies are used repeatedly.   

   23.    Purifi cation of VLPs were done as per earlier reports [ 25 ,  26 ] 
with minor modifi cations.   
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   24.    If the samples are in frozen condition, allow the bacterial pellet 
to thaw and then proceed for sonication.   

   25.    Avoid frothing of cell suspension solution during sonication.   
   26.    This step helps to concentrate the particles for further purifi ca-

tion steps and help to avoid most of the  E .   coli    proteins.   
   27.    Urea may be diffi cult to handle at 6 M concentrations; the 

procedure can be done at room temperature.   
   28.    The step should be done slowly and carefully as the stepwise 

reduction in urea concentration is critical.   
   29.    Dialysing with D-Tube Dialyzer is simple and less time con-

suming. This step avoids higher salt concentrations if present.   
   30.    If the sample from above step seems to be diluted, the concen-

tration can be increased by the Amicon concentration method.   
   31.    Carefully layer on the top of gradient.   
   32.    This step helps to clearly analyze the gradient fractions for the 

presence of VLPs.   
   33.    Antibodies against HBc or to the inserted Mtb antigen or anti-

his antigen can all be used here, to confi rm the presence of 
fusion proteins expressed.   

   34.    Higher moisture content may interfere with TEM imaging.         
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Chapter 27

Formulation Studies During Preclinical Development 
of Influenza Hemagglutinin and Virus-Like Particle Vaccine 
Candidates

Newton Wahome, John M. Hickey, David B. Volkin, 
and C. Russell Middaugh

1 Introduction

Virus-like particles (VLPs) are oligomeric associations of viral 
protein(s) that rely on the principles of self-assembly to create 
“bio-containers” with core-shell morphologies [1, 2]. VLPs pres-
ent viral protein antigens on their surface in an array-like manner, 
similar to the assembly of virus capsids in nature [3]. Due to their 
repetitive antigen array display system, VLPs have been implicated 
in increased immune responses when used as vaccine platforms 
compared to monomeric versions of the same antigen protein [4, 
5]. VLPs do not contain a genome, eliminating the possibility of 
infection through the replication of pathogenic viral components. 
Modern VLP production technology has taken advantage of 
advances in molecular cloning and expression systems, leading to a 
new class of safe and effective commercial and candidate vaccines 
[6, 7]. The production of VLPs as vaccine candidates brings chal-
lenges common to the manufacture of biological drugs, including 
requirements of formulation development to maintain long-term 
stability and efficacy in a pharmaceutical relevant form that can be 
conveniently administered to patients [7–9].

Maintaining the pharmaceutical stability of the oligomeric 
components in VLPs (e.g., proteins, lipid bilayers, etc.) is a key 
challenge in formulation development, since the particles may be 
prone to physicochemical degradation [10, 11]. VLP degradation 
can occur at any point during the manufacturing process ranging 
from expression, purification, and stresses during storage (e.g., 
photo-exposure, freezing, lyophilization, elevated temperatures, 
shipping, etc.), which can lead to a loss of vaccine potency and 
efficacy [12, 13]. Thus VLP formulation development aims to not 

1.1 Virus-Like 
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only elucidate the causes and mechanisms of vaccine instability, but 
to also increase storage stability by screening a library of potential 
excipients with various physicochemical and biological techniques 
to assess their ability to decrease the rate and extent of VLP degra-
dation [7, 14]. Early stage formulation development of vaccine 
candidates mitigates against expenses and/or production delays, 
due to VLP instability, that can occur during a vaccine candidate’s 
clinical development [13].

VLP vaccines need to maintain immunogenicity and potency during 
long-term storage and subsequent distribution to clinical and/or 
vaccination sites. Therefore, formulation development strategies 
should be employed to ensure patients receive stable and efficacious 
vaccines [13]. One key aspect of successful formulation development 
of a vaccine is determining the chemical and physical degradation 
pathways that result in the loss of structural integrity and affects the 
potency and clinical efficacy [14]. Chemical degradation of protein 
antigens primarily occurs through reactions of the amino acid side 
chains such as oxidation and deamidation, leading to the formation 
of new chemical variants (e.g., deamidation of asparagine residues 
into a mixture of aspartate and isoaspartate) [12]. Physical degrada-
tion of VLPs can result from changes to secondary and tertiary struc-
ture of the component protein molecules, aggregation of the VLPs 
due to colloidal instability, partial or complete unfolding of the VLPs, 
or even phase transitions due to various stresses [15, 16]. Chemical 
and physical degradation pathways are often interconnected, with 
one degradation phenomena usually affecting another (for example, 
oxidation of a protein leading to its aggregation) [17, 18]. 
Degradation pathways can lead to a change in the structure of the 
proteins within a VLP, reducing potency by altering the physical pre-
sentation of immunogenic epitopes, or exposing hydrophobic patches 
that might accelerate the formation of VLP aggregates [18].

Structural degradation of VLPs can be induced by a variety of 
environmental stresses including thermal fluctuations, agitation, 
freeze–thaw cycling, presence of contaminants, or even oscilla-
tions in pressure during processes such as lyophilization. Thermal 
exposures can lead to the partial or complete unfolding of the VLP 
protein subunits, exposing hydrophobic residues to solvent, and 
accelerating chemical degradation events such as oxidation and 
deamidation [17, 19]. Agitation stresses can stem from the 
mechanical components required for process development, such 
as pumps and filtration units used during manufacture and pro-
cessing [18, 20]. Contaminants, such as co-expressed proteins or 
nucleic acid remnants from the host cells, trace chemicals from the 
purification process, lower-purity grade formulation excipients, or 
extrables leaching from materials used during manufacture and 
storage (e.g., primary containers), can generate nucleation points 
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that accelerate the rate of aggregation [21]. Although frozen stor-
age and/or lyophilization can be used to improve long-term stor-
age of proteins, such processes in themselves can lead to 
destabilization. For example, cycling through freeze–thaw regimes 
can lead to aggregation events, induced by phenomena such as 
adsorption to the container surface or by drastic changes in pH 
due to buffer crystallization [15, 22]. Lyophilization of VLPs can 
induce freeze–thaw stresses and an increase in the local protein 
concentration due to the sublimation of water, leading to the for-
mation of precipitates [23, 24]. Therefore, design of a stable vac-
cine formulation is a necessary early stage development activity for 
the mitigation of vaccine degradation events by using strategies 
such as regulating solution pH and ionic strength, enhancing 
cryo- and lyo- protection by addition of pharmaceutical excipients, 
and reducing self- association solution conditions that might lead 
to VLP aggregation [25].

In VLP based vaccines, excipients can help to stabilize the macro-
molecular components of the immunogen and the particle itself by 
reducing self-association and aggregation prone interactions, 
maintaining pH and tonicity, and regulating conformational stabil-
ity in solution and/or during adsorption to adjuvants such as alu-
minum salts [26]. Excipients can range from small molecular 
weight buffer molecules to larger, more complex polymers, and are 
usually selected, as a starting point, from a regulatory list of gener-
ally regarded as safe (GRAS) compounds [27, 28].

The pH of a vaccine formulation has an effect on the chemical 
and physical stability of VLPs. Therefore, buffering components 
are added to maintain the pH of the solution [10]. For example, 
deamidation is usually controlled by modulation of pH, with both 
extremes of pH catalyzing deamidation by different mechanisms 
[12, 29]. Thus, more slightly acidic to neutral conditions of pH 
(range of pH 5–7) are usually advantageous. Based on the pH 
range of interest, buffering excipients can include molecules such 
as acetate, borate, citrate, histidine, phosphate, succinate, and 
tris(hydroxymethyl)aminomethane [25]. The tonicity and osmo-
larity of the formulation governs not only protein stability, but 
potentially local site reactions as well as the pain perceived by 
patients during injection [30]. Regulating the concentration of 
excipients and salts can also help in modulating tonicity and mini-
mize clinical outcomes due to injection site reactions. Inorganic 
salts, such as sodium chloride (NaCl) and potassium chloride 
(KCl), can be used to adjust the osmolality and ionic strength of 
the formulation [31]. Other commonly used tonicifying agents 
include amino acids and sugars.

Amino acids can aid in vaccine formulation development by 
increasing protein solubility, reducing propensity for aggregation, 
acting as antioxidants, regulating tonicity, and substituting as bulk-

1.3 Excipients
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ing agents during lyophilization. Mechanisms of their action can 
include direct binding to protein interfaces or preferential hydra-
tion [32–34]. Commonly used amino acids for these purposes 
include aspartic acid and glutamic acid (sodium salt), arginine, his-
tidine, proline, glycine, methionine, and lysine [33, 35–38].

Sugars and polyols are thought to employ preferential hydration 
as a major mechanism to stabilize proteins by inducing compaction 
and rigidification of the overall folded, tertiary structure of proteins 
[39, 40]. Carbohydrate based excipients include sucrose, trehalose, 
and lactose, with stabilizing polyols including molecules such as 
glycerol, mannitol, and sorbitol [32, 39]. Oxidation reactions can be 
catalyzed by contaminant metals often found in sugar excipients, 
potentially causing oxidation reactions with a variety of amino acid 
residues (e.g., Met, His, Trp) or free thiol groups (cysteine residues) 
found on the protein surface [38]. Metal ion chelating agents can be 
added to slow the rate of these oxidation reactions [41], including 
ethylenediaminetetraacetic acid (EDTA) and citric acid [42].

The aggregation of VLPs can result from agitation stresses, 
adsorption to container surfaces, or self-association due to forma-
tion of solvent-exposed hydrophobic regions [43]. Surfactant mol-
ecules are surface active agents that can “outcompete” protein 
molecules for interfaces, and thus reduce VLP aggregation by pre-
venting the adsorption of proteins to surfaces/interfaces, such as 
container surfaces, air bubble interfaces, or hydrophobic patches 
on proteins [44]. Surfactants can be nonionic, cationic, or anionic, 
including agents such as Brij® 35, benzylalkonium chloride, docu-
sate sodium, polysorbate 20, polysorbate 80, Triton™ X-100, and 
Pluronic® F-68 [45, 46]. As an example, Triton™ X-100 is used in 
split-virion, inactivated influenza vaccines [47, 48]. Proteins can 
also be used to mitigate aggregation by interacting with hydropho-
bic antigen surfaces [49]. Examples of proteins used as stabilizing 
excipients for this purpose in vaccines include human serum albu-
min and hydrolyzed gelatin [33].

Here, we present experimental methods for advancing the preclini-
cal formulation development of a specific category of vaccine can-
didates: influenza VLPs and influenza particle-like vaccine 
candidates. These three case studies serve as an example of the 
 various aspects of influenza VLP and particle vaccine formulation 
development. Although each VLP antigen is different with its own 
physicochemical and biological stability profiles, the considerations 
described below can be utilized as a general guide for some of the 
types of issues that need to be addressed during VLP vaccine for-
mulation development. Even for influenza VLPs, the specific HA 
protein antigen can vary each year, which in turn can potentially 
affect the physicochemical behavior of the VLPs. The first study 
monitors the physical degradation of influenza H1N1 VLPs in the 
presence of differing pH and thermal stability [50]. Excipient 
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screening is performed to inhibit aggregation of the VLPs. The 
second study looks at the contribution of chemical degradation to 
the decreased potency of hemagglutinin (HA), which is the main 
antigen displayed in most influenza VLP strategies [51]. 
Recombinant HA (rHA) has been shown to self-assemble into 
rosettes that are approximately 40 nm in size, using self-assembly 
principles that are similar to the formation of quasi-spherical VLPs 
[52]. In this study, the chemical degradation pathway is deter-
mined to be based on the formation of nonnative disulfide bridge 
cross-linking (oxidation) in a recombinant HA (rHA) H3 antigen 
[51]. The third case study looks at the effect of freezing and freeze- 
drying on the conformational stability of the HA component of an 
H3N2-inactivated influenza vaccine [53].

2 Materials

 1. Influenza H1N1 virus-like particles (H1N1-VLPs), (LigoCyte 
Vaccines (now Takeda), Boseman, MT, USA). See ref. 50 for 
details.

 2. Recombinant hemagglutinin (rHA) H3 influenza vaccine (A/
Victoria/361/2011), (Protein Sciences Corporation, Groton, 
CT USA). See ref. 51 for details.

 3. Inactivated influenza vaccine containing hemagglutinin (HA) 
(from strain A/Panama H3N2), (Solvay Pharmaceuticals, 
Weesp, The Netherlands). See ref. 53 for details.

 4. 8-anilino-1-naphthalene sulfonate (ANS), (Molecular Probes, 
Eugene, OR, USA).

 5. 6-Dodecanoyl-2-dimethylaminonapthalene (laurdan), 
(Molecular Probes, Eugene, OR, USA).

 6. Measure-iT Thiol assay kit (Invitrogen/Life Technologies, 
Grand Island, NY USA).

 7. Most of the excipients in Table 1 were purchased from Sigma- 
Aldrich (St. Louis, MO, USA). Guanidine HCl, calcium  chloride 
dihydrate, dextrose, d-mannitol, citric acid, and sodium phos-
phate dibasic were from FisherChemical (Fair Lawn, NJ, USA). 
Type A porcine gelatin was purchased from Dynagel (Calumet 
City, IL, USA) and d-sucrose and d-trehalose from Ferro 
Pfanstiehl Laboratories, Inc. (Waukegan, IL, USA) [50].

 8. 2× laemmli buffer (Bio-Rad, Hercules, CA, USA).
 9. 3–8 % Tris-Acetate gel (Invitrogen, Grand Island, NY, USA).

 1. Circular dichroism Jasco J-815 Spectrophotometer (Great 
Dunmow, UK).

 2. Photon Technology International (PTI) spectrofluorometer 
(Lawrenceville, NJ, USA) equipped with a turreted four- 
position Peltier-controlled cell holder and a xenon lamp.

2.1 Reagents

2.2 Instruments
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Table 1 
Extent of aggregation of influenza virus-like particles in the presence of various potential stabilizers 
(grouped by class)

Excision Concentration (Molarity or % w/v) Inhibitiona (%)

Ascorbic acid 0.15 M −338.1b

Aspartic acid 0.075 M −13.5b

Lactic acid 0.15 M 21.8

Malic acid 0.15 M 16.2

Arginine 0.3 M 70.0

Diethanolamine 0.3 M 67.4

Guanidine HCl 0.3 M 30.1

Histidine 0.3 M 30.2

Lysine 0.3 M 70.1

Proline 0.3 M 21.7

Glycine 0.3 M 12.1

Brij 35 0.01% 67.7

Brij 35 0.05% 36.9

Brij 35 0.10% 60.0

Tween 20 0.01% 60.3

Tween 20 0.05% 98.5

Tween 20 0.10% 91.2

Tween 80 0.01% 57.9

Tween 80 0.05% 45.1

Tween 80 0.10% 52.6

Pluronic F-68 0.01% 3.4

Pluronic F-68 0.05% 65.4

Pluronic F-68 0.10% 43.1

Albumin (human) 1% −55.2b

Albumin (human) 2.5% −1597.3b

Albumin (human) 5% −1778.7b

Gelatin (porcine) 2.5% 11.7

Gelatin (porcine) 5% −54.7b

Lactose 10% −20.6b

Lactose 15% 60.5

(continued)
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Table 1
(continued)

Excision Concentration (Molarity or % w/v) Inhibitiona (%)

Lactose 20% 75.0

Trehalose 10% −227.5b

Trehalose 15% −2.9b

Trehalose 20% 84.2

Dextrose 10% 25.9

Dextrose 15% 58.0

Dextrose 20% 66.7

Sucrose 10% −113.3b

Sucrose 20% 28.4

Mannitol 10% −19.5b

Sorbitol 10% −66.1b

Sorbitol 15% 45.2

Sorbitol 20% 80.1

Glycerol 5% 23.4

Glycerol 10% 82.3

Glycerol 15% 41.8

Glycerol 20% 69.1

α-Cyclodextrin 2.5% −91.2b

2-OH propyl β-CD 5% 19.2

2-OH propyl β-CD 10% 249.2c

2-OH propyl γ-CD 5% 27.4

2-OH propyl γ-CD 10% 12.1

Percent inhibition of aggregation of H1N1 VLPs by addition of GRAS excipients, calculated as [1 − (ΔOD350 sample/
ΔOD350 control)] × 100 %
CD cyclodextrin
aRelative to the control sample at t = 15 min or t = 30 min. Inhibition calculated as [1 − (OD350 sample/OD350 con-
trol)] × 100 %. The relative standard deviation in these calculated values was 10 % or less
bA negative percentage inhibition value indicates that the excipient enhanced aggregation
cThis percentage inhibition value is misleading. The sample precipitated during analysis, apparently lowering the optical 
density value

Adapted from Kissman et al. [50], with permission from Wiley Publishers
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 3. Lyostar II (FTS systems, SP Industries, Warminster, PA, USA) 
or similar freeze dryer from other manufacturers.

 4. Modulated differential scanning calorimetry (Q1000 TA 
instruments, New Castle, DE, USA).

 5. Brookhaven Instrument Corporation dynamic and static light 
scattering system (Holtsville, NY, USA).

 6. Agilent 8453 spectrophotometer (Palo Alto, CA, USA).
 7. Spectramax Plus 384 fluorescence microplate reader (Molecular 

Devices, Sunnyvale, CA, USA).
 8. SDS-PAGE gel casting chambers, Mini-PROTEAN® Tetra cell 

electrophoresis chamber, PowerPac 300 power supply (SDS- 
PAGE instruments from Bio-RAD, Hercules, CA, USA).

3 Methods

In the first case study, excipient stabilization of physical degrada-
tion pathways is tested on an influenza VLP comprised of two 
influenza antigens (hemagglutinin and neuraminidase surface pro-
teins) and a lipid bilayer [50]. Physical degradation is measured by 
spectroscopic and light scattering techniques as a function of pH 
and thermal stress. The biophysical stability data are converted into 
an empirical phase diagram (EPD), to display and summarize the 
physical stability profile of the VLP and to ascertain the structural 
and colloidal stability apparent phase boundaries induced on the 
H1N1 VLPs by the pH and temperature stresses. A series of gener-
ally regarded as safe (GRAS) excipients are screened to mitigate 
physical degradation, with trehalose, sorbitol, and glycine being 
identified as effective stabilizers against physical degradation of the 
H1N1 VLPs (Table 1).

Dynamic light scattering (DLS) analyzes the Brownian motion of 
macromolecules by measuring the real-time fluctuation of light 
intensity caused by the diffusion of the particles in solution [54, 
55]. The translational diffusion coefficient of a particle can be 
obtained from the time-dependent rate of light intensity fluctua-
tion, known as the autocorrelation function (AF) [56]. The Stokes- 
Einstein equation derives the hydrodynamic radius of a particle 
from its translational diffusion [57]. Therefore, an effective diam-
eter of the biological macromolecule can be calculated from DLS 
experiments, permitting the measurement of a VLP size distribu-
tion. Sample heterogeneity or polydispersity can also be obtained 
from the AF, providing an insight into the homogeneity of the 
protein populations under thermal stress [58]. The AF can be 
mathematically deconvoluted, to a limited extent, to yield up to 
three distinct particle sizes.

3.1 Physical 
Degradation 
of Influenza H1N1 
Virus-Like Particles

3.1.1 pH and Thermal 
Stability Monitored 
by Dynamic Light 
Scattering (DLS)
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To conduct DLS experiments to monitor physical stability of 
the VLPs as a function of temperature and pH, the following steps 
are used:

 1. Obtain clean, dust- and particle-free, quartz cuvettes and add 
a volume of 300 μL to 1 mL of protein (VLP) solution to each 
cuvette (done in triplicate). The volume is based on the path- 
length of the cuvette. The minimum protein concentration 
required for a good signal to noise ratio is normally 0.05–
0.1 mg/mL. The signal to noise ratio of the VLP can be 
improved by maintaining signal intensity between 50 and 200 
KCPS (thousands of counts per second).

 2. For the Brookhaven DLS, the 532 nm incident light is generated 
by a 125 mW diode-pumped laser. Turn on the instrument and 
laser and wait for at least 15 min for the laser to warm up before 
data collection. Scattered light intensity is collected at 90° of the 
incident beam to measure the formation of aggregates. The light 
scattering signal intensity is normalized between 0 and 1, to per-
mit for comparisons between experimental conditions. Another 
commonly used instrument for this purpose is the Wyatt DynaPro 
DLS plate reader (Wyatt Technology, Santa Barbara, CA, USA), 
for high-throughput and low sample volume analysis.

 3. Effective particle diameters are extracted from the particles’ 
translational diffusion coefficients using the autocorrelation func-
tion, generated by a digital autocorrelator (BI-9000AT). 
Cumulant analysis obtains effective particle diameters from the 
diffusion coefficients using the Stokes-Einstein equation (see 
Note 1). Sample polydispersity (or the second cumulant of the 
translational diffusion coefficients) can also be extracted from the 
correlation function. Polydispersity of less than ~20 % represents 
the upper limit of an acceptable homogeneous population.

 4. Thermal melts with DLS monitor changes in the effective VLP 
diameter, normalized light scattering intensity, and sample 
polydispersity induced by changes in solution pH and tem-
perature (Fig. 1a). The temperature ramp experiment ranges 
from 10 to 85 °C, with 5–10 measurements being taken at 
intervals of 2.5 °C. A useful temperature ramp rate can be set 
to 1 °C/min, with incubation times of 3 min.

CD detects conformational changes in biomolecules such as nucleic 
acids as well as proteins (e.g., protein secondary (far-UV CD) and 
tertiary (near-UV CD) structure) [59]. Some regions in biomole-
cules have an asymmetric or differential absorption of left-handed 
and right-handed circularly polarized light, permitting the detec-
tion of structural and conformational changes [60]. In the far-UV 
region, peptide bonds have a differential absorption of polarized 
light. This asymmetry in peptides permits the secondary structure 

3.1.2 pH and Thermal 
Stability Monitored 
by Circular Dichroism (CD)
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assignment of biological macromolecules, providing information 
on α-helix, β-sheet, β-turn, and random coil regions [61]. Changes 
in protein tertiary structure can be measured in the near-UV 
region, based on the three-dimensional and orientation-dependent 
absorption properties of some amino acid residues such as trypto-
phan, tyrosine, phenylalanine, and cysteine [62]. In this protocol, 
CD is used to monitor the thermally induced changes in secondary 
structure of H1N1 VLP subunits under different temperature and 
pH conditions [59].

To monitor changes in protein secondary structure using far-
 UV CD, the following steps are used:

 1. The lamp compartment is purged with nitrogen gas for 5 min. 
Depending on the CD instrument, lamp warm up times can 
range from 20 to 30 min (e.g., an air cooled 150 W Xenon arc 
lamp on the Jasco J-810 spectropolarimeter).

Fig. 1 Physical stability profile of influenza H1N1 VLPs monitored as a function of solution pH and thermal 
shifts. (a) Dynamic and static light scattering, (b) circular dichroism at 227 nm, (c) Peak position of intrinsic 
tryptophan fluorescence shifts, (d) Peak position shift in ANS extrinsic fluorescence, (e) Laurdan polarization, 
and (f) Empirical phase diagram summarizing results from the five different biophysical methods. Experiments 
were conducted in a citrate/phosphate buffer to permit the use of a wide pH range. Adapted from Kissman 
et al. [50], with permission from Wiley Publishers
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 2. For far-UV CD experiments, prepare clean, dust-free 0.1 cm 
path length quartz cuvettes for measuring the CD spectra of 
the VLP sample (done in at least triplicate). The signal to noise 
ratio is dependent on the sample concentration, so at least 0.1–
0.2 mg/mL of VLP is necessary, with a minimum sample vol-
ume of 200 μL. Oversaturation of the CD detectors can occur 
at HT values greater than 700 V, will usually result in an 
increase in noise. Near-UV CD experiments will require higher 
protein concentrations (0.5–2 mg/mL) [62].

 3. A typical temperature ramp experiment ranges from 10 to 87.5 °C, 
at a rate of 1 °C/min, with 3 min of incubation. The usual mea-
surement range is 195 to 260 nm, with a bandwidth of 1 nm.

 4. Depending on the sensitivity of the instrument and the quality 
of the data, smoothing algorithms may be necessary to get an 
accurate representation of peak position information.

 5. Monitor the CD spectra for thermal or pH induced structural 
transitions at a wavelength of interest, for example, 227 nm for 
this study with H1N1 VLPs (Fig. 1b) (see Note 2).

Intrinsic fluorescence spectroscopy is used to monitor the tertiary 
structure integrity and stability of biological macromolecules 
[63]. Some aromatic amino acid residues in proteins, such 
as tryptophan, tyrosine, and phenylalanine, have fluorescent 
properties that can be used to detect conformational changes in 
proteins. For example, thermal unfolding can result in the shift 
of tryptophan residues from the more hydrophobic interior of 
the macromolecule to a more solvent exposed environment. The 
emission spectrum of a tryptophan residue in a structurally 
 disruptive environment can be measured as a red shift in the 
wavelength signal maximum [19]. Thermal stability of a VLP can 
be measured by comparing the difference between the wave-
length maxima of native protein versus temperature-perturbed 
protein. The protective or stabilizing capacity of formulations can 
also be tested, by measuring the onset or midpoint of thermal 
transitions (Tonset and Tm) in the presence of different pH and 
excipient conditions.

To monitor intrinsic tryptophan fluorescence of a protein anti-
gen such as a VLP, the following procedures were used:

 1. Obtain 1 cm quartz cuvettes and add 300 μL of VLP solution to 
each cuvette (done in at least triplicate). Tryptophan residues 
can be excited at 295 nm, with an emission spectra being col-
lected at 305 to 410 nm. The collection step size is 1 nm, inte-
grating for 0.5–1 s. Intrinsic tryptophan fluorescence is measured 
with a PTI instrument (Birmingham, NJ, USA), equipped with 
a temperature-controlled 4-position sample cell holder.

3.1.3 pH and Thermal 
Stability Monitored 
by Intrinsic Tryptophan 
Fluorescence
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 2. Thermal melts to measure protein tertiary structure stability are 
performed at a temperature range of 10–87.5 °C, with the emis-
sion spectra being collected at 2.5 °C intervals. The sample is 
equilibrated for 3 min at each collection point, and if the instru-
ment is capable, the sample heating rate is set to 1 °C/min.

 3. The corresponding buffer spectrum is subtracted from each 
protein sample spectrum prior to data analysis [50]. Maximum 
peak intensity values and maximum wavelength peak position 
are monitored over the course of the thermal ramp (Fig. 1c). 
Peak position can be determined using a mean spectral center 
of mass method (MSM). See Notes 3 and 4.

In this protocol, extrinsic fluorescence experiments utilize hydropho-
bic dyes (e.g., SYPRO Orange, or in this case study, 8-anilino- 1-
naphthalene sulfonate (ANS)) to monitor thermal stability of 
influenza H1N1 VLPs under different solution pH conditions. 
Thermal perturbations may induce nonnative conformations, expos-
ing hydrophobic patches or inducing aggregates that interact and/or 
bind to the dye inducing a change in the dye’s fluorescence proper-
ties [64]. Although fluorescence spectrometers are routinely used for 
these measurements, reverse-transcription polymerase chain reaction 
(RT-PCR) instruments can be repurposed for these protein thermal 
stability measurements, permitting high- throughput and low sample 
volume analysis [19, 65, 66]. Another fluorescent molecular probe, 
laurdan, can be used to detect changes in the properties of lipid bilay-
ers [67]. The structural integrity or permeability of VLPs with mem-
branes can be monitored using this dye [50]. Laurdan contains a 
long acyl chain attached to a derivatized naphthalene moiety, permit-
ting incorporation into lipid bilayers. An increase in membrane 
hydration can drive a transition in bilayer fluidity from a gel (less 
fluid) to a liquid crystalline (more fluid) phase [68].

To monitor pH and thermal stability of a protein antigen such 
as a VLP by extrinsic fluorescence, the following steps are used:

 1. Fluorescence of the extrinsic probe is used to characterize shifts 
in VLP physical stability using a PTI instrument (Birmingham, 
NJ, USA), equipped with a temperature-controlled 4-position 
sample cell holder. One cm path length quartz cuvettes are 
used for emission spectrum collection, with minimum sample 
loading volumes of 300 μL of VLP formulations.

 2. Molecular probe concentrations: (a) A 10 mM solution of 8-ani-
lino-1-naphthalene sulfonate (ANS) in dimethyl sulfoxide 
(DMSO) is added to samples, to give a final ANS concentration 
of 80 μM, and (b) a 1.2 mM solution of laurdan in DMSO is 
added to samples, giving a final laurdan concentration of 9.6 μM.

 3. Using an excitation wavelength of 385 nm, the fluorescence 
intensity of ANS is collected at 485 nm. Laurdan probes are 
excited at 340 nm, and monitored from approximately 440 to 

3.1.4 pH and Thermal 
Stability Monitored 
by Extrinsic Fluorescence
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around 490 nm (an increase in membrane water content shifts 
the emission of laurdan, and is measured by generalized polar-
ization of fluorescence. See Note 5).

 4. The intensity is recorded every 2.5 °C. The temperature ranges 
from 10 to 85 °C, with a temperature ramp rate of 1 °C/min 
and incubation time of 3 min.

 5. Collect both buffer blanks, extrinsic probe blanks, and sample 
readings, with a minimum of 0.1 mg/mL VLP concentration. 
Subtract the extrinsic probe and buffer values from the fluores-
cence intensity of the sample.

 6. At least triplicate readings are preferred, while duplicate read-
ings can suffice for the initial screening of the effect of different 
excipients on VLP stability.

 7. Monitor changes in intensity at a certain peak position of the 
extrinsic probe and normalize the fluorescence intensity between 
0 and 1 to facilitate comparisons between data sets (Fig. 1d, e).

The biophysical data sets from the previously described H1N1 
VLP physical stability studies (Fig. 1a–e) can be combined into a 
single image, visually representing the overall structural changes in 
the VLPs. The empirical phase diagram (EPD) utilizes a mathemat-
ical technique (single value decomposition) that analyzes the bio-
physical data based on its predominant components [69]. The data 
are converted to a basis set representing a multidimensional vector 
space. The values of pH and temperature experimental data pro-
vide the n-dimensional vectors, normalized based on the number 
of techniques (n) that are calculated. An n × n density matrix with 
n eigenvectors is calculated from a summation of all the projected 
vectors. The n-dimensional vector set is converted into three 
dimensions by weighting the three eigenvectors with most signifi-
cant contribution. The three most significant components are 
assigned different colors (red, green, and blue), indicative of the 
biophysical techniques’ ability to measure the secondary, tertiary, 
or colloidal stability of the macromolecule. By this approach, a 
summary diagram can be produced, representing structural changes 
in the macromolecule over a pH and temperature space, as visual-
ized in the form of a three-color diagram. An in depth review for 
the generation of empirical phase diagrams has been presented by 
Maddux et al. [70]. In Fig. 1f, the EPD shows approximately ten 
different structural regions over a pH and temperature space. The 
most dominant or native H1N1 VLP state is observed to be 
between pH 6–8, and 10–35 °C. The other regions reflect struc-
turally altered proteins in the VLP at pH 4 and 5, aggregated pro-
teins above 60 °C at pH 6 and 7, and a transition region between 
35 and 55 °C. The transition temperature permits the development 
of an excipient screening assay, monitored in a thermal region of 
intermediate H1N1 VLP stability.

3.1.5 Empirical Phase 
Diagram (EPD)
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To measure the physical stability of influenza H1N1 VLPs in the 
presence of different additives and excipients, the following proce-
dure can be used:

 1. The optical density between 340 and 360 nm can be used to 
measure the colloidal stability properties of aggregating pro-
teins. In this study, the turbidity of VLPs (measured as optical 
density at 350 nm, OD350) is monitored over time at a single 
temperature to obtain the kinetics of aggregation.

 2. Duplicate samples of VLPs in the presence or absence of vari-
ous GRAS excipients are prepared at a protein concentration 
of 55 μg/mL by diluting the concentrated protein with a 
20 mM of citrate phosphate (CP) buffer and/or a concen-
trated excipient solution of the appropriate pH.

 3. A temperature-controlled Agilent 8453 spectrophotometer 
(Palo Alto, CA, USA) measures OD350 at intervals of 30 s for 
2 h at 60 °C. Before measurement, the spectrophotometer is 
blanked with a protein-free solution containing buffer and 
excipient. This represents the reference value (t = 0), that is 
subtracted from later readings over the collection time (to cal-
culate ΔOD350).

 4. The percentage inhibition of aggregation is calculated as 
[1 − (ΔOD350 sample/ΔOD350 control)] × 100 %, using values 
corresponding to the time of maximum OD350 for the refer-
ence sample (either 15 or 30 min, see Table 1) [50].

The second case study examines the chemical stability of a recombi-
nant hemagglutinin (rHA) protein molecule. These highly purified 
rHA antigens are the basis of the recombinant-influenza vaccine 
Flublok®, expressed in insect cell lines, and produced as multivalent 
batches to reflect the HA strain heterogeneity observed in annual 
influenza outbreaks [71, 72]. The recombinant rHA protein 
natively forms trimers, which in solution, self-associate into micelle-
like particles of 40 nm, commonly referred to as rosettes [52]. In 
this case study, rHA H3 protein, in the form of rosettes in solution, 
was observed to lose potency (∼50 %) after 1 month of storage at 
4 °C, as measured by a single radial immunodiffusion (SRID) assay. 
This protocol characterizes this one type of rHA protein antigen to 
identify the mechanisms of SRID potency loss over time [51]. The 
study measures the chemical stability of the rHA protein within 
rosettes in different excipients and storage temperatures over an 
accelerated timeline. Potency loss over time in the SRID assay is 
correlated to the formation of nonnative, disulfide cross-linked 
rHA multimers and loss of free thiol content (Fig. 2).

3.1.6 Excipient 
Screening

3.2 Monitoring 
the Chemical 
Degradation of rHA H3 
Rosettes

Newton Wahome et al.



Fig. 2 Correlation of SRID potency loss in recombinant HA (rHA H3) samples over 
28 days of storage vs. formation of nonnative disulfide bonds and loss of free 
thiols in the same rHA samples. (a) SRID assay potency of rHA H3, (b) SDS-PAGE 
analysis of multimer formation of rHA H3, and (c) Free thiol assay of rHA H3 
samples. Adapted from Hickey et al. [51], with permission from Wiley Publishers
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The SRID assay is used to quantify the HA antigen content in an 
inactivated or recombinant influenza vaccine [73–75]. The method 
can be used to ascertain the potency of hemagglutinin antigen in a 
vaccine formulation. The assay measures HA potency based on the 
radial diffusion of HA in a polyclonal antibody gel matrix. The 
antigen and antibodies form a precipitant ring that expands until 
the amount of free HA antigen is depleted, reaching an equiva-
lence in concentration between antigen and antibody [76, 77]. 
The FDA (Center for Biologic Evaluation and Research, CBER) 
provides both reference HA antigens and polyclonal antibodies 
each year for monitoring the activity of the HA components of the 
inactivated and recombinant influenza vaccines. In this study, rHA 
content was monitored by SRID assays over 28 days of storage 
under different storage conditions and with different excipients 
present [51]. The samples under reducing conditions, 0.2 % 
sodium thioglyocolate (STG), maintain the highest potency dur-
ing storage (Fig. 2a).

To perform the SRID assay [73, 75], the following steps are 
used:

 1. In this assay, anti-HA polyclonal antibodies are placed in an 
agarose solution and plated on a thin gel layer perforated with 
3–4 mm holes.

 2. Samples are diluted with 1 % Zwittergent 3-14 to solubilize 
rHA rosettes and aid diffusion in the gel matrix.

 3. The samples (rHA and reference HA antigen) are incubated in 
the gel, diffusing into the polyclonal antibody gel matrix to 
form precipitant rings. The precipitant rings are visualized with 
Coomassie blue stain.

 4. HA vaccine potency is measured by comparing the precipitant 
ring diameters of rHA samples with reference HA on a standard 
curve. In this study [51], ≥5 independent measurements were 
taken over 28 days, with a standard deviation of <12.5 % (Fig. 2a).

PAGE is an electrophoretic technique that separates biological 
macromolecules based on surface charge and mass. An anionic 
detergent, sodium dodecyl sulfate (SDS), unfolds and binds 
strongly to proteins conferring a uniform mass-to-charge ratio 
[78]. SDS permits the separation of unfolded proteins by PAGE 
based on molecular weight (proportional to gel migration dis-
tance). PAGE is normally run under reducing conditions to remove 
any disulfide linkages that might affect protein unfolding. SDS- 
PAGE can also be run under nonreducing conditions, to monitor 
for the presence of disulfide bridges [79]. These nonreducing con-
ditions can be used to study structural alterations due to disulfide 
mediated rHA aggregation. This protocol measures the formation 
of rHA multimers with SDS-PAGE analysis [51]. Four rHA H3 
samples were examined for disulfide cross-linking by SDS-PAGE 

3.2.1 Monitoring Potency 
Loss by Single Radial 
Immunodiffusion (SRID) 
Assay

3.2.2 Monitoring rHA 
Multimer Formation 
by SDS- Polyacrylamide Gel 
Electrophoresis 
(SDS-PAGE)
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analysis. Under nonreducing conditions on day 0, rHA H3 at 4 °C 
in the absence or presence of Triton™ X-100 (TX) began to form 
disulfide-linked multimers. The amount (band intensity) of the 
multimers did not increase significantly by day 28. rHA H3 stored 
at 25 °C had an increase in disulfide-related multimers over the 
same time period. The rHA H3 sample at 4 °C and in a 0.2 % 
sodium thioglyocolate (STG) formulation, maintained predomi-
nantly monomeric bands (Fig. 2b).

To perform nonreduced SDS-PAGE analysis to detect rHA 
multimer formation, the following procedure is used:

 1. Ten micrograms of each rHA sample is mixed with 2× laemmli 
buffer containing SDS (Bio-Rad, Hercules, CA).

 2. Samples (MW standards, controls, and test samples) are heated 
at 98 °C for 5 min in the presence of laemmli buffer before 
SDS-PAGE analysis.

 3. The rHA samples, and corresponding controls and standards, 
are separated using a 3–8 % Tris-Acetate gel (Invitrogen, Grand 
Island, NY, USA). Protein bands are visualized using Coomassie 
staining.

 4. Bands of multimers or monomers observed in the SDS-PAGE 
gel can be quantified by gel densitometry based on the inten-
sity of bands relative to a known concentration and known 
molecular weights of protein controls and standards.

Thiols in biological molecules (e.g., cysteine residues in proteins or 
peptides such as glutathione) are antioxidants with a strong reduc-
tive capacity and readily react with free radicals [41, 80, 81]. 
Cysteine residues in proteins can be easily oxidized into cystine resi-
dues forming disulfide crosslinks between two cysteine residues 
both within and between polypeptide chains. Disulfide cross- linking 
can lead to the formation of undesired multimers of proteins, which 
in turn can act as a catalyst for higher order aggregation events. 
Quantifying the amount of free thiols in proteins is important for 
determining the extent of oxidative modification that protein sub-
units in influenza VLPs and particle-like vaccines might have under-
gone. Free thiol detection kits are commercially available, and can 
be used in the presence of denaturants such as guanidine hydro-
chloride to monitor thiol content in unfolded proteins (Fig. 2c).

To measure free thiol content in rHA samples, the following 
steps are used:

 1. Run a Measure-iT™ thiol assay (Invitrogen, Grand Island, NY, 
USA) in triplicate, using 50 μg of rHA sample for each experi-
ment. The assay is performed following the manufacturer’s 
protocol. Prepare Measure-iT™ thiol quantitation standards 
according to the manufacturer’s dilution factors. Mix 10 μL of 
quantitation sample with 1–10 μL of rHA sample in a 96 or 
384 well plate.

3.3 Free Thiol Assay
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 2. Place the microplate in a fluorescence plate reader (e.g., 
Spectramax Plus 384, Molecular Devices, Sunnyvale, CA, 
USA). At room temperature, excite the mixture at 494 nm, 
with emission being collected at 517 nm.

 3. The quantification of free thiols is performed in the presence 
of 1.5 M guanidine-HCl, to induce partial or complete unfold-
ing of the proteins.

 4. The Measure-iT™ assay includes glutathione, which is used to 
quantify the amount of free thiols in rHA samples by plotting 
a glutathione standard curve.

The third case study looks at the formulation development of a 
stable inactivated influenza vaccine in the frozen and lyophilized 
state [53]. The influence of various carbohydrates, buffer types, 
and freezing rates on the integrity of the HA component of the 
vaccine (from strain A/Panama H3N2), after freeze-thawing or 
freeze-drying, were investigated. The HA component of inacti-
vated vaccine can form particle-like structures, in the form of 
rosettes [82]. The use of fast freezing, HEPES buffer and carbohy-
drates (trehalose, inulin, or dextran) as cryo- and lyoprotectants 
resulted in a reduction of HA conformational changes as probed 
by the sensitivity of the HA antigen to trypsin digestion (Fig. 3a). 
The HA potency of the influenza subunit vaccine powders was 
monitored in different stabilizers for 26 weeks at room tempera-
ture as measured by the SRID assay (Fig. 3b).

Freeze–thaw stresses stem from the instability of protein molecules 
at the ice-water interface, excipient phase separation, or thermal 
degradation upon exposure to thawing temperatures [22]. 
Formulation studies of multiple freeze–thaw cycles help isolate the 
freezing-related degradation events that may occur during lyophili-
zation, storage, or shipment. Freeze–thaw studies can help identify 
cryo-protecting excipients that stabilize vaccine antigens [16, 83]. 
Freeze–thaw experiments can also provide insight into the cold sen-
sitivity pathways of proteins, relative concentrations of protein and 
excipients, and buffer pH changes due to crystallization; these 
effects can vary depending on the geometry of the container and 
location placement in the freezer-storage shelfs of lyophilizers [84]. 
Freezing rates may affect the relative concentration gradient of pro-

3.4 Monitoring 
Conformational 
Stability and Potency 
of the HA Subunit 
under Freeze–Thaw 
and Freeze- Drying 
Stresses

3.4.1 Freeze-Thaw 
and Freezing-Rate 
Sensitivity of the HA 
Subunit

Fig. 3 (continued) were stored for 26 weeks at 20 °C 0%RH (upper panels: i and ii) 
or at 45 °C/11%RH (lower panels: iii and iv). Vaccine lyophilized powders containing 
either PBS and HEPES Buffered Saline (HBS) are presented in the left (i and iii) 
and right panels (ii and iv), respectively. Vaccine is freeze-dried using rapid freezing 
without carbohydrate (open circles), with trehalose (crosses), inulin 0.9 kDa (open 
triangles), inulin 1.8 kDa (closed diamonds) or dextran 56 kDa (closed squares). 
Adapted from Amorij et al. [53], with permission from Elsevier
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Fig. 3 Stability and potency of HA component of inactivated flu vaccine during 
freezing and freeze-drying. (a) Susceptibility of HA to trypsin digestion as mea-
sured by nonreducing SDS-PAGE. Shown are the HA monomer bands (∼75 kDa) 
after different treatments. “Native HA” (i) and “acid-treated HA” (ii) are used as 
negative and positive control for the trypsin digestion, respectively. The effect of 
freeze-thawing and freeze-drying using different freezing rates and PBS buffer is 
shown in (iii, vi): HA freeze-thawed using slow freezing (iii), freeze-thawed using 
rapid freezing (iv), freeze-dried using slow freezing (v) and freeze-dried using rapid 
freezing (vi). The effect of the different sugars using a rapid freezing rate and PBS 
is shown in (vii–x): HA freeze-dried with trehalose (vii), inulin 0.9 kDa (viii), inulin 
1.8 kDa (ix) and dextran 56 kDa (x). (b) The effect of carbohydrate and buffer on the 
HA antigen stability of the freeze-dried subunit vaccine as measured by SRID. Samples 
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tein and excipients, with faster freezing (e.g., flash-freezing in liquid 
nitrogen) resulting in a more uniform distribution [15, 16]. The 
size and scale of the container can also affect homogeneity, with 
larger containers affecting uniform freezing rates, and/or the rela-
tive concentration distribution of excipient and protein components 
[85]. Aggregation nucleation points or surface-induced unfolding 
can also occur during the freezing process [15, 86, 87].

To conduct freeze–thaw studies of HA subunits in the pres-
ence of different additives, the following procedure is used:

 1. Obtain clean, dust free glass vials, to prevent the creation of 
particle nucleation points during freezing. In this study [53], 
4 mL glass vials are filled with 480 μL of 360 μg/mL HA and 
1.7 % (w/v) carbohydrate (or other excipients).

 2. Two freezing rates are tested; slow freezing at −20 °C for 24 h, 
or flash-freezing in liquid nitrogen for 5–10 min. The samples 
are thawed at room temperature.

 3. The crystallizing of buffers can result in a pH shift in the fro-
zen matrix. To monitor this shift in pH during freezing, 20 μL 
universal indicator is added to HEPES and Phosphate buffered 
solutions in the presence and absence of carbohydrate excipi-
ents. The universal indicator consists of 0.02 % (w/v) methyl 
red, 0.02 % (w/v) phenolphthalein, 0.04 % (w/v) bromthymol 
blue, and 0.04 % (w/v) thymol blue in ethanol [53]. Small pH 
sensitive low-temperature probes can also be inserted into rep-
resentative vials to monitor this shift [88].

Freeze-drying can improve the storage stability of biologicals by 
transferring them from an aqueous phase to a dry phase, typically 
resulting in reduction of the rates of physical and chemical degrada-
tion [83, 89, 90]. The goal of freeze-drying of the HA subunit is to 
preserve immunogenicity and vaccine potency while maintaining 
long-term stability. The characteristics of a successful lyophilized 
product, in addition to maintaining the physicochemical and biologi-
cal activity of the vaccine, also includes a uniform and pharmaceuti-
cally elegant cake (by visual confirmation), short resuspension time 
for use in the clinic, an absence of visible particulates upon resuspen-
sion, and low (but not excessively low) water content [91, 92].

Lyophilization consists of three main process steps: freezing, 
primary drying, and secondary drying [89]. The freezing step 
involves cooling the liquid suspension in vials until the water forms 
ice crystals and eventually freezes. The nonwater components in the 
suspension (containing vaccine antigen and excipients) undergo an 
increase in concentration and viscosity during the freezing step [92]. 
Based on the constituents of the liquid suspension, the freezing step 
can result in the formation of different phases: crystalline, amor-
phous, or amorphous-crystalline [91]. Primary drying introduces 
heat to the frozen vial, leading to the sublimation of the ice and 

3.4.2 Freeze-Drying 
of the HA Subunit
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formation of water vapor [24]. Since ice sublimation proceeds from 
the top to the bottom of the vial, the water vapor passes through the 
dried protein and excipient matrix, out of the surface of the product, 
and from the chamber of the lyophilizer into a condenser. The 
resulting sample resembles a porous plug, with the pores corre-
sponding to spaces previously occupied by ice crystals. The final 
step, secondary drying, removes much of the remnant water that did 
not freeze or sublimate and had been bound to the protein or excipi-
ents in the sample [83, 89]. Some bound water remains at the com-
pletion of the lyophilization process, with water levels typically 
measured by Karl Fischer titration [93], and the resulting values are 
commonly referred to as the residual moisture content.

Freeze-drying introduces stresses that can potentially destabi-
lize the HA subunits during the freezing and drying steps [15, 24]. 
The freezing step can create phase separation of bulk water (ice) 
and highly concentrated HA subunit and excipient components 
[23]. High concentrations of protein or excipient can lead to pro-
tein destabilization and aggregation. Mechanical stresses from ice 
crystallization can also lead to changes in protein conformation 
[15]. To prevent the destabilization of HA during lyophilization 
and enhance storage stability, cryo-protecting excipients are added 
to mitigate freezing stress, and lyo-protectants to shield the protein 
from drying stresses [22, 83]. Common cryo and lyo- protecting 
excipients include sugars and polyols such as trehalose, sucrose, glu-
cose, sorbitol, and mannitol [39, 40]. Vitrification of noncrystalliz-
able excipients occurs at a temperature known as the glass transition 
temperature, Tg′ [94]. To achieve a uniform and solid lyophilized 
cake without physical collapse, freezing is performed below the Tg′ 
of the frozen amorphous phase, or if the components crystallize, 
below the eutectic crystallization temperature [89, 95, 96].

To obtain the glass transition temperature (Tg′) value of a for-
mulation using modulated differential scanning calorimetry, the 
following procedure is used, as described by Lewis et al. [97]:

 1. A modulated differential scanning calorimeter (mDSC) is used 
to acquire the DSC thermogram, and has the advantage of 
measuring both heat flow and heat capacity, as well as the 
reversibility of thermal or freezing ramps [98]. The method 
compares the difference in modulation or oscillation of heating 
rate between a sample and a reference cell.

 2. Hermetically sealed aluminum pans are prepared with 8–20 μL 
of formulation solution (reference), and formulation buffer 
with the HA antigen (sample). The weight of the aluminum 
pans after sample loading needs to be measured prior to the 
freezing run.

 3. Purge the instrument with nitrogen gas at a flow rate of 50 mL/
min (TA instruments, New Castle, DE, USA). The calorimetry 
run is performed in the modulated mode, with an amplitude of 
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0.75 °C, at intervals of 30 s. For the freezing run, the reference 
and sample pans are cooled to −80 °C at a rate of 2 °C/min, 
and then heated to 25 °C at a rate of 2 °C/min [97].

 4. The Tg′ of the amorphous phase can be calculated using TA 
Instruments Universal Analysis software. Tg′ represents the 
midpoint transition of the freezing thermogram and is neces-
sary for optimizing subsequent lyophilization cycles.

To lyophilize the HA subunit formulations, the following steps 
can be used:

 1. Freeze dryers contain compartments or chambers in which low 
temperatures and pressures (regulated by vacuum pumps) can 
be achieved to lyophilize biologicals. The drying chamber is 
the main compartment which houses samples in vials on 
temperature- regulated shelves. A condenser chamber is 
attached by a valve to the drying chamber to remove excess 
water vapor from the drying chamber during sublimation [99]. 
Instruments such as the LyoStar II freeze dryer (or similar 
instruments) can be used for optimizing lyophilization cycles 
(i.e., temperature and pressure settings). See Note 6.

 2. The glass vials can range in size and volume (for example, 
3–20 mL fill volumes) (Wheaton, Millville, NJ). Recommended 
maximum fill volumes are 35 % of vial capacity [100]. For 
example, Lewis et al. [97] filled a 3 mL vial with 1 mL of sam-
ple solution, resulting in a fill depth of 0.75 cm. A ring of 
empty vials can be placed around the solution-containing vials 
to help reduce “edge effects” during drying [101].

 3. The glass vials should be covered with pharmaceutical rubber 
stoppers (Wheaton, Millville, NJ) that are partially inserted to 
permit for the sublimation of water vapor from the vial into the 
condenser chamber [101]. Rubber stopper sizes are based on 
the neck diameter of the glass vials (e.g., 13 or 20 mm).

 4. Thermocouples are inserted into the glass vials to monitor the 
change in sample temperature during freezing and drying cycles. 
The placement of themocouples in the vials is important, since 
any physical contact with the glass vial will not be representative 
of the solution temperature. Therefore, thermocouples should 
be placed in the center of the vials, near the bottom.

 5. Thermocouples should be distributed evenly among the glass 
vials to get an adequate sampling of the influence of vial place-
ment (temperature effects on placement in the edge or center 
of the shelf) [97, 99]. Different size gauges of thermocouples 
can be used (Omega, Newport, CT). The thermocouples 
should be calibrated on an annual basis [97] [102].

 6. Lyophilization cycles values for shelf temperature (and ramp 
rates) and chamber pressure depend on the Tg′ value of the solu-
tion matrix being dried. The solution Tg′ value is dictated by the 
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combination of the additives in the solution and their individual 
Tg′ values of each component (e.g., sucrose has a Tg′ of −32 °C, 
and mannitol has a Tg′ of −40 °C) [103]. For example, a general 
lyophilization cycle is here adapted from Lewis et al. [97]:

 (a)  Freezing step [104]: The protein solution is frozen from 
room temperature to −45 °C, with a ramp rate of 1 °C/
min. The vials are held at this shelf temperature for 2 h to 
ensure complete freezing [97].

 (b)  Annealing step [94]: The sample vials are heated by raising 
the shelf temperature to −20 °C at a ramp rate of 1 °C/
min and maintained at that temperature for 1 h. The shelf 
temperature is then cooled back to −45 °C at a ramp rate 
of 1 °C/min, maintaining the shelf temperature for 2 h to 
again ensure complete freezing [97].

 (c)  Primary drying step [99]: This is the process where subli-
mation of water from solid to vapor occurs by lowering the 
pressure. Sample vials are heated to initiate primary drying 
by raising the shelf to −25 °C, at a rate of 0.3 °C/min from 
the −45 °C setting, with the lyophilizer chamber pressure 
at 57–60 mTorr. The heating rate and overall primary dry-
ing time is modified based on an aggressive (1000–
1500 min) or conservative cycle timeline (3000–4000 min) 
to ensure varying levels of adequate sublimation of the 
bulk water in the sample [97].

 (d)  Secondary drying step [24]: To remove much of the resid-
ual bound water, the shelf temperature is set to 30 °C for 
10 h, at a 0.2 °C/min ramp rate. Chamber pressures are 
maintained at 57–60 mTorr [97]. The final secondary dry-
ing shelf temperature should be determined by the ther-
mal stability of the HA antigen, ensuring thermal 
degradation does not occur during secondary drying.

HA antigen is resistant to trypsin digestion in its native conforma-
tion, but becomes susceptible to protease cleavage under acidic 
conditions [105]. The effect of freezing, buffers, and cryo- 
protectants on the pH-induced conformational changes of HA 
subunits can be tested by a proteolysis assay, followed by SDS- 
PAGE to resolve and quantify the amount of cleaved species [53]. 
SRID potency assays can test the effect of freeze-drying on the 
short-term storage efficacy of the HA subunits in different buffers 
and excipients (Fig. 3).

To evaluate the presence of an acid-induced conformational 
change of HA subunits after freezing and freeze-drying, proteo-
lytic trypsin and SRID assays are performed as follows:

 1. Ninety microgram per milliliter of HA subunits is incubated 
with 100 μg/mL of trypsin for 1 h, at neutral pH (7.4) and 

3.4.3 Monitoring 
Conformation Stability 
and Potency of HA 
Subunits by Proteolytic 
Cleavage and SRID Assays
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37 °C. The proteolysis reaction is stopped with a 200 μg/mL 
trypsin-inhibitor [53].

 2. The HA antigen sample, containing 3.6 μg protein, is boiled 
with SDS-PAGE loading buffer for 5 min. The buffer/HA mix 
(8–15 μL) is loaded on to 10 % polyacrylamide gels (Fermentas, 
Waltham, MA, USA). SDS-PAGE electrophoresis separates HA, 
viral proteins and protein fragments under nonreducing condi-
tions [53]. Proteins can be stained with a Coomassie or PAGE 
blue staining solution (Fermentas, Waltham, MA, USA) (Fig. 3a).

 3. A SRID assay (Subheading 3.2, step 1) is used to test the potency 
of the freeze-dried HA antigen immediately after freeze-drying 
and after freeze-drying and storage. In this study [53], samples 
were stored up to 26 weeks at 20 °C/0 % relative humidity (RH) 
(using a silica containing vacuum desiccator in climate controlled 
room) or at 45 °C/11 ± 2 % RH in a climate cabinet (Fig. 3b).

4 Notes

 1. It should be noted that the effective diameter calculated by this 
method is accurate for particles of less than 1-μm diameter; the 
values obtained from measurements of larger particles should 
be used for qualitative comparison only. Other instruments are 
available for a measurement of larger aggregates, such as sub-
micron (~0.1–1 μm)- and subvisible (~1–100 μm)-sized par-
ticles (for example, submicron particle tracking (NTA), light 
obscuration, optical microscopy, flow imaging analysis, and 
electrozone sensing/Coulter counter) [106].

 2. Fourier transform infrared or UV-resonance Raman spectros-
copy can also be used to determine the overall secondary struc-
ture content of the VLPs [107].

 3. Peak position picking by Mean Spectral Center of Mass (MSM) 
calculates the spectral centroid (vp) as an estimate of the inten-
sity (area) and wavelength position of a spectral peak [108].
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Fi represents the intrinsic tryptophan fluorescence emission at 
wavelength vi [63, 108]. Summation is performed over the full 
emission spectrum (approximately 310–400 nm). The indole 
side chain on tryptophan exhibits spectral properties depen-
dent on the polarity of the local environment. An apolar envi-
ronment results in a tryptophan emission peak below 340 nm. 
Peak shifting to 340–355 nm is an indication of exposure of 
the tryptophan to a polar environment, e.g. residue exposed to 
aqueous solvents. The indole side chain has two isoenergetic 
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transitions that can be selectively activated, leading to sensitiv-
ity of the tryptophan emission spectrum. Other aromatic 
amino acid residues, such as tyrosine and phenylalanine, are 
not as sensitive to detection because they have single electronic 
states and much weaker emission [63].

 4. Static light scattering can simultaneously be monitored at 
295 nm, indicating if aggregation is occurring during the thermal 
melt. This can simply be done by using a photomultiplier tube 
(PMT) oriented 180° to the fluorescence emission detector.

 5. In laurdan fluorescence, generalized polarization (GP) is 
defined as,

 GP = -( ) +( )I I I I440 480 440 480/  

where Ix is the fluorescence intensity at wavelength x [67, 109]. 
Decreasing GP values indicate an increase in membrane fluidity, 
and vice versa.

 6. The freezing and drying cycles (ramp rates, etc.) must be opti-
mized for protein stability [90], water content (e.g. by Karl 
Fischer titration [93]), and the desired biological potency of the 
vaccine antigen. It has recently been demonstrated that lyophili-
zation can be performed in the presence of aluminum salt adju-
vants. See Carpenter et al. for a discussion of this procedure [110].
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Chapter 28

Strategies for Vaccine Design Using Phage  
Display-Derived Peptides

Luiz R. Goulart and Paula de S. Santos

1 Introduction

The phage display technology (PD), a selection strategy of poly-
peptides displayed in the surface of filamentous bacteriophage 
against targets, was introduced in 1985 by George Smith. PD is 
based on DNA recombination, resulting in expression of foreign 
peptide variants on the outer surface of phage clones [1]. Using an 
in vitro selection process based on binding affinity, or biopanning, 
the ligands are eluted from targets and enriched under many cycles 
of selection. The exposed peptides in the selected phage clones are 
characterized by DNA sequencing and then identified [2].

Phage-displayed peptide libraries became one of the most 
powerful technologies for selecting peptide ligands for specific tar-
get molecules [3]. The random peptides fused to the bacterio-
phage capsid selected against a specific target are considered 
mimetic in relation to their native epitopes and can be used as 
antigenic and immunogenic molecules. Immunogenic carriers are 
able to generate antibodies against recombinant peptides expressed 
in the N-terminal region of the phage surface, which may cross-
react with the native antigen target, suggesting that expressed 
mimotopes can be used as candidate vaccinal subunits.

Differently from working with entire proteins or whole organ-
isms in conventional vaccines with multiple epitopes and unneces-
sary antigenic load, peptide vaccines are an attractive strategy that 
relies on short peptides to induce highly targeted immune 
responses. The single immunogenic region of the phage-fused 
peptide is able to eliminate cross-reactions and avoid allergic 
responses, which are usually observed in complex antigens that 
share common epitopes with other proteins. Besides, it may 
 facilitate production as a recombinant or chemically synthesized 
antigen subunit for vaccinal purposes without the large-scale 
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 purification strategy needed for whole proteins [4–6]. The present 
chapter presents protocols for identification of highly reactive pep-
tides against antibodies based on phage display and procedures to 
demonstrate their potential as immunogens in vaccine formula-
tions (Fig. 1).

2 Materials

 1. Coating buffer: 0.1 M NaHCO3, pH 8.6.
 2. Polystyrene microplates (Nunc Maxisorp).
 3. PhD-12 or PhD-C7C phage library (New England Biolabs, 

Beverly, MA, USA). Store at −20 °C.
 4. Tris-buffered saline (TBS): 50 mM Tris–HCl, pH 7.5, 150 mM 

NaCl. Sterilize by autoclaving 20 min at 15 psi.
 5. Blocking solution (TBS/BSA 3 %): add 3 g of BSA (bovine 

serum albumin) to 100 mL with TBS.
 6. Washing solution (TBS-T 0.1 %): add 1 mL of Tween 20 to 

1 L with TBS.
 7. Elution buffer: 0.2 M glycine in water. Adjust pH to 2.2 with 

HCl. Add 1 mg/mL of BSA. Sterilize by filtration and store at 
4 °C.

 8. Neutralization buffer: 1 M Tris base. Adjust pH to 9.1 with 
HCl. Store at 4 °C.

 9. Escherichia coli ER2738 strain (New England Biolabs, Beverly, 
MA, USA). Store at −70 °C.

 10. LB (Luria broth) powder: 10 g of tryptone, 5 g of yeast extract, 
and 25 g of NaCl. Sterilize by autoclaving. Store at room 
temperature.

 11. LB medium: 2 % of LB powder with water. Sterilize by 
autoclaving.

 12. LB powder: dissolve 10 g of tryptone, 5 g of yeast extract, and 
5 g of NaCl in 1 L of water. Sterilize by autoclaving.

 13. Tetracycline stock: dissolve 20 mg in 1 mL of ethanol. Store at 
−20 °C in the dark.

 14. PEG/NaCl: add 20 % of polyethylene glycol-8000 and 2.5 M 
of NaCl in water. Sterilize by autoclaving. Store at room 
temperature.

 15. Phosphate-buffered saline (PBS): 137 mM NaCl, 2.7 mM 
KCl, 12 mM Na2HPO4, 1.2 mM KH2PO4, pH 7.4 with HCl. 
Sterilize by autoclaving.

2.1 Peptide Selection 
Components

Luiz R. Goulart and Paula de S. Santos
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Phage display random peptide 
library - incubation with target

Washing of non-specific phages 
(not bound)

Elution of specific 
phages (bound to target)

Amplification of phage 
eluates on E. coli 

Purification of amplified 
phages by precipitation

Viral particles 
quantification

Selection of highly reactive 
clones by Phage-ELISA

Phage DNA isolation 
and sequencing

Bioinformatics Analyses – identification 
of protein motifs and epitope mapping

Direct immunization 
with phage clones

Immunization with synthetic 
peptides (design and formulation)

Challenge infection

Immunological 
response and vaccine 

evaluation

Biopanning

2-5 Cycles of 
selection

Pre-Validation

Vaccine Tests

Fig. 1 Schematic procedures for the identification and characterization of peptides selected by phage display 
and to further demonstrate their potential application as immunogenic agents in vaccine formulations

Phage Displayed-Peptide Vaccines
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 16. LB top agar: add 2 g of LB powder, 1 of MgCl2 · 6H2O and 7 g 
of Bacto Agar to 1 L of water. Sterilize by autoclaving.

 17. LB agar plates: Add 20 g of LB powder and 15 g of Bacto Agar 
to 1 L of water. Sterilize by autoclaving.

 18. IPTG: 200 mg of IPTG (isopropyl-β-d-thiogalactoside) in 1 mL 
of distilled water. Filter-sterilize. Store at −20 °C in the dark.

 19. X-Gal: 20 mg of X-Gal in 1 mL of dimethylformamide. Store 
at −20 °C in the dark.

 20. Petri dishes.
 21. 96-well Maxisorp™ microtiter plate (NUNC, NY, USA).
 22. Carbonate buffer: 0.1 M NaHCO3. Adjust the pH to 8.6. 

Store at 4 °C.
 23. 96-deepwell plate.
 24. HRP-conjugated anti-M13 (Roche Applied Science).
 25. OPD-containing solution: to prepare 5 mL of solution, add 

20 mg of OPD (O-phenylenediamine dihydrochloride),2 μL of 
H2O2, and 5 mL of citrate-phosphate buffer (2.6 g citric acid, 
6.9 g Na2HPO4, up to 500 mL with purified H2O, pH 5.0).

 26. 4 M H2SO4.
 27. Microplate spectrophotometer.
 28. Centrifuge with rotor to microtube, 50 mL tube and microti-

ter plate.
 29. Iodide buffer: 10 mM Tris–HCl, pH 8.0, 1 mM EDTA, 4 M 

NaI. After dissolved, store in the dark at room temperature.

 1. 6-week female BALB/c mice.
 2. Needles.
 3. Syringes of 1–3 and 5 mL capacity.
 4. Falcon tube 15 mL.
 5. 96-well culture plate.
 6. Neubauer chamber.
 7. Trypan blue solution.
 8. CFSE (carboxyfluorescein succinimidyl ester).
 9. Con A (Concanavalin A).
 10. Lysis buffer: mix nine parts of solution 1 (0.16 M NH4Cl, 

complete for 1 L with sterile water) and 1 part of solution 2 
(0.17 M Tris base, adjust pH to 7.2 with HCl, complete for 
1 L with sterile water), filter, and store at 4 °C.

 11. Incomplete medium: add 0.1 % gentamicin to RPMI 1640 
culture medium.

 12. Complete medium: add 10 % fetal bovine serum (FBS) and 
0.1 % gentamicin to RPMI 1640 culture medium.

2.2 Immunization 
and Immunological 
Response 
Identification 
Components

Luiz R. Goulart and Paula de S. Santos
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 13. Peroxidase-labeled goat anti-mouse IgG, IgG1, and IgG2a 
antibodies.

 14. Horseradish peroxidase enzyme.

3 Methods

For vaccine design, PD-derived peptides can be used as target for 
selection of mimotopes against monoclonal or polyclonal antibod-
ies, since peptides will mimic the antigen-binding site of such anti-
bodies. A mimotope with pathogen neutralization capabilities must 
be selected and analyzed in vitro prior to test as a vaccine immuno-
gen. Therefore, the chosen target and strategies for selection and 
analyses will depend on the availability of neutralizing antibodies.

Carry out all procedures at laminar flow unless otherwise 
specified.

Panning procedure can be made outside laminar flow.

 1. Prepare a solution of the target antibody at the concentration 
of 100 μg/mL with coating buffer. Add 150 μL of this solu-
tion in a well of a microtitration plate for 18 h at 4 °C.

 2. Discard the adsorption solutions. Wash the well two times with 
250 μL of washing solution.

 3. Block the well with 250 μL of blocking solution for 1 h at 
37 °C. Wash the well two times with 250 μL of washing solution.

 4. Add the PhD-12 or PhD-C7C phage library for selection of 
peptide sequences. Diluted 10 μL (4.0 × 1010 pfu) to 100 μL of 
TBS and add to the well of microtiter plate. Incubate for 1 h at 
37 °C. Wash the well ten times with 250 μL of washing solu-
tion for the unbound phage particles discard.

 5. Elute phages bound to the target with 150 μL of elution buffer 
for 10 min under agitation at room temperature. Transfer the 
eluate to microtubes and add 15 μL of neutralization buffer.

 1. Add a colony of E. coli ER2738 in a 20 mL LB medium with 
20 μL of tetracycline (see Note 1). Incubate at 37 °C under 
agitation until OD600 of 0.3. Add 150 μL of eluted and incu-
bate for 5 h at 37 °C under agitation.

 2. Transfer the medium to a centrifuge tube. Centrifuge for 10 min 
at 9600 × g at 4 °C. Transfer the supernatant to another centri-
fuge tube. Add 1/6 of the total volume of the supernatant of 
PEG/NaCl. Incubate 16 h at 4 °C for phages precipitation.

 3. Centrifuge the volume at 9600 × g for 15 min at 4 °C. Discard 
the supernatant. Dissolve the pellet with 1 mL of PBS and 
transfer to a microtube. Add 1/6 of the total volume of the 
supernatant of PEG/NaCl. Incubate on ice for 1 h.

3.1 Biopanning 
Phage Libraries 
on Solid Apparatus

3.2 Amplification 
and Purification 
of Phage Eluate  
on E. coli

Phage Displayed-Peptide Vaccines
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 4. Centrifuge at 18,000 × g for 10 min at 4 °C. Discard the super-
natant and resuspend the pellet in 200 μL of PBS. The ampli-
fied eluate can be used in other round of selection.

Two to five selection cycles can be performed for the enrichment 
of selected phage-fused peptides (see Note 2). The phage titration 
is used to disclose if the phage library was enriched and must be 
made with the amplified and non-amplified eluates (see Note 4). 
Library titration result must decrease as selection evolves, indicat-
ing that the library is increasingly specific to the selection target.

 1. Inoculate a single colony of E. coli ER2738 in a 10 mL LB 
medium with 10 μL of tetracycline (see Note 1). Incubate at 
37 °C under agitation until OD600 of 0.5.

 2. Distribute 3 mL of LB top agar to each 15 mL Falcon tube, 
and maintain them at 50 °C to prevent polymerization.

 3. Identify the microtubes according to the phage dilution (for 
non-amplified eluate 10−1, 10−2, 10−3, and 10−4; for amplified elu-
ate 10−1, 10−2, 10−3, 10−4, 10−5, 10−6, 10−7, 10−8, 10−9, and 10−10). 
Distribute 9 μL of LB medium in each microtube. Dilute 1 μL of 
the eluate at the first tube, then transfer 1 μL of the mixture to 
the next tube, and so forth. In the last tube, discard 1 μL.

 4. Add 200 μL of the E. coli at OD600 of 0.5, mix, and incubate at 
room temperature for 5 min.

 5. Transfer this mixture to the Falcon tubes with LB top agar. 
Mix quickly and shed to LB agar plates with IPTG/X-Gal (see 
Note 3). Incubate at 37 °C overnight.

 1. Inoculate a single colony of E. coli ER2738 in a 100 mL LB 
medium with 100 μL of tetracycline (see Note 1). Incubate at 
37 °C under agitation until OD600 of 0.3.

 2. Transfer the culture to a 96-deepwell plate (1 mL per well). 
Pick a blue colony from the last round of non-amplified phage 
titration (see Note 5) and put in a separated well. Do it until all 
wells of the plate are filled. Cover the plate with an adhesive 
plate sealer and make a hole with a needle in each well. Shake 
vigorously (at least 200 rpm) overnight at 37 °C (see Note 6).

 3. Centrifuge at 1944 × g for 15 min at 4 °C. Transfer 80 % of the 
supernatant to another deepwell. Add 1/6 of the total volume 
of the supernatant of PEG/NaCl. Incubate at 4 °C overnight.

 4. Centrifuge at 1944 × g for 60 min. Discard the supernatant and 
resuspend the pellet in 200 μL of PBS. Mix by vortex.

 1. Estimate the phage titer in plaque forming units (pfu) for the 
M13 virus by spectrophotometric quantification. Measure the 
samples at A269 and A320. For calculating the virion concentra-

3.3 Titration 
of Phage Eluates

3.4 Individual Clone 
Amplification 
and Purification

3.5 Phage 
Spectrophotometric 
Quantification
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tion, use the following equation, wherein 6407 is the number 
of nucleotides in the M13 genome:

 
Phages particles per ml

measure measure
=
( )´ ´( )A A269 320

166 10

64077  

Phage ELISA can be accomplished outside the laminar flow.

 1. Coat a 96-well Maxisorp™ microtiter plate with 50 μL of a solu-
tion of the same target used in the selection in carbonate buffer 
(1 mg/well). Incubate overnight at 4 °C. Remove the superna-
tant and wash the plate twice with 250 μL of washing solution.

 2. Add 250 μL of blocking solution and incubate for 1 h at 
37 °C. Wash the plate twice with 250 μL of washing solution.

 3. Add 50 μL of the culture supernatant containing amplified 
phage particles, before adding PEG/NaCl, and incubate 1 h at 
37 °C (see Note 7). Wash the plate four times with 250 μL of 
washing solution.

 4. For detection, add 50 μL of HRP-conjugated anti-M13 anti-
body diluted at 1:5000 in blocking solution. Incubate 1 h at 
37 °C. Wash the plate four additional times.

 5. For signal development, add 50 μL of an OPD-containing 
solution, and stop the reaction by adding 20 μL of 4 M H2SO4 
after production of a yellow-orange reaction, and detect it by 
an ELISA microplate reader at 492 nm.

Phage DNA isolation and sequencing must be performed for selected 
clones that reacted positively in the phage ELISA, as follows:

 1. Inoculate a colony of E. coli ER2738 in a 100 mL LB medium 
with 100 μL of tetracycline (see Note 1). Incubate at 37 °C 
under agitation until OD600 of 0.3.

 2. Transfer the culture to a 96-deepwell plate (1 mL per well). 
Add 10 μL of phage solution. Cover the plate with an adhesive 
plate sealer and make a hole with a needle in each well. Shake 
vigorously (at least 200 rpm) overnight at 37 °C.

 3. Centrifuge at 1944 × g for 10 min at 4 °C. Transfer 80 % of the 
supernatant to another deepwell. Add 1/6 of the total volume 
of the supernatant of PEG/NaCl. Incubate 10 min (maximum 
20 min).

 4. Centrifuge at 1944 × g for 10 min at 20 °C. Remove the super-
natant and invert the plate on absorbent paper to getting dry.

 5. Resuspend the pellet in 100 μL of iodide buffer using a vortex. 
Add 250 μL of absolute ethanol. Incubate 10 min at room 
temperature.

3.6 Analysis 
of Selected Peptide 
by Supernatant Phage 
ELISA

3.7 Phage DNA 
Isolation
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 6. Centrifuge at 1944 × g for 40 min at 20 °C. Remove the super-
natant. Add 150 μL of 70 % ethanol.

 7. Centrifuge at 1944 × g for 10 min at 20 °C. Remove the super-
natant. Place inverted plate on paper towel into centrifuge and 
spin. Resuspend the pellet in 20 μL of distilled water.

 8. Evaluate the quality of the DNA in a 1 % agarose gel 
electrophoresis.

 1. After isolating the phagemid DNA, carry out the automatic 
sequencing as available sequencer manufacturer’s standards. 
For the PCR reaction of each selected phage clone, use 2–4 μL 
of isolated DNA, 5 pmol of the primer -96 gIII (5′-CCC TCA 
TAG TTA GCG TAA CG-3′) and the premix suggested by the 
sequencer manufacturer.

 2. Perform 35 cycles in a thermocycler, under the following con-
ditions: denaturation at 95 °C for 20 s, annealing at 58 °C for 
15 s, and extension at 60 °C for 60 s.

 3. Deduce peptide sequences of the valid phage clones using the 
ExPASy server (www.expasy.org).

 4. Use BLAST search (http://blast.ncbi.nlm.nih.gov/Blast.cgi) 
to search for similarities of selected peptides with proteins of 
the target organism.

 5. Sequence alignments among phage clones can also be done  
by using ClustalW2 software  (http://www.ebi.ac.uk/Tools/
msa/clustalw2/) to disclose common motifs among sequences. 
A graphical representation of the conserved sequence patterns 
within a multiple sequence alignment can be generated by 
using WebLogo3 (http://weblogo.berkeley.edu/) [7].

 6. Three-dimensional structural alignments of the phage ligands 
with known protein targets with available PDB (http://www.
rcsb.org/) files can be performed by using PyMOL (http://
www.pymol.org) (see Note 8).

The clones that presented good reactivity in the ELISA with the 
supernatant of phages and that was selected by bioinformatics must 
be amplified in a major volume of culture medium and quantified 
for other tests. For these, use the protocol in Subheading 3.2 for 
phage amplification and purification. Then, proceed the ELISA 
based on Subheading 3.6. Instead of 50 μL of phage supernatant, 
start with 1 × 1011 pfu (see Note 9), keeping the remaining of the 
ELISA protocol (see Note 7).

Based on the highest reactivity values (ELISA assays) and bioinfor-
matics analysis, phage clones can be chosen for the primary immu-
nogenicity assessment in vivo (see Note 10).

3.8 Viral DNA 
Sequencing 
and Bioinformatics 
Analysis

3.9 Phages 
Production in a Major 
Volume for Purified 
Phage ELISA

3.10 Use of the Best 
Selected Phage Clones 
as a Vaccine Target
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Selected mimotopes by PD can be used in vaccine formula-
tions as immunogens using either the direct phage-peptide clone 
or a synthetic mimotope [4].

Phage clones can be mixed with adjuvant (saponin or Freund’s 
adjuvant) in PBS or the phage can be used to immunize alone, 
because the phage itself has adjuvant properties [4, 6, 8].

 1. Amplify, purify (Subheading 3.2), and quantify (Subheading 3.5) 
selected phage clones.

 2. Mix 1 × 1011 cfu of the phage in PBS, with or without adjuvant, 
in a total volume of 100 μL. To use adjuvant, mix 50 μL of the 
adjuvant with 50 μL of phage in PBS, and agitate vigorously 
(vortex) until a white emulsion is formed (see Note 11).

 3. Before the first immunization cycle, collect about 200 μL of blood 
from the tail vein of the mice for obtain the pre-immune serum.

 4. For 6-week female BALB/c mice, vaccine with three intraperito-
neal (or subcutaneous) injections at 15-day intervals with 100 μL 
of phage and PBS mix (with or without adjuvant) (see Note 12).

 5. Between each immunization cycle, collect about 200 μL of 
blood from the tail vein for post-immunization follow-up by 
serological analyses.

After phage clone selection, peptide sequence characterization, 
ELISA reactivity measurements, and bioinformatics’ analyses, 
selected peptides must be synthesized for immunogenic tests. 
Peptides can be designed de novo or based on peptide sequences 
from native proteins, depending on the desired application. The 
design of synthetic immunogenic peptides can be improved 
through conjugation or modifications (acetylation, phosphoryla-
tion, amidation) or by using multiple or repeated motifs separated 
by spacers that aim conformational arrangements of original epit-
ope structures. Virus capsid with multiple repeated protein sub-
units is an example of desired replication of multiple epitope motifs 
to mimic the original structure of the virus.

 1. Repeating the peptide sequence or the immunogenic motif 
2–4 times will mimic the phage capsid structure of the pIII 
protein. A short spacer sequence (Gly-Gly-Gly-Ser) may be 
used between peptide motifs, because this sequence is part 
of the peptide fusion to the pIII protein N-terminus of the 
M13 phage. Peptides alone are generally too small to elicit 
an immune response sufficient to generate antibodies; there-
fore, BSA conjugation to the sequence is also desired to 
enhance the immunogenic response. Evaluate the peptide 
purity using HPLC. Freeze-dry each synthetic peptide and 
store at −20 °C.

3.10.1 Direct Use 
of Phage Clones 
as Immunogens

3.10.2 Design 
of Synthetic Peptides 
as Immunogens 
and Vaccine Formulation

Phage Displayed-Peptide Vaccines
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 2. Mix 10 μg of synthetic peptide in PBS and adjuvant, in a total 
volume of 100 μL (50 μL of the adjuvant with 50 μL of the 
peptide in PBS). Vortex vigorously, until a white emulsion is 
obtained (see Note 13).

 3. Before the first immunization cycle, collect about 200 μL of 
blood from the tail vein of the mice to obtain the pre-immune 
serum.

 4. For 6-week female BALB/c mice, apply three intraperitoneal 
(or subcutaneous) injections at 15-day intervals with 100 μL of 
phage and PBS mix (with or without adjuvant) (see Note 12).

 5. Between each cycle of immunization, collect about 200 μL of 
blood from the tail vein of the mice for post-immunization 
follow- up by serological analyses.

 1. Four weeks after the last immunization, euthanize part of the 
group for analysis of the immune response elicited by vaccina-
tion (see Note 14).

 2. Infect intraperitoneally (or subcutaneously) the remaining ani-
mals with the target parasite/pathogen.

 3. Observe the animals daily for mortality, morbidity, and body 
weight changes (see Note 15).

 4. Euthanize all surviving animals 10 weeks post-challenges, 
 collecting blood and spleen for analysis of protection against 
challenge (see Note 14).

 1. Perform splenocyte cultures and cytokine assays before infec-
tion and at tenth week after challenge.

 2. Macerate the spleen gently with 2 mL of incomplete medium. 
Homogenize cells by pipetting up and down and transfer the 
volume to a 15 mL Falcon tube. Centrifuge at 400 × g for 
10 min at 4 °C.

 3. Resuspend the pellet with 2 mL of lysis buffer. Incubate at 
37 °C for 5 min. Add incomplete medium to a 10-mL final 
volume. Centrifuge at 400 × g for 10 min at 4 °C.

 4. Wash one more time as done before for removal of all red 
blood cells.

 5. Resuspend the pellet with 5 mL of incomplete medium or 
PBS. Add 5 μL of CFSE. Incubate for 5 min at room tempera-
ture. Add complete medium to a 10-mL final volume. 
Centrifuge at 400 × g for 10 min at 4 °C.

 6. Wash one more time using complete medium.
 7. Resuspend the pellet with 10 mL of complete medium.
 8. Count the cells using trypan blue and a Neubauer chamber. 

Set the dilution to 2 × 105 cells per 100 μL.

3.10.3 Challenge 
Infection

3.10.4 Analyses 
of Immunological 
Response in Mouse Model 
(See Note 16)

Cellular Response
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 9. Plate in duplicate in 96-well plate the single-cell preparation 
from spleen tissue.

 10. Add the stimuli (only medium, antigen, and Con A) (see Note 
17). Incubate in 5 % CO2 atm at 37 °C.

 11. Determine the IFN-γ, IL-6, IL-10, TNF-α, and IL-12 levels in 
the culture supernatants and other cytokines as needed, using 
available commercial kits, according to manufacturers’ 
instructions.

An ideal vaccine formulation must generate both Th1 and Th2 
responses. The presence of the IgG2 isotype in mice has been consid-
ered as an evidence of a Th1-type immune response, and the elevated 
production of IgG1 may be due to the antigen association with adju-
vant, which may preferentially stimulate the Th2 response. Therefore, 
IgG, IgG1, and IgG2a antibodies can be measured by ELISA.

 1. Coat a 96-well Maxisorp™ microtiter plate with 50 μL of a solu-
tion of the same target used in the selection in carbonate buffer 
(1 μg/well). Incubate overnight at 4 °C. Remove the superna-
tant and wash the plate twice with 250 μL of washing solution.

 2. Add 250 μL of blocking solution and incubate for 1 h at 
37 °C. Wash the plate twice with 250 μL of washing solution.

 3. Add 50 μL of serum samples diluted 1:50 in blocking buffer 
and incubate at 37 °C for 1 h for IgG and for 2 h for IgG1 and 
IgG2a quantifications. Wash the plate six times with 250 μL of 
washing solution.

 4. Add 50 μL of peroxidase-labeled goat anti-mouse IgG, IgG1, 
and IgG2a antibodies, diluted at 1:5000 in blocking solution. 
Incubate 1 h at 37 °C. Wash the plate six additional times.

 5. Add peroxidase diluted at 1:1000 in blocking solution. 
Incubate 1 h at 37 °C. Wash the plate six additional times.

 6. For reaction development, add 50 μL of an OPD-containing 
solution. Stop the reaction by adding 20 μL of 4 M H2SO4 
after production of a yellow-orange reaction, and detect it by 
an ELISA microplate reader at 492 nm.

4 Notes

 1. After autoclaving the medium, tetracycline must be added. When 
the medium reaches a bearable temperature for hand contact, 
add 1 μL of antibiotic (15 μg/mL) to each 1 mL of medium.

 2. From the second cycle, the washing buffer stringency must be 
increase from 0.1 to 0.5 % with Tween 20 in all washes.

 3. When you remove the LB agar medium of the autoclave and 
the medium reach a bearable temperature for hand contact, 

Humoral Response
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add tetracycline, IPTG, and X-Gal, and then dispose the 
 volume in Petri dishes.

 4. Phage titration is used to set up the volume of the amplified phage 
that corresponds to 4.0 × 1010 pfu, which will be used in the next 
round of selection. Selection must be stopped when titration of 
non-amplified eluates is kept constant between selection cycles.

 5. In the last round of selection, amplification of eluates is not 
needed anymore.

 6. A backup of the individual clones is desired. After 5-h phage 
amplification, pipette 100 μL of the amplified medium, transfer 
to a 96-well polystyrene microplate, and add 100 μL of glycerol 
50 % sterile. Return to the backup when a specific clone is needed.

 7. M13 phage without displaying any exogenous peptide fused to 
the pIII protein, called wild type, may be used as negative control 
for non-bacteria targets. Unspecific peptide clones (irrelevant) are 
generally used as negative controls. The selected clone reactivity 
to the target must be higher than  controls. In that case, reactivity 
of negative controls is used to determine the cutoff value.

 8. Other bioinformatics tools can be used for the in silico 
analysis.

 9. The quantity of phage used in the ELISA must be 
standardized.

 10. No animal research may be carried out without the approval of 
the responsible animal experimentation ethics committee.

 11. M13 phage may be used as a control group depending on the 
target pathogen/parasite. This fact must be considered relevant, 
once the own phage particles present proteins that can interact 
with the host immune system, leading to the development of an 
unspecific immune response, and interfering with the specific 
immune response induced by selected phage- displayed mimo-
topes [4]. Other control groups must be included, such as an 
irrelevant peptide, adjuvant alone, and PBS alone.

 12. In this section, we have suggested BALB/c mice as the animal 
model, but sex, age, immunization route, and type of adjuvant 
must be chosen based on the disease target.

 13. Inoculate only adjuvant, PBS and BSA (because it is coupled to 
the synthetic peptide), working as control groups.

 14. Remove their spleens aseptically and stored for splenocyte 
culture.

 15. Monitoring time varies according to the infection model.
 16. Besides the humoral and cellular response, one can also esti-

mate the parasite/pathogen load.
 17. Concanavalin A is a mitosis inducer, working as a positive 

control.
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Chapter 29

Production of Well-Characterized Virus-like Particles 
in an Escherichia coli-Based Expression Platform 
for Preclinical Vaccine Assessments

Newton Wahome, Anne Cooper, Prem Thapa, Shyamal Choudhari, 
Fei P. Gao, David B. Volkin, and C. Russell Middaugh

1 Introduction

Virus-like particles (VLPs) consist of subunit viral capsid proteins 
that self-assemble into an enclosed core–shell morphology. These 
subunits are highly symmetrical, leading to the spontaneous for-
mation of spherical particle-like structures. This structure mimics 
viruses in nature, which often use symmetry principles to minimize 
the energy required to synthesize multiple variants of the core 
building block [1]. The use of VLPs as vaccine candidates takes 
advantage of viral capsid protein building blocks to form higher- 
order oligomeric species, which have been shown to be highly 
immunogenic, especially in relation to their corresponding non- 
oligomeric proteins [2, 3]. This enhanced in vivo immunogenicity 
is thought to be the result of organisms having evolved to recog-
nize the repetitive display of antigens on the surface arrays of 
pathogens such as viruses and bacteria [4]. It has been proposed 
that systematic or crystalline display of these antigens promotes the 
cross-linking of B-cell receptors, which enhance signaling across 
the cell membrane [5]. VLPs maintain this repetitive antigen dis-
play and, at the same time, are considered safer as potential vaccine 
candidates compared to traditional live, attenuated or inactivated 
viruses, since they do not contain a genome that can be replicated. 
The success of this approach is well illustrated by the worldwide 
commercial availability of the hepatitis B and human papillomavi-
rus VLP-based vaccines which protect against cancers, as well as 
the infections themselves [6–8]. Recently, a hepatitis E VLP-based 
vaccine was approved for use in China, and numerous VLP vaccine 



438

candidates to protect against a variety of infectious agents are in 
clinical development [9].

VLPs can be produced from a single capsid unit or may require 
multiple components for successful assembly including additional 
viral proteins and/or a lipid envelope. The level of assembly com-
plexity determines which cell expression system is most applicable 
[10, 11]. For example, Escherichia coli (E. coli) [12, 13] and yeast 
cells (such as Saccharomyces cerevisiae and Pichia pastoris) can be 
used for the expression of single subunit, non-enveloped particles 
[14]. For example, the human papillomavirus VLP vaccine consists 
of 72 pentamers of the L1 protein [15]. Yeast cells are also used to 
produce single capsid subunit, enveloped VLPs. The best-known 
example of this type of VLP is the hepatitis B VLP vaccine consist-
ing of surface antigen (sAg) protein embedded in a lipid envelope 
derived from the host cell [7]. Yeast cells can facilitate limited post-
translational modifications such as N-linked glycosylation to aid in 
assembly [16]. Baculovirus–insect cells can be used to assemble 
either single or multiple subunit VLPs and to perform simple post-
translational modifications [17]. Other eukaryotic cells, such as 
various plant and mammalian cell expression systems [18], can 
produce enveloped VLPs by incorporating the lipid membrane in 
the assembly process. Mammalian cells have the advantage of 
maintaining the most native posttranslational modifications while 
limiting the presence of contamination from nonmammalian 
sources (e.g., baculovirus) [19]. However, mammalian cells might 
yield less protein and have a higher operational cost than other 
expression platforms.

Commercial VLP production has been achieved with 
Escherichia coli, yeast, baculovirus–insect cell, and CHO mamma-
lian cell expression systems. HBsAg VLPs produced in yeast 
(Saccharomyces cerevisiae and Pichia pastoris) or CHO mammalian 
cells, HPV VLPs expressed in S. cerevisiae (Gardasil 1, Merck & 
Co.) or in insect cells (Cervarix 1, GlaxoSmithKline), and hepatitis 
E virus (HEV) VLPs expressed in E. coli and assembled in vitro 
(Hecolin1, Xiamen Innovax Biotech Co. Ltd.) are the only licensed 
VLP-based human vaccines (Fig. 1). Numerous VLP-based vac-
cine candidates are currently in clinical trials and are produced 
using various expression systems [11].

In this protocol, we will focus on the E. coli expression platform. 
It is an inexpensive means for the production of VLPs that are 
derived from non-enveloped viruses or de novo designed fusion 
proteins [20]. While this platform limits the types of VLPs that can 
be expressed as well as the nature of posttranslational modifica-
tions, the E. coli platform is a system that small- to medium-sized 
laboratories can handle with ease. The advantages include short 
turnaround times from transformation to expression of proteins 
(24–48 h), the low cost of the nutrient media, the relatively high 
yield of protein (once a culture expression protocol has been 
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optimized and if the protein is not toxic to the E. coli strain), the 
ubiquity of vector platforms due to their common use, and the 
ease of maintenance of cell stocks by freezing at −80 °C.

The specific E. coli expressed VLP scaffold we will discuss here 
is based on the lumazine synthase enzyme, which is responsible for 
the synthesis of a riboflavin (vitamin B2) precursor, and is present 
in most pathogenic bacteria. Lumazine synthase exists naturally as 
an oligomer, either as a pentamer, a decamer, or an icosahedron 
depending on the species, and assumes a highly conserved αβα fold 
[21]. Previously, the decameric form from a Brucella species has 
been prepared as a vaccine presentation system for the display of 
the pentameric B subunit from Shiga toxin of enterohemorrhagic 
Escherichia coli (EHEC), conferring protection in a mouse model 
[22]. Similarly, the icosahedral lumazine synthase of the thermo-
phile, Aquifex aeolicus, has been used for the presentation of the 
GP120 HIV surface protein [23]. The lumazine synthase described 
here is from Bacillus anthracis [24]; the protein contains 153 
amino acids which in turn forms an icosahedral assembly.

2 Materials

 1. Plasmid DNA expression vector (pTBSG) as described in detail 
elsewhere [25].

 2. DNA insert sequence encoding 153 amino acids from 
lumazine synthase present in Bacillus anthracis as described in 
detail elsewhere [24]:

2.1 Cloning, Ligation, 
Transformation, and 
Protein Expression

Fig. 1 (a). Agarose gel confirming molecular weight and purity of lumazine synthase (B. anthracis ) PCR 
product. (b) Insertion of lumazine synthase sequence (lower case ) into the pTBSG vector (upper case ) is veri-
fied by T7 and T7-ter sequencing primers. The red regions indicate restriction digestion sites (NdeI and 
BamHI for this study)

Production of Virus-Like Particles
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M V F E G H L V G T G L K V G V V V G R F N E F I T S K L L 
 GGALDGLKRHGVEENDIDVAWVPGAFEIPLIAK 
KMANSGKYDAVITLGTVIRGATTHYDYVCNEVA 
K G VA S L - S L Q T D I P V I F G V L T T E T I E Q A I E -
RAGTKAGNKGYESAVAA IEMAHLSKHWA.

In this study, we describe the use of lumazine synthase as a 
naked VLP scaffold [24]. The VLP can be designed as a fusion 
protein presenting a covalently linked antigen on its surface. For 
example, the subunit coding for the trimeric domain from gp120 
can be linked to this sequence with a glycine/serine linker [23]. If 
the VLP scaffold is the immunogenic domain, no fusion proteins 
are necessary (hepatitis B, human papillomavirus, etc.).

The following reagents and supplies are required:
 3. High-fidelity DNA polymerase and buffer such as PfuUltra II 

HS DNA polymerase and 10× PfuUltra II reaction buffer 
(Agilent Technologies, Palo Alto, CA, USA).

 4. 10 mM dNTP mixture containing 10 mM each of dATP, 
dTTP, dCTP, and dGTP in nuclease-free water (Agilent 
Technologies, Palo Alto, CA, USA).

 5. Insert specific primers for PCR diluted to 10 μM each, in either 
nuclease-free water or 1× TE (pH 8.0) (GenScript USA Inc., 
Piscataway, NJ, USA).

 6. Dimethyl sulfoxide (DMSO) (Fisher Scientific, USA).
 7. Luria Broth (LB) medium: 10 g of tryptone, 5 g of yeast 

extract, and 10 g of NaCl. Add ultrapure water to 1 L, and 
autoclave in a 5 L flask (to maintain at least 30–50 % head 
space) (Becton, Dickinson (BD) and Company, Franklin Lakes, 
NJ, USA).

 8. Terrific Broth (TB) medium: 24 g of yeast extract, 12 g of 
tryptone, and 4 mL of glycerol. Add ultrapure water to fill the 
volume to 900 mL and autoclave in 5 L flask. After the TB 
medium has cooled, add 100 mL of autoclaved TB salts, con-
taining 23.1 g of KH2PO4 and 125.3 g of K2HPO4 (BD, 
Franklin Lakes, NJ, USA).

 9. Agar plate made of LB broth and agar (2.5 %) (BD, Franklin 
Lakes, NJ, USA). Mix the LB/agar/water and autoclave, wait 
until it cools to ~50 °C, and add filter-sterilized antibiotics. 
Pour the plates (~20–25 mL per dish).

 10. Chemically competent E. coli cells suitable for high-efficiency 
transformation such as NEB 5-alpha F′Iq Competent E. coli 
(New England Biolabs, Ipswich, MA, USA).

 11. Chemically competent E. coli cell suitable for transformation 
and protein expression such as BL21(DE3)pLysS competent 
cells (Promega, Madison, WI, USA).

Newton Wahome et al.
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 12. Antibiotics: 100 μg/mL of ampicillin in water and sterile 
filtered (0.2 μM filter) and 34 μg/mL of chloramphenicol in 
100 % ethanol and sterile filtered (0.2 μM filter) (Gold 
Biotechnology, St. Louis, MO, USA).

 13. Isopropyl β-d-1-thiogalactopyranoside (IPTG) (Gold 
Biotechnology, St. Louis, MO, USA).

 14. Agarose gel electrophoresis reagents: 1× Tris–acetate–EDTA 
(TAE) buffer, 0.8 % agarose gel (reagents from Bio-Rad, 
Hercules, CA, USA), and 0.2 g/mL ethidium bromide (Sigma 
Aldrich, USA).

 15. Agarose gel electrophoresis instruments: PowerPac 3000 
power supply, Mini-Sub cell chamber (Bio-Rad, Hercules, 
CA, USA).

 1. HiTrap Q FF resin (Q-sepharose), 5 mL, ion-exchange affinity 
column (GE Healthcare, USA).

 2. Superose 6 10/300 GL resin, size-exclusion column (GE 
Healthcare, USA). Total column volume, 24 mL; MW separa-
tion range, 5000–5,000,000 Da.

 3. Buffers for purification: potassium phosphate buffer (20 mM, 
100 mM, 1 M), pH 8.0.

 4. Quartz cuvettes (Starna Cells, Atascadero, CA, USA).
 5. Formvar/carbon grids for electron microscopy (Electron 

Microscopy Sciences, Hatfield, NJ, USA).
 6. Bicinchoninic acid assay kit for protein quantification (Sigma 

Aldrich, USA).
 7. 550 Sonic Dismembrator (Fisher Scientific, Hampton, NH, 

USA).
 8. To prepare eight gels for SDS–PAGE gel electrophoresis using 

standard hand casting techniques: (a) For 15 mL of a 5 % 
stacking gel, add 250 μL of ammonium persulfate (APS), 
150 μL of 10 % sodium dodecyl sulfate (SDS), 30 μL of tetra-
methylethylenediamine (TEMED), 3 mL of acrylamide, 
3.75 mL of 0.5 M Tris (pH 6.8), 8.55 mL of ultrafiltered H2O. 
(b) For 40 mL of a 12 % gel, add 600 μL of APS, 400 μL of 
10 % SDS, 52 μL of TEMED, 16 mL of acrylamide, 10 mL of 
1.5 M Tris (pH 8.8), 13.4 mL of ultrafiltered H2O (SDS–
PAGE reagents from Bio-Rad, Hercules, CA, USA).

 9. SDS–PAGE gel casting chambers, Mini-PROTEAN® Tetra cell 
electrophoresis chamber, and PowerPac 300 power supply 
(SDS–PAGE instruments from Bio-RAD, Hercules, CA, USA).

 10. SimplyBlue™ Safe Stain (Coomassie) (Life Technologies, 
USA).

2.2 Protein 
Purification 
and Characterization

Production of Virus-Like Particles
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 1. PCR thermocycler: Mastercycler pro (Eppendorf, Hauppauge, 
NY, USA).

 2. UV–visible diode array spectrophotometer: Agilent 8453 
(Agilent Technologies, Palo Alto, CA, USA) equipped with a 
Peltier temperature controller device.

 3. ZetaPALS zeta potential analyzer (Brookhaven Instrument 
Corp., Holtzille, NY, USA) equipped with a 50 mW helium–
neon laser operating at 532 nm.

 4. FEI Tecnai F20 XT field emission transmission electron micro-
scope (TEM) 200 kV electron source (FEI, Hillsboro, OR, USA).

 5. AKTA purification FPLC (GE Healthcare, USA).
 6. EMS Quorum 150T ES (Quorum Technologies Ltd, East 

Sussex, UK).

3 Methods

The protein subunit is produced in E. coli by expression from the 
plasmid DNA vector in which the target sequence has been 
inserted. These plasmid inserts can either be amplified as PCR 
products from the genome of the pathogens of interest, from 
another plasmid, or synthesized by a commercial source for inser-
tion into a plasmid expression vector [26]. Artificial synthesis of 
the insert is a more cost-effective approach if cells infected by or 
from pathogens are not readily available, either due to lack of 
access or lack of appropriate biological safety containment proto-
cols, and/or if no other plasmids are currently available. Factors to 
consider while designing an insert include its size and complexity. 
Codon optimization might also be necessary if the insert contains 
codons that are rare in E. coli. Most commercial sources have freely 
available software to optimize nucleic acid sequences for the desired 
expression host (e.g., E. coli). During ligation, attaining an optimal 
molar ratio for successful cloning may require testing different rel-
ative concentrations of insert and vector. Occasionally, some 
expressed proteins are also toxic to particular strains of E. coli, 
which can cause cloning problems if the plasmid vector has some 
baseline expression level. Strategies for reducing toxicity include 
varying the vectors and E. coli strains and altering incubation times 
and temperatures for the cells.

To transform ligated insert into E. coli cells, the following 
protocol is utilized:

 1. Lumazine synthase insert is synthesized by a commercial source 
(Integrated DNA Technologies, Inc., Coralville, IA, USA) and 
PCR amplified upon receipt by combining nuclease-free water 
to 50 μL with 5 μL 10× PfuUltra buffer, 1.25 μL 10 mM 
dNTP mix, 1 μL each primer, 10 ng template DNA containing 

2.3 Instrumentation

3.1 Cloning, Ligation, 
and Transformation
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insert of interest, 1.5 μL DMSO, and 1 μL PfuUltra II fusion 
HS DNA polymerase in a thin-walled 200 μL PCR tube. The 
following PCR amplification cycle for the reaction mix is used: 
(1) 1 cycle at 95 °C for 2 min; (2) 30 cycles at 95 °C for 30 s, 
55 °C for 30 s, and 72 °C for 1 min; (3) 1 cycle at 72 °C for 
5 min; (4) last cycle kept at 4 °C. The size and purity of the 
PCR product can be verified by agarose gel electrophoresis and 
staining with ethidium bromide (Fig. 1a).

 2. The PCR product and vector are digested by restriction 
enzymes, such as NdeI and BamHI. In this study, the pTBSG 
vector was used, and the histidine-tag, TEV–cleavage site, and 
linkers were removed during restriction digestion. A tag-free 
plasmid, for example, pET9a, may be preferable for ease of use 
(see Note 1).

 3. After digestion, standard gel electrophoresis is used to separate 
the two fragments of the vector based on size. The fragment of 
interest (typically the larger band) can be extracted from the 
agarose gel with commercially available kits. An EZNA gel 
extraction kit (Omega Bio-Tek, Norcross, GA, USA) was used 
to obtain the linearized pTBSG vector. Linearized vectors are 
then dephosphorylated using a phosphatase enzyme. We use 
FastAP Thermosensitive Alkaline Phosphatase (Life 
Technologies, USA) as per manufacturer’s instructions to help 
prevent re-circularization of the vector during ligation. An 
EZNA cycle pure kit (Omega Bio-Tek, Norcross, GA, USA) 
was used to purify the lumazine synthase insert PCR product. If 
the insert was amplified from a template plasmid, the PCR 
product should be gel-extracted as the vector. This ensures that 
the template plasmid is not present in the purified product.

 4. The purified insert and vector are then ligated using a Rapid 
DNA Ligation Kit (Life Technologies, Carlsbad, CA, USA) 
as per manufacturer’s instructions. 2 μL of the ligated prod-
uct was transformed into high-efficiency NEB 5-alpha F′Iq 
competent cells (New England Biolabs, Ipswich, MA, USA) 
as per the manufacturer’s directions, and half of the transfor-
mation reaction was plated onto pre-warmed (37 °C) LB 
agar plates containing 100 μg/mL ampicillin and grown at 
37 °C overnight.

 5. Single colonies were picked and grown in 3 mL LB media with 
100 μg/mL of ampicillin overnight at 37 °C. Overnight cul-
tures are mini-preped using an EZNA mini-prep kit (Omega 
Bio-Tek, Norcross, GA, USA), and a 2 μL aliquot of mini- 
preped plasmid DNA should be digested with restriction 
enzymes, e.g., NdeI and BamHI. Gel electrophoresis is used to 
verify the presence of insert in the vector.

 6. Plasmids containing insert should be verified by sequencing to 
be certain that they are in frame with the desired start and stop 
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codons and that no spurious mutations occurred. For the vector 
pTBSG, T7 and T7-ter sequencing primers (Fig. 1b) can be 
used. Other vectors may need different sequencing primers.

 7. Sequence-verified plasmid is transformed into BL21(DE3) 
pLysS expression cells (Promega, Madison, WI, USA) as per 
manufacturer’s recommendations (standard heat-shock trans-
formation, 42 °C for 30 s). Add 250 μL of the SOC media 
(without antibiotic) and grow at 37 °C shaking at 200 rpm for 
an hour. This overgrowth step is not critical for ampicillin- 
resistant plasmids. Half of the transformation reaction is plated 
on LB agar plates containing 100 μg/mL ampicillin and 
34 μg/mL chloramphenicol. Transformation protocols and 
antibiotics should be based on expression cell line and plasmid 
resistance. Single colonies are picked from the plate and grown 
in 3 mL LB media with 100 μg/mL ampicillin and 34 μg/mL 
chloramphenicol. These overnight cultures are used to make 
frozen cell stocks using glycerol as lyoprotectant. The stocks 
are frozen as a 1 mL culture, with 200 μL of PBS and glycerol 
at 1:1 ratio. An alternative freezing method can be performed 
by mixing 930 μL overnight culture with 70 μL DMSO in 
microcentrifuge tubes and storing immediately at −80 °C.

To express VLPs in E. coli cells, the following steps are followed:

 1. Pick a colony from the transformation LB agar plate (Fig. 2). 
Transfer it, using aseptic practices, to a sterile test tube 

3.2 Protein 
Expression

Fig. 2 LB agar plate containing the transformed E. coli competent cell colonies, 
for the expression of lumazine synthase VLPs. The cells should be plated with 
appropriate antibiotics
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containing 10 mL of LB medium and antibiotic (100 μg/mL 
of ampicillin and 34 μg/mL of chloramphenicol). Place the 
tube in a shaker (200 rpm), and grow overnight at 37 °C. This 
step will provide the starter culture stock for higher volume 
expression.

 2. Add 100 μg/mL of ampicillin and 34 μg/mL of chloramphen-
icol to TB medium and inoculate with 1 mL of starter culture. 
Place the flask in a shaker (200 rpm), and grow the cells at 
37 °C. With an absorption spectrophotometer, monitor the 
optical density (OD) at 600 nm (OD600) every 30 min. When 
the OD600 is approximately 0.8, induce the cultures with iso-
propyl β-d-1-thiogalactopyranoside (IPTG) (0.3 mM final 
 concentration). Transfer the flask to grow overnight at 18 °C, 
shaking at 200 rpm for 14–16 h (see Note 2).

 3. After cell growth and induction, centrifuge the culture at 
9000 × g, 4 °C for 20 min. Discard the supernatant, and freeze 
the cell paste at −80 °C.

Purification of the VLPs from cell paste can be performed with a 
combination of steps. First, a cell lysate is prepared and then fil-
tered (0.45 μm filter) or centrifuged prior to loading on the col-
umn to prevent back pressure and clogging issues. Chromatography 
steps can now be used for main purification step, for example, an 
ion-exchange column can be used. This step removes contami-
nants based on charge distribution on the surface of the molecules 
(see Note 3). Metal affinity or hydrophobic interaction columns 
can be used instead of ion-exchange chromatography depending 
on the protein. The next polishing step, size-exclusion chromatog-
raphy, is critical for separating the different VLP populations. VLPs 
can assemble into populations of various sizes, containing a combi-
nation of fully folded high MW species as well as misfolded lower-
order populations. SEC columns with the capability to separate 
protein species in the megadalton range can isolate these different 
sized populations.

Several considerations are necessary to optimize VLP purifica-
tion. The expression of large protein assemblies in E. coli may lead 
to their sequestration in inclusion bodies. This can inhibit the for-
mation of VLPs. It might be necessary to perform in vitro refold-
ing under denaturing conditions to extract the protein of interest 
from the inclusion body and then promote self-assembly. 
Denaturants such as 8 M urea can be used during the purification 
process, with self-assembly being performed by dropwise or step-
wise refolding out of the denaturant (i.e., dilution or dialysis).

To purify VLPs from a cell paste by a combination of ion- 
exchange and size-exclusion chromatography, the following steps 
are used:

3.3 VLP Purification
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 1. From 3 L of expression culture, resuspend an E. coli pellet in 
100 mL of ice-cold extraction buffer (50 mM potassium 
phosphate, 10 mM EDTA, pH 8.0) until it is a homoge-
nous suspension. No bacterial fragments should be present 
after resuspension.

 2. Ultrasonicate the cell suspension using a 550 Sonic 
Dismembrator, tuned at an output of 8 for approximately 
5 min. Keep the suspension in a beaker on ice during ultrasoni-
cation to avoid heating of the sample. The lysate should appear 
grayish in color after complete sonication. The lysate can be 
clarified before loading on the Q column by employing cen-
trifugation steps.

 3. A 5 mL Q-sepharose column (GE Healthcare, USA) is then 
connected to an AKTA purifier FPLC (GE Healthcare, USA), 
monitoring the purification procedure by UV absorption of 
the protein at 280 nm, DNA at 260 nm, as well as solution pH 
and conductivity. Data are collected using Unicorn version 5.2 
software.

 4. Run at a flow rate of 3–5 mL/min, and maintain pressure 
below 0.5 psi. Equilibrate the column with six column vol-
umes of buffer A (20 mM potassium phosphate, pH 8.0). 
Load the sample onto the column at 3 mL/min. Elute the 
sample with buffer B (1 M potassium phosphate, pH 8.0). 
Collect 9 mL fractions using a linear gradient targeting 100 % 
of buffer B over 90 CV.

 5. Run SDS–PAGE of the ion-exchange fractions to determine 
which fractions contain the protein of interest which will be 
further purified with size-exclusion chromatography (SEC) 
(Fig. 3). In this run, fractions containing only monomer were 
pooled together and concentrated by ultrafiltration. The sam-
ple loading volume for SEC is low (250 μL), so highly concen-
trated protein is required.

 6. For size-exclusion chromatography, a 24 mL Superose column 
(GE Healthcare, USA), with a MW cutoff of 5 MDa is used.

 7. Connect the column to the AKTA FPLC and equilibrate with 
six column volumes of SEC–buffer A (100 mM potassium 
phosphate, pH 8.0). Elute for 1.5 column volumes (isocratic 
elution) at a 0.5 mL/min flow rate and collect 1.5 mL frac-
tions (Fig. 4).

 8. Concentrate the fractions by ultrafiltration for subsequent 
analysis by UV–visible absorption spectroscopy, dynamic light 
scattering (DLS), and transmission electron microscopy 
(TEM).
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Fig. 3 SimplyBlue™ SafeStain (Coomassie) stained SDS–PAGE gel image analysis of fractions collected from 
an ion-exchange chromatography run. The lumazine synthase VLP is dissociated down to its monomeric com-
ponents under SDS-denaturing conditions, to aid in visualization. The fractions become more pure as the 
concentration of potassium phosphate is increased (20–1000 mM). Some of the higher molecular weight 
bands in the earlier fractions (left side of gel) might be higher-order oligomers of the monomeric subunit

Fig. 4 Size-exclusion chromatography (SEC) of the purified ion-exchange fractions of the lumazine synthase 
VLP. SEC results indicate that multiple molecular weight species are present in solution (four peaks in the case 
of lumazine synthase VLPs). The SEC fractions (red) are monitored at an absorbance wavelength of 280 nm, to 
identify the quantity of protein. Molecular weight can be ascertained from standards covering the lower mega-
dalton size ranges (e.g., known viruses or viruslike particles)
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Molecules with aromatic residues absorb light in the near ultraviolet 
(UV) and visible regions of the electromagnetic spectrum. The 
absorption of light is linearly dependent on the concentration of 
the solute. By monitoring the absorbance intensity at specific wave-
lengths, the concentration of molecules can be obtained, if their 
extinction coefficient is known. The strength of the absorbance 
signal is dependent on the environment and accessibility of the 
chromophore. UV spectroscopy is used to quantify the amount of 
protein solute based on absorbance intensity and can measure 
shifts in conformation based on changes in the molecular environ-
ment of the aromatic species. The concentration of proteins can be 
measured by monitoring amino acids such as phenylalanine, tyro-
sine, and tryptophan, which absorb light in the 240–300 nm 
region [27, 28].

Most UV–visible spectrophotometers use deuterium lamps as 
a UV light source and tungsten-halogen lamps for the visible spec-
trum. The preferred spectrophotometers are diode array based, 
which simultaneously measure the entire UV and visible spectrum. 
Light transmitted from quartz cuvettes passes through a prism or 
monochromator that separates it into its respective spectral com-
ponents, which are quantified by an array of diodes. Wavelength 
resolution can be as low as 0.01 nm, with appropriate data analysis. 
Diode array-based UV absorption spectroscopy is a sensitive, non-
destructive method, with a high signal-to-noise ratio.

Quantifying the amount of protein in the VLP can be affected 
by encapsulated nucleic acids. VLPs are based on viral capsomers 
that are natively in contact with an internal nucleic acid genome; 
therefore, expression of the lone capsid protein(s) might lead to 
encapsidation of associated nucleic acid content of the host cell 
[29]. The presence of nucleic acid can be measured by looking at 
the relative ratio of the absorbance intensities at UV 280 nm (pro-
tein) and UV 260 nm (nucleic acid). The concentration of protein 
can be determined from the extinction coefficient of the subunit 
protein (Fig. 5a). A number of spectral artifacts can complicate 
analysis, including light scattering and absorption flattening. These 
artifacts require correction if present (see below) [30].

To determine the concentration of protein in viruslike particles 
by UV absorption spectroscopy, the following protocol is utilized:

 1. The lamps need to be warmed up for at least 15 min to give 
reproducible spectra.

 2. Make sure the quartz cuvettes are clean, rinsed with ultrapure 
water, and wiped with lens paper to reduce dust particles.

 3. The buffer to be used in the experiment should be used as a 
blank for the spectrophotometer. If dialysis is being performed, 
it is better to use the dialysate as the blank.

3.4 VLP Analysis

3.4.1 Ultraviolet–Visible 
Spectroscopy
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 4. Depending on sample volume constraints, the path length of 
the quartz cuvette can be reduced, making sure to maintain 
protein concentration around 0.1–0.2 mg/mL. This maintains 
a high signal-to-noise ratio while being well below the satura-
tion of most instruments (0.1–1 is a good working absorbance 
intensity range).

 5. The colloidal nature of viruslike particles may create UV absor-
bance spectra with higher readings due to light scattering 
(Fig. 5b). Most instruments have light-scattering correction 
software that takes these effects into account, by extrapolating 
the OD in the 320–400 nm range through the UV absorbance 
region and subtracting it [30].

 6. Determine the protein concentration using Beer–Lambert’s 
law (see Note 4).

 7. To measure the content of nucleic acid in the sample (see 
Fig. 5c and Note 5), the ratio representing the relative maxima 
of nucleic acid to protein can be calculated, i.e., A260/A280. If 
the 260:280 ratio is 0.57, it indicates that solution has 100 % 
protein and no nucleic acid contamination.
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Fig. 5 (a) UV absorbance spectra of lumazine synthase protein. (b) Quantification of UV absorbance can be 
affected by light scattering in 320–400 nm region, due to the colloidal nature of a VLP suspension or turbidity 
(spectrum above). Light-scattering correction for the OD in the 320–400 nm range, providing a more accurate 
assessment of the UV absorbance (spectrum below). (c) Hypothetical VLPs showing a mixed nucleic acid and 
protein content. Zlotnick et al. look at the phenomena of VLP light scattering and nucleic acid contamination 
more extensively [29]
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Dynamic light scattering (DLS) calculates the rate of diffusion of 
species in a sample by analysis of their Brownian motion [31]. The 
size of solute particles affects their translational motion in solu-
tion, with larger molecules moving slower. When a coherent mon-
ochromatic visible light source interacts with particles in an 
aqueous solution, it leads to a small amount of light scattering. 
DLS measures the fluctuations of intensity of scattered light over 
time caused by the shift in distance between particles. An autocor-
relation function is used to fit the time-dependent movement of 
the scattering particles.

The size distribution of the particles can be determined from 
the autocorrelation function of the scattered light over time. 
Measurements can be done at a single scattering angle, because 
most proteins are smaller than the wavelength of the scattered light 
thus the scattering intensity has little angular dependence. The 
size, shape, and heterogeneity of the particles in solution affect the 
accuracy of the DLS measurements. For monodisperse popula-
tions, a polynomial fit of the correlation function gives the distri-
bution function of the decay rate. This is known as the cumulants’ 
method [32]. Heterogenous populations require polymodal analy-
sis. Integration of a distribution of normalized decay rates, or regu-
larization, can be used to measure a bimodal distribution of 
particles [33]. The particles need to have a significant difference in 
size for this approach to work.

In DLS, the Strokes–Einstein relationship [34] governs how 
the particle diameter affects the diffusion of spherical articles in the 
presence of incoming light, taking into account the viscosity of the 
medium, the temperature, and entropy of the system (Boltzmann’s 
constant) (see Note 6). As most icosadeltahedral viruslike particles 
are quasi-spherical in nature [1], DLS is an ideal method for quan-
tifying the mean diameter size of such oligomers. Heterogeneity in 
VLP populations can stem from variable self-assembly or aggrega-
tion [35]. Self-assembly of subunits into higher-order oligomers, 
with the same building block, can lead to populations of various 
sizes. The upper size limit of DLS is approximately 1 μm, so aggre-
gation of proteins can significantly perturb the accuracy of the 
method. Large particles scatter more light than smaller ones, 
leading to significant inaccuracy.

To measure the size distribution of VLPs with DLS, the 
following protocol is used:

 1. Clean the quartz cuvettes with ultrapure water, and wipe with 
lens paper to minimize dust particles.

 2. To the cuvette, add a minimum volume of 300 μL to 1 mL of 
protein, based on the pathlength of the quartz cuvette, in 
order to detect below the meniscus of the liquid.

 3. A good signal-to-noise ratio is dependent on the protein con-
centration, with the signal intensity being monitored via counts 

3.4.2 Dynamic Light 
Scattering
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in the thousands per second (KCPS), with a range of 50–200 
KCP necessary to produce an adequate signal.

 4. Turn on the instrument and laser and wait for at least 15 min 
for the laser to warm up before data collection.

 5. Viscometers and refractometers can be used to get more accu-
rate viscosity and refractive index values of the protein solu-
tions being evaluated by DLS. Increasing the integration 
time and number of runs can also be used to obtain more 
reproducible data.

 6. Latex beads covering the size range of the light scattering 
instrument, ranging from 2 nm to 1 μm, should be used to 
standardize and calibrate the instrument.

 7. Measure the mean diameter and polydispersity of the virus-
like particles at a concentration of 0.05–0.2 mg/mL. This 
should be done at least in triplicate. The lumazine synthase 
particles show a mean diameter of 15.7 nm and a polydis-
persity of 0.107, indicating a high level of sample homoge-
neity (Fig. 6a).

Transmission electron microscopy (TEM) is an imaging technique 
in which a high-energy electron beam is transmitted through a thin 
specimen [36]. The transmission of the electron beam results in an 
enlarged image that can be used to obtain structural detail at the 
nanometer scale. The electron beam is generated by electron gun 
made of filaments such as lanthanum hexaboride (LaB6) and tung-
sten or by field emission guns [37]. TEMs operate under high 
vacuum pressure (10e−8 Pa), with the electrons being optically 

3.4.3 Transmission 
Electron Microscopy

Fig. 6 (a) Dynamic light scattering (DLS) analysis of the lumazine synthase (B. anthracis ) VLP. The spectra 
indicate a monodisperse solution of 15.7 nm sized particles, with a polydispersity of 0.107. (b) Electron micro-
graphs from TEM analysis of lumazine synthase VLPs, indicating a core–shell morphology, with particles 
around 16 nm in size
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focused by electromagnetic lenses and the image observed on a 
fluorescent screen or digital camera. The electrons are accelerated 
at several hundred kVs, giving wavelengths much smaller than that 
of light: 200 kV electrons have a wavelength of 0.025 Å and image 
resolution of less than 0.2 nm. The resolution of the TEM is 
affected by various factors. First, electrons cannot penetrate thick 
matter, so the specimen preparation will have to be as thin as pos-
sible. Second, spherical aberrations that occur during lens focusing 
can be compounded by chromatic aberrations from the energy 
spread of the electron beam [38]. TEMs that correct for spherical 
and chromatic aberrations are capable of picoscale resolution [39].

Sample preparation requires TEM specimens that are approxi-
mately 1000 Å or less in thickness, in the area of interest. Powder 
specimen can be directly dispersed on the carbon substrate of TEM 
grids, but some specimen needs to be ultra-thinned by focused ion 
beam (FIB) sectioning or ultramicrotome sectioning. Biological 
specimen contains light atoms (C, N, O) that do not provide suf-
ficient contrast for electron microscopes. Staining with heavy atoms 
can help enhance contrast for these specimens. Negative staining, 
with heavy atom containing compounds such as uranyl acetate, has 
been commonly adapted for imaging of viruses and VLPs. Most 
VLPs are below 200 nm in diameter and are prepared in aqueous 
media that is directly pipetted on to thin carbon grids.

TEM facilitates the direct visualization of the morphology of 
the VLPs, permitting properties such as size and shape to be ascer-
tained. The shape of the VLPs might help in determining how 
many subunit proteins are present in the complex and confirming 
whether proper self-assembly has occurred. The immunogenicity 
of the VLP might be affected if the secondary or tertiary structure 
of the protein is altered [15], which might also be indicated by any 
morphological aberrations (see Note 7).

To acquire a TEM image of VLPs, the following procedure 
is used:

 1. Remove the formvar from carbon-coated copper grids, dip in 
fresh chloroform for 15 s, and air-dry. The removal of formvar 
helps to get higher-resolution images by transmitting more 
electron beam through the specimen.

 2. The carbon support films tend to have a hydrophobic surface 
which inhibits the spreading of suspensions of particles in neg-
ative staining solutions. Therefore, the carbon grids are glow 
discharged for 30 s at 20 mA current with an EMS Quorum 
150T ES leaving a hydrophilic and negatively charged surface, 
permitting easy spreading of aqueous suspensions.

 3. Apply 6 μL of the VLPs on the glow-discharged carbon grids, 
wait for 1 min, blot the excess solution by wicking with a 
kimwipe, and leave to air-dry.
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 4. Each preparation is fixed by adding 1 % (v/v) glutaraldehyde 
(Sigma, USA) solution for 2 min by immersing the carbon- 
coated side of the grid onto a drop of glutaraldehyde solution 
suspended on parafilm, which is then immediately blotted dry 
using kimwipe.

 5. The grids are then washed twice with ultrapure water, adding 
the water in the same manner as the glutaraldehyde.

 6. The VLP preparations are negatively stained by adding 2 % 
uranyl acetate in ultrapure water for 1.5 min in the same man-
ner as addition of the glutaraldehyde, wipe off the excess solu-
tion by kimwipe, and leave to air-dry.

 7. Fill the electron microscope dewar with liquid nitrogen to con-
densate the moisture and contamination inside the chamber.

 8. Place the grid on a single tilt specimen holder, check the status 
of the column valve (should be closed), and then insert the 
specimen holder into the electron microscope.

 9. Open the column valve and center the electron beam by adjust-
ing the X/Y position and the condenser stigmation knobs to 
get the electron beam and process the alignment protocols to 
maximize resolution.

 10. Set up the eucentric height by minimizing the image move-
ment with the change of the stage Z height. Eucentric height 
is important in TEM since it defines a reference point inside 
the microscope for all alignments, magnification, camera 
length, and so on. Therefore, one should always work at eucen-
tric height.

 11. Gun tilt/gun shift and beam tilt/beam shift should be well 
aligned using the alignment tools to maximize the image 
resolution.

 12. Select an appropriate working voltage, gun lens, spot size, 
aperture, and magnification to get an appropriate image.

 13. Collect images on various regions of the grids, at least in trip-
licate and at different magnifications, to get an adequate repre-
sentation of the species present (Fig. 6b).

4 Notes

 1. For VLPs, it is important to have the N- and C-terminus of the 
protein-free of affinity or cleavage-based residues (e.g., affinity 
tags, protease cleavage sites) since the oligomeric nature of the 
scaffold makes it difficult for complete removal of covalently 
linked amino acids by enzymatic digestion.

 2. To optimize protein yield, it might be necessary to grow 
multiple colonies under different temperature and reagent 
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conditions. This may help increase the quantity of high-quality 
protein produced in larger scale or in fermenters. For vaccine 
use, considerations such as scale up of protein and final cell 
expression system should be taken into account as the small- 
scale production protocol is being established.

 3. Purification by ion-exchange chromatography helps separate 
nucleic acid or protein contaminants. Endotoxin removal kits 
can be used to remove residual lipopolysaccharides (LPS) from 
the cell membrane of E. coli. The toxicity and other properties 
of LPS can affect immunogenicity studies [40, 41].

 4. The concentration can be derived from the UV spectra by 
using the Beer–Lambert law:

 A bC= e  

in which A represents absorbance at the given wavelength, ε is 
the molar absorptivity at that wavelength, b is the path length 
of the sample in centimeters, and C is the sample 
concentration.
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The above equation measures C at an absorbance of 280 nm, 
for a 1 cm path length cuvette. It is based on the molar extinc-
tion coefficients of 5540 M−1 cm−1 for tryptophan, 
1480 M−1 cm−1 for tyrosine residues, and 134 M−1 cm−1 for cys-
teine. Optical density or apparent absorbance is collected at 
A280, A320, and A350. n is the number of each respective amino 
acid in the protein sequence [27, 28].

 5. Bicinchoninic acid (BCA) and Bradford assays can help cir-
cumvent the issues due to the presence of nucleic acid in deter-
mining protein concentration. However, as bovine serum 
albumin (BSA) may not be an accurate standard or representa-
tion of a particular VLP, VLP standards should be used if 
available.

 6. For spherical particles, the Stokes–Einstein equation defines 
the relationship between the size of the particle and the diffu-
sion coefficients (D).
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d is particle diameter, kB is Boltzmann’s constant, T is tem-
perature (Kelvin), and η is liquid viscosity in centipoise. 
Irregular shapes that are non-spherical will not be accurately 
represented. Complementary techniques such as particle 
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shape characterization by flow imaging, molecular weight by 
asymmetric flow field- flow fractionation coupled with multi-
angle light scattering, and analytical ultracentrifugation should 
be used [42–45]. Small-angle neutron and X-ray scattering 
are also sensitive to different shapes and form factors [46].

 7. Morphological features of VLPs can be enhanced by using 
cryo-electron microscopy [47, 48]. Cryo-EM uses electron 
microscopy under cryogenic conditions (−180 °C in liquid 
nitrogen and −269 °C for helium). No staining or drying pro-
tocol is used, better maintaining conditions similar to the 
native state of the protein. Near-atomic reconstructions of 
VLP subunit positions such as trimers and pentamers can be 
obtained. The cryo-EM models help in determining the sym-
metric positions or axes (i.e., threefold or fivefold symmetry) 
guiding self- assembly.
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    Chapter 30   

 Laboratory Scale Production of Recombinant Haa86 Tick 
Protein in  Pichia pastoris  and in  Escherichia coli  System                     

     Binod     Kumar    ,     Azhahianambi     P.    , and     Srikant     Ghosh      

1         Introduction 

   Hyalomma anatolicum   , a tick vector for   Theileria annulata    respon-
sible for  bovine tropical theileriosis  ,  is   prevalent in many parts of the 
world and almost all over India and causes  heavy   economic loss to 
livestock sector [ 1 ]. As an alternative to acaricide, the immunologi-
cal control of  ticks   was found to be an effective component of the 
integrated control of the tick species [ 2 ]. In the line of success of 
Bm86-based vaccines against   Rhipicephalus  ( Boophilus )  microplus    
(TickGARD™, TickGARD plus™, and Gavac™) [ 3 – 5 ], the Bm86 
homologue of  H. anatolicum  was expressed in both  prokaryotic   
and eukaryotic expression systems, and its effi cacy against both 
homologous and heterologous challenge were recorded [ 6 ,  7 ]. 

 Purifi cation of native midgut antigen from  ticks   is tedious, 
laborious, time-consuming, and low-yielding procedure. 
Immunization trials in large animals followed by commercializa-
tion of vaccines necessitate the production of antigens in bulk 
quantities. Recombinant DNA technology using prokaryotic or 
eukaryotic expression systems have been utilized for the generation 
of targeted proteins in bulk. Both the above systems have certain 
advantage and disadvantage over each other (Table  1 ). Yeast offers 
site-specifi c integration, increase in copy number, leader sequence 
for the secretion of heterologous protein, posttranslational modifi -
cations, fast growth, and low-cost media [ 8 ,  9 ]. Similarly,  E. coli - 
based expression system is well known for its simplicity, fl exibility, 
and inexpensive expression of target protein. Moreover, extensive 
information of genetics and vast availability of compatible tools for 
genetic manipulation makes the system very popular [ 10 ].
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      The H. anatolicum  tick  parasitize   domestic (cattle, buffalo,  sheep  , 
and goat) and wild mammals and are abundant in semiarid zones 
of Asia, Near and Middle East, Southeastern Europe, and North 
Africa. In India,  H. anatolicum  has been incriminated as principal 
vector of   Theileria annulata   ,  T. buffeli , and  T. lestocardi  ( T. hirci ) 
in cattle, buffalo, and small ruminants [ 1 ,  11 ]. Besides  Theileria  
species, the vector is responsible for transmitting human diseases 
and the subject has recently been reviewed [ 12 ]. The tick species 
follows a three-host life cycle under natural conditions, but under 
laboratory condition, (on rabbit-calf model) it follows two-host 
life cycle [ 13 ]. The tick species was established as homogenous 
(GenBank accession no. HM176656)  T. annulata  free acaricide 
susceptible reference tick line, IVRI line-II (national registration 
no. NBAII/IVRI/HA/1/1998), was maintained in rabbit-calf 
model, and was used as starting material. The major disadvantage 
of managing tick vectors by the application of chemical acaricides 
is the development of acaricide-resistant isolates [ 14 ].   

1.1   Importance 
of  Hyalomma 
anatolicum 

   Table 1  
  Advantages and  disadvantages   of prokaryotic and eukaryotic expression system   

 Prokaryotic expression system  Eukaryotic expression system 

 Advantages  Advantages 

 • Easy cloning and genetic manipulation  • Post-translational modifi cations are possible 

 • Inexpensive to culture  • Protein secreted in medium can easily be 
purifi ed 

 • Rapid growth and fast expression  • Rapid growth and high expression 

 • Flexible in expression (multiple promoters, 
tags,  fusion proteins  , cleavage site, etc.) 

 • Usually work well for intracellular proteins 

 • Can be optimized for soluble expression vs 
inclusion bodies 

 Disadvantages  Disadvantages 

 • Unavailability of eukaryotic 
post-translational modifi cations 

 • Comparatively longer time required for 
selection of high-expression clone 

 • Lack of some tRNA common to eukaryotic 
genes which severely limits the expression 
and necessitates codon optimization of the 
eukaryotic gene to be expressed 

 • Inability to perform certain complex 
posttranslational modifi cations, such as prolyl 
hydroxylation and amidation as well as some 
types of phosphorylation and glycosylation 

 • Diffi cult to express the gene of interest as 
secretory protein 

 • Over glycosylation 

 • Formation of inclusion bodies and failure 
of proper folding of some proteins 

Binod Kumar et al.
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   The Haa86 is a homologue of Bm86 in  H. anatolicum .    The Haa86 
is a 657 amino acid long protein (1971 bp long gene, EU665682) 
having seven complete EGF-like domains. The identity of the EGF-
like domains (domain 1–7) of Haa86 protein with the correspond-
ing EGF-like domains of Bm86 was 78.3 %, 56.8 %, 60.9 %, 51.3 %, 
62.2 %, 69 %, and 65.8 %, respectively. The amino acid sequence 
homology between Haa86 and Bm86 (Austrian strain) is 62.6 %. 
The N-terminal region of the protein has a 48 amino acid long 
putative signal sequence and C-terminal has a 32 amino acid anchor-
ing sequence. Glycosylation of the Haa86 protein was confi rmed by 
silver nitrate staining (Glycoprotein staining) [ 7 ].  

    Pichia pastoris  is widely used as an expression host for the produc-
tion of a variety of intra- and extracellular recombinant proteins. 
The expression vector used in  P. pastoris  is based on the strong, 
tightly regulated promoter of the  P. pastoris  major alcohol oxidase 
gene ( AOX ) [ 15 ,  16 ]; has bacterial plasmid elements, pUCori, for 
propagation and amplifi cation of plasmid into bacteria; has differ-
ent elements like α-factor secretion signal for effi cient secretion of 
recombinant protein and 5′AOX1 promoter for plasmid integra-
tion to AOX1 locus of yeast chromosome; and allows methanol- 
inducible high-level expression of the gene of interest. The 
C-terminal polyhistidine (6 × His) tag present in the vector is help-
ful for the purifi cation of protein with metal-chelating resin and 
detection of protein using anti-histidine antibodies. Other genes 
associated with the yeast vector are Zeocin™ resistance (marker) 
gene and transcription termination sequence. The vector is inte-
grated into the host chromosome which provides mitotic  stability   
in the absence of selection.  

   To express the eukaryotic protein,    normally  E. coli  and its compat-
ible plasmid vector are the fi rst method of choice, available with 
many molecular tools and protocols. For instance, lists of expres-
sion plasmids, a large number of engineered  E. coli  strains, and 
many cultivation strategies make the  E. coli  a perfect host to express 
the heterologous proteins [ 17 ]. However, many times expressed 
protein does not fold properly and form aggregates called inclusion 
bodies inside the  E. coli . To avoid this happening, various strategies 
were used like expression at low temperature for short period of 
time or expression with highly soluble partner, such as thioredoxin 
(Thx), glutathione-S-transferase (GST), maltose- binding protein 
(MBP), etc., to improve the solubility of the expressed protein. 

 pET is a commercial prokaryotic expression vector (Novagen, 
USA) which was originally constructed by Studier and colleagues 
[ 18 – 20 ]. The pET32a is one of the important vectors of the pET 
series widely used in prokaryotic expression system. The vector 
possess a T7 promoter and terminator, thioredoxin (Trx) tag 
sequence, His-tag sequence, lac1 gene, pBR322 and f1 origin, 

1.2  Haa86

1.3  Eukaryotic 
Expression Host 
( Pichia pastoris ) 
and Vector (pPICZαA)

1.4   Prokaryotic 
Expression Host 
( Escherichia coli ) 
and Vector (pET32a)

Expression of  rHaa86 Protein in Pichia pastoris and in Escherichia coli 
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multiple cloning sites (MCS), ampicillin resistance gene, etc. It has 
many advantages over other expression vectors; the target gene is 
tightly regulated under strong T7 promoter for the transcription 
of gene and the leaky expression of T7 RNA polymerase was tightly 
regulated in host strain,  E. coli  BL21(DE3)PLysS, through pro-
duction of small amount of T7 lysozyme. The T7 lysozyme acts as 
inhibitor of T7 RNA polymerase at low level [ 21 ]. A 109 amino 
acid length thioredoxin protein is expressed along with the target 
protein which improves the protein folding and solubility through 
disulfi de bond formation and self-solubility. The  E. coli  strain 
NovaBlue or DH5α cells are used for the initial  cloning   of target 
DNA into pET vectors and for maintaining plasmids because they 
are  recA  −   endA  −  and have high transformation effi ciencies and 
good plasmid yields. For the expression of recombinant, protein 
cloned in pET vector must be transformed into  E. coli  strain con-
taining a chromosomal copy of the gene for T7 RNA polymerase 
like BL21(DE3), BL21(DE3)PLysS, etc. These hosts are lysogens 
of bacteriophage DE3, a lambda derivative that has the immunity 
region of phage  21  and carries a DNA fragment containing the  lacI  
gene, the  lacUV5  promoter, and the gene for T7 RNA polymerase 
[ 17 ,  22 ]. The fl ow diagram of expression of targeted protein in 
heterologous system is presented below (Fig.  1 ). 

2        Materials 

       1.        H. anatolicum  reference strain ( see   Note 1 ).   
   2.    Clean 25 ml collection vial.   
   3.    Tick washing solution (3 % H 2 O 2 , 70 % ethanol, distilled 

water).   
   4.    Electronic weighing machine.   
   5.    Deep freezer (−20 and −80 °C).      

       1.    Diethylpyrocarbonate (DEPC)-treated mortar and pestle and 
0.5, 1.5 and 2.0 ml Eppendorf tubes.   

   2.    Nuclease-free fi lter tips (10, 200, 1000 μl) and micropipettes.   
   3.    Liquid N 2 .   
   4.    Reagent for RNA isolation: TRIzol™ Reagent (Invitrogen, 

USA), Molecular grade chloroform and isopropyl alcohol 
(Amresco, USA), nuclease-free water (NFW) (Ambion, USA), 
70 % ethanol in nuclease-free water (mix 35 ml molecular grade 
absolute alcohol (Merck, Germany) in 15 ml NFW present in 
50 ml nuclease-free tube), and RNaseZap ®  (Ambion, USA).   

   5.    Tabletop refrigerated centrifuge (Hermle, Germany).   
   6.    Spectrophotometer (NanoDrop) (Thermo Scientifi c, USA).   

2.1  Tick ( H. 
anatolicum )

2.2  RNA Isolation 
and cDNA Preparation

Binod Kumar et al.
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   7.    cDNA preparation reagent: RevertAid H Minus First Strand 
cDNA Synthesis Kit, (MBI Fermentas, USA) containing 
reverse transcriptase (RT), RNase inhibitor, oligo-dT, RT buf-
fer, dNTPs, and NFW.   

   8.    Temperature-controlled dry bath/water bath (Genei, India).   
   9.    Deep freezer (−20 and −80 °C).      

               1.    PCR workstation,    0.2 ml PCR tubes, and PCR machine.   
   2.    PCR reagents: 10× PCR Buffer, 10 mM dNTPs, Hot Start 

Taq DNA Polymerase (MBI Fermentas, USA), cDNA, NFW, 
and custom synthesized forward (HA1) and reverse primer 
(HA2) at working dilution of 10 μM conc. in NFW [HA1—
5′CGGC GGATCC TTG TTC GTT GGC GCT ATT TTG 
CTC AT 3′ and HA2—5′CCC GGTACC TCTAGA TGC 
AAC GGA GGC GGC CAG TAA 3′].   

   3.    Agarose (Amresco, USA), 6× loading dye and GeneRuler™100 
DNA Ladder Plus (MBI Fermentas, USA), and ethidium bro-
mide (SRL, India) suitable for gel electrophoresis.   

2.3   Cloning 
and Sequencing

  Fig. 1    Flow diagram of rHaa86 protein production       

 

Expression of  rHaa86 Protein in Pichia pastoris and in Escherichia coli 
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   4.    Agarose gel electrophoresis: for 25 ml of 1.0 % agarose gel, use 
250 mg of ultrapure agarose (electrophoresis grade) with 
25 ml of 1× TAE. Prepare 500 ml of 50× TAE stock solution 
in ultrapure water with 121 g of Tris base, 50 ml 0.5 M diso-
dium EDTA (pH 8), and 28.55 ml glacial acetic acid.   

   5.    Electrophoresis system with power pack (Applied Biosystem, 
USA).   

   6.    Gel Documentation System (Syngene, UK).   
   7.    Laminar air fl ow cabinet, tabletop centrifuge, and NanoDrop 

spectrophotometer.   
   8.    QIAquick Gel Extraction Kit (Qiagen, Germany).   
   9.    InsTAclone PCR Cloning Kit (MBI Fermentas, USA): includes 

vector (pTZ57R/T), 5× ligation buffer, T4 DNA ligase, NFW, 
 E. coli  growth media (C-media), and reagent for competent 
cell preparation (T-Sol A and T-Sol B).   

   10.     E. coli  strain DH5α (F −  endA1 glnV44 thi-1 recA1 relA1 
gyrA96 deoR nupG Φ80d lacZ ΔM15 Δ( lacZYA - argF )U169, 
hsdR17(r K  −  m K  + ), λ−), culture plate, spreader, X-gal (20 mg/
ml, MBI Fermentas, USA), 1 M IPTG (MBI Fermentas, USA) 
(dissolve the 23.83 mg IPTG in 1 ml of distilled water, fi ltered 
through the 0.22 mm syringe fi lter and stored at −20 °C), and 
ampicillin (MBI Fermentas, USA) (100 mg/ml), dissolve 
100 mg of ampicillin Na in 1 ml of distilled water, fi ltered 
through the 0.22 mm syringe fi lter and stored at −20 °C.   

   11.    Agar plate: Dissolve the Luria-Bertani (LB) agar (Amresco, 
USA) in 50 ml of distilled water (for two plate) and mix well 
by heating and autoclave for 15 min. Dissolve 100 μl of X-gal, 
25 μl of 1 M IPTG, and 50 μl ampicillin after cooling the auto-
claved agar up to 50–60 °C. Pour the contents in presterilized 
culture plate. After solidifi cation of agar, it can be immediately 
used or stored at 37 °C for 24–48 h covered in aluminum foil.   

   12.    Stab culture tube: Add 1 ml of autoclaved LB agar mixed with 
ampicillin in sterile 1.5 ml Eppendorf tube, cool at room tem-
perature and at 4 °C for 1 week.   

   13.    DNA sequencing facility.       

       1.    GeneTool,  DNASTAR   software.   
   2.    National Centre for Biotechnology (NCBI) BLASTn online 

server.      

           1.    PCR workstation, 0.2 ml PCR tubes, and PCR machine.   
   2.    PCR reagent: 10× PCR Buffer, 10 mM dNTPs, Hot Start Taq 

Polymerase (MBI Fermentas, USA), template DNA 
(pTZHA86), NFW, and custom synthesized forward (HA3) 
and reverse primer (HA4) with suitable RE site (BamHI and 

2.4  Sequence 
Analysis and Design 
of Expression Primer 
for Targeted Gene

2.5  Expression 
of Haa86 in  Pichia 
pastoris 

Binod Kumar et al.
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XbaI, respectively) at working dilution of 10 μM conc. in NFW 
[HA3—5′CGGC GGATCC GGT AGA GAG GAT GAT TTC 
GTG TG 3′ and HA4—5′CCC TCTAGA GTCGAC TGT 
TGC TTC TGT AGT TGT TGC TTC T 3′].   

   3.    Agarose (Amresco, USA), 6× loading dye and GeneRuler ™ 100 
DNA Ladder Plus (MBI Fermentas, USA), and ethidium bro-
mide (SRL, India) suitable for gel electrophoresis.   

   4.    Agarose gel electrophoresis ( see  Subheading  2.3 ,  item 4 ).   
   5.    Agarose gel electrophoresis system with power pack (Applied 

Biosystem, USA).   
   6.    Gel documentation system (Syngene, UK).   
   7.    Laminar air fl ow cabinet, tabletop centrifuge, and NanoDrop 

spectrophotometer.   
   8.    Restriction enzymes (RE): BamHI, XbaI, EcoRI, NotI, and 

PmeI and 10× buffer [Yellow Tango, Buffer (B+), Buffer 
(NEB), Orange (O+) buffer] (MBI Fermentas, USA).   

   9.    Vector: Prokaryotic expression vector pPROEXHTb 
(Invitrogen, USA), prokaryotic cloning vector pBluescript II 
KS (+) (MBI Fermentas, USA), and yeast expression vector 
pPICZαA (Invitrogen, USA).   

   10.    T4 DNA ligase and 10× ligation buffer (MBI Fermentas, USA).   
   11.     E. coli   DH5α   competent cells (Invitrogen, USA).   
   12.    Culture plate, spreader, X-gal (20 mg/ml, MBI Fermentas, 

USA), 1 M IPTG, and ampicillin (100 mg/ml) ( see  
Subheading  2.3 ,  item 10 ).   

   13.    Agar plate ( see  Subheading  2.3 ,  item 11 ).   
   14.    Bacteriological and BOD incubators.   
   15.    LB broth (Amresco, USA): dissolve 2.5 g of LB powder in 

100 ml of distilled water and autoclave.   
   16.    Shaker incubator.   
   17.     SDS-PAGE   system and reagents (30 % Acrylamide/Bis- 

acrylamide solution (29:1)), 10 % sodium dodecyl sulfate (SDS), 
10 % ammonium persulfate (APS), 1.5 M Tris-HCl (pH 8.8), 
1 M Tris-HCl (pH 6.8), and TEMED (Sigma, USA).   

   18.    Running buffer: Dissolve 0.2 g SDS, 1 g Tris, and 14.5 g gly-
cine in 1000 ml of distilled water.   

   19.    Staining solution: Dissolve 0.02 mg Coomassie Brilliant Blue 
R250, 300 ml of methanol, and 100 ml of glacial acetic acid in 
600 ml of distilled water and fi lter through grade 4 fi lter paper 
and store in amber colored bottle.   

   20.    Destaining solution: Add 300 ml of methanol and 100 ml of 
glacial acetic acid in 600 ml of distilled water and store at room 
temperature.   

Expression of  rHaa86 Protein in Pichia pastoris and in Escherichia coli 
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   21.    Zeocin ®  (Invitrogen, USA) 100 μg/ml added LB agar (low 
salt, 0.5 %) plate.   

   22.    QIAprep spin Miniprep Kit and QIAquick Gel Extraction Kit 
(Qiagen, Germany).   

   23.    Mutant methylotrophic yeast strain:  Pichia pastoris  GS115 
( his4 ) (Invitrogen, USA).   

   24.    YPD (yeast extract peptone dextrose) agar medium (SRL, 
India).   

   25.    Ice cold autoclaved distilled water and ice cold sterile 1 M 
sorbitol.   

   26.    0.2 cm sterile electroporation cuvette (Bio-Rad) and  electro-
poration   apparatus (Bio-Rad).   

   27.    YPDS (yeast extract peptone dextrose sorbitol) agar plates 
containing 100 μg/ml of Zeocin ®  (Phleomycin D).      

       1.    Glycerol stock of positive  P. pastoris  Haa86 clone.   
   2.    Sterile BMGH (buffered minimal glycerol with histidine): To 

prepare 100 ml of medium, add 1.0 g yeast extract and 2.0 g 
peptone in 68.75 ml of distilled water, mix well, and autoclave 
for 15 min. After cooling add 10 ml each of 1 M potassium phos-
phate buffer pH 6.0, 10× yeast nitrogen base (34 g YNB and 
100 g ammonium sulfate in 1000 ml of distilled water), and 10× 
glycerol (dissolve 100 ml glycerol in 900 ml of distilled water, 
autoclave for 15 min), 1 ml 100×  L -histidine (dissolve 400 mg 
histidine in 100 ml distilled water, fi lter through 0.2 μ fi lter), and 
250 μl 500× biotin (20 mg biotin in 100 ml distilled water, fi lter 
through 0.2 μ fi lter). BMGY (buffered glycerol-complex 
medium) is similar to BMGH medium without histidine.   

   3.    Sterile BMMH (buffered minimal methanol with histidine) 
medium: To prepare 100 ml of medium, add 1.0 g yeast extract 
and 2.0 g peptone in 77.75 ml of distilled water, mix well, and 
autoclave for 15 min. After cooling add 10 ml each of 1 M 
potassium phosphate buffer pH 6.0 and 10× YNB, 1 ml abso-
lute ethanol, 1 ml 100×  L -histidine, and 250 μl 500× biotin.   

   4.    Disruption buffer 1 (DB1) containing 50 mM sodium phos-
phate, 5 mM EDTA, 10 % sucrose, 0.3 M NaCl, and 2 mM 
2-mercaptoethanol, pH 7.0.   

   5.    Sonicator.   
   6.    Disruption buffer 2 (DB2) containing 50 mM sodium phos-

phate, 5 mM EDTA, 0.5 % Triton X-100, 0.3 M NaCl, and 
1 mM 2-mercaptoethanol, pH 7.0.   

   7.    Washing buffer (WB) containing 50 mM sodium phosphate 
and 5 mM EDTA, pH 7.0.   

   8.    Pre-extraction buffer (PEB) containing 50 mM sodium phos-
phate, 5 mM EDTA, and 0.8 M urea, pH 7.0.   

2.6  Culture 
and Purifi cation 
of Yeast 
Expressed rHaa86

Binod Kumar et al.
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   9.    Extraction buffer (EB) containing 50 mM sodium phosphate, 
5 mM EDTA, 8 M urea, and 2 mM 2-mercaptoethanol, pH 7.0.   

   10.    Refolding buffer (RB) containing 25 mM Na 2 HPO 4  and 
1.5 mM EDTA, pH 10.5.   

   11.    50 kDa cut off ultrafi lter (PALL life sciences).   
   12.    1 N HCl.   
   13.     SDS-PAGE   system and reagents ( see  Subheading  2.5 ,  item 17 

and 18 ).   
   14.    25 % isopropyl alcohol, 7.5 % and 10 % acetic acid, and 0.2 % 

aqueous periodic acid in distilled water.   
   15.    Freshly prepared fi ltered ammoniacal silver solution (100 ml 

containing 1.4 ml NH 4 OH, 21 ml 0.36 % NaOH, and 4 ml 
19.4 % AgNO 3 ).   

   16.    Freshly prepared destaining solution (0.005 % citric acid, 
0.019 % formaldehyde solution, and 10 % methanol).      

        1.    PCR work station, 0.2 ml PCR tubes, and PCR machine.   
   2.    Haa86 positive clone (TA-cloning vector containing Haa86 

insert).   
   3.    PCR reagent: 10× PCR buffer, 10 mM dNTPs, Hot Start Taq 

Polymerase (MBI Fermentas, USA), template DNA 
(pTZHA86), NFW, and custom synthesized forward (HA3) 
and reverse primer (HA4) with suitable RE site (EcoRI and 
XhoI, respectively) at working dilution of 10 μM conc. in 
NFW ( see  Subheading  2.5 ,  item 2 ).   

   4.    Agarose (Amresco, USA), 6× loading dye and GeneRuler ™ 100 
DNA Ladder Plus (MBI Fermentas, USA), and ethidium bro-
mide (SRL, India) suitable for gel electrophoresis.   

   5.    Agarose gel electrophoresis ( see  Subheading  2.3 ,  item 4 ).   
   6.    Electrophoresis system with power pack.   
   7.    Gel documentation system, tabletop centrifuge, and NanoDrop 

spectrophotometer.   
   8.    Restriction enzymes (RE): EcoRI, XhoI, and 10× Tango yel-

low buffer (MBI Fermentas, USA).   
   9.    Prokaryotic expression vector pET32(a) (Invitrogen, USA).   
   10.    T4 DNA ligase and 10× buffer.   
   11.     E. coli  NovaBlue and Bl21(DE3)PLysS competent cells 

(Invitrogen, USA).   
   12.    Culture plate, spreader, 1 M IPTG, ampicillin (100 mg/ml), 

and chloramphenicol (34 mg/ml)—dissolve 34 mg chloram-
phenicol in 1 ml of absolute ethanol and store at −20 °C ( see  
Subheading  2.3 ,  item 10 ).   

   13.    Agar plate with ampicillin ( see  Subheading  2.3 ,  item 11 ), add 
only 50 μl ampicillin; do not use X-gal and IPTG.   

2.7  Expression 
of Haa86 in  E. coli 
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   14.    Agar plate with ampicillin and chloramphenicol ( see  
Subheading  2.3 ,  item 11 ), add 50 μl each of ampicillin and 
chloramphenicol; do not use X-gal and IPTG.   

   15.    Bacteriological incubator.   
   16.    LB broth (Hi-Media, India): dissolve 2.5 g of LB powder in 

100 ml of distilled water and autoclave.   
   17.    Shaker incubator.   
   18.    QIAprep Spin Miniprep Kit and QIAquick Gel Extraction Kit 

(Qiagen, Germany).   
   19.     SDS-PAGE   system and reagents ( see  Subheading  2.5 ,  item 

17 ).   
   20.    6× sample buffer and molecular weight protein marker (Genei, 

India).   
   21.    Running buffer, staining, and destaining solutions ( see  

Subheading  2.5 ,  items 18 – 20 ).      

       1.    Glycerol stock of positive Haa86  E. coli  clone [pET32(a)
Haa86- BL21(DE3)PLysS].   

   2.    Two 250 ml conical fl ask with 50 ml LB broth in each (dis-
solve 2.5 g of LB powder in 100 ml of distilled water and auto-
clave for 15 min).   

   3.    1 M IPTG, ampicillin (100 mg/ml), and chloramphenicol 
(34 mg/ml) ( see  Subheading  2.3 ,  item 10  and Subheading  2.7 , 
 item 12 ).   

   4.    Shaker incubator.   
   5.    50 ml centrifuge tubes and centrifuge machine.   
   6.    Lysis buffer (8 M urea, 100 mM NaH 2 PO 4 , 10 mM Tris, pH 

8.0).   
   7.    Ni-NTA superfl ow resin (Qiagen, Germany).   
   8.    Washing buffer (8 M urea, 100 mM NaH 2 PO 4 , 10 mM Tris, 

pH 6.3 and 5.9).   
   9.    Elution buffer (8 M urea, 100 mM NaH 2 PO 4 , 10 mM Tris, 

pH 4.5).   
   10.    Different concentration of urea (6, 4, 2 M) in PBS pH 7.2.   
   11.    Autoclaved PBS pH 7.2.   
   12.    10 kDa cutoff dialysis bag and protein cutoff fi lter.   
   13.    Cocktail protease inhibitor (Amresco, USA).       

2.8  Culture 
and Purifi cation of  E. 
coli  Expressed rHaa86
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3    Methods 

 A 1965 bp gene fragment of Haa86 was amplifi ed by PCR with 
primers HA1 and HA2. This fragment was cloned into pTZ57R/T 
vector to obtain the construct pTZHA86 (Subheading  3.3 ). 
Sequence length of 144 bp from 5′ end and 96 bp from 3′ end was 
deleted from the ORF of Haa86 by performing PCR with primers 
HA3 and HA4. The shortened Haa86 ORF with the size of 
1755 bp was cloned, and the resulting plasmid construct was des-
ignated as pPROHA86. The 1755 bp Haa86 gene fragment was 
subcloned into pBluescript II KS (+), and the recombinant con-
struct was designated as pBLHA86. The size of the insert released 
from the pBLHA86 was digested with EcoRI and NotI and 
 calculated to be 1799 bp. Finally, the 1799 bp Haa86 gene frag-
ment was subcloned into  P. pastoris  expression vector to obtain the 
construct pPICHA86 (Fig.  2 ) (Subheading  3.5 ). To express the 
protein in prokaryotic expression system, the 1755 bp ORF of 
Haa86 was amplifi ed using HA3 and HA4 primer pair and cloned 
into pET32a vector. After positive selection of clone, the recombi-
nant plasmid (pETHA86) was transformed into expression host  E. 
coli - BL21(DE3)PLysS (Subheading  3.7 ).

         1.    Collect the engorged nymphs from animal and incubate in 
BOD incubator for 10–15 days ( see   Note 1 ).   

   2.    Wash the hatched out adult tick fi rst in 3 % H 2 O 2 , followed by 
70 % ethanol, and fi nally in distilled water. Soak dry the water 
adhered to  ticks   using paper towel ( see   Note 2 ).   

3.1  Collection 
of   Hyalomma 
anatolicum    Unfed 
Adult Tick

  Fig. 2     Cloning   strategies of Haa86 in eukaryotic expression vector (pPICZαA)       
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   3.    Weigh 50 mg of adult tick in 1.5 ml autoclaved tubes and store 
at −80 °C.      

       1.    Day before RNA isolation, treat the mortar and pestle and 0.2, 
1.5, and 2.0 ml tubes with 0.01 % DEPC in distilled water for 
overnight and autoclave ( see   Note 3 ). Wear gloves for entire 
process of RNA isolation.   

   2.    Take out the preserved  ticks   from −80 °C. Immediately make 
a small hole on cap of tube and dip in liquid nitrogen hanging 
through a piece of thread for 5 min ( see   Note 4 ).   

   3.    Apply the RNaseZap ®  around the workplace ( see   Note 5 ).   
   4.    Quickly add liquid nitrogen-treated  ticks   into mortar and 

grind it with the help of pestle.   
   5.    Add 1 ml TRIzol ®  reagent and mix well ( see   Note 6 ).   
   6.    Collect the mixture in 1.5 ml tube and incubate at 4 °C for 

30 min or −20 °C for overnight.   
   7.    Centrifuge at 14,000 ×  g  for 10 min at 4 °C and collect the 

upper aqueous phase into a new 1.5 ml tube kept on ice.   
   8.    Add 200 μl of chloroform (0.2 volume of TRIzol) and vortex 

for 5–6 times ( see   Note 7 ).   
   9.    Centrifuge at 14,000 ×  g  for 10 min at 4 °C and collect the 

upper aqueous phase into a new 1.5 ml tube kept on ice.   
   10.    Add 500 μl of isopropyl alcohol (0.5 volume of TRIzol) and 

mix gently. Incubate for 10 min at 4 °C or −20 °C for over-
night ( see   Note 8 ).   

   11.    Pellet the RNA, centrifuge at 12,000 ×  g  for 10 min at 4 °C, 
and discard the liquid.   

   12.    Wash the RNA pellet by adding 500 μl of 70 % ethanol in 
NFW, incubate for 5 min, and centrifuge at 10,000 ×  g  for 
2 min. Discard the liquid. Repeat this step for three times ( see  
 Note 9 ).   

   13.    Air dry the RNA pellets and tube ( see   Note 10 ).   
   14.    Add 50–100 μl of NFW, incubate on ice for 10 min, mix the 

RNA by mild tapping of the tube, and aliquot in 0.2 ml tubes.   
   15.    Measure the concentration by taking OD at 260 nm using 

NanoDrop spectrophotometer and store at −80 °C.   
   16.    Prepare the cDNA following the kit protocol (RevertAid H 

Minus cDNA synthesis kit, Thermo Scientifi c, USA) using 
oligo-dT primer.   

   17.    Store the cDNA at −20 °C.      

                1.    Custom  synthesis   of oligo primer based upon conserved region 
of tick gene ( see   Note 11 ).   

   2.    Amplifi cation of the targeted gene: For 25 μl reaction add 2.5 μl 
10× Taq buffer, 0.5 μl 10 mM dNTPs, 1 μl each of 10 mM for-

3.2  Whole RNA 
Isolation and cDNA 
Preparation

3.3   Cloning 
and Sequencing 
of Haa86 Gene
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ward (HA1) and reverse (HA2) primer, 1 μl (10–100 ng) cDNA, 
0.3 μl Hot Start Taq Polymerase (5 unit/μl), and NFW to make 
25 μl. Run the PCR as initial denaturation at 95 °C for 5 min and 
further 30 cycles at 94 °C for 1 min, 57 °C for 1 min, and 72 °C 
for 2 min and a fi nal extension at 72 °C for 10 min.   

   3.    Extraction of amplifi ed product: Resolve the PCR product in 1 % 
agarose gel along with 100 bp plus DNA ladder, slice out the gel 
region containing targeted amplicons. Isolate the amplicons from 
gel slice following the protocol and reagent of gel extraction kit.   

   4.    Quantify the amplicons concentration using NanoDrop 
spectrophotometer.   

   5.    Setting of ligation reaction: Follow the guidelines of InsTAclone 
PCR Cloning Kit with slight modifi cation. Typically for 30 μl 
reaction, add 3 μl vector (pTZ57R/T) and 5 μl gel- purifi ed prod-
uct in a 0.2 ml PCR tube and incubate at 65 °C for 5 min and 
then add 6 μl 5× buffer, 1 μl T4 DNA ligase, and 15 μl nuclease-
free water. The ligation reaction is to be incubated at 4 °C over-
night and then heat killed at 70 °C for 10 min ( see   Note 12 ).   

   6.    Preparation of  E .   coli    DH5α competent cells: Follow the 
guidelines of InsTAclone PCR Cloning Kit ( see   Note 13 ).   

   7.    Transformation of ligated product into  E. coli  DH5α compe-
tent cells: Add 2 μl of ligation mix into 1.5 ml tube kept on ice 
and subsequently transfer 50 μl competent cell suspension in 
it. Incubate for 5 min on ice. Spread the transformed cell sus-
pension on to the pre-warmed (37 °C) LB agar plate  containing 
X-gal, IPTG, and ampicillin using sterile spreader under lami-
nar air fl ow. After drying of surface moister, wrap the plate in 
aluminum foil and incubate at 37 °C upside down in a bacte-
riological incubator for overnight ( see   Note 14 ).   

   8.    Select white bacterial colony from the plate having circular cir-
cumference ( see   Note 15 ).   

   9.    Confi rmation of the positive colonies by colony PCR: Take 
small part of the colony in 50 μl NFW present in 0.5 ml tube 
using bacteriological loop or 10 μl tip. Boil for 10 min in boil-
ing water bath and centrifuge at 12,000 ×  g  for 2 min. Use the 
supernatant as template DNA in a PCR reaction as stated 
above ( see  Subheading  3.3 ,  step 2 ).   

   10.    Growing of the colony in LB broth containing 100 μg/ml 
ampicillin: Left over colony (after colony PCR mix) is trans-
ferred to a 5 ml LB broth containing 100 μg/ml ampicillin 
(use 5 μl of stock ampicillin) present in 50 ml sterile tube. 
Incubate at 37 °C, 150 rpm for 5–6 h.   

   11.    Preparation of stab culture: Dip 10 μl sterile tips in bacterial 
culture and pierce it into stab. Incubate at 37 °C for 12–16 h. 
Label it and send to DNA sequencing facility for nucleotide 
sequencing using 13 M forward and reverse primer. Positive 
recombinant plasmid can be designated as pTZHA86.       
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       1.    Select the targeted sequence.   
   2.     BLAST   the sequence at BLASTn program of NCBI.   
   3.    Select the coding DNA sequence (CDS) and identify the RE 

site within CDS.   
   4.    Select the RE site(s) which are not present in CDS but avail-

able in multiple cloning sites (MCS) of the expression 
vectors.   

   5.    Design the primer with different RE site(s) at 5′ ends of both 
forward and reverse primer.   

   6.    Add 2–4 nucleotides upstream of the 5′ end before RE site.      

            1.    Amplifi cation of Haa86 gene fragment (CDS) using primer 
HA3 and HA4: For 25 μl PCR reaction, use 2.5 μl 10× PCR 
buffer, 0.5 μl dNTP, 1 μl each of the primers HA3 and HA4, 
1 μl template DNA (pTZHA86), 0.3 μl of Hot Start Taq 
Polymerase (MBI Fermentas, USA), and 18.7 μl NFW. PCR 
condition to be set as initial denaturation at 95 °C for 5 min 
and further 30 cycles at 94 °C for 1 min, 47 °C for 1 min, and 
68 °C for 2 min and a fi nal extension at 68 °C for 10 min.   

   2.    Run the PCR product in 1 % agarose gel and purify the tar-
geted amplicons using gel extraction kit.   

   3.    Quantify the concentration of amplicons using NanoDrop 
spectrophotometer.   

   4.    Double digest the vector pPROEXHTb and amplicons separately 
with BamHI and XbaI restriction enzymes. Typically set 50 μl 
reaction where 1 μg of vector and 2 μg of amplicons to be digested 
at 37 °C for 6 h in 1× Tango buffer by 2 unit each of RE.   

   5.    Resolve the digested products separately in 1 % agarose gel and 
purify the digested products using gel extraction kit.   

   6.    Setting up of ligation reaction for digested vector and ampli-
cons: Add 10× ligation buffer (10 mM Tris–HCl, pH 7.5, 
10 mM MgCl 2 , 0.1 mg/ml BSA, 0.5 mM ATP), 70 ng of 
digested vector (pPROEXHTb), 200 ng of digested targeted 
gene, and 1 unit of T4 DNA ligase in 35 μl reaction volume. 
Incubate at 4 °C overnight and heat inactivate the enzyme at 
70 °C for 10 min.   

   7.    Prepare the  E .   coli    DH5α competent cells ( see   Note 13 ).   
   8.    Transform the ligated product in  E. coli  DH5α competent cells 

( see  Subheading  3.3 ,  step 7 ).   
   9.    Screen the positively transformed cells from culture plate ( see  

Subheading  3.3 ,  step 9 ).   
   10.    Extraction of the plasmid (pPROHA86): Grow the PCR positive 

colony (leftover) in a 5 ml LB broth containing 100 μg/ml ampi-
cillin present in 50 ml sterile tube. Incubate in a shaking incubator 

3.4  Sequence 
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at 37 °C and 150 rpm for 4–5 h. Extract the plasmid using the 
protocol of QIAprep Spin Miniprep Kit and store at −20 °C.   

   11.    Confi rmation of positively transformed colony for expression of 
rHaa86: Grow the clone in 50 ml LB broth containing 100 μg/ml 
ampicillin (add 50 μl stock ampicillin) at 37 °C for 3 h. Subsequently, 
add 50 μl 1 M IPTG to it and continue the growth for next 4 h. 
Collect 1 ml culture and harvest the cell. Solubilize the harvested 
cells into 100 μl 1× sample buffer and boil for 10 min. After brief 
centrifugation, load 10 μl in  SDS- PAGE  . Observe the expressing 
colonies on gel after staining and destaining.   

   12.    Releasing of gene insert from expressing pPROHA86 by BamHI 
and XbaI restriction enzymes: Set a 20 μl reaction contain 1 μg 
vector, 1× Tango buffer, and 1 unit each of BamHI and XbaI at 
37 °C for 6 h. Purify the released product using gel extraction kit.   

   13.    Digest the vector pBluescript II KS(+) with BamHI and XbaI 
restriction enzymes. Follow the above protocol.   

   14.    Ligate the gene insert released from pPROHA86 and digested 
pBluescript II KS(+) ( see  Subheading  3.5 ,  step 6 ).   

   15.    Transform the ligated product into  E. coli   DH5α   competent 
cells ( see  Subheading  3.3 ,  step 7 ).   

   16.    Screen the positively transform cells from culture plate ( see  
Subheading  3.3 ,  step 9 ).   

   17.    Extract the plasmid (pBLHA86) from positive clone ( see  
Subheading  3.5 ,  step 10 ).   

   18.    Releasing of gene insert from pBLHA86 by EcoRI and NotI 
restriction enzymes: Set a 50 μl reaction contain 2 μg vector, 
Orange (O+) buffer, and 1 unit each of EcoRI and NotI at 37 °C 
for 4 h. Purify the released product using gel extraction kit and 
quantify the concentration using NanoDrop spectrophotometer.   

   19.    Digest the vector pPICZαA with EcoRI and NotI restriction 
enzymes. Follow the above protocol.   

   20.    Ligate the gene insert released from pBLHA86 and digested 
pPICZαA ( see  Subheading  3.5 ,  step 6 ).   

   21.    Transform the ligated product into  E. coli  DH5α competent 
cells. Spread the transformed cells on to LB agar plate contain-
ing 100 μg/ml Zeocin ®  ( see  Subheading  3.3 ,  step 7 ).   

   22.    Screen the positively transform cells from culture plate ( see  
Subheading  3.3 ,  step 9 ).   

   23.    Extract the plasmid (pPICZHA86) from positive clone ( see  
Subheading  3.5 ,  step 10 ).   

   24.    Linearization of plasmid (pPICZHA86) by Pme 1 restriction 
enzymes: Set up 100 μl (25 × 4) reaction to linearize the pPIC-
ZHA86 with PmeI (MssI). Mix 20 μl vector (20 μg), 2 μl Pme1 
enzyme (20 unit) and 10 μl 10× Buffer (B+) in 68 μl of nucle-
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ase-free water. Incubate the reaction at 37 °C for 12 h. Purify 
the digested product using gel extraction kit ( see   Note 16 ).   

   25.    Preparation of electrocompetent  P. pastoris  GS115 ( his4 ): 
Inoculate 1 ml glycerol stock of  P. pastoris  GS115 ( his4 ) into 
10 ml YPD medium and incubate in orbital shaker 
(280 rpm/28 °C/16 h). Subculture into 200 ml of YPD medium 
by adding 2 ml starter culture in orbital shaker (280 rpm/28 °C) 
to attain 1.5 OD 600.  Pellet the cells at 1500 ×  g /5 min/4 °C and 
resuspend in 200 ml of ice cold autoclaved distilled water. Again 
pellet the cell suspension and suspend in 20 ml ice cold sterile 
1 M sorbitol. The cell suspension was kept on ice and immedi-
ately use for electro transformation ( see   Note 17 ).   

   26.    Transformation of the linearized pPICZHA86 into electrocompe-
tent  P. pastoris  GS115 ( his4 ) cells: Collect the 80 μl cell suspension 
into an autoclaved 1.5 ml tube. Add 20 μl (7.5 μg) of the linear-
ized pPICZHA86 and mix gently. Take this  mixture into a sterile 
electroporation cuvette (0.2 cm) and incubate on ice for 5 min. 
Place the cuvette holder of the  electroporation   apparatus inside the 
laminar fl ow and fi t the cuvette containing cells and DNA in it. 
Pulse the cells with a potential difference of 1.5 kV, resistance of 
200 Ω, and capacitance of 25 μF for 5 ms. Add 1 ml of ice cold 
sterile 1 M sorbitol into the cuvette immediately. Finally, incubate 
the cuvette at 30 °C for 1 h in BOD incubator without shaking.   

   27.    Growing of transform cells on YPDS agar plates containing 
100 μg/ml of Zeocin ®  (Phleomycin D): Spread 100 μl of the 
transformed cell suspension on the YPD agar plates containing 
100 μg/ml of Zeocin ®  (Phleomycin D) and incubate the plate 
in BOD incubator at 30 °C for 72 h (Fig.  3 ).

  Fig. 3    Recombinant  Pichia pastoris  colony on YPD agar       
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       28.    Streaked some (10–15) of the good texture colony on new 
YPD agar plates containing 100 μg/ml Zeocin ® . Streaked the 
colonies separately on the YPD agar plates containing 100 μg/
ml Zeocin ®  and incubate in BOD incubator at 30 °C/48 h. 
Numbered the streaked colonies and store at 4 °C.   

   29.    Screen 4–5 colonies for presence of insert through colony PCR 
( see  Subheading  3.3 ,  step 9 ).   

   30.    Preparation of glycerol stock of the positive clone and storing 
at −80 °C: Culture the positively selected colonies into 10 ml 
BMGH media at 30 °C for 7 h and then add 1.7 ml autoclaved 
glycerol to it. Aliquot into 1 ml and store at −80 °C.      

       1.    Growing of glycerol stock of positive clone(s) in basal mini-
mum complex glycerol medium with histidine (BMGH): 
Inoculate 1 ml of  P. pastoris  HAA86 glycerol stock into 50 ml 
BMGH medium and grow in orbital shaker at 28 °C/230 rpm 
to reach 1.0 OD at 600 nm. Harvest the cell at 
2000 ×  g /10 min/4 °C.   

   2.    Growing in basal minimum complex methanol medium with 
histidine (BMMH): Resuspend the above harvested cells in 
200 ml of BMMH medium and incubate in orbital shaker at 
28 °C/230 rpm/120 h. Pellet the induced  P. pastoris  HAA86 
culture at 14,000 ×  g /25 min.   

   3.    Suspend the BMMH grown yeast pellet in disruption buffer 1 
(DB1). Use 1.6 ml DB1 per gram of yeast pellet.   

   4.    Sonicate the suspension at 10,000 Hz for 5 min interspersed 
with a period of cooling on ice. Pellet the cells by centrifuga-
tion at 20,000 ×  g /25 min.   

   5.    Dissolve the pellet in disruption buffer 2 (DB 2) (4 volume of 
DB1) and incubate at 37 °C for 1 h on a shaker. Pellet the cells 
by centrifugation at 20,000 ×  g /25 min.   

   6.    Pellet from DB2, dissolve in wash buffer (WB) (4 volume of 
DB2), and re-pellet it.   

   7.    Dissolve the pellet in pre-extraction buffer (PB) (2 volume of 
wash buffer) and again re-pellet.   

   8.    Suspend the pellet in WB (2 volume) again.   
   9.    Finally, centrifuge to form pellet, dissolve into 2 ml of extrac-

tion buffer (EB).   
   10.    Centrifuge at 30,000 ×  g  for 25 min to collect the supernatant 

and store at −20 °C.   
   11.    Add refolding buffer (RB) into the above supernatant after thaw-

ing. Dilute the supernatant with ten times of RB slowly for 8 h.   
   12.    Concentrate the protein by 50 kDa cutoff ultrafi lter. Collect the 

supernatant solution in cutoff fi lter and spin at 5000 ×  g  for 50 min.   

3.6  Purifi cation 
of Yeast Expressed 
rHaa86 Protein
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   13.    Precipitation of the contaminated yeast protein: Lower the pH 
of the supernatant solution to pH 4.8 by slowly adding 1 N 
HCl. Incubate at 4 °C for 15 min and precipitate the pellet at 
16,000 ×  g /20 min/25 °C.   

   14.    Concentrate the purifi ed rHaa86 protein by 50 kDa cutoff 
ultrafi lter.   

   15.    Resolve the protein on 8 %  SDS-PAGE  .   
   16.    Staining of the gel with silver nitrate stain to determine glyco-

sylation: After electrophoresis, soak the gel in 25 % isopropyl 
alcohol followed by 10 % acetic acid for overnight at room 
temperature then soak in 7.5 % acetic acid for 30 min. Transfer 
the gel in 0.2 % aqueous periodic acid for 1 h at 4 °C. Wash the 
gel with several changes of distilled water for 3 h. Treat gel 
with freshly prepared, fi ltered ammoniacal silver solution for 
10 min. Immediately wash for 2 min in distilled water. Transfer 
the gel into freshly prepared solution containing 0.005 % citric 
acid, 0.019 % formaldehyde solution, and 10 % methanol. 
Wash the gel thoroughly in distilled water for 1 h with agita-
tion and several changes.      

           1.    Amplifi cation of the targeted sequence: For 50 μl  reaction   add 
5.0 μl 10× Taq buffer, 1.0 μl 10 mM dNTPs, 2 μl each of 
10 mM forward (HA3) and reverse (HA4) primer, 1 μl (10–
100 ng) Haa86 positive plasmid (pTZHA86), and 0.4 μl Hot 
Start Taq Polymerase (5 unit/μl). Run the PCR as initial dena-
turation at 95 °C for 5 min and further 30 cycles at 94 °C for 
1 min, 47 °C for 1 min, and 68 °C for 2 min and a fi nal exten-
sion at 68 °C for 10 min.   

   2.    Extraction of amplifi ed product: Resolve the PCR product in 
1 % agarose gel along with 100 bp plus DNA ladder and slice 
out the gel region containing targeted amplicons. Isolate the 
amplicons from gel slice following the protocol and reagent of 
gel extraction kit.   

   3.    Quantify the amplicons concentration using NanoDrop 
spectrophotometer.   

   4.    Digestion of the amplicons and expression vector (pET32a): 
Set up the reaction separately for amplicons and vector. For 
20 μl reaction, use 2 μl vector (1 μg), 2 μl 10× RE buffer, 1 μl 
each of EcoRI and XhoI restriction enzymes, and 14 μl of 
NFW. Incubate at 37 °C for 2 h followed by 70 °C for 10 min. 
Similarly, use 0.2 μg of amplicons in reaction and follow the 
above guide lines. Purify both digested vector and amplicons 
using gel extraction kit.   

   5.    Quantify the concentration of digested vector and amplicons.   
   6.    Setting up of ligation reaction: Typically for 20 μl reaction, add 

2 μl gel-purifi ed digested vector (100 ng) and 5 μl gel- purifi ed 
digested amplicons (250 ng) in a 0.2 ml PCR tube and incu-
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bate at 65 °C for 5 min, then add 4 μl 5× buffer, 1 μl T4 DNA 
ligase, and 8 μl nuclease-free water. The ligation is incubated at 
4 °C overnight and then heat killed at 70 °C for 10 min.   

   7.    Transformation of ligated product into  E. coli  NovaBlue ®  com-
petent cells: Add 2 μl of ligation mix into 0.5 ml tube contain-
ing pre-aliquoted 20 μl competent cell on ice. Incubate for 
5 min on ice then give heat shock (immerse the tube for 45 s 
in water with a temperature of 42 °C and again put on ice). 
Incubate for 5 min on ice. Add 100 μl SOC media in the above 
tube at room temperature and incubate at 37 °C for 45 min. 
Spread the transformed cell suspension on pre- warmed (37 °C) 
LB agar plate containing ampicillin using sterile spreader under 
laminar air fl ow. After drying of surface moisture, wrap the 
plate in aluminum foil and incubate at 37 °C upside down in a 
bacteriological incubator for overnight.   

   8.    Select the bacterial colony from the plate having circular 
circumference.   

   9.    Confi rmation of the positive colony by colony PCR: Take 
small part of colony in a 50 μl NFW using bacteriological loop 
or 10 μl tip in a 0.5 ml tube. Boil for 10 min in boiling water 
bath and centrifuge at 10,000 g for 2 min. Use the supernatant 
as a template DNA in a PCR reaction as stated above ( see  
Subheading  3.7 ,  step 1 ).   

   10.    Growing of the PCR confi rmed colony in LB broth containing 
100 μg/ml ampicillin: Leftover colony after colony PCR mix in a 
5 ml LB broth containing 100 μg/ml ampicillin present in 50 ml 
sterile tube. Incubate at 37 °C in a shaking incubator for 5–6 h.   

   11.    Use QIAprep Spin Miniprep Kit for isolation of bacterial plas-
mid (pETHA86).   

   12.    Testing for insert release: Set up the 20 μl plasmid digestion 
reaction. Use the vector digestion protocol ( see  Subheading  3.7 , 
 step 4 ).   

   13.    Transformation of positive plasmid (pETHA86) into expression 
host  E. coli  BL21(DE3)PLysS ( see  Subheading  3.7 ,  step 7 ). Use 
LB agar plate containing both ampicillin and chloramphenicol.   

   14.    Growing of 5–6 bacterial colonies in LB broth containing 
100 μg/ml ampicillin and 34 μg/ml chloramphenicol: Number 
the colonies using marker pen on plate. Take out half the col-
ony from plate and add in 5 ml LB broth containing 100 μg/
ml ampicillin and 34 μg/ml chloramphenicol present in 50 ml 
sterile tube. Incubate it at 37 °C in a shaking incubator for 
3–4 h. Induce the culture by adding 5 μl of 1 M IPTG and 
grow additionally for 3–4 h. Keep one tube as uninduced, i.e., 
without IPTG.   

   15.    Selection of the bacterial colonies having good expression: 
Collect 1 ml culture from each tube into labeled 1.5 ml 
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Eppendorf tube. Centrifuge at 12,000 ×  g  for 1 min. Discard 
the supernatant and dissolve the bacterial pellet into 50 μl dis-
tilled water. Add 10 μl 5× sample buffer and mix well. Boil the 
content present in 1.5 ml tube for 10 min in boiling water 
bath. Centrifuge at 12,000 ×  g  for 2 min. Load 10 μl of this cell 
lysate in 10 % polyacrylamide gel containing SDS along with 
protein marker. Run the PAGE to resolve the proteins. After 
20 min of staining into Coomassie Brilliant Blue R250 stain, 
destain the gel in destaining solution for 1–2 h. Observe the 
band of expressed protein in gel at expected molecular weight.   

   16.    Preparation of glycerol stock of good expressed bacterial 
clone(s): Review the recorded data to identify clones having 
good expression by retrospective study of data recorded in data 
book. Grow the colony present in plate into 5 ml LB broth con-
taining antibiotics as above for 4–5 h. Subculture in 2 ml LB 
broth containing antibiotics in 15 ml sterile tube. Add 200 μl of 
bacterial culture and grow at 37 °C in a shaker incubator for 1 h. 
Place the tube on ice and add 330 μl of pure sterile glycerol and 
mix it. Make the 0.5 ml aliquot in sterile 1.5 ml tubes. First 
freeze at −20 °C for 2–4 h and fi nally store at −80 °C.       

       1.    Preparation of fresh culture of positive clone: Thaw a glycerol 
stock of clone on ice and centrifuge at 10,000 ×  g  for 1 min to 
pellet the bacteria. Discard the supernatant and add the pellet 
into 5 ml LB broth containing 100 μg/ml ampicillin and 34 μg/
ml chloramphenicol present in 50 ml sterile tube. Incubate in 
shaker incubator (37 °C and 150 rpm) for 5 h. Again subculture 
it in 5 ml LB broth with antibiotics as stated above, overnight.   

   2.    Shake fl ask culture of bacterial clones: Autoclave 50 ml LB broth 
in a 250 ml fl ask, cool to 37 °C, and add 100 μg/ml ampicillin, 
34 μg/ml chloramphenicol, and 500 μl overnight cultured bacte-
ria. Incubate in shaker incubator (37 °C and 150 rpm) for 3–4 h 
(till OD 600  reached 0.5–1.0). Induce the culture by adding 50 μl 
of 1 M IPTG for the expression of protein in next 5 h at 37 °C.   

   3.    Collection of bacterial lysate: Pellet the cultured bacteria by 
centrifuging at 10,000 ×  g  for 5 min. Discard the supernatant 
and record the weight of the pellet by subtracting the weight 
of empty centrifuge tube. Add 2 ml lysis buffer (5 ml/g of pal-
let) and mix properly. Incubate the mixture at 4 °C for 1 h and 
sonicate at 10,000 Hz for 30 s, 4–5 times with an interval of 
60 s on ice. Centrifuge the content at 25,000 ×  g  for 30 min at 
4 °C. Collect the clear lysate in a fresh tube and store at −20 °C.   

   4.    Equilibration of the Ni-NTA superfl ow resin: Load the 1 ml 
Ni-NTA resin in column. Open the lower vent to remove the 
preservative. Subsequently, pass the 10 ml lysis buffer pH 8.0 
through column. Close the lower vent before Ni-NTA beads 
are directly exposed to air.   

3.8  Purifi cation 
of Recombinant 
Protein
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   5.    Binding of protein with Ni-NTA: Mix the equilibrated Ni- NTA 
resin to lysate at room temperature and place on rocker for 30 min.   

   6.    Elution of purifi ed protein: Reload the Ni-NTA-lysate mix 
into column and open the lower vent. Wash the resin in col-
umn by fl owing 10 ml each of wash buffer, pH 6.3, and wash 
buffer, pH 5.9, through the column. Finally, add the elution 
buffer pH 4.5. Collect the fl ow through in 1.5 ml tubes as 
0.5 ml fraction up to 6–7 fractions.   

   7.    Resolving eluted fractions in 10 %  SDS-PAGE  : Prepare the 
10 % gel and load 10 μl eluted protein along with 5× sample 
buffer (10 μl protein + 2 μl sample buffer) after boiling for 
10 min at water bath. In central well, load 8 μl protein molecu-
lar weight marker. Stain and destain the gel and see the resolved 
protein bands using gel documentation and imaging system.   

   8.    Removal of urea from the eluted fractions: Pool the fraction 2–6 
(having high concentration of protein shown on  SDS- PAGE)   in 
10 kDa molecular weight cutoff (MWCO) dialysis bag and dia-
lyzed against descending order of urea concentration: 6, 4, and 
2 M and fi nally in PBS pH 7.2 for 8–12 h at each concentration.   

   9.    Concentration of the dialyzed protein: Collect the fi nally dialyzed 
protein from dialysis bag in a molecular weight cutoff fi lter, cen-
trifuge at 5000 ×  g  for 50–60 min at 4 °C. Measure the concentra-
tion of protein using spectrophotometer and add 10 μl cocktail 
protease inhibitor in 1 ml of the fi nal concentrated protein.   

   10.    Properly label the tube and store the protein at 4 °C for short 
period and −20 °C for longer periods.       

4    Notes 

     1.    Healthy New Zealand white rabbits of 9 months to 1 year old 
and 1.5–2 kg in weight are to be used for feeding of larvae  of 
   H. anatolicum . After feeding, the engorged larvae will remain 
on rabbits to molt into unfed nymphs, which then attach and 
engorge. The engorged nymphs are to be collected and cleaned 
before placing in tick rearing glass vials. The tubes containing 
engorged nymphs are to be kept at 28 °C and in 85 % RH for 
molting. The freshly hatched adults were kept unfed for 7 days. 
The adults are to be released on more than 6-month-old cross-
bred calves. The ear bags need to be checked daily, for collec-
tion of the fed adults. Collected adults are to be cleaned, 
weighed, labeled, and kept alone in the glass tubes at 28 °C 
and 85 % RH for oviposition [ 13 ].   

   2.     Ticks   should be cleaned in a cleaning solution to remove any 
surface-attached dirt and microbes.   
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   3.    DEPC (Diethylpyrocarbonate) used to inactivate and destroy 
the RNase. RNase is ubiquitously present everywhere in envi-
ronment. To safeguard the extracted RNA from RNase, all the 
equipments and reagents should be free from RNase.   

   4.    Hard exoskeleton of ticks becomes fragile when incubated in 
liquid N 2 . It helps to break the tissue into fi ne particles to 
improve the total RNA extraction.   

   5.    RNaseZap ® , a commercial product, contains the chemicals 
which inhibits the RNase ubiquitously present in environment. 
Apply this product on work surface and hand gloves to mini-
mize the RNase contamination.   

   6.    TRIzol ®  is a commercial product that contains phenol, guani-
dine isothiocyanate, and other proprietary components. It has 
very effective control over the RNase released from breaking 
cells and tissues  [ 23 ]. This reagent is very effective for the iso-
lation of high-quality total RNA from  ticks  .   

   7.    Chloroform denatures the contaminated protein and converts 
soluble into organic phase.   

   8.    Isopropyl alcohol precipitate the RNA. Overnight incubation 
at −20 °C gives better yields of RNA than 4 °C for 10 min.   

   9.    Washing of RNA pellet is very essential to remove any con-
taminating chemicals present in it. RNA does not dissolve in 
70 % ethanol but provide the environment to leach out the 
contaminating chemicals from RNA pellet.   

   10.    Ethanol acts as an inhibitor in many downstream processing 
(cDNA preparation, PCR reaction) of RNA. Care should be 
taken to avoid RNA pellet over drying during ethanol evapora-
tion. Before drying, add nuclease-free water in RNA pellet.   

   11.    Based upon the conserved region of  ticks   gene available in 
GenBank (NCBI), either degenerate or normal primer is 
designed with the help of bioinformatics software like 
GeneTool,  DNAstar  , etc., which gives maximum length of 
nucleotide sequence of interest.   

   12.    Ligation can be performed with different incubation tempera-
ture and time combinations. Here pre-incubation of vector 
and insert at 65 °C for 5 min signifi cantly improves the ligation 
effi ciency.   

   13.    Cloning kit provides reagents for the preparation of competent 
cells. Alternatively, laboratory procedure can be followed. 
Grow  E. coli  DH5α overnight in shaker incubator (37 °C, 
120 rpm). One milliliter of this culture is to be seeded in 50 ml 
of autoclaved LB media and grow for 3 h at 37 °C, 120 rpm. 
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Harvest the cells by centrifuging at 7000 ×  g /4 °C for 2 min. 
Suspend the cells in 17 ml sterile 0.1 M CaCl 2  (one third 
volume of the bacterial culture) and incubate on ice for 60 min. 
Pellet the cells and resuspend in 2 ml of solution containing 
1.7 ml of 0.1 M CaCl 2  and 0.3 ml of autoclaved glycerol (15 % 
glycerol). Aliquot into 200 μl and store at −80 °C.   

   14.    For the transformation in competent cells, follow this proto-
col: After transferring the 5 μl of ligation mix into thawed 
competent cells, incubate on ice for 5 min, then give heat 
shock by short incubation at 42 °C for 45 s, and immediately 
keep on ice for 30 min. Add 200 μl of freshly autoclaved LB 
broth and incubate at 37 °C for 45 min in a shaker incubator. 
Use 200 μl to spread on agar plate and the rest is stored at 
4 °C.   

   15.    For blue-white screening of recombinant clones, the design 
vector (pTZ57R/T cloning vector) has a short fragment of 
 lacZ  gene called α-fragment ( lacZα ), whereas mutated host 
cells (like  E. coli  strain like DH5α) has  lacZ  gene minus 
α-fragment ( lacZα ) called ω-fragment ( lacZ ∆ M15 ) of 
β-galactosidase gene ( lacZ ). When the product of α-fragment 
combines with product of ω-fragment (called 
α-complementation), functional β-galactosidase is formed. 
The  lacZα  fragment in vector contains multiple cloning sites 
(MCS) for inserting the targeted gene. When MCS are free of 
insert sequence, uninterrupted  lacZα  produces α-fragment and 
functional β-galactosidase is formed which cleaves the X-gal 
(added in media), a colorless analogue of lactose, to form 
5-bromo-4-chloro-indoxyl which gives the blue color, whereas 
when insert is present in MCS, the  lacZα  is altered leading to 
absence of α-complementation and cleavage of X-gal, resulting 
in the absence of blue color development. Select only white, 
good size, lonely bacterial colony with circular circumference. 
Do not select the bacterial colony which is closely surrounded 
by small bacterial colonies.   

   16.    Linearization of the recombinant  Pichia  vector is required for 
homologous recombination of the 5′  AOX1  and 3′  AOX1  
with the  P. pastoris  genome and subsequent integration of the 
foreign gene into the  P. pastoris  genome.   

   17.    The  P. pastoris  GS115 ( his4 ) is a mutant methylotrophic yeast 
strain which cannot synthesize histidine de novo. The gene 
encoding histidinol dehydrogenase, involved in the histidine 
synthesis pathway, was disrupted in this strain.          
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    Chapter 31   

 Production and Purifi cation of Recombinant Filamentous 
Bacteriophages Displaying Immunogenic Heterologous 
Epitopes                     

     Lei     Deng    ,     Florencia     Linero    , and     Xavier     Saelens      

1          Introduction 

 The  mammalian    adaptive   immune system typically responds vigor-
ously to exogenous virus particles. For decades now, this property 
has been exploited to generate  synthetic vaccines   that comprise 
recombinant versions of such particles that are very well defi ned 
and noninfectious. Commercially successful examples of such 
viruslike particles (VLPs) include ENGERIX-B, distributed by 
GlaxoSmithKline, that is used as a vaccine against  hepatitis B virus  , 
and GARDASIL, distributed by Merck, that is used as a vaccine for 
the prevention of disease caused by  human papillomavirus  . These 
recombinant VLPs are produced and purifi ed in the yeast 
  Saccharomyces cerevisiae   . 

 Recombinant DNA technology has allowed to introduce het-
erologous epitopes in the coding information of viral capsomers 
(the building blocks of virus particles and VLPs) in order to gener-
ate hybrid  VLPs   that display these epitopes on the surface of the 
resulting VLPs. A useful application of this technology is to dra-
matically increase the  immunogenicity   of the heterologous epit-
opes [ 1 ]. Filamentous bacteriophages are frequently used to display 
foreign epitopes [ 2 ]. Filamentous bacteriophages such as  E.    coli  
  phages M13 and fd belong to the  Inoviridae  and use the F pilus as 
a receptor. A remarkable and very practical feature of these phages 
is that they replicate without killing the infected bacteria, but 
rather cause a persisting infection with newly assembled phages 
shedding from the host cells by a budding process [ 3 ]. Two  viral 
coat proteins   of these fi lamentous phages are used as fusion 
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partners to display foreign epitopes: the minor coat protein pIII 
that is present in fi ve copies at one end of the virion and the major 
coat protein pVIII that is assembled in a helical fashion around the 
circular single-stranded DNA of the phage. Because the pIII pro-
tein is essential for F pilus recognition and is present in just fi ve 
copies per phage, it is not the prime choice for the insertion of 
heterologous epitopes when increased  immunogenicity   against 
these epitopes is aimed for. The major coat protein pVIII is a much 
better choice for this purpose. However, this protein is just 50 
amino acid residues in length [ 4 ], and insertion of extra amino acid 
residues may interfere with the biological function of  pVIII  , its 
role being to bind to the viral genome to assemble stable fi lamen-
tous particles [ 5 ]. 

 As a solution to this intrinsic problem, the Smith lab generated 
the type 88 fd system [ 6 ]. This elegant system contains two copies 
of gene  VIII  (hence the double “8” in fd88), which allows produc-
tion of hybrid phages comprising both wild-type pVIII and recom-
binant pVIII (fused to an epitope of interest) without the need for 
a helper phage. In the fd-Tet system, a tetracycline resistance gene 
is inserted in the minus strand origin, and an extra copy of gene 
 VIII  is introduced in the noncoding region of the genome [ 7 ]. 
The expression of this additional gene  VIII  is controlled by a lac 
promoter and is accessible for the insertion of heterologous DNA 
by conventional molecular biology techniques. The resulting 
phage is slightly attenuated, and its double-stranded replicative 
form is genetically stable and maintained at low copy number in  E.  
  coli    [ 8 ]. In general, plaques formed by fi lamentous bacteriophages 
are tiny and turbid and diffi cult to see with the naked eye. However, 
fd88-Tet-transduced  E. coli  cells are tetracycline resistant, which 
makes it practical to quantify the infectivity and number of viable 
phage particles. The percentage of recombinant pVIII carrying the 
exogenous epitope that is incorporated in the newly produced 
phages relative to wild-type pVIII may vary considerably, ranging 
from 5 % to 40 % depending on the length, amino acid properties, 
as well as other factors [ 9 ]. Steric hindrance and repulsive net 
charges of the inserted foreign peptide may also perturb virion 
assembly. In addition, the modifi ed recombinant pVIII, with the 
foreign epitope inserted between the secretion signal and the 
mature pVIII coding information, is often poorly processed and 
membrane targeted by the host secretion machinery [ 9 ]. In any 
case, it is very important to try to determine the ratio of recombi-
nant over wild-type  pVIII coat proteins   in the purifi ed fd88  phages  . 
One method is to separate the lower molecular size wild-type 
pVIII from the recombinant pVIII by using Tris/Tricine  SDS–
PAGE  , followed by Western blot analysis using an anti-pVIII 
antibody. 

 Different foreign antigens have been displayed successfully on 
 hybrid   fd VLPs as fusions with the major coat protein  pVIII   phage, 
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including HIV-1-derived antigens [ 10 – 13 ], an amyloid-β-derived 
epitope [ 14 ] and a universal infl uenza A epitope [ 15 ]. 

 The control of expression of the recombinant gene  VIII  is by 
the strong inducible hybrid tac promoter. This means that for the 
production of recombinant fd VLPs,  E.    coli    strains with the strong 
lacIq repressor or lacI+ are needed to expand the bacterial culture 
prior to induction of the tac promoter. Induction requires addition 
of isopropylthio-β- D -galactoside (IPTG) to the culture medium, 
which inactivates the lacI repressor and, in the absence of glucose, 
will result in transcriptional activation of the fd88 recombinant 
pVIII cistron. 

 In this chapter, we provide optimized methods for the expres-
sion, purifi cation, and characterization of high-purity, infectious 
fd88 fi lamentous bacteriophage VLPs that display a foreign epit-
ope. We also describe methods for biological and physical quality 
control of the resulting  nanoparticles  .  

2    Materials 

       1.    Bacterial strains:   Escherichia coli    ( E. coli ) TG1 cells bearing F 
episome (Pharmacia Biotech, Brussels, Belgium); Electro- 
competent  E. coli  DH5α, F¯ strain (NCCB, The Netherlands 
Culture Collection of Bacteria, Faculty of Biology, University 
of Utrecht, Utrecht, The Netherlands).   

   2.    Lysogeny Broth (LB) medium: Dissolve 10 g tryptone, 10 g 
NaCl, and 5 g yeast extract in 950 ml deionized water and 
bring the volume up to 1 l. Autoclave with high-pressure satu-
rated steam for 20 min at 121 °C. Store at room temperature 
(RT) or at 4 °C. In case antibiotic is needed, add at the desired 
concentration, shortly before use.   

   3.    LB agar plates: Add 20 g/L agar to the LB medium before 
autoclaving as described above. After autoclaving, add antibi-
otics at the desired concentration when the medium is cooled 
to approximately 55 °C. Pour the liquid LB agar medium into 
10 cm diameter petri dishes in a laminar fl ow. Allow the 
medium to solidify and air-dry. Plates can then be closed, 
inverted, and stored at 4 °C for up to 2 weeks.   

   4.    Thousandfold concentrated tetracycline stock: Dissolve 
400 mg tetracycline in 10 ml of distilled water. Filter-sterilize 
the solution by passing it through a 0.22 μm fi lter using a 
syringe, and mix with an equal volume of autoclaved, cooled 
glycerol. The sterile stock solutions can be distributed into 
1 ml aliquots and stored at −20 °C for future use. The working 
concentration of tetracycline in LB medium or LB agar plates 
that we use is 20 μg/ml.      

2.1  Bacteria 
and Media

Filamentous Bacteriophages as Carriers for Vaccine Antigens 
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       1.    PEG8000/NaCl solution: Dissolve 100 g of polyethylene gly-
col (PEG) 8000 and 116.9 g NaCl in a fi nal volume of 475 ml 
of distilled water. After autoclaving, vigorously mix the solu-
tion when cooling down. Store the solution at RT.   

   2.    Ten times concentrated Tris-buffered saline (TBS) pH 7.5: 
Dissolve 88 g NaCl and 60.5 g Tris base in 900 ml of distilled 
water. Adjust the pH to 7.5 with 1 M HCl. Add distilled water 
to a fi nal volume of 1 l using a volumetric fl ask. The 10× stock 
solution can be autoclaved and stored at room temperature. 
Tenfold dilution of the stock buffer will result in a fi nal molar 
concentration of 50 mM Tris and 150 mM NaCl, buffered at 
pH 7.5.   

   3.    NaCl solution (80 mM): Dissolve 2.3 g NaCl in a fi nal volume 
of 500 ml distilled water and autoclave the solution.   

   4.    Thousandfold concentrated IPTG: Dissolve 2.38 g IPTG in 
10 ml of distilled water. Filter-sterilize the solution using a 
0.22 μm fi lter and a syringe. Aliquot the sterile IPTG solution 
into 1 ml batches and store at −20 °C.   

   5.    NAP buffer: Dissolve 0.5 g NaCl in 100 ml distilled water 
(88 mM NaCl solution) and autoclave. In a separate bottle, 
dissolve 2.9 g NH 4 H 2 PO 4  in 40 ml distilled water, and adjust 
to pH 7.0 with 1 M NH 4 OH. Add distilled water to a fi nal 
volume of 50 ml (0.5 M NH 4 H 2 PO 4  solution) using a volu-
metric fl ask and autoclave. To prepare the NAP buffer, mix 
90 ml 88 mM NaCl and 10 ml 0.5 M NH 4 H 2 PO 4 .   

   6.    Thin-wall polypropylene tube (transparent, 13.2 ml volume 
capacity) for use in ultracentrifuge rotor SW 41 Ti (Beckman 
Coulter, Inc., USA).   

   7.    PPCO centrifuge bottle (500 ml volume capacity, Nalgene™, 
Thermo Fisher Scientifi c Inc., USA).   

   8.    Polyallomer centrifuge bottle (50 ml volume capacity, 
29 × 104 mm size, insertable in Sorvall SS-34 rotor).      

       1.    30 % acrylamide/bis-acrylamide  solution   (29:1, AA/BAA): 
Dissolve 29 g acrylamide and 1 g of  N , N ′-methylene-bis- 
acrylamide in 60 ml of distilled water. Stir until the acrylamide 
and bis-acrylamide are dissolved, and add distilled water to a 
fi nal volume of 100 ml. Filter the solution by passing it through 
a 0.45 μm fi lter and store at 4 °C.   

   2.    Gel running buffer: Dissolve 72 g Tris base and 0.6 g of SDS 
in 150 ml distilled water. Adjust the pH to 8.45 with 1 M HCl. 
Add distilled water to a fi nal volume of 200 ml using a volu-
metric fl ask. Final concentration is 3 M Tris/HCl, 0.3 % SDS, 
and pH 8.45.   

2.2  Production 
and Purifi cation 
of Phages

2.3   Tris/Tricine 
Sodium Dodecyl 
Sulfate–
Polyacrylamide Gel 
Electrophoresis 
(SDS–PAGE)
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   3.    Ammonium persulfate (APS) 10 % (w/v). Dissolve 1 g APS in 
10 ml distilled water. Aliquot in 1 ml and store at 4 °C.   

   4.     N , N , N , N ′-tetramethyl-ethylenediamine (TEMED) (GE 
Healthcare, USA).   

   5.    1 M Tris–HCl buffer pH 6.8: Dissolve 60.57 g Tris base in 
400 ml distilled water. Adjust pH to 6.8 by addition of 1 M 
HCl. Adjust to 500 ml fi nal volume with distilled water using 
a volumetric fl ask.   

   6.    Six times concentrated gel loading buffer: Dissolve 1 g SDS 
and 3.5 ml 1 M Tris–HCl (pH 6.8) in a 15 ml falcon tube 
using a 50 °C water bath. Then add 3.5 ml glycerol, 1 g dithio-
threitol, and 1.2 mg bromophenol blue. Mix the loading buf-
fer by inverting the Falcon tube a few times and then add water 
to a fi nal volume of 10 ml. Aliquot the loading buffer into 1 ml 
batches and store at −20 °C. Add 42 μl β-mercaptoethanol to 
1 ml of six times concentrated loading buffer just prior to use. 
Mix one part (v:v) of concentrated gel loading buffer with fi ve 
parts of the protein sample.   

   7.    10 % SDS solution: Dissolve 10 g SDS in 100 ml distilled water 
by warming at 50 °C and store at RT.   

   8.    Ten times concentrated anode buffer: Dissolve 120 g of Tris 
base in 400 ml distilled water. Mix and adjust to pH 9.0 with 
1 M HCl. Add distilled water to a fi nal volume of 500 ml using 
a volumetric fl ask. The fi nal molar concentration of the ten 
times diluted solution is 200 mM Tris/HCl pH 9.0.   

   9.    Ten times concentrated cathode buffer: Dissolve 60 g Tris 
base, 89.58 g Tricine, and 5.0 g SDS in 400 ml of distilled 
water. Mix and adjust the pH to 8.5 with 1 M HCl. Add dis-
tilled water to a fi nal volume of 500 ml using a volumetric 
fl ask. To obtain a 1× solution, mix one part of the ten times 
concentrated buffer with nine parts distilled water. The fi nal 
molar concentration of the 1× solution is 100 mM Tris/HCl, 
100 mM Tricine, and 0.1 % SDS.   

   10.    Coomassie brilliant blue staining solution: Weigh 100 mg 
Coomassie brilliant blue R-250 and dissolve in 50 ml methanol 
and 10 ml glacial acetic acid. Add distilled water to a fi nal vol-
ume of 100 ml. The fi nal concentration of the solution is 0.1 % 
Coomassie brilliant blue, 50 % methanol, and 10 % glacial ace-
tic acid.   

   11.    Destaining solution: Mix 200 ml methanol, 50 ml glacial acetic 
acid, and 250 ml distilled water. The fi nal concentration of the 
destaining solution is 40 % methanol and 10 % glacial acetic 
acid.   

   12.    Protein electrophoresis system (Bio-Rad Laboratories, Inc., 
USA).   
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   13.    Epson Perfection V330 Scanner (Epson, Japan).   
   14.    Multicolor Low Range Protein Ladder (Thermo Fisher 

Scientifi c, Inc., USA).       

       1.    Nitrocellulose membranes (pore size, 0.2 μm, Whatman, 
PerkinElmer, Item No. NBA083G001EA).   

   2.    Ten times concentrated transfer buffer: Dissolve 30 g Tris base 
and 144 g glycine in 900 ml distilled water. Mix and adjust to 
pH 8.3 with 1 M HCl. Add distilled water to a fi nal volume of 1 l. 
For a 1× concentrated solution, mix one part (v:v) of the ten times 
concentrated solution with seven parts distilled water and two 
parts of methanol. The fi nal molar concentration of the diluted 
solution is 25 mM Tris, 192 mM glycine, and 20 % methanol.   

   3.    Ten times concentrated phosphate buffer saline (PBS): Dissolve 
80 g NaCl, 2 g KCl, 14.4 g Na 2 HPO 4 , and 2.4 g KH 2 PO 4  in 
800 ml of distilled water. Adjust to pH 7.4 with 1 M HCl and 
add distilled water to a fi nal volume of 1 l using a volumetric 
fl ask. To obtain a 1× concentrated solution, mix one part (v:v) 
of the 10× concentrated buffer with nine parts of distilled 
water. The fi nal concentration of the solution is then 137 mM 
NaCl, 3 mM KCl, 10 mM Na 2 HPO 4 , and 2 mM KH 2 PO 4 .   

   4.    PBS-Tween 0.1 % solution (PBST): Add 1 ml Tween-20 deter-
gent to 1 l PBS.   

   5.    Blocking solution (5 % milk in PBST): Dissolve 5 g of milk 
powder in 100 ml of PBST.   

   6.    TE70X Semidry blotter (Hoefer Inc., USA).   
   7.    Antibodies: Mouse anti-pVIII monoclonal IgG antibody 

(working dilution, 1/4000) (Progen, Sanbio B.V., the 
Netherlands); horseradish peroxidase-linked secondary  sheep   
anti-mouse IgG antibody (working dilution, 1/2000) (GE 
Healthcare, UK).   

   8.     Western blotting   ECL substrate reagent (BD Biosciences, 
USA).   

   9.    X-ray fi lm (GE Healthcare, UK).       

3    Methods 

         1.    Thaw two vials of frozen  competent   DH5α   Escherichia coli    ( E. 
coli ) strain on ice for 3 min ( see   Note 1 ).   

   2.    Add 50 ng purifi ed fd88-Tet plasmid DNA, with or without 
the gene of interest directionally inserted to competent DH5α 
 E. coli  cells, and incubate on ice for 30 min ( see   Note 2 ).   

   3.    Heat shock the competent cells/DNA mixture for 1 min at 
42 °C. After the heat shock, immediately transfer the vials on 
ice for at least 2 min ( see   Note 3 ).   

2.4  Immunoblotting 
Components

3.1  Expression 
and Purifi cation 
of fd88-Tet 
Bacteriophages

3.1.1  Transformation 
and Pre-inoculum
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   4.    Add 400 μl of LB medium to the transformation mixture, and 
incubate in a thermoshaker at 37 °C for 1 h at 200 revolutions 
per minute (rpm).   

   5.    Plate out 100 μl of the suspensions on tetracycline/LB agar 
plates, and incubate overnight at 37 °C ( see   Note 4 ).   

   6.    Pick single colonies from the plate with transformants to inoc-
ulate 5 ml of tetracycline/LB medium (pre-inoculum cul-
tures). Incubate the cultures at 37 °C overnight in a shaker at 
200 rpm ( see   Note 5 ).      

       1.    Inoculate 100 μl of the pre-inoculum in 1 l LB medium con-
taining 1 mM IPTG and 20 μg/ml tetracycline. Divide the 
volume into two fl asks of 2 L capacity. Grow the cultures until 
reaching an optical density  A  λ=280  of 1.4 ( see   Note 6 ).   

   2.    Centrifuge the culture at 7500 ×  g  at 4 °C for 30 min.   
   3.    Aliquot 1 l supernatant containing the phages into four 500 ml 

PPCO centrifuge bottles. Add 0.15 volume of PEG8000/
NaCl to each bottle and gently mix. Let the phage precipita-
tion proceed by incubating at 4 °C for 2 h.   

   4.    Centrifuge at 18,600 ×  g  at 4 °C for 30 min and resuspend the 
phage pellet in 30 ml TBS, and then transfer this suspension to 
a 50 ml polyallomer centrifuge bottle.   

   5.    Centrifuge the TBS-phage suspension at 18,600 ×  g  at 4 °C for 
10 min, and then pour off the clear supernatant into a 50 ml 
Falcon tube ( see   Note 7 ).   

   6.    Repeat the phage precipitation by adding 4.5 ml PEG8000/
NaCl solution to 30 ml of TBS-phage resuspension, and incu-
bate at 4 °C for 1 h.   

   7.    Collect bacteriophages by centrifugation at 18,600 ×  g  at 4 °C 
for 30 min, and dissolve the pellet in 10.75 ml sterile TBS.      

       1.    Add 4.83 g CsCl to 10.75 ml phage-containing sterile TBS 
solution, and dissolve by inverting the tube at least ten times. 
Transfer the solution into a 13.2 ml polypropylene tube, and 
centrifuge at 209,490 ×  g  at 4 °C for 40 h in a SW 41 Ti swing-
ing bucket rotor.   

   2.    Gently remove the ultracentrifuge tube from the bucket. The 
phages should be visible as an opaque band between the mid-
dle and the top of the centrifuge tube. Collect the phage par-
ticles by puncturing the tube with a 16-gauge needle just 
beneath the light-scattering band that is best visualized by 
shining a bright light downward into the tube (Fig.  1 ) ( see  
 Note 8 ).

       3.    Centrifuge the collected phage-containing solution at 
251,000 ×  g  at 4 °C for 4 h. Discard the supernatant and resus-

3.1.2  Large-Scale 
Production and Purifi cation 
of Bacteriophages

3.1.3  CsCl Gradient 
Ultracentrifuge Purifi cation

Filamentous Bacteriophages as Carriers for Vaccine Antigens 



490

pend the resulting pellet in 0.5–3 ml sterile PBS. The phage 
preparation can be stored at −80 °C before use ( see   Note 9 ).       

         1.    Use 5 μl TG1  E.    coli    cells  to   inoculate 20 ml LB medium in a 
125 ml fl ask at 37 °C, and shake at 200 rpm until an optical 
density of ~1.4 at  A  λ=280  is reached ( see   Note 10 ).   

   2.    Shake at 80 rpm at 37 °C for 5 min to avoid shearing the frag-
ile F pili in the following steps.   

   3.    Centrifuge the culture at 580  × g  at RT for 10 min. Discard the 
supernatant, and gently resuspend the bacterial pellet in 20 ml 
of 80 mM NaCl by pipetting up and down. Transfer the NaCl- 
bacteria resuspension to a 125 ml fl ask, and shake at 80 rpm at 
37 °C for 45 min to starve the cells.   

   4.    Centrifuge at 580 ×  g  at RT for 10 min, and resuspend the pel-
let in 1 ml cold NAP buffer on ice ( see   Note 11 ).      

       1.    Prepare 1/10 phage dilution series in a fi nal volume of 30 μl 
per tube. Add 27 μl PBS in eight 0.5 ml sterile tubes, and start 
the series by adding 3 μl phage preparation in the fi rst tube 
(10 −1  dilution). Mix thoroughly by pipetting up and down. 

3.2   Titration 
of Filamentous Phage 
Tetracycline 
Resistance 
Transducing Units

3.2.1  Cell Starvation

3.2.2  Titrate 
Transducing Units

  Fig. 1    CsCl gradient purifi cation schematic diagram. The  gray particles  in ( I ) 
and  gray bands  in ( II  and  III ) represent phage substance. ( I ) phage solution is 
mixed with CsCl solution. ( II ) After ultraspeed centrifugation, the band of concen-
trated phage layer can be observed by naked eye under downward normal light 
beam. ( III ) Puncture the polyallomer tube using a 16-gauge needle, and collect 
concentrated phage solution       
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Then using a new pipette tip, add 3 μl to the next tube (10 −2  
dilution). Repeat this till eight dilutions are made (dilution fac-
tors, 10 −1  to 10 −8 ).   

   2.    Add 20 μl TG1-starved bacteria in nine wells of a 24-well cul-
ture plate. Gently mix 20 μl of each of eight phage dilutions 
with the starved bacteria and incubate at RT for 10 min. One 
well containing 3 μl phage preparation without addition of 
TG1 starved cells should be included as negative control.   

   3.    Add 960 μl LB liquid medium to ten wells and gently shake 
the culture at 80 rpm at 37 °C for 30 min.   

   4.    Plate 100 μl of the TG1 cultures and of the phage only suspen-
sion on separate tetracycline/LB medium agar plates, incubate 
overnight at 37 °C.   

   5.    To calculate the phage concentration, choose the plate with 
50–200 independent colonies to count. Each colony repre-
sents one transducing unit (Fig.  2 ). Use the following formula 
to calculate the phage concentration:  Y  = 500 ×  X D  ( Y  phage 
preparation concentration, particles/ml;  X , colony number on 
plate;  D  dilution factor) ( see   Note 12 ).

                  1.     Prepare   two 15 % Tris/Tricine SDS running gels (20 ml): 30 % 
acrylamide/bis-acrylamide, 10 ml; gel buffer (pH 8.45), 
6.6 ml; distilled water, 1.2 ml; glycerol, 2 ml; 10 % APS, 0.2 ml; 
TEMED, 8 μl. Pour the preparation in two casted Bio-Rad gel 
cassettes with 10 ml for each cassette. Allow space for subse-
quently pouring the stacking gel and gently overlay the separa-
tion gel with deionized water.   

3.3  Characterization 
of M2e- Displaying 
Bacteriophages

3.3.1   Tris/Tricine 
SDS–PAGE Using Bio-Rad 
Protein 
Electrophoresis System

  Fig. 2    F88-M2e phage preparation titration using TG1   Escherichia coli    strain containing F pilus. A 100 μl 
bacteriophage containing ~5 × 10 10  tetracycline- transducing units   were diluted with 10 4 , 10 5 , and 10 6  times 
and were plated on tetracycline-containing LB agar plates. Each colony forming unit represents one viable 
bacteriophage particle       

 

Filamentous Bacteriophages as Carriers for Vaccine Antigens 



492

   2.    After polymerization, pour off the deionized water and dry 
further with pieces of 3MM Whatman paper. Prepare 5 % 
stacking gels (10 ml): 30 % acrylamide/bis-acrylamide, 
1.66 ml; 1 M Tris–HCl (pH 6.8), 1.26 ml; distilled water, 
6.86 ml; 10 % SDS, 100 μl; 10 % APS, 100 μl; TEMED, 24 μl. 
Once TEMED is added, immediately mix thoroughly and fi ll 
the space in the precast gel and insert a 15-well gel comb with-
out introducing air bubbles.   

   3.    Mix 1 μg phage sample with the appropriate amount of six 
times concentrated loading buffer to obtain a fi nal volume of 
15 μl. Denature the phage samples by boiling at 100 °C for 
5 min. After this, shortly spin the tubes at the maximum speed 
for 30 s in an Eppendorf centrifuge.   

   4.    Load the phage samples in the slots of the Tris–Tricine gels. 
Use 10 μl Multicolor Low Range Protein Ladders as the 
marker in one well per gel. Add cathode and anode buffer, and 
start the gel electrophoresis at 100 voltage until the bromo-
phenol blue reaches the bottom of the gel.       

       1.    Remove the gel from the gel sandwich by lifting the top glass 
plate with a spacer, and then gently detach the gel from the 
glass plate. Stain the gel in 50 ml Coomassie brilliant blue 
staining solution for 1 h.   

   2.    Pour off the Coomassie brilliant blue solution and add 100 ml 
destaining solution to the gel. Incubate the gel on a shaker, 
replacing the destaining solution every 10 min ( see   Note 14 ).   

   3.    The stained protein bands can be scanned.      

       1.    Wearing gloves, cut pieces of blot paper (Whatman 3MM) and 
nitrocellulose membrane with the same size as the gel. Immerse 
paper and activate the nitrocellulose membrane in 1× transfer 
buffer for at least 2 min.   

   2.    Immediately following Tris/Tricine  SDS–PAGE   at  step 4 , 
stop the electrophoresis, remove gel from the gel sandwich by 
lifting the top glass plate with a spacer, detach the gel from the 
bottom glass plate, and soak the gel in 1× transfer buffer.   

   3.    Place three sheets of blot paper on top of each other on the 
lower electrode of a semidry blotter, and then place the pre- 
wet membrane onto the stack of paper.   

   4.    Place the gel on the membrane ( see   Note 15 ).   
   5.    Cover the gel with another three layers of buffer-saturated blot 

paper. Then add some drops of 1× transfer buffer on top of the 
gel-membrane sandwich prior to closing the top electrode 
panel. Remove possible air bubbles between the layers by roll-

3.3.2  Coomassie Brilliant 
Blue Staining ( See   Note 
13 )

3.3.3  Immunoblotting
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ing the gel-membrane sandwich with a plastic pipette ( see   Note 
16 ).   

   6.    Set the currency based on multiplying the gel area by 0.8 mA/
cm 2  and allow electro-transfer 1 h. (Due to the small molecular 
size of pVIII, around 8 kDa, the phage protein transfer can be 
complete within 1 h.)   

   7.    Following blotting, carefully take out the membrane and incu-
bate it in blocking solution at RT for 1 h (optionally, overnight 
at 4 °C). Optionally, the gel can be stained with Coomassie 
brilliant blue to detect residual proteins.   

   8.    Incubate the nitrocellulose membrane with 10 ml mouse 
pVIII-specifi c primary antibody solution (antibody fi nal con-
centration ~1 μg/ml) at RT for 3 h, and then wash the mem-
brane three times with blocking solution, 10 min each time.   

   9.    Incubate the membrane with horseradish peroxidase-linked 
secondary sheep anti-mouse antibody solution at RT for 1 h. 
Then wash the membrane three times with blocking solution 
and perform a fi nal wash with PBST.   

   10.    Incubate the nitrocellulose membrane in 5 ml  Western blot-
ting   ECL substrate reagent for 1 min, and capture the emitted 
light by exposing an X-ray fi lm to the emitted light.        

4    Notes 

     1.    Transformed  E.    coli    typically yield transformation effi ciency 
ranging from 10 6  to 10 8  cfu/μg DNA.   

   2.    The volume of the DNA preparation should not exceed 5 % of 
the volume of the competent cells.   

   3.    For the heat shock, a water bath or thermomixer is recom-
mended. The heat shock can also be performed for 2 min at 
37 °C.   

   4.    Plate bacteria in the transformation mixture by transferring 
100 μl of the transformation mixture onto a LB agar plate with 
tetracycline. Incubate the plate overnight at 37 °C. Bacteria in 
the transformation mixture can also be concentrated prior to 
plating. For this, centrifuge the transformation  cultures at 
1000 ×  g  at RT for 3 min. After centrifugation, remove most of 
the supernatant, leaving approximately 100 μl of medium 
above the pelleted bacteria. Resuspend the bacteria in the 
medium, plate them out on tetracycline/LB agar plates, and 
incubate overnight at 37 °C. Preferentially, plate out bacteria 
in the afternoon; transformed bacteria colonies can be found 
on the plate in the morning of the next day. The number of 
colonies can fl uctuate depending on the age and quality of the 
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competent cells, the purity of the plasmid DNA stock, and the 
amount of DNA added to the competent cell vial.   

   5.    50 ml Falcon tubes can be used for the 5 ml pre-inoculum 
culture.   

   6.    A density  A  λ=280  ≈ 1.4 indicates that bacteria are in the station-
ary phase of the culture, and this condition is normally reached 
after 8–12 h.   

   7.    This step is mandatory in order to remove residual bacteria 
from the phage suspension.   

   8.    The size and intensity of the band may vary depending on the 
amount of phage particles.   

   9.    The volume of PBS should be adjusted to the thickness of the 
light-scattering band. If a weakly visible band is obtained, 
resuspend the pellet in a small volume of sterile PBS.   

   10.    A density  A  λ=280  ≈ 1.4 indicates the stationary phase of the cul-
ture, and in the conditions mentioned in this protocol, this is 
normally reached after 12–16 h.   

   11.    The cell concentration is thereby adjusted to 10 10  cells/ml. 
Theoretically, the higher the concentration of starved cell, the 
higher the rate of adsorption [ 16 ]. If these starved cells are not 
used on the same day, starved cells can be stored in the refrig-
erator for 5 days without affecting effectiveness of titration.   

   12.    In general, choose the plate growing 50–200 colony number 
to obtain reliable counts. In our hands, the yield of fd88-M2e 
phage is ~5 × 10 10  particles/ml.   

   13.    Coomassie brilliant blue staining assure that the preparation 
contains pure bacteriophages in the absence of contamination. 
Normally only one stained band with the same size as pVIII 
should be visible in the gel. Extra bands indicate impurity of 
the bacteriophage preparation.   

   14.    Overnight destaining is typically long enough for removing 
the background.   

   15.    Proteins bind to the membrane as soon as contact occurs, so it 
is important to place the gel correctly on the fi rst try. 
Readjusting the position of gel should be avoided.   

   16.    Air bubbles between layers interfere with the current and the 
protein transfer. Buffer depletion is a common reason for fail-
ure of transfer. Buffer depletion leads to changes in pH of the 
transfer system and overheating, both of which are detrimental 
to the transfer.           
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    Chapter 32   

 Oral Vaccine Development by Molecular Display Methods 
Using Microbial Cells                     

     Seiji     Shibasaki      and     Mitsuyoshi     Ueda     

  Abstract 

   Oral vaccines are easier to administer than injectable vaccines. To induce an adequate immune response 
using vaccines, antigenic proteins are usually combined with adjuvant materials. This chapter presents 
methodologies for the design of oral vaccines using molecular display technology. In molecular display 
technology, antigenic proteins are displayed on a microbial cell surface with adjuvant ability. This technol-
ogy would provide a quite convenient process to produce oral vaccines when the DNA sequence of an 
effi cient antigenic protein is available. As an example, oral vaccines against candidiasis were introduced 
using two different molecular display systems with  Saccharomyces cerevisiae  and  Lactobacillus casei .  

  Key words     Oral vaccine  ,   Molecular display  ,    Saccharomyces cerevisiae   ,    Lactobacillus casei   ,   Cell surface  , 
  Candidiasis  ,    Candida albicans   

1        Introduction 

 Almost all  vaccines    for   the prevention of infectious diseases are 
produced by the inactivation of virulent factors or purifi cation of 
recombinant antigens. They are administrated by injection in clini-
cal situations. To ensure the safety of injected vaccines, a high level 
of purifi cation is required, and this results in high production costs 
[ 1 ,  2 ]. Indeed, some purifi ed antigens do not maintain their effect 
for long periods after vaccine injection. Moreover, conventional 
vaccines cannot induce the mucosal immune system due to the 
injection route. To overcome this limitation, we have developed 
oral vaccines using molecular display technology, with microbial 
cells as carriers of antigenic proteins and  adjuvants   (Fig.  1 ) [ 3 – 6 ].

     Both gram-positive and gram-negative bacteria have been investi-
gated as hosts for molecular display technology. Ståhl et al. have 
developed applications for molecular display using  Staphylococcus  
[ 7 ], and it may be feasible to use  Lactobacillus  and  Lactococcus  to 
anchor foreign proteins. For example,  Bacillus subtilis  subsp. 

1.1  Molecular 
Display Technology
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 chungkookjang  PgsA [ 8 ] or  Streptococcus pyogenes  M6 can be used 
to display target proteins [ 9 ]. Although diverse microorganisms 
have been used to display foreign proteins, the display of eukary-
otic proteins is sometimes diffi cult in bacterial cells. 

 The yeast   Saccharomyces cerevisiae    is a useful host cell for 
genetic engineering because it folds and glycosylates heterologous 
eukaryotic proteins.  S. cerevisiae  also has the advantage of high- 
density cultivation in inexpensive medium [ 10 ,  11 ]. In addition, it 
has the potential to display  proteins   of other eukaryotic taxa and 
can display several different proteins on the same cell surface. 
Therefore, molecular display using the yeast cell surface has many 
potential benefi ts and practical applications. 

  S.    cerevisiae    and  Lactobacillus  species are generally recognized 
as safe (GRAS) organisms, and engineered cells can be used to 
prepare oral vaccines without purifi cation, unlike recombinant 
protein produced in   Escherichia coli   . In addition to display systems 
using yeast, the  Lactobacillus  system has also been well studied 
[ 12 ].  

a

b

  Fig. 1    Differences between conventional vaccines and oral vaccines developed by molecular display technol-
ogy. ( a ) Conventional vaccines require a complicated procedure including purifi cation, removal of endotoxins 
(ET), and the preparation of an adjuvant. ( b ) Oral vaccines by molecular display technology do not require such 
complicated steps. Additionally, microbial cells act as an adjuvant to enhance  immune responses         
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   Cwps, Flo1, and a- and α-agglutinins have been utilized for the 
display of proteins on yeast cell surfaces. There are two types of 
molecular display technologies that use Flo1 [ 13 ]. One is the GPI  
(glycosylphoshatidylinositol) system that uses the C-terminal 
region of Flo1; the C-terminus of the target protein is fused to that 
of Flo1. Another system is based on the adhesive ability of the fl oc-
culation functional domain of Flo1. The N-terminus of the target 
protein is fused to the fl occulation functional domain. As a result, 
the target protein is displayed on the cell surface with keeping orig-
inal N-terminal or C-terminal of it. 

 On the cell surface of  S.    cerevisiae   , two types of agglutinins are 
expressed during mating. Mating-type a and α-cells produce 
a-agglutinin and α-agglutinin, respectively. α-Agglutinin in α-type 
cells is encoded by  AGα1  and interacts with the binding subunit of 
a-agglutinin of a-type cells. a-Agglutinin includes a core subunit 
encoded by  AGA1  and a binding subunit encoded by  AGA2  [ 14 ]. 
Both α-agglutinin and the core subunit of a-agglutinin consist of a 
secretion signal sequence, a functional domain, a supporting 
domain, and a GPI anchor attachment signal. To display foreign 
proteins on the cell wall, the genetic information for each aggluti-
nin is available in the yeast system. The cell wall-anchoring domain 
of α-agglutinin is combined with the secretion signal sequence by 
genetic engineering (Fig.  2 ). For many years, fusion to the 
C-terminal half of α-agglutinin has been used to anchor foreign 
proteins on the yeast cell surface [ 10 ,  11 ]. Regarding vaccine 
development,  S.    cerevisiae    itself is thought to have a better  adjuvant 
  function owing to the β-glucan in its cell wall [ 15 ].

1.2  Platform 
for Molecular Display 
Using Yeast

a

b

  Fig. 2    Schematic illustration of the yeast cell surface and strategy for molecular display. ( a ) Yeast cell surface 
and display of the antigenic protein. ( b ) Genetic strategy for the display of antigenic proteins       
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      Many  studies   have examined the use of cell surface display using 
 lactic acid bacteria   for vaccines [ 16 ,  17 ]. Several investigations on 
molecular display technology have successfully used the C-terminal 
cell wall-anchoring LPXTG motif [ 18 ]. Several cell surface pro-
teins in gram-positive bacteria have an anchoring domain that con-
sists of an LPXTG motif followed by a hydrophobic domain at the 
predicted C-terminus. Proteins with the LPXTG motif are cleaved 
after translocation to the cell membrane [ 19 ]. 

 Narita et al. developed a molecular display method in  lactic 
acid bacteria   using  Bacillus subtilis  subsp.  chungkookjang  PgsA as 
an anchor protein. PgsA is a transmembrane protein belonging to 
the poly-γ-glutamate synthetase complex [ 20 ]. It stabilizes the 
complex via anchoring in the cell membrane. This anchoring pro-
tein is able to fuse the target protein at its C-terminus. Since the 
transmembrane domain is situated at the N-terminus of PgsA, it is 
thought that the C-terminal half of PgsA is located outside the cell 
surface (Fig.  3 ) [ 21 ]. 

      Candidiasis is a serious infectious disease caused by the fungus 
  Candida albicans    and other  Candida  species [ 22 ]. Superfi cial or 
systemic candidiasis is observed when host immunity is compro-
mised due to AIDS, chemotherapy for cancer treatment, or 

1.3   Platform 
for Molecular Display 
Using  L. casei 

1.4  Candidiasis

a

b

  Fig. 3    Schematic illustration of the  L. casei  cell surface and strategy for molecular display. ( a ) Yeast cell 
surface and display of the antigenic protein. ( b ) Genetic strategy for the display of antigenic proteins       
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administration of an immunosuppressant. Caspofungin, micafun-
gin, anidulafungin, and amphotericin B are often administrated as 
pharmacotherapies for candidiasis. However,  Candida  mutants 
with reduced susceptibility to these pharmaceuticals have been 
identifi ed during pharmacotherapy [ 23 ]. Therefore, prevention, 
i.e., a vaccination against  Candida  species, is thought to be impor-
tant in addition to pharmacotherapy. 

 The Eno1 protein (Eno1p) (enolase 1, 2-phospho- D -glycerate 
hydrolase), an enzyme of the glycolytic pathway, has a protective 
effect against  C.    albicans    infection [ 24 ]. Similarly, hyphal wall pro-
tein (Hwp1p), glyceraldehyde-3-phosphate dehydrogenase 
(Gap1p), and phosphoglycerate kinase (Pgk1p) exhibit protective 
immune functions against candidiasis [ 25 ] when they are adminis-
trated with appropriate  adjuvant   compounds. For further develop-
ment of an effective vaccine, convenient platform technology that 
enables the preparation of antigenic proteins is necessary. At pres-
ent, conventional vaccines require an adjuvant to function as an 
effective antigen and induce the immune system (Fig.  1a ). In this 
chapter, Eno1p is used as a model antigen to develop an oral vac-
cine using molecular display technology.   

2    Materials 

       1.    pQE30   Escherichia coli    expression vector (Qiagen, Hilden, 
Germany, or other sources).   

   2.    pYEX-BX yeast expression vector (Clontech, Palo Alto, CA, 
USA, or other sources).   

   3.    pKV-Pald-pgsA380L   Lactobacillus casei    expression vector 
[ 12 ].      

       1.     E.    coli    strain DH5α [F −   endA1 hsdR17  (r K  − , m K  + )  supE44 thi1 
recA1 gyrA96 ΔlacU169 ðφ80 lacZΔM15 ] [ 25 ] (Toyobo, 
Osaka, Japan).   

   2.     E.    coli    strain BL21 [F −   ompT hsdSB  (r B  − , m B  − )  gal dcm  (DE3)] 
(Toyobo).   

   3.     S.    cerevisiae    strain BY4741 ( MATα his3-1 leu2 met15 ura3 ) 
(GE Healthcare, Little Chalfont, UK).   

   4.      Lactobacillus casei    strain 525 [ 12 ].   
   5.      Candida albicans    strain SC5314 (American Type Culture 

Collection).      

       1.    LB medium, 1 % (w/v) tryptone, 0.5 % (w/v) yeast extract, 
0.5 % (w/v) sodium chloride, and 0.1 % (w/v) glucose.   

   2.    YPD medium, 1 % (w/v) yeast extract, 2 % (w/v) polypeptone, 
and 2 % (w/v) glucose.   

2.1  Vector

2.2  Microbial Strains

2.3  Media
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   3.    SDC medium, 2 % (w/v) glucose, 0.67 % (w/v) yeast nitrogen 
base without amino acids, 1 % (w/v) casamino acids, and sup-
plemented with appropriate amino acids.      

   Female  C57BL/6 mice   can be obtained from a local supplier. Mice 
were maintained in a specifi c-pathogen-free manner and allowed to 
drink and eat ad libitum.  

   PCR primers used in this study are listed in Table  1 .

          1.    Cholera  toxin   (Sigma-Aldrich, St. Louis, Mo., USA).   
   2.    Freund’s incomplete adjuvant (Difco Laboratories, Detroit, 

MI, USA).       

3    Methods 

       1.    Perform PCR using primers ENO1F and ENO1R and genomic 
DNA  of    C. albicans  strain SC5314 to amplify the  Eno1p  cod-
ing sequence.   

   2.    Insert the fragment of the  Eno1p  coding sequence into the 
pQE30 plasmid digested with  Bam HI and  Hin dIII. The 
resulting plasmid is referred to as pQE30-eno1 in the follow-
ing sections (Fig.  4 ) ( see   Note 1 ).

2.4  Animals

2.5  Primers

2.6  Adjuvants

3.1   E.    coli    Plasmid 
Construction

   Table 1  
  Primers for the development of oral vaccines using microbial cell surface   

 Primer  Sequence 

 ENO1-F  5′-ATGGATCCTCTTACGCCACTAAAATCCACGCC-3′ 

 ENO1-R  5′-TAAAGCTTTTACAATTGAGAAGCCTTTTGGAAATCTTTACC-3′ 

 GAP-PF  5′-ACTGAAAGCTTACCAGTTCTCACACGGAAC-3′ 

 GAP-TR  5′-ATGCTGGTACCTCAATCAATGAATCGAAAATGTCATTAAAATAG-3′ 

 MCS- F  5′-AATTCGAATTCATGCAACTGTTCAATTTGCCATTGAAAGTTTCATTCT
TTCTCGTCCTCTCTTACTTTTCTTTGCTCGTTTCTGCC-3′ 

 MCS- R  5′-GACGGCTCGAGGCTAGCGCATGCGCGGCCGCCAGATCTGGCAGAA
ACGAGCAAAGAAAAGTAAG-3′ 

 ENO1-ydF  5′-ACGCGGCCGCTCTTACGCCACTAAAATCCACGCC-3′ 

 ENO1-ydR  5′-TGCTCGAGCAATTGAGAAGCCTTTTGGAAATCTTTACC-3′ 

 ENO1-LDF  5′-CGGGATCCATGTCTTACGCCACTAAAATCCAC-3′ 

 ENO1-LDR  5′-GCTCTAGATTACAATTGAGAAGCCTTTTGGAAATCTTTACC-3′ 
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              1.    Introduce the pQE30-eno1 plasmid into  E.    coli    strain BL21 
(DE3) for the production of Eno1p as a  fusion protein   with an 
N-terminal His6 tag [ 26 ].   

   2.    Inoculate the cells in 14 mL of LB medium, containing 
100 mg/L ampicillin, and grown in shaking fl asks overnight at 
37 °C.   

   3.    Inoculate 6 mL of the overnight cultures into fresh LB medium 
containing 100 mg/L ampicillin (120 mL) and incubate the 
cells at 37 °C until OD 600  = 0.6–1.0.   

   4.    Induce gene expression by the addition of isopropyl β- D - 
thiogalactoside (IPTG; Wako Pure Chemical, Osaka, Japan) to 
a fi nal concentration of 1 mM.   

   5.    After 3–4 h of cultivation at 37 °C, harvest the cell cultures by 
centrifugation (4000 ×  g , 20 min, 4 °C).   

   6.    Resuspend the cell pellets in 10 mL of Bacterial Protein 
Extraction Reagent (B-PER; Thermo Fisher Scientifi c, 
Rockford, IL, USA), and shake gently for 10 min at room tem-
perature (25 °C).   

3.2  Protein 
Production 
and Purifi cation 
(Non-displayed 
Protein for Control 
Experiments)

  Fig. 4    Plasmid constructions for surface display of antigenic proteins and non-displayed proteins (control). 
( Left ) pULD1-eno1 for  S.    cerevisiae   . ( Middle ) pPG-eno1 for  L. casei . ( Right ) pQE30-eno1 for  E.    coli          
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   7.    Separate soluble proteins from insoluble proteins by centrifu-
gation at 27,000 ×  g  for 20 min.   

   8.    Before purifi cation, maintain the supernatant containing solu-
ble proteins on ice.   

   9.    Equilibrate the nickel-chelated agarose column (Thermo 
Fisher Scientifi c) with 10 mL of B-PER and apply the 
supernatant.   

   10.    After washing the column of the B-PER with wash buffer, 
release the bound proteins with elution buffer (50 mM Tris, 
300 mM NaCl, 200 mM imidazole, and 10 % (v/v) glycerol).   

   11.    Remove endotoxins from the eluate by passage through 
Detoxi-Gel endotoxin-removing columns (Pierce, Rockford, 
IL, USA) to <0.1 endotoxin units/mL, as indicated using lim-
ulus amebocyte lysate (LAL) PYROGENT single-test vials 
(Lonza, Walkersville, MD, USA) following the manufacturer’s 
protocol ( see   Notes 2  and  3 ).      

       1.    Amplify the DNA sequences of the  GAPDH  promoter and the 
terminator of pWGP3 [ 27 ] by PCR using the primers GAP-PF 
and GAP-TR.   

   2.    Insert the amplifi ed fragment into the  Hin dIII– Kpn I section 
of pYEX-BX containing the  leu2-d  marker. Perform plasmid 
 cloning   using  E.    coli    DH5α cells.   

   3.    Prepare the DNA fragment encoding the secretion signal of 
glucoamylase from  Rhizopus oryzae  and the multicloning site 
by annealing and extension with DNA polymerase with the 
primers MCS-F and MCS-R.   

   4.    Introduce the prepared DNA fragment into the  Eco RI– Kpn I 
section of the plasmid.   

   5.    Insert the  Xho I– Kpn I fragment of pMWFD encoding the 
FLAG tag [ 28 ] and the 320 C-terminal amino acids of 
α-agglutinin. The high-copy-number cassette vector for cell 
surface display is referred to as pULD1 in the following sec-
tions (Fig.  4 ) [ 29 ].   

   6.    To construct the pULD-eno1 plasmid from pULD1, amplify 
the  Eno1p  coding sequence by PCR using the primers ENO1- 
ydF and ENO1-ydR and the genomic DNA of  C. albicans .      

   7.    Insert the fragment of the gene encoding  ENO1  into the 
pULD1 plasmid digested with  Not I and  Xho I. The resulting 
plasmid is referred to as pULD-eno1 in the following 
sections.   

   8.    Confi rm the nucleotide sequence of all constructed plasmids 
using an ABI PRISM 3130 Genetic Analyzer (Applied 
Biosystems, Foster City, CA, USA).   

3.3  Yeast Plasmid 
Construction
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   9.    Introduce the pULD1-eno1 plasmid and parent pULD1 plas-
mid into  S.    cerevisiae    BY4741 using the lithium acetate method 
[ 30 ] for surface display of the antigenic protein Eno1p.   

   10.    Select the cells harboring these plasmids using uracil- defi cient 
SDC (SDC-ura) medium.      

       1.    Propagate  the    C. albicans  Eno1p-encoding pULD1- eno1 
  plasmid [ 3 ] in  E.    coli    .    

   2.    Amplify the  ENO1  gene by PCR with the following two prim-
ers: ENO1-LDF and ENO1-LDR.   

   3.    Insert the  ENO1  PCR product into pKV-Pald-pgsA380L 
using the  Bam HI and  Xba I restriction sites (Fig.  4 ) [ 5 ]. The 
resulting plasmid is referred to as pPG-eno1 in the following 
sections.   

   4.    Confi rm the nucleotide sequence of this construct using an 
ABI PRISM 3130 Genetic Analyzer (Applied Biosystems).   

   5.    Introduce the constructed plasmid (pPG-eno1) into  L. casei 
525  using the previously described  electroporation   protocol 
for microorganisms [ 5 ].       

       1.    Select a colony of cells harboring a plasmid for an antigenic 
protein on the cell surface and place it in SDC-ura liquid 
medium.   

   2.    Cultivate cells in SDC-ura liquid medium at 30 °C overnight.   
   3.    Collect yeast cells by centrifugation at 6000 ×  g  for 5 min.   
   4.    Wash the cell pellet with phosphate-buffered saline (PBS; 

50 mM phosphate, 150 mM sodium chloride, pH 7.4) and 
adjust the volume to 3.2 × 10 8  cells/mL with PBS.   

   5.    Centrifuge 200 μL of this cell suspension at 6000 ×  g  for 5 min.   
   6.    Collect cells and incubate with 200 μL of a 1:250 dilution of 

rabbit immunoglobulin G (IgG) in PBS containing 1 % (w/v) 
BSA at room temperature for 1 h ( see   Note 4 ).   

   7.    Incubate surface-blocked cells with 3 μg/mL of mouse mono-
clonal antibody against the FLAG tag (Sigma-Aldrich, MO, 
USA) in PBS for 1.5 h at room temperature.   

   8.    After washing with PBS, incubate the cells with 3 μg/mL of 
Alexa Fluor 488-conjugated goat anti-mouse IgG antibody 
(Invitrogen, Carlsbad, CA, USA) in PBS for 1.5 h at room 
temperature, and then wash again.   

   9.    Observe the fl uorescence of the yeast cell surface using an 
Olympus BX51 microscope (Olympus, Tokyo, Japan) (Fig.  5 ).    

   10.    Measure the fl uorescence units using the SpectraMax M2 
microplate reader (Molecular Devices, Sunnyvale, CA, USA) 
with excitation and emission wavelengths of 495 nm and 
519 nm, respectively.      

3.4    L. casei  
Plasmid Construction

3.5  Immuno-
fl uorescence Staining 
to Verify Surface 
Display
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       1.    Immunize 7-week-old female  C57BL/6 mice   with 30 μg of  E.  
  coli   -expressed recombinant Eno1 protein by intranasal delivery 
(i.n.) or subcutaneous injection (s.c.), using 20-μL volumes 
containing 1 μg cholera toxin (i.n.) or 100-μL volumes con-
taining Freund’s incomplete  adjuvant   (s.c.).   

   2.    Prepare 7-week-old female C57BL/6 mice for immunization 
experiments.   

   3.    Immunize mice at weeks 0, 2, and 4. Blood samples should be 
collected at week 6 from the tail vein to determine the titer of 
serum IgG that binds to Eno1p.   

   4.    For survival studies, infect mice with 1.1 × 10 5  cells of  C .   albi-
cans    resuspended in 100 μL of PBS by tail-vein injection 2 
weeks after the last immunization.   

   5.    Observe mice daily for several weeks after challenge ( see   Note 5 ).      

3.6  Immunization 
by Intranasal or 
Subcutaneous 
Administration Using 
Recombinant Proteins 
(Control Experiments)

  Fig. 5    Immunofl uorescence microscopy of antigen-displaying cells. ( a  and  b )  S.    cerevisiae    BY4741 harbor-
ing pULD1-eno1. ( c  and  d )  S. cerevisiae  BY4741 (control cell). ( a  and  c ) Bright-fi eld images. ( b  and  d ) 
Fluorescence microscopic images after staining using the anti-FLAG antibody. Scale bars = 10 μm       
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       1.    Select a colony of  cells   harboring a plasmid for an antigenic 
protein on the cell surface and place it in SDC-ura liquid 
medium.   

   2.    Cultivate cells in SDC-ura liquid medium at 30 °C overnight.   
   3.    Take 1 mL of cultivated liquid medium and pour it into fresh 

SDC-ura liquid medium. Cultivate cells at 30 °C 
overnight.   

   4.    Collect yeast cells by centrifugation at 6000 ×  g  for 5 min.   
   5.    Wash the cell pellet with PBS and store at 4 °C until 

administration.   
   6.    Prepare 7-week-old female  C57BL/6 mice   for immunization 

experiments.   
   7.    Adjust the concentration of  S.    cerevisiae    or  L.    casei    cells display-

ing Eno1p on their surfaces to 1.6 × 10 9  cells in 400 mL using 
PBS. Use wild-type  S. cerevisiae  as a control.   

   8.    Administer solutions to mice at weeks 0, 1, and 3 (priming) 
and at week 7 (booster). Suspend all inoculums in PBS (400 μL 
per animal) and administer via an intragastric tube after 2 h of 
fasting, once per day, 5 days per week.   

   9.    Collect blood samples at week 9 from the tail vein to deter-
mine the titer of serum IgG.   

   10.    For survival studies, infect mice with 1.1 × 10 5  cells of  C .   albi-
cans    resuspended in 100 μL of PBS by tail-vein injection 2 
weeks after the fi nal immunization.   

   11.    Observe mice daily for several weeks after challenge ( see   Note 5 ).       

       1.    Conduct indirect  enzyme-linked immunosorbent assay 
(ELISA)   for antibody analysis for antisera collected at week 
6 (i.n. or s.c.) or week 9 (p.o.). Briefl y, coat 96-well microti-
ter plates (Nalge Nunc International, Rochester, NY, USA) 
with 50 μL/well  E.    coli   -expressed recombinant Eno1 
(0.01 μg/μL).   

   2.    Block the plates with 1 % BSA dissolved in PBS containing 
0.05 % Tween-20. Serially dilute antisera and horseradish per-
oxidase (HRP)-conjugated goat anti-mouse IgG (1/4000, 
Promega, Madison, WI, USA) and its substrate, which will be 
added to the wells.   

   3.    After 20 min incubation at room temperature, stop the reac-
tion by adding 1 M sulfuric acid, and measure the absorbance 
at 450 nm (OD 450 ) using a microplate reader (Bio-Rad 
Laboratories Inc., Redmond, WA, USA) ( see   Note 6 ).       

3.7   Oral 
Administration of Cells 
Displaying Eno1p 
and Challenge with  C. 
albicans 

3.8  Determination 
of Endpoint Titer
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4    Notes 

     1.    Confi rm the nucleotide sequence of the insert within the pQE 
vector by comparison with the  Candida  genome database 
(  http://www.candidagenome.org/    ).   

   2.    The endotoxin concentration in the eluate from the nickel- 
chelated column ranged from 0.06 to 0.125 EU (endotoxin 
units)/mL.   

   3.    Analyze the antigenic proteins using sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis and Western blotting to 
verify that anti-His antibody recognized the purifi ed protein.   

   4.    Use a rotation mixer for an effi cient reaction between the dis-
played protein and IgG. To reduce nonspecifi c binding of IgG 
to the cell surface, the incubation can be prolonged overnight 
at 4 °C [ 31 ].   

   5.    The outcomes of the  C.    albicans    challenge can be analyzed 
using the Kaplan–Meier method. Signifi cant differences 
between groups can be tested using the log-rank method [ 3 ].   

   6.    The serum IgG antibody titer was defi ned as the serum dilu-
tion that gave an OD 450  value equal to 0.1.           
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    Chapter 33   

 Facile Method for the Production of Recombinant Cholera 
Toxin B Subunit in  E. coli                      

     Krystal     Hamorsky      and     Nobuyuki     Matoba      

1          Introduction 

 CTB  is    the   nontoxic subunit of cholera  holotoxin  . The protein 
forms stand-alone, stable homopentamers with a molecular mass of 
about 55 kDa [ 1 ]. Bacterially produced recombinant CTB is cur-
rently used as an active component of internationally licensed, World 
Health Organization-prequalifi ed oral  cholera vaccine   (Dukoral ® , 
Crucell) to induce holotoxin-neutralizing antibodies in the gut [ 2 ]. 
CTB is a strong vaccine  adjuvant   and has been used as a scaffold for 
vaccine development against bacterial and viral  pathogens   (reviewed 
in ref.  3 ). In addition, studies have revealed that CTB induces anti-
infl ammatory responses and suppresses immunopathological reac-
tions  in   allergy and autoimmune diseases (reviewed in ref.  3 ). 
Commercially available nonrecombinant CTB contains trace 
amounts of cholera toxin and cholera toxin A subunit [ 4 ], which can 
infl uence the biological activity of CTB [ 3 ]. Therefore, high-quality 
recombinant CTB is necessary for immunological research. 

 We have developed a simple  E. coli -based expression and two- 
step purifi cation scheme to produce high-purity recombinant 
CTB. The  pET expression system   was used for CTB expression. 
pET-22b(+) expression vector contains the T7 promoter which is 
known to drive high expression levels of recombinant proteins. 
Moreover, pET-22b(+) contains the N-terminal  pelB  leader 
sequence to target recombinant proteins to the periplasm. In this 
case, CTB was secreted into the bacterial culture medium, allowing 
for facile isolation and purifi cation of the protein.  Immobilized 
metal affi nity chromatography (IMAC)   and  ceramic  hydroxyapatite 
(CHT)   chromatography were used to purify CTB. CTB is known 
to bind to immobilized Ni 2+  ions through internal histidine resides 
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[ 5 ]; therefore, CTB can be purifi ed to high purity using 
IMAC. CHT is a multimodal resin that utilizes cation exchange 
and metal affi nity and is known to offer unique selectivity and often 
separates biomolecules that appear homogenous using other chro-
matographic methods. Furthermore, CHT aids in removing non-
proteinous contaminants such as DNA and endotoxins. 

 The expression and purifi cation scheme described herein allows 
for an easy and effi cient way to manufacture recombinant CTB, 
which may facilitate immunological research and vaccine 
development.  

2    Materials 

 Prepare all solutions using ultrapure Milli-Q water (Milli-Q 
Synthesis, Millipore, 18.2 MΩ cm at 25 °C) and analytical grade 
reagents. Prepare and store all reagents at room temperature 
(unless indicated otherwise). CTB purifi ed product is stored at 
4 °C until use. 

       1.    pET22b-CTB: pET-22b(+) (Novagen) vector containing the 
coding sequence for   Vibrio cholerae     CTB  gene (GenBank 
accession no. AAC34728) (obtained via standard molecular 
biology/subcloning procedures using  NcoI  and  BlpI  ( see   Note 
1 ) restriction sites ( see   Note 2 )).   

   2.    BL21 (DE3) electrocompetent cells.   
   3.    Electroporator.   
   4.     Electroporation   cuvettes.   
   5.    Kimwipes.   
   6.    1.5 mL microcentrifuge tube.   
   7.    Luria–Bertani (LB) agar plates.   
   8.    Incubator (37 °C).   
   9.    LB broth.   
   10.    Ampicillin.   
   11.    15 mL conical tubes.   
   12.    1 L baffl ed fl ask.   
   13.    Orbital shaker.   
   14.    Spectrophotometer.   
   15.    Isopropyl β- D -1-thiogalactopyranoside (IPTG).      

       1.    250 mL centrifuge bottles.   
   2.    Centrifuge.   
   3.    0.22 μM bottle top fi lter unit.      

2.1  CTB Expression

2.2  CTB Isolation

Krystal Hamorsky and Nobuyuki Matoba
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        1.    IMAC Buffer A: 20 mM Tris–HCl,    500 mM sodium chloride, 
pH 8.0. A stock solution of 0.1 M tris(hydroxymethyl)amino-
methane is made by using 12.1 g/L and a stock solution of 0.1 M 
hydrochloric acid is made by diluting concentrated hydrochloric 
acid. Mix 100 mL of 0.1 M tris(hydroxymethyl)aminomethane 
and 54.6 mL of 0.1 M hydrochloric acid. Bring the volume to 
400 mL with water to make 50 mM tris buffer. Adjust the pH to 
8.0 using 1 M NaOH. Weigh 29.22 g of sodium chloride and 
transfer it to the cylinder containing 400 mL of 50 mM tris buffer. 
Add water to a volume of 900 mL. Stir to dissolve. Mix and adjust 
pH if needed using 1 M HCl. Add water to a volume of 1 L.   

   2.    IMAC Buffer B: 20 mM Tris–HCl, 500 mM sodium chloride, 
150 mM imidazole, pH 8.0. A stock solution of 0.1 M 
tris(hydroxymethyl)aminomethane is made by using 12.1 g/L 
and a stock solution of 0.1 M hydrochloric acid is made by 
diluting concentrated hydrochloric acid. Mix 100 mL of 0.1 M 
tris(hydroxymethyl)aminomethane and 54.6 mL of 0.1 M 
hydrochloric acid. Add water to 400 mL to make 50 mM tris 
buffer. Adjust the pH to 8.0 using 1 M NaOH. Weigh 29.22 g 
of sodium chloride and 10.2 g of imidazole and transfer them 
to the cylinder containing 400 mL of 50 mM tris buffer. Add 
water to a volume of 900 mL. Stir to dissolve. Mix and adjust 
pH using 1 M HCl if needed. Add water to 1 L.   

   3.    AKTA purifi er 100 liquid chromatography system (GE 
Healthcare Life Sciences), or similar.   

   4.    Talon ®  Superfl ow Metal Affi nity Resin (Clontech).   
   5.    XK 26/20 column (GE Healthcare Life Sciences).   
   6.    15 % Tris-Glycine gels (Lonza) and materials for sodium dodecyl 

sulfate polyacrylamide gel electrophoresis ( SDS-PAGE  ).       

       1.    CHT  Buffer   A: 10 mM Tris–HCl, 5 mM sodium phosphate, 
pH 8.0. A stock solution of 0.1 M tris(hydroxymethyl)amino-
methane is made by using 12.1 g/L and a stock solution of 0.1 M 
hydrochloric acid is made by diluting concentrated hydrochloric 
acid. Mix 100 mL of 0.1 M tris(hydroxymethyl)aminomethane 
and 54.6 mL of 0.1 M hydrochloric acid. Add water to 400 mL to 
make 50 mM tris buffer. Adjust the pH to 8.0 using 1 M NaOH. A 
stock solution of 0.1 M sodium phosphate monobasic is made 
using 13.8 g/L and a stock solution of 0.1 M sodium phosphate 
dibasic (heptahydrate) is made using 26.8 g/L. Mix 5.3 mL of 
sodium phosphate monobasic and 94.7 mL of sodium phosphate 
dibasic. Add water to 200 mL to make 50 mM phosphate buffer. 
Adjust the pH to 8.0 using 1 M HCl. In a cylinder, mix 200 mL 
of 50 mM Tris–HCl with 100 mL of 50 mM phosphate buffer. 
Add water to a volume of 900 mL. Mix and adjust pH if needed 
using 1 M NaOH. Add water to 1 L.   

   2.    CHT Buffer B: 10 mM Tris–HCl, 500 mM sodium phosphate, 
pH 8.0. A stock solution of 0.1 M tris(hydroxymethyl)amino-

2.3   IMAC 
Purifi cation

2.4   CHT Purifi cation

Cholera Toxin B Production in E. coli
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methane is made by using 12.1 g/L and a stock solution of 
0.1 M hydrochloric acid is made by diluting concentrated hydro-
chloric acid. Mix 100 mL of 0.1 M tris(hydroxymethyl)amino-
methane and 54.6 mL of 0.1 M hydrochloric acid. Add water to 
400 mL to make 50 mM tris buffer. Adjust the pH to 8.0 using 
1 M NaOH. A stock solution of 1 M sodium phosphate mono-
basic is made using 138 g/L and a stock solution of 1 M sodium 
phosphate dibasic (heptahydrate) is made using 268 g/L ( see  
 Note 3 ). Mix 26.5 mL of sodium phosphate monobasic and 
473.5 mL of sodium phosphate dibasic to make 1.0 M phos-
phate buffer. Adjust pH if needed to 8.0 using 1 M HCl. In a 
cylinder, mix 200 mL of 50 mM Tris–HCl with 500 mL of 1.0 M 
phosphate buffer. Add water to a volume of 900 mL. Mix and 
adjust pH if needed using 1 M NaOH. Add water to 1 L.   

   3.    AKTA purifi er 100 liquid chromatography system (GE 
Healthcare Life Sciences), or similar.   

   4.    CHT™ ceramic hydroxyapatite, Type I, 40 μM (Bio-Rad).   
   5.    XK 16/20 column (GE Healthcare Life Sciences).   
   6.    15 % Tris-Glycine gels (Lonza) and materials for  SDS-PAGE  .       

       1.    Dulbecco’s  Phosphate   Buffered Saline (DPBS) without cal-
cium and magnesium.   

   2.    Amicon Ultra centrifugal fi lter, 30 K (Millipore).   
   3.    15 % Tris-Glycine gels (Lonza) and materials for denaturing 

and non-denaturing  SDS-PAGE  .       

3    Methods 

        1.    Transform 1 μL of plasmid pET22b-CTB (stock concentration 
1 ng/μL) into electrocompetent BL21(DE3) cells. Place  elec-
troporation   cuvette on ice and allow BL21(DE3) cells (frozen 
50 μL aliquots) to thaw on ice. Add 1 μL of plasmid to thawed 
cells and place in electroporation cuvette. Wipe metal sides of 
cuvette with Kimwipes. Transform 2000 V for 5 ms. Add 
949 mL of LB broth to cuvette, mix, and transfer to auto-
claved 1.5 mL microcentrifuge tube. Plate a 1:10 dilution of 
transformed cells on LB agar plates containing 100 μg/mL 
ampicillin. Incubate plate overnight in 37 °C incubator.   

   2.    Pick an isolated colony and inoculate in 5 mL LB broth in a 
15 mL conical tube with 100 μg/mL ampicillin. Culture over-
night (12–16 h) at 37 °C at 250RPM.   

   3.    Inoculate 500 mL of LB broth containing 100 μg/ml ampicil-
lin with 5 mL culture from  step 2 , Subheading  3.1 . Grow 
37 °C at 250 RPM. When the culture reaches an OD600 of 
0.6–1.0 ( see   Note 4 ), add IPTG to 0.4 mM fi nal concentration 
( see   Notes 5  and  6 ) and continue to culture for 4 h.      

2.5  Formulation

3.1  CTB Expression

Krystal Hamorsky and Nobuyuki Matoba
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        1.    Harvest the cells by centrifugation at 15,000 ×  g  at 4 °C for 
15 min.   

   2.    The culture supernatant (medium) contains CTB ( see   Note 7 ). 
Filter supernatant through a 0.2 μm bottle top fi lter using a 
house vacuum. The supernatant is now ready for loading onto 
the IMAC column ( see   Note 8 ).      

        1.    Pack the Talon Superfl ow Metal Affi nity Resin in an XK 26/20 
column to a 10 mL bed volume on an AKTA purifi er.   

   2.    Equilibrate the column with 10 column volumes (CV) of 
IMAC buffer A at 10 mL/min.   

   3.    Load the culture medium (from  step 2 , Subheading  3.2 ) at a 
fl ow rate of 5.0 mL/min ( see   Note 9 ) followed by a 10 CV 
wash with IMAC buffer A at 10 mL/min.   

   4.    Elute proteins using a single step gradient to 100 % IMAC 
buffer B for 5 CV at 10 mL/min. Collect 10 mL fractions.   

   5.    Analyze each fraction for CTB purity by  SDS-PAGE   using 
15 % Tris-Glycine gels.   

   6.    Combine CTB-containing fractions for CHT purifi cation ( see  
 Note 10  and Fig.  1 ).

3.2  CTB Isolation

3.3  IMAC 
Purifi cation

  Fig. 1    Expression and purifi cation of CTB. ( a ) Non-denaturing ( left ) and denaturing ( right ) sodium dodecyl 
sulfate polyacrylamide gel electrophoresis ( SDS-PAGE  ) analysis.  Lane 1 : Culture medium preinduction ( see  
 Note 6 ).  Lane 2 : Culture medium postinduction ( see   Note 8 ).  Lane 3 : Five microgram of CTB purifi ed by  IMAC 
  only.  Lane 4 : Five microgram of CTB purifi ed by IMAC plus  CHT   ( see   Note 11 ). CTB retains pentamer formation 
at around 50 kDa under non-denaturing conditions that is needed for GM1-ganglioside binding and is broken 
down into monomer at 12.3 kDa under denaturing conditions. CTB was purifi ed to >95 % purity after IMAC 
only as well as IMAC plus CHT       

 

Cholera Toxin B Production in E. coli



516

               1.    Pack the CHT,    Type I, 40 μm resin in an XK 16/20 column 
to a 10 mL bed volume on an AKTA purifi er.   

   2.    Equilibrate the column with 10 CV of CHT buffer A at 
10 mL/min.   

   3.    Load the CTB IMAC elution (from  step 6 , Subheading  3.3 ) 
at a fl ow rate of 5.0 mL/min followed by a 10 CV wash with 
CHT buffer A at 10 mL/min.   

   4.    Elute proteins using a gradient from 0 to 100 % CHT buffer B 
over 20 CV at 10 mL/min. Collect 10 mL fractions.   

   5.    Analyze each fraction for CTB purity by  SDS-PAGE   using 
15 % Tris-Glycine gels.   

   6.    Combine pure CTB-containing fractions.       

       1.    Ultrafi ltrate and diafi ltrate the CTB solution (combined fractions 
from CHT purifi cation in  step 6 , Subheading  3.4 ) into sterile 
Dulbecco’s PBS (DPBS) using Amicon Ultra-15 30000 MWCO 
centrifugal devices according to the manufacturer’s instructions.   

   2.    To determine the concentration of CTB solution, measure the 
absorbance at 280 nm using UV–Vis spectroscopy. Use DPBS 
as a blank. Divide the absorbance value by CTB’s theoretical 
extinction coeffi cient at 280 nm of 0.8181 (mg/mL) −1  cm −1 .   

   3.    Analyze the purity and pentamer formation of purifi ed CTB by 
use of an overloaded (5 μg) Coomassie-stained  SDS-PAGE 
  under denaturing and non-denaturing conditions using 15 % 
Tris-Glycine gels ( see   Notes 11 ,  12, and 13 ; Fig.  1 ).       

4    Notes 

     1.     Cloning   with  BlpI  removes the optional C-terminal hexahistidine- 
tag sequence. The His-tag is not needed as CTB binds to immo-
bilized Ni 2+  ions through internal histidine resides [ 5 ].   

   2.    DNA sequencing was performed to confi rm an in frame  CTB  
gene.   

   3.    1 M dibasic phosphate needs to be made just prior to use to 
prevent precipitation.   

   4.    Begin checking OD600 approximately 2 h after inoculation.   
   5.    An IPTG concentration of 0.1–1 M is acceptable.   
   6.    Before IPTG is added, set aside 500 μL of culture medium as 

a preinduction control for  SDS-PAGE   ( see  Fig.  1 ). For  SDS- 
PAGE  , centrifuge the culture medium at 15,000 ×  g  1 min. 
Transfer the media supernatant into a new tube and discard the 
cell pellet. To 150 μL of media supernatant, add 50 μL of 4× 
non-denaturing (150 mM Tris–HCl, pH 6.8, 40 % glycerol, 

3.4   CHT Purifi cation

3.5   Formulation 
  of CTB

Krystal Hamorsky and Nobuyuki Matoba
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0.04 % bromophenyl blue) or 4× denaturing (150 mM Tris–
HCl, pH 6.8, 40 % glycerol, 0.04 % bromophenyl blue, 1.6 % 
SDS, 8 % β-mercaptoethanol) loading dye, heat at 95 °C for 
5 min for analysis under denaturing conditions, and load 45 μL 
on the gel.   

   7.    CTB can also be recovered from the intracellular and periplas-
mic fractions of  E. coli , which would provide a higher product 
yield. However, we purify CTB from the medium only to sim-
plify the process to obtain a high-quality product.   

   8.    Set aside 500 μL of culture medium as a postinduction control 
for  SDS-PAGE   ( see  Fig.  1 ) and GM1- ganglioside capture 
enzyme-linked immunosorbent assay [ 6 ] to determine CTB 
expression level. For  SDS-PAGE  , to 150 μL of media superna-
tant, add 50 μL of 4× non-denaturing (150 mM Tris–HCl, 
pH 6.8, 40 % glycerol, 0.04 % bromophenyl blue) or 4× dena-
turing (150 mM Tris–HCl, pH 6.8, 40 % glycerol, 0.04 % bro-
mophenyl blue, 1.6 % SDS, 8 % β-mercaptoethanol) loading 
dye, heat at 95 °C for 5 min for analysis under denaturing 
conditions, and load 45 μL on the gel.   

   9.    Although LB broth is not buffered, we found that  the   IMAC 
process described here is well tolerated for CTB purifi cation. 
However, optimization may be necessary for larger-scale 
production.   

   10.    CTB is purifi ed to >95 % purity after IMAC purifi cation ( see  
Fig.  1 ).    CHT was added as a polishing step.   

   11.    For  SDS-PAGE   analysis, an appropriate volume of 4× non- 
denaturing or denaturing loading dye ( see   Notes 6  and  8 ) is 
added to ~10 μL of CTB solution that contains 5 μg of the 
protein. Unless heated, CTB in the non-denaturing dye main-
tains pentamer structure during the electrophoresis in a stan-
dard SDS-PAGE procedure.   

   12.    We routinely obtain approximately 12 mg per liter of culture. 
In addition to  SDS-PAGE   analysis, GM1-ganglioside-binding 
affi nity can be confi rmed using GM1-ganglioside capture 
enzyme-linked immunosorbent assay or surface plasmon reso-
nance [ 6 ].   

   13.    Endotoxin can be removed from purifi ed protein using a com-
mercially available resin for applications that desire endotoxin- 
free CTB. We have successfully removed endotoxin from CTB 
to <1 EU/mg with ActiClean Etox (Sterogene Bioseparations) 
according to the manufacturer’s instructions.           

Cholera Toxin B Production in E. coli
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    Chapter 34   

 Immunoproteomic Approach for Screening Vaccine 
Candidates from Bacterial Outer Membrane Proteins                     

     Jianyi     Pan     ,     Chuchu     Li    , and     Zhicang     Ye     

1         Introduction 

 Gram- negative   bacteria have two types of outer membrane pro-
teins (OMPs), lipoproteins, which anchor to the inner leafl et of the 
outer membrane, and integral OMPs. Integral OMPs are unique 
to Gram-negative bacteria and adopt a β-barrel architecture with 
their external sequences exposed to the extracellular environment 
[ 1 ]. These features instill OMPs with essential physiological and 
virulence functions [ 2 ], and OMPs have also been suggested as 
potential vaccine candidates for conferring protection against 
infection [ 3 ]. The external short sequences of OMPs might act as 
 epitopes   to induce specifi c antibody responses and are thus promis-
ing candidates for the development of vaccines. For this reason, in 
recent years, research has focused on the determination of the 
immunogenic characteristics of diverse OMPs of diverse bacterial 
species. For example, in  V.    parahaemolyticus   , a model marine bac-
terium, a few OMPs, such as OmpW and LamB, have been found 
to be immunogenic and to provide immune protection [ 4 ,  5 ]. 
These potential vaccine candidates were mainly identifi ed one at a 
time. For rapid and comprehensive characterization of new vaccine 
candidates,  immunoproteomics  , the combination of proteomic 
technologies and immunological methods, has been proposed [ 6 , 
 7 ], and it is now considered to be a powerful technique suitable for 
the screening and identifi cation of potential vaccine antigens. This 
chapter outlines the procedure of screening and determination of 
potential vaccine candidates from OMPs in  V.    parahaemolyticus  
  using an immunoproteomic strategy.  
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2    Materials 

       1.     V.    parahaemolyticus    RIMD 2210633,   Escherichia coli    DH5α, 
and  E. coli  BL21 (DE3), pET-28a and pET-32a.      

       1.    ICR mice with the average weight of 20 g ( see   Note 1 ).      

       1.    Luria-Bertani (LB) liquid  medium  : (1 L) 1 % (w/v) tryptone, 
0.5 % (w/v) yeast extract, and 1 % (w/v) NaCl. Weigh 10 g 
tryptone, 5 g of yeast extract, and 10 g NaCl, and transfer to a 
1-L glass baker. Add 950 mL of deionized water to dissolve 
these materials. Mix the solution and adjust its pH to 7.0 with 
1 N NaOH (~1 mL). Adjust the fi nal volume of the solution 
to 1 L with deionized water. Sterilize the medium by autoclav-
ing it for 20 min at 15 psi (1.05 kg/cm 2 ) on the liquid cycle. 
If antibiotic is needed, allow the solution to cool to approxi-
mately 55 °C, and add ampicillin or kanamycin at a fi nal con-
centration of 50 μg/mL. Store at room temperature or 4 °C.   

   2.    LB solid medium: Prepare LB medium as above, but add 
15 g/L agar before autoclaving. After autoclaving, cool to 
approximately 55 °C and add antibiotic (if needed). To  prepare 
plates, pour medium into petri dishes. After hardening, invert 
and store at 4 °C.   

   3.    High salt medium: LB medium containing 3 % NaCl ( see   Note 2 ).      

       1.    Bacterial cell lysis buffer: 50 mM Tris–HCl, 150 mM NaCl, 
pH 7.4.   

   2.    SLS buffer: 2 % (w/v) sodium lauroyl sarcosinate (SLS).   
   3.    OMP sample buffer: 8 M urea, 4 % w/v CHAPS, 40 mM Tris 

base. Store at −20 °C.   
   4.    Protein quantifi cation kit: Pierce™ BCA Protein Assay Kit.      

       1.    Immobilized pH gradient (IPG) strips, pH 3–10 (GE 
Healthcare).   

   2.    Rehydration buffer: 8 M urea, 2 M thiourea, 4 % (w/v) 
CHAPS. Store at −20 °C. Prior to use, add 4 mg per mL DTT 
buffer and 5 μL per mL-specifi c IPG buffer (GE Healthcare).   

   3.    Equilibration buffer: 50 mM Tris–HCl, pH 8.8, 6 M urea, 
30 % v/v glycerol, 2 % w/v SDS. Add a trace amount of bro-
mophenol blue. Store at −20 °C.   

   4.    Resolving gel buffer: 1.5 M Tris–HCl, pH 8.8. Store at 4 °C.   
   5.    Stacking gel buffer: 0.5 M Tris–HCl, pH 6.8. Store at 4 °C.   
   6.    30 % acrylamide/bisacrylamide: 29.2 g of acrylamide and 

0.8 g bis-methylene-acrylamide dissolved to a fi nal volume of 
100 mL with deionized water. Filter through a 0.45 Corning 
fi lter ( see   Note 3 ). Store in the dark at 4 °C.   

2.1  Bacterial Strains 
and Plasmids

2.2  Animals

2.3  Bacterial 
Culture Medium

2.4  Extraction 
of OMPs

2.5  IEF/SDS Two- 
Dimensional 
Electrophoresis (2-DE)

Jianyi Pan et al.
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   7.    10 % ammonium persulfate solution (APS): Dissolve 0.1 g of 
APS (electrophoresis grade) in 1 mL of deionized water ( see  
 Note 4 ).   

   8.    10 % SDS (sodium dodecyl sulfate, electrophoresis grade): 
Dissolve 5 g of SDS in 45 mL of deionized water with gentle 
stirring and add deionized water to obtain a fi nal volume of 
50 mL. Store at room temperature.   

   9.    10 % tetramethyl-ethylenediamine (TEMED): Add 100 μL of 
TEMED to 900 μL deionized water. Store at 4 °C.   

   10.    Sample loading buffer (2×): 1.2 mL of stacking gel buffer 
(0.5 M Tris–HCl, pH 6.8), 1 ml of glycerol, 2 mL of 10 % 
SDS, 0.5 mL of β-mercaptoethanol, 0.3 mL of 1.0 % bromo-
phenol blue. Store at −20 °C.   

   11.    Running buffer: 25 mM Tris–HCl, 192 mM glycine, 0.1 % 
(w/v) SDS. Store at 4 °C.   

   12.    Staining buffer: Dissolve 1 g of Coomassie blue R-250 in a 
solution of 400 mL of methanol, 100 mL of acetic acid (gla-
cial), and 500 mL of H 2 O. Store at room temperature.   

   13.    Destaining buffer: 400 mL of methanol, 100 mL of acetic acid 
(glacial), and 500 mL of H 2 O. Store at room temperature.      

       1.    Nitrocellulose (NC)    membrane or polyvinylidene difl uoride 
(PVDF) membrane ( see   Note 5 ).   

   2.    Transfer buffer: 25 mM Tris, 192 mM glycine, 10 % (v/v) 
methanol ( see   Note 6 ).   

   3.    Blocking buffer: 5 % skim milk in TBST or 3 % bovine serum 
albumin (BSA) in TBST. Store at 4 °C.   

   4.    Tris-buffered saline with Tween-20 buffer (TBST): 20 mM 
Tris–HCl, pH 7.4, 150 mM NaCl, 0.1 % (v/v) Tween-20. 
Store at 4 °C.   

   5.    Developing kit: DAB (3,3′-diaminobenzidine) substrate kit. 
Upon receipt, store kit at 4 °C ( see   Note 7 ).       

       1.    Destaining buffer (for gel stained with Coomassie blue): 
100 mM ammonium bicarbonate (NH 4 HCO 3 )/acetonitrile 
(ACN) (1:1 v/v) ( see   Note 8 ).   

   2.    Reduction buffer: 10 mM dithiothreitol (DTT) stock 
(1.5425 mg/mL in 25 mM NH 4 HCO 3 ) ( see   Note 9 ).   

   3.    Alkylation buffer: 55 mM iodoacetamide (IAA) stock 
(10.1728 mg/mL in 25 mM NH 4 HCO 3 ). Store in the dark 
( see   Note 10 ).   

   4.    Trypsin solution: Promega sequencing grade-modifi ed trypsin; 
one vial contains 20 μg of trypsin. Dissolve one vial in 200 μL 
of reconstitution buffer (50 mM acetic acid) to obtain a fi nal 

2.6   Dot Enzyme- 
Linked 
Immunosorbent Assay 
(Dot- ELISA) 
and Western Blotting

2.7  In-Gel Protein 
Digestion and MALDI-
TOF/TOF Mass 
Spectrometry Analysis
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concentration of 100 ng/μL. Then, add 90 μL of 50 mM 
NH 4 HCO 3  to 10 μL of 100 ng/μL trypsin. Store at −80 °C.   

   5.    Extraction buffer: (I) 50 % ACN containing 5 % trifl uoroacetic 
acid (TFA); (II) 75 % ACN containing 0.1 % TFA.   

   6.    Peptide sample buffer: 0.1 % TFA in HPLC grade water.   
   7.    Matrix: α-cyano-4-hydroxycinnamic acid (HCCA) in ACN 

containing 0.1 % TFA.   
   8.    Calibration standard: PepMixII, ProtMixI, or ProtMixII 

stored at −20 °C in aliquots in 0.1 % TFA.      

       1.    Genomic DNA purifi cation buffer: 100 μL of 50 mM Tris–
HCl, pH 8.0, 20 mM EDTA, 0.6 % SDS.   

   2.    Transformation buffer: 50 mM CaCl 2 . Store at 4 °C.      

       1.    Complete Freund’s adjuvant (CFA) and incomplete Freund’s 
adjuvant (IFA). Store 4 °C.       

3    Methods 

           1.    Transfer  the   overnight culture of  V. parahaemolyticus  RIMD 
2210633 to high-salt LB medium and culture at 28 °C with 
shaking.   

   2.    When the culture reaches an OD 600  of 0.8, harvest the cells by 
centrifugation at 5000 ×  g  for 10 min at 4 °C. Wash the cell 
pellets twice in sterile phosphate-buffered saline (PBS) and 
resuspend in PBS to a concentration of 2 × 10 7  CFU/mL.   

   3.    Prepare FKCs by the addition of formalin to a fi nal concentra-
tion of 0.5 % (v/v) and incubate at 4 °C for 24 h [ 8 ]. Then, 
remove formalin by centrifugation at 6000 ×  g  for 10 min. 
Resuspend the resulting cell pellets in PBS and use as antigen 
to immunize mice.   

   4.    Prepare emulsion by mixing 100 μL of FKCs with 100 μL CFA 
( see   Note 11 ). Then, inject 200 μL of the emulsion into ICR 
mice intraperitoneally. Additionally, inject 200 μL of PBS into 
control mice. For each antigen, immunize fi ve mice.   

   5.    Boost injection of mice three times with 200 μL of the emul-
sion (100 μL of FKCs mix with 100 μL IFA) at 7-day intervals. 
The emulsion is prepared and injected as in  step 4 .   

   6.    Collect blood from mice 7 days after the second boost immu-
nization in a microcentrifuge tube by cutting off 0.5 cm of the 
tail. Let the blood clot at room temperature for 1 h and store 
at 4 °C overnight. Transfer antiserum to another tube and 
store at −70 °C ( see   Notes 12  and  13 ).   

2.8   Cloning  , 
Expression, 
and Purifi cation

2.9  Immunization

3.1   Preparation 
of Antiserum 
against  V. 
parahaemolyticus 
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   7.    Determine the antibody titer by dot-ELISA: Prepare an appropri-
ate size NC membrane and soak in transfer buffer. Place NC 
membrane on a Whatman fi lter paper. Add 1 μL of the OMP 
sample carefully ( see   Note 14 ) as a dot on the center of each pane 
and incubate for 1 h. Block the membrane for at least 1 h with 
blocking buffer. After blocking the membrane, add 1 μL of serially 
diluted antiserum on the center of each pane and incubate for 2 h. 
Wash membrane three times with TBST buffer, and then, incu-
bate with horseradish peroxidase-conjugated anti-mouse antibody 
(secondary antibody) for 2 h. Remove the secondary antibody 
and rinse membrane with TBST buffer three times. Display the 
protein spot using a DAB developing kit (Fig.  1 ) ( see   Note 15 ).

               1.    Isolation of OMPs of  V.    parahaemolyticus    by SLS methods [ 9 ]: 
Culture and collect bacterial cells as described in Subheading  3.1 . 
Wash cells with 50 mM Tris–HCl, pH 7.4, and then, centri-
fuge at 5000 ×  g  for 10 min at 4 °C. Resuspend cell pellets in 
lysis buffer and break cells by ultrasonication in an ice bath. 
Subsequently, remove cell debris and unbroken cells by cen-
trifugation at 12,000 ×  g  for 10 min at 4 °C. Collect superna-
tants, and ultracentrifuge them at 100,000 ×  g  for 1 h at 
4 °C. Resuspend the pellets in SLS buffer, and incubate them 
at room temperature for 40 min. Ultracentrifuge the resus-
pended cells under the same conditions. Remove the superna-
tants. Wash the protein pellets in 25 mM Tris–HCl, pH 7.4, to 
remove residual detergent, and centrifuge them at 25,000 ×  g  
for 30 min at 4 °C. The resulting pellets consist of OMPs. 
Store at −70 °C until use.   

   2.    Resuspend the OMP sample in rehydration buffer. Remove 
insoluble materials by centrifugation at 13,000 ×  g  for 10 min. 
Then, collect the supernatant containing soluble OMPs and 
quantify the protein content by BCA assay kit.   

   3.    Use IPGphor isoelectric focusing system (GE Healthcare) 
employing the Immobiline DryStrips (pH 3–10) to separate 
the OMP sample with fi ve phases of stepped voltages from 200 
to 8000 V. Separate two aliquots of OMPs with two strips 
simultaneously. Load 50 μg of OMPs onto each strip.   

3.2  Screening 
Immunogenic OMPs

  Fig. 1    Determination of the titer of antisera against OMPs by dot-ELISA analysis       
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   4.    Following isoelectric focusing, reduce and bind SDS to OMPs 
by equilibrating two strips for 15 min in equilibration buffer 
with gentle shaking.   

   5.    Place two equilibrated strips on 12 % (v/v)  SDS-PAGE   gels 
( see   Note 16 ), and run the gels under the standard procedure. 
When the electrophoresis is fi nished, soak the gels in staining 
buffer to visualize the protein spots and use another gel for 
subsequent  western blotting   analysis.   

   6.    For the western blotting analysis, transfer OMPs from a gel to 
a PVDF or NC membrane in transfer buffer at 100 V for 1 h 
under cold conditions ( see   Note 17 ). Then, block the PVDF 
membrane with blocking buffer for 2 h at room temperature, 
or overnight at 4 °C, with shaking.   

   7.    Rinse the membrane three times, 10 min each time, in TBST 
after blocking. Then, incubate the membrane with mouse 
 antibodies in TBST for 2 h at room temperature, or overnight 
at 4 °C, with shaking ( see   Note 18 ). Rinse the membrane three 
times, 10 min each time, in TBST, and then, incubate the 
membrane with anti-mouse secondary antibodies at a dilution 
of 1:1000 for 1 h at room temperature. After incubation, rinse 
the membrane three times, 10 min each time, with TBST.   

   8.    Prepare 5 mL of DAB substrate working solution according to 
the DAB Substrate Kit manual ( see   Note 19 ). Pour the DAB 
solution over the membrane, and incubate the membrane at 
room temperature with gentle shaking ( see   Note 20 ). When 
protein spots are of the desired intensity (Fig.  2 ), rinse the 
membrane in water.

  Fig. 2    Screening of immunogenic OMPs from  V. parahaemolyticus  via an  immunoproteomic   method based 
on 2-D electrophoresis and immunoblotting analysis. OMPs in the 2-DE gels were transferred onto the NC 
membrane and incubated with antisera, which were prepared by injection of FKCs of  V.      parahaemolyticus        
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       9.    Finely excise the gel spots in the 2-DE gel that correspond to 
the visualized spots on the NC membrane, and cut the gel 
pieces into 1 mm, or much smaller, cubes ( see   Note 21 ). Wash 
the gel pieces by incubating them in 300 μL of destaining buf-
fer for 15 min with vortexing. If the pieces are still stained, 
repeat the wash step. Dehydrate the gel pieces by adding 
200 μL of ACN and incubate them for 5 min with vortexing 
until the gel pieces become white and shrunken. Dry the gel 
pieces in a SpeedVac for 20 min.   

   10.    Add 200 μL (or enough to cover the gel pieces) of freshly pre-
pared reduction buffer to the dry gel pieces, and incubate them 
for 30 min at 56 °C with shaking. Remove the supernatant and 
add 200 μL of alkylation buffer. Incubate the gel pieces for 30 min 
at room temperature in the dark with shaking ( see   Note 22 ). 
Wash the gel pieces with 300 μL of 25 mM NH 4 HCO 3  for 
15 min. Then, wash gel pieces with 300 μL of 25 mM NH 4 HCO 3 /
ACN (1:1 v/v) for 15 min. Dehydrate the gel pieces for 5 min by 
incubation with 100 μL ACN. Dry the gel pieces in a SpeedVac 
for 20 min.   

   11.    Rehydrate the gel pieces with 5–10 μL of trypsin solution 
( see   Note 23 ) for 30 min at 4 °C or in an ice bath. The gel pieces 
will swell and turn clear. If all of the solution was absorbed, add 
more 50 mM NH 4 HCO 3  to cover all of the gel pieces. Then, 
incubate the gel pieces at 37 °C overnight (12–15 h) with 
shaking.   

   12.    After digestion, add 25–50 μL of extraction buffer (I) and 
shake for 5 min. Spin down the solution and transfer the 
 supernatant to a clean tube (0.6 mL). Then, add 25–50 μL of 
extraction buffer (II) and shake for 5 min. Transfer the super-
natant to the same clean tube and dry it in a SpeedVac until 
obtaining complete dryness. Dried peptide extracts can be 
stored at −20 °C until use.   

   13.    Add 2 μL of peptide sample buffer to the dried peptides and 
vortex and spin down the solution. Spot 0.3 μL of the peptide 
solution on a spot well of a steel target plate. Overlay the spot 
with 0.3 μL HCCA matrix solution. Spot 0.3 μL of calibration 
solution in the calibration wells of the steel target plate. Allow 
samples to air dry completely.   

   14.    Load the steel target plate into a MALDI-TOF tandem mass 
spectrometer (4700 Proteomics Analyzer, Applied Biosystems) 
to acquire the mass spectra of the peptides. Submit the obtained 
MS and MS/MS spectra for a database search using GPS™ 
Explorer software equipped with the MASCOT search engine 
to identify proteins. Use search parameters that allow for one 
missing tryptic cleavage site, the carbamidomethylation of 
 cysteine, and the possible oxidation of methionine, and use a 
precursor ion mass tolerance of 50 ppm.      
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   Select an immunogenic OMP of VP0802 [ 11 ] to evaluate its 
protective effect using gene  cloning  , protein expression and purifi -
cation, immunization, and an active protection assay:

    1.    Design and synthesize a pair of primers (forward primer: 
5′-ATTCCATATGATGGACAAATTTTTTAAGGT-3′; reverse 
primer: 5′-CCGCTCGAGTTAGTGGAAGCTGTAAGG-3′ 
(underlined sequences are restriction enzyme sites of NdeI and 
XhoI, respectively)), and use them to amplify the DNA frag-
ment of  VP0802  by PCR in a 50-μL reaction system. Purify the 
PCR products with a PCR purifi cation kit from Qiagen.   

   2.    Digest the PCR products and plasmid pET28a(+) with two 
restriction enzymes (NdeI and XhoI) in 50 μL of digestion 
solution for 2.5 h at 37 °C. After purifi cation of these two deg-
radation derivatives, ligate them in ligation buffer with cells. 
Plate the bacteria on agar LB containing 50 μg/mL kanamycin 
to select the positive recombinant transformants.   

   3.    Culture the positive bacteria in LB medium containing 
 kanamycin (50 μg/mL), and then extract the recombinant 
plasmids. After checking by restriction endonuclease digestion 
and sequencing, the recombinant plasmids are transformed 
into  E.    coli    BL21(DE3).   

   4.    Culture the resulting bacteria (harboring recombinant 
 plasmids) overnight. Add the overnight cultures (1:100 v/v) 
into fresh LB with kanamycin, and then culture at 37 °C until 
the absorbent OD 600  reaches 0.4. Add isopropyl β- D -1- 
thiogalactopyranoside (IPTG) at a fi nal concentration of 1 mM 
into cultures to induce expression of VP0802, and continue to 
culture for 4 h.   

   5.    Harvest bacterial cells by centrifugation. Resuspend cells in 
50 mM PBS (pH 8.0) containing 8 M urea, and then break 
cells by sonication in an ice bath. Remove cell debris by cen-
trifugation at 12,000 ×  g  for 20 min at 4 °C. Load the resulting 
supernatant onto a column packed with Ni 2+ -NTA (Qiagen), 
and purify the target protein by affi nity chromatography 
according to the manufacturer’s instructions. Then, determine 
the concentration of purifi ed proteins by BCA method.   

   6.    Prepare emulsion by mixing 50 μg of purifi ed VP0802 and 
complete Freund’s  adjuvant  , as described in Subheading  3.1 . 
Inject the emulsion into an ICR mouse intraperitoneally for an 
active protection assay, and inject the same volume of PBS into 
mice for a control. At least fi ve mice are needed for injection in 
each of the experimental and control groups. Additionally, 
boost injection of the emulsion (20 μg of purifi ed protein mix 
with IFA) at 7-day intervals into mice 2–4 times, as described 
in Subheading  3.1 .   

3.3  Protective 
Effi cacy Assay

Jianyi Pan et al.
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   7.    Collect 50 μL of serum from each mouse on the seventh day 
after the fi nal injection and determine the antiserum titer via 
dot-ELISA, as described in Subheading  3.1 .   

   8.    Challenge both groups of mice i.p. with the 2.5 × 10 7  CFU of 
 V.    parahaemolyticus    in the 14th day after the fi nal injection. 
Observe mouse mortality daily for 10 days after challenge.   

   9.    Calculate the relative percent survival (RPS) to evaluate the 
protective effi cacy according to the mortality recorded daily. 
The RPS is calculated as [1 − (mortality of vaccinated group/
mortality of control group)] × 100 [ 10 ,  11 ].    

4       Notes 

     1.    For the immune protection assay, 6- to 8-week-old female 
mice can be used.   

   2.     V.    parahaemolyticus    is a Gram-negative halophilic bacterium, 
so the bacteria should be cultured with high-salt medium.   

   3.    Acrylamide is a potentially toxic and potentially cancer- causing 
neurotoxin, so gloves and a surgical mask should always be 
worn when weighing acrylamide powder.   

   4.    Ammonium persulfate solution should be prepared freshly 
each time.   

   5.    Always wear gloves when handling the NC or PVDF membranes.   
   6.    When transfer large proteins, up to 0.5 % SDS can be added 

into the transfer buffer.   
   7.    The reagents of DAB and nickel chloride in the kits are suspected 

carcinogens. Take care to avoid touching these reagents.   
   8.    The water and ACN that are used in in-gel protein digestion 

and mass spectrometry procedures must be HPLC grade.   
   9.    Reduction buffer should be prepared freshly.   
   10.    Alkylation buffer should also be prepared freshly.   
   11.    A stable emulsion induces a stronger  immune response   than 

an unstable one. To check the emulsifi cation endpoint, add 
one drop of emulsion to cold water and do not disperse.   

   12.    After clot formation, rim the clot with a wooden applicator 
stick to dislodge the clot from the surface of the tube, but do 
not break up the clot. If needed, collect the antiserum after 
centrifugation at 10,000 ×  g  for 30 min at 4 °C.   

   13.    The collection of mouse blood can be facilitated by using a heat 
lamp to warm the mouse for 30–60 s before cutting the tail.   

   14.    Approximately 0.2–1.0 μg of proteins should be spotted in 
each pane in the assay.   
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   15.    If the antiserum titer is low, the immunization must be boosted 
more.   

   16.    The 4–20 % gradient gels can be better used for the second dimen-
sion of  SDS-PAGE  . These gels can separate proteins very well.   

   17.    Take care to avoid touching the membranes and gels when 
preparing the gel-membrane sandwich.   

   18.    Dilute the antibody in TBST in a proper ratio according to the 
antiserum titer.   

   19.    It is recommended to utilize DAB developing method to display 
the protein spots in situ.   

   20.    The development time is generally 2–20 min at room tem-
perature. When the stained spots are clearly visible, rinse the 
membrane as soon as possible in water.   

   21.    Care should be taken to avoid the loss of gel particles, as well 
as to prevent keratin contamination of protein samples.   

   22.    Tubes can be wrapped entirely by foil.   
   23.    If needed, add more trypsin solution to cover all gel pieces 

depending on the amount of protein.          
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    Chapter 35   

 Construction and Immunogenicity Testing of Whole 
Recombinant Yeast-Based T-Cell Vaccines                     

     Thomas     H.     King     ,     Zhimin     Guo    ,     Melanie     Hermreck    ,     Donald     Bellgrau    , 
and     Timothy     C.     Rodell     

1          Introduction 

  Tarmogens    are    comprised   of heat-inactivated, whole recombinant 
  Saccharomyces cerevisiae    yeast cells expressing disease-related target 
antigens, most typically intracellularly. These vaccines possess 
unique cell surface molecular signatures (pathogen-associated 
molecular  patterns  ) that are key agonists for phagocytic and toll-
like receptors expressed by antigen- presenting cells (APCs). 
Following vaccination with Tarmogen, receptor binding and acti-
vation of APCs trigger yeast uptake and cross-presentation of het-
erologous yeast- expressed antigens with class I and class II  MHC   
molecules, in turn stimulating CD4 +  and CD8 +  T-cell responses 
in vivo [ 1 ]. The yeast also induces the Th17 pathway resulting in 
reduced regulatory T-cell activity [ 2 ,  3 ]. With help from the CD4 +  
T-cell population, the CD8 +  T cells specifi cally kill and/or clear 
virus-infected cells and tumor cells expressing the target antigen. 

  Tarmogens   are being developed clinically for the treatment of 
chronic human viral infections and a variety of cancers [ 4 ]. The 
broad applicability of the platform is also being widely exploited in 
basic vaccine research. 

 Functional evaluation of  Tarmogens   is accomplished by any of 
a wide array of in vivo and in vitro assays that can illuminate the 
activity and mechanism in different host immunological back-
grounds. For Tarmogens targeting tumor-associated antigens, 
many clinically relevant and tractable rodent models exist that 
require only lower biosafety level (e.g., ABSL1) animal facilities for 
execution and that inherently evaluate activity in the context of 
immunological tolerance and suppression [ 5 – 7 ]. Achieving a simi-
lar level of immunological relevance for infectious diseases often 
involves challenge of immunized animals with a target microorgan-
ism. As selection of a lead candidate Tarmogen would ideally 
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include testing of multiple candidates and immunization regimen 
optimization, such infectious  animal models   can be prohibitively 
long and expensive. 

 These latter obstacles can be ameliorated with a project plan 
that includes (1) infectious ex vivo assays with T cells and monocyte- 
derived  dendritic cells   from a patient’s blood [ 8 ] and (2) noninfec-
tious in vivo murine experiments emphasizing the cellular 
mechanisms of activity in the context of  Tarmogen   immunization. 
Following on this theme, we describe four methods that in our 
hands provide high-magnitude  antigen-specifi c T-cell   responses in 
a relatively short time frame with moderate resources.  

2     Materials 

 Supplier details are provided where reagent source or quality is 
particularly important.

    1.     S.    cerevisiae    haploid yeast (e.g., genotype  ade2-1 ;  ura3-1 ;  his3- 
11,15 ;  trp1-1 ;  leu2-3,112 ;  can1-100 ; or a closely related strain).   

   2.    Two μm circle-based shuttle vector with yeast and  E.    coli    ori-
gins of replication, an auxotrophic selectable marker (e.g., 
URA3 or HIS3), a bacterial  antibiotic resistance   gene 
(β-lactamase), and a multiple  cloning   restriction cluster adja-
cent to the copper-inducible CUP1 promoter.   

   3.    General DNA cloning reagents (restriction enzymes, T4 DNA 
ligase,    DH5-alpha competent  E.    coli   , Luria broth liquid and 
solid plates each containing 50 μg/mL of ampicillin, and stan-
dard materials for agarose gel electrophoresis).   

   4.    Frozen-EZ yeast transformation kit II (Zymo Research, cat # 
T2001).   

   5.    Synthetic complete medium agar plates lacking uracil for selec-
tion of transformed yeast containing a URA3 selectable marker.   

   6.    Liquid synthetic complete medium lacking uracil (“U2”): 
15 g/L glucose, 6.7 g/L yeast nitrogen base containing 
ammonium sulfate but lacking amino acids, 0.04 g/L adenine, 
0.04 g/L histidine, 0.04 g/L tryptophan, and 0.06 g/L leu-
cine. Sterilized by 0.2 μM fi ltration.   

   7.    Sterile 1 M copper sulfate solution.   
   8.    Calcium- and magnesium-free phosphate-buffered saline 

(PBS).   
   9.    Sterile disposable Erlenmeyer fl asks with vented caps (2 L, 1 L, 

250 mL sizes).   
   10.    2× complete yeast cell lysis buffer, per 100 mL: 4 g SDS, 2 mL 

β-me, 1 mg bromophenol blue, 1× protease inhibitor cocktail, 
and 1 mM EDTA.   
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   11.    Acid-washed glass beads, 0.5 mm.   
   12.    User selected materials for  SDS-PAGE   and Western blot 

analyses.   
   13.    Hexahistidine-tagged NS3-his standard protein or equivalent 

purifi ed his-tagged antigen for Western blot standard curves.   
   14.    Mouse monoclonal antibody recognizing a hexahistidine 

 epitope  .   
   15.    Horseradish peroxidase-coupled goat anti-mouse antibody.   
   16.    Enhanced chemiluminescence substrate ( see   Note 1 ).   
   17.    Bio-Rad digital imager with Chemidoc software or equivalent 

system for light emission quantifi cation.   
   18.    Aim-V base medium.   
   19.    100× penicillin-streptomycin solution.   
   20.    Human type AB serum (Invitrogen/Life Technologies cat # 

34005100).   
   21.    Complete Aim-V medium: Aim-V containing 10 % human 

type AB serum plus 1× penicillin-streptomycin.   
   22.    A nonenzymatic cell dissociation buffer.   
   23.    Recombinant human GM-CSF.   
   24.    Recombinant human IL-4.   
   25.    Recombinant human IL-2.   
   26.    PE-coupled antihuman interferon gamma (IFNγ) clone 4SB3.   
   27.    APC-Cy7-coupled antihuman CD8, clone SK1.   
   28.    PerCP/Cy5.5-coupled antihuman CD4, clone SK3.   
   29.    Peptides of 98 % purity.   
   30.    Intracellular cytokine staining kit.   
   31.    Human IFNγ  ELISpot   kit.   
   32.    Murine IFNγ ELISpot kit.   
   33.    Cesium-137 cell irradiator.   
   34.    Multichannel fl ow cytometer (recommended 6-color or higher 

capability).   
   35.    ViraPower Lentiviral Expression System (Invitrogen/Life 

Technologies cat # K4990-00;  Note 2 ).   
   36.    Thermal cycler.   
   37.    Animal research facility/vivarium with biological safety 

cabinet.   
   38.    Controlled temperature CO 2  tissue culture incubator.   
   39.    Microcentrifuge and clinical swinging bucket centrifuges.   
   40.    Heat-inactivated fetal bovine serum.   

Immunogenicity Testing of Tarmogen Vaccines
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   41.     Lipofectamine   2000 (Invitrogen/Life Technologies cat # 
11668027).   

   42.    25 g × 5/8 1 mL TB syringe (for subcutaneous (SC) 
injections).   

   43.    28 g insulin syringe (for intradermal (ID) injections).   
   44.    Electric razor for shaving murine injection sites (for ID vacci-

nation and tumor implantation).   
   45.    Digital calipers for tumor measurements.   
   46.    Autoclavable stainless steel dissection tools (for lymph node 

and spleen removal).   
   47.    6-well fl at bottom and 96-well round bottom tissue culture 

plates.   
   48.    Sterile 70 μm cell strainers.   
   49.    Sterile 50 mL polypropylene Falcon tubes.   
   50.    Anti-CD40 antibody (Bio-X-Cell cat. # BE0016-2).   
   51.    PKH26 labeling kit (Sigma cat # PKH26GL-1Kt).   
   52.    CFSE (carboxyfl uorescein succinimidyl ester) labeling kit.   
   53.    Opti-MEM ®  reduced serum medium.   
   54.    Tissue culture grade DMSO.   
   55.    Gas pressure regulator and veterinary manifold.   
   56.    Isofl urane controlled release unit ( see   Note 3 ).   
   57.    Mouse cage with Plexiglass cover connected to gas supply 

hose.   
   58.    Compressed oxygen; 24 ft 3 -sized tank.   
   59.    Leucosep™ tubes for PBMC preparation from human whole 

blood (VWR cat # 89048-936).      

3    Methods 

    Design of heterologous antigen to be expressed in yeast  
 The heterologous disease antigen should ideally possess the 

following attributes: (1) high intracellular expression (prefera-
bly > 5 % of total yeast cellular protein), (2) the presence of key 
 epitopes   and antigenic regions that are relevant to the stage/cycle 
of the target disease, and (3) high solubility to avoid inducing the 
unfolded protein response or other deleterious pathways in the 
yeast [ 7 ,  9 ,  10 ]. We have generally included a C-terminal epitope 
tag (e.g., hexahistidine) to facilitate quantifi cation of the antigen in 
yeast lysates (see below). 

   To obtain stable and reliable antigen expression in  S.    cerevisiae   , 
select a shuttle vector plasmid with a 2 μm circle high-copy origin 

3.1  Recombinant 
Yeast Vaccine 
Construction 
and Antigen 
Quantifi cation

3.1.1  Expression Vector 
and Promoter Sequences
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of DNA replication, a yeast auxotrophic “selectable” marker such 
as wild-type URA3, a β-lactamase (AmpR) for antibiotic selection, 
and a standard bacterial origin of replication. There are many 
choices of promoters that may be used to achieve high antigen 
expression in yeast, as reviewed in [ 11 ]. We have had good success 
with the copper-inducible CUP1 promoter [ 8 ,  9 ].  

       1.    Standard procedures are deployed to insert a PCR-amplifi ed or 
commercially synthesized DNA insert proximal to the pro-
moter. The insert may be codon optimized for expression in  S.  
  cerevisiae    but this is usually not essential ( see   Note 4 ).   

   2.     Kozak sequence  . Yeast mRNA translation is not as sensitive to 
the identity of the start codon-proximal nucleotides as are 
mammalian cells. Nevertheless, effects on translation have been 
observed and good guides on this topic are published [ 12 ].      

    This protocol is for    use     with CUP1 promoter-driven heterologous anti-
gens. For strains with constitutive promoters, perform the same steps 
but omit the addition of copper sulfate (step 8). 

    1.    Obtain a   Saccharomyces cerevisiae    haploid yeast strain harbor-
ing multiple auxotrophic markers for selection and mainte-
nance of plasmid expression vectors ( see  Subheading  2 ). Revive 
the cells from a frozen vial by aseptic streaking on CM glucose 
agar plates followed by incubation at 30 °C for 3 days.   

   2.    Inoculate a 25 mL volume of synthetic complete liquid medium 
(“CLM”) with a single colony. Shake the culture at 250 rpm at 
30 °C until a density of 3 × 10 7  cells/mL ± 0.5 × 10 7  cells/mL 
has been reached ( see   Note 5 ).   

   3.    Harvest cells and render them competent for DNA uptake 
using the Frozen-EZ yeast transformation kit II and conduct 
transfection of the yeast cells with plasmid DNA according to 
the kit protocol (Zymo Research).   

   4.    Plate 150 μL of the transfectant mixture on CM glucose minus 
uracil plates, and return to a 30 °C incubator for 3 days.   

   5.    Re-streak three individual colonies onto a fresh CM glucose 
minus uracil plates and return to 30 °C incubator for three 
additional days.   

   6.    Inoculate a small portion of each re-streaked transfectant into 
20 mL of liquid CM glucose minus uracil medium and incu-
bate at 30 °C (250 rpm) for 16 h (starter culture).   

   7.    Obtain a cell count of the three starters and use these to inocu-
late fi nal cultures to 0.3 YU/mL (one YU = 10 7  yeast cells).   

   8.    Incubate the cultures to a density of 3 YU/mL ± 1 YU/mL 
and then add copper sulfate from a sterile 1 M stock to a fi nal 

3.1.2   Cloning  

3.1.3   Tarmogen 
Construction
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concentration of 400 μM. Return to shaker and incubate for a 
further 3 h at 30 °C (250 rpm).   

   9.    Harvest the cells by centrifugation at 2600 ×  g  for 7 min at 
20 °C. Resuspend the cell pellet by hand vortexing and then 
add PBS to 500 mL per liter of original culture, invert the 
container, and harvest again by centrifugation. Decant the 
supernatant and resuspend the yeast pellet in the residual liq-
uid as above.   

   10.    Heat inactivate the yeast by adding the cell slurry to pre- 
warmed 56 °C PBS for 1 h (fi nal yeast concentration: 
10–50 YU/mL).   

   11.    Wash the cells three times in PBS as in  step 9 . Resuspend the 
Tarmogen at an estimated 50 YU/mL, sonicate an aliquot for 
10 s to disperse any aggregates, and then obtain an exact cell 
density by hemocytometer count.    

          1.    Pellet 20 YU of Tarmogen by centrifugation at 5900 ×  g  in a 
tabletop microcentrifuge for 4 min. Keep the cell pellet on ice.   

   2.    Prepare 500 μL of 2× complete cell lysis buffer per strain to be 
evaluated (materials).   

   3.    Remove the supernatant ( step 1 ) and resuspend the cell pellet 
in 200 μL of 2× complete cell lysis buffer and add the slurry to 
a 3 mL polystyrene snap-cap tube containing 300 μL of acid- 
washed glass beads. Vortex by hand at maximum speed for 90 s 
and then heat at 95 °C for 3 min. Place the tube on ice for 
1 min.   

   4.    Using a p200 pipet attached to a tip from which the very end 
has been cut off, stick the tip into the beads and withdraw all 
of the liquid and transfer it to a fresh 1.5 mL microcentrifuge 
tube.   

   5.    Add 200 μL of 2× SDS buffer to the beads and vortex for 15 s. 
Remove the liquid with a fresh cut tip and pool it with the 
previous aliquot of cell lysate.   

   6.    Spin the lysate at 9300 ×  g  for 4 min to pellet debris, transfer 
the supernatant to aliquots, and freeze at −80 °C ( see   Note 7 ).      

       1.    Conduct measurement of total protein in the lysate using a 
nitrocellulose-binding/TCA protein precipitation method as 
described previously [ 13 ] ( see   Note 8 ).   

   2.    Expression of the heterologous antigen is measured by stan-
dard Western blot. Estimation of antigen content is typically 
determined by interpolation of heterologous antigen against a 
standard curve comprised of known quantities of his-tagged 
 HCV   NS3 protein. Lanes with the following amounts of anti-
gen generally produce a linear response: 200, 100, 50, and 
25 ng ( see   Note 9 ).       

3.1.4  Preparation 
of Yeast Cell Lysate ( See  
Note 6)

3.1.5  Measurement 
of Heterologous Antigen 
Content
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   A wide array of in vivo and ex vivo assays were developed by our 
laboratory. The four assays described here are examples that pro-
vide high-amplitude antigen-specifi c Th1 T-cell responses. The use 
of human  dendritic cell  /peripheral blood mononuclear cell 
(PBMC) assays enables the study of cellular  immune responses   in 
the context of varied exposure to  pathogens   or in a variety of tumor 
patient backgrounds. The murine assays are relevant because T-cell 
responses are mounted in vivo by  Tarmogen   immunization. The 
in vivo cytotoxic T-lymphocyte (CTL)    assay is an especially attrac-
tive test in cases where a dominant target  epitope   is known, and it 
attests to the primary mechanism by which Tarmogens function. 

    In this assay, human donor PBMCs are cultured with Tarmogen- 
treated  autologou  s DCs. Two  or   three 1-week periods (rounds) of 
stimulation trigger activation and expansion of disease  antigen- 
specifi c T cells  , resulting in a polyclonal population of lymphocytes 
whose specifi city and activity can be evaluated with ELISpot, intra-
cellular cytokine staining,  pentamer staining  , or CTL-mediated 
killing assays [ 8 ,  14 ].

    1.    Prepare PBMCs from fresh whole blood of donors using 
Leucosep tubes.   

   2.    Incubate ten million viable PBMCs in a single well of a 6-well 
plate for 2 h in 5 mL of complete AIM-V medium (cAIM-V).   

   3.    Discard the nonadherent cells and gently rinse once with 
cAIM-V to remove loosely adherent cells.   

   4.    Add fi ve mL of cAIM-V containing 100 ng/mL recombinant 
human GM-CSF plus 20 ng/mL recombinant human IL-4 to 
the adherent cells and incubate for 5 days at 37 °C.   

   5.    Estimate the number of DCs by trypan blue dye exclusion of a 
(destructive) sister well and then add Tarmogen at a ratio of 1 
yeast cell to 1 DC. Return the plate to the incubator for an 
additional 40 h ( see   Note 10 ).   

   6.    Rinse the adherent yeast-fed cells twice with calcium- and 
magnesium-free PBS and then incubate for 15 min with 
2–3 mL nonenzymatic cell dissociation buffer at 37 °C. Gently 
and repeatedly pipet the Tarmogen-pulsed DCs (TPDCs) to 
detach them from the plastic, irradiate the cells (30 Gy), and 
store on ice.   

   7.    Thaw 10–20 million frozen autologous PBMCs, wash them in 
pre-warmed cAIM-V, count, and combine the PBMCs with 
irradiated yeast-pulsed DCs at a ratio of 1:10 (DC:PBMC) in 
a T-75 tissue culture fl ask ( see   Note 11 ).   

   8.    Incubate the DC/PBMC co-culture for 3 days at 37 °C and 
then add recombinant human IL-2 at a fi nal concentration of 
20 U/mL for 4 additional days. This process comprises one 
round of stimulation (1 week).   

3.2  Immunogenicity 
Assays

3.2.1    Ex Vivo Stimulation 
of PBMCs with Tarmogen- 
Pulsed, Autologous 
Dendritic Cells (DCs; 
ELISpot Readout)
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   9.    Transfer the suspension cells from the round 1 stimulation to a 
new fl ask and conduct a round 2 stimulation with freshly pre-
pared TPDCs produced from frozen/banked autologous 
PBMCs.   

   10.    Repeat the process of DC co-culture once more ( steps 7 – 9 ), 
using the suspension cells from round 2. This is the third round 
stimulation.   

   11.    On day 6 of the third round, thaw a vial of fresh autologous 
PBMCs, wash them in cAIM-V, and incubate with 3 μg/mL of 
purifi ed recombinant target antigen for 24 h to allow antigen 
uptake and presentation by APCs.   

   12.    Wash the pulsed APCs ( step 11 ) 1× in cAIM-V, count, and 
add them to the third round DC-stimulated effector popula-
tion at a T cell/APC ratio of 10:1 for 36 h directly in an IFNγ 
 ELISpot   plate (200,000 cells/well). Develop the ELISpot 
plate per manufacturer’s protocols. ELISpot counting can be 
conducted by Cellular Technology, Ltd.    

       As an alternative or in addition to the  ELISpot   assay of  step 12 , an 
intracellular cytokine staining assay can be conducted that is useful 
for establishing the T-cell subsets that have been activated as well 
as their  epitope   sequence specifi city ( see   Note 12 ). In the present 
example, protocols are listed for determining the frequency of 
CD4 +  or CD8 +  IFNγ +  T cells. For antibody concentrations used for 
staining steps, follow manufacturer’s recommendations.

    1.    Generate effectors by stimulation with TPDCs as in  steps 
1 – 11 , Subheading  3.2.1 .   

   2.    Collect an aliquot of cells following complete three-round 
stimulation, by centrifugation at 300 ×  g  for 6 min.   

   3.    Treat the cells with 1× GolgiStop from the BD Cytofi x- 
Cytoperm kit in the presence of disease antigen-specifi c pep-
tides for 5 h at 37 °C. Stain the cells with antihuman CD8/
APC-Cy7 antibody and antihuman CD4/PerCP-Cy5.5 anti-
body and then wash the cells 3 times with cold PBS + 1 % BSA.   

   4.    Fix the stained cells with 4 % paraformaldehyde for 10 min at 
25 °C, permeabilize with the Cytofi x-Cytoperm kit, and stain 
the cells with a PE-coupled antihuman IFNγ antibody. Analyze 
the cells by  fl ow cytometry   to determine the percentages of 
each T-cell subset that produced IFNγ in response to peptide 
stimulation.    

     Tumor challenge assays are a time-proven gold standard measure 
of immunogenicity, and yet establishing the optimal conditions for 
use with  Tarmogens   involves knowledge of tumor target construc-
tion, careful selection of immunization dose/regimen, tumor chal-
lenge dose and timing, and, in the case of adoptive transfer studies, 

3.2.2  Ex Vivo Stimulation 
of PBMCs with Tarmogen- 
Pulsed, Autologous DCs 
(Intracellular Cytokine 
Staining Readout)

3.2.3  Tumor Challenge 
 in   Tarmogen-Vaccinated 
Mice
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procedural details to maximize the expansion of transferred T cells 
prior to challenge. Following these protocols will accelerate the 
completion of conclusive tumor challenge studies with  Tarmogens  .  

   It is recommended to use a system for antigen expression that 
results in stable chromosomal integration of the target gene such 
that cells can ultimately be propagated in the absence of drug selec-
tion in vivo ( see   Note 13 ).

    1.    EL4 thymoma cells (ATCC) are grown in cRPMI-10 to mid- 
exponential phase and then transduced by  lentivirus   expressing 
the target gene ( see   Note 14 ).  Cloning  , transduction, and 
drug selection procedures recommended by Invitrogen (Life 
Technologies) work well for most genes.    

         1.    Immunize  C57BL/6 mice   subcutaneously once per week for 3 
weeks (this regimen has not been fully optimized). Immunize 
with 2.5 YU of  Tarmogen   in the outer fl ank and 2.5 YU in the 
scruff of the neck. Rotate sides of fl ank injection each week to 
minimize irritation.   

   2.    One week after the third immunization, harvest splenocytes by 
gentle dispersal over a 70 μm cell strainer and conduct one 
wash with cRPMI-10. Do not perform ammonium chloride- 
potassium lysis of red blood cells.   

   3.    Adjust the preparation to 2 × 10 7  viable cells/mL and inject 
1 mL into the intraperitoneal cavity of 5–7 week old scid mice.   

   4.    Twenty four hours later (to allow for in vivo T-cell expansion), 
challenge the scid mice subcutaneously in the (shaved) ribcage 
with 30,000 EL4 tumor cells expressing a relevant (i.e., target) 
or irrelevant control antigen ( see   Note 15 ).   

   5.    Monitor tumor growth daily starting 48 h after challenge. 
Tumors will likely become visible in control (PBS or irrelevant 
yeast) groups ~day 6 or 7 post-challenge ( see   Note 16 ).   

   6.    When tumors are large enough to be measured by digital cali-
per, collect tumor diameter measurements daily, in two per-
pendicular dimensions for each mouse. Plot average tumor 
diameter or tumor volume as a function of time to estimate 
growth rate.      

   Ex vivo T-cell activation assays are  valuable   protocols for assessing 
the antigen specifi city of  therapeutic vaccines  . For  Tarmogens  , we 
have found that several differences from traditional methods result 
in enhanced antigen-specifi c responses. Heterologous antigen 
expression level, immunization regimen/dose, period of rest prior 
to dissection, and the type and purity of antigen are all factors that 
can affect assay quality.

3.2.4  Target Construction

3.2.5  Adoptive 
Transfer-Based Tumor 
Protection

3.2.6   Interferon Gamma 
ELISpot in Tarmogen- 
Immunized Mice
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    1.    Immunize mice with 5 YU of  Tarmogen   by the  intradermal   or 
subcutaneous routes (2.5 YU each outer fl ank) at days 0 and 7. 
To achieve representative results, it is recommended to immu-
nize at least seven mice per treatment group ( see   Note 17 ).   

   2.    Nine to 21 days post-immunization, remove the draining 
inguinal lymph nodes from the 7 mice/group, pool the organs 
for each group, and immediately disperse the cells into cold 
cRPMI- 10 over a 70 μM cell strainer using the fl at end of a 
3 mL syringe plunger.   

   3.    Wash the cells once in 50 mL cRPMI-10, resuspend in 3 mL 
medium, and obtain viable cell counts by hemocytometer 
counts of trypan blue-stained cells.   

   4.    Adjust the preparation to 2.5 million viable cells per mL and 
aliquot 100 μL per well into 96-well round bottom tissue cul-
ture plates.   

   5.    Add 100 μL of target or irrelevant antigen in cRPMI-10 to 
each well, mix by gentle pipetting, and place the covered plate 
in a humidifi ed 37 °C/5 % CO 2  tissue culture incubator for 4 
days ( see   Note 18 ).   

   6.    Pipet the cells up and down 3 times with a multichannel pipet 
and transfer 150 μL of the mixture to a pre-blocked 96-well 
IFNγ ELISpot plate. Return the plate to the CO 2  incubator for 
24 h.   

   7.    Wash the cells off of the ELISpot plate and develop the assay 
exactly per R&D systems kit directions. Dry plates at 37 °C for 
30–60 min prior to spot counting.    

      The ability  of    Tarmogens   to trigger cytotoxic T-cell-mediated kill-
ing is central to the mechanism of action, and here we present a 
rapid (8-day), simple, and highly relevant in vivo assay to assess this 
function. A key requirement is that a class I  MHC  -restricted domi-
nant  epitope   is known. The assay can be run in most any strain of 
mouse including HLA transgenic mice to allow the possibility of 
testing for CTL against epitopes of known importance in human 
disease. 

 The key steps are (1) immunization of mice (day 0), (2) injec-
tion of immunized and naive mice with dye-labeled and 
 peptide- pulsed and unpulsed splenocytes (day 7), and (3) removal 
of spleens followed by analysis of percent killing of the dye-labeled 
population by  fl ow cytometry  . 

       1.    Immunize mice retro-orbitally or by tail vein injection with 2 
YU of Tarmogen mixed with 25 μg of α-CD40 antibody 
( see   Note 19 ).       

3.2.7   In Vivo CTL

 Immunization of Mice  with 
  Tarmogen
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    Except for step 6, all centrifugation steps are performed at 400  ×  g for 
10 min. 

    1.    On day 7 post-immunization, harvest spleens from naive syn-
geneic mice and prepare them as targets for killing as follows. 
The following is written for a single spleen which contains suf-
fi cient cells to inject four recipient mice. A total of 4 × 10 6  
cells/recipient are required (2 × 10 6  peptide-pulsed and 2 × 10 6  
unpulsed cells).   

   2.    Macerate spleen in PBS + 1 % BSA (wash medium; W1) and 
fi lter cells into a 50 ml Falcon tube using a 70 μM mesh fi lter 
and centrifuge. Discard supernatant and continue with  step 3 . 
Perform all subsequent steps at room temperature.   

   3.    Lyse red blood cells for 5 min by resuspending pellet in 2 mL 
ACK (ammonium chloride-potassium) lysing solution per 
spleen.   

   4.    Add 15 mL complete RPMI-10 % FBS (cRPMI-10) to stop 
the reaction. Centrifuge, resuspend the cells in 10 mL W1, and 
obtain a viable cell count.   

   5.    Reserve 4 × 10 6  unstained cells as a control (2 × 10 6  to be used 
as no staining control and 2 × 10 6  for CFSE (carboxyfl uores-
cein succinimidyl ester)-only stained control).   

   6.    Centrifuge the cells from  step 5  at 400 ×  g  for  5  min into a 
loose pellet.   

   7.    Carefully aspirate the supernatant leaving no more than 25 μL 
of supernatant on the pellet.   

   8.    Based on the estimated number of cells from the count in  step 
5 , resuspend the cells at 2 × 10 7 /ml in Diluent C from the 
PKH26 staining kit (this is a 2× cell suspension). Ensure the 
cell suspension is uniform but do not vortex.   

   9.    Immediately prior to staining, prepare 8 × 10 −6  M PKH26 dye 
(2× mix) in a polypropylene tube using Diluent C. If an inter-
mediate dilution of dye is necessary (unlikely), do so in 100 % 
ethanol. Hold this preparation at 25 °C.   

   10.    Add 8 μL of 1 × 10 −3  M PKH dye stock per 1 ml Diluent 
C. Rapidly add the 2× cells to the 2× dye and immediately mix 
the sample by pipetting. Rapid and homogenous mixing is criti-
cal for uniform labeling because staining is nearly instantaneous.   

   11.    Incubate the cells at 25 °C for 3 min. Periodically, invert the 
tube gently to ensure mixing during this staining period at 
25 °C.   

   12.    Stop the staining reaction by adding an equal volume of 100 % 
fetal bovine serum (2 mL cell/dye mix + 2 mL serum). Incubate 
for 1 min at 25 °C.   

   13.    Dilute the serum-stopped sample with an equal volume of 
cRPMI-10.   

 Target Preparation
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   14.    Centrifuge the cells at 400 ×  g  for 10 min at room temperature 
to remove cells from staining solution ( see   Note 20 ).   

   15.    Remove the supernatant and wash cells with 15 ml cRPMI-10 
(a minimum of three washes is recommended). Perform the 
last wash using 15 mL PBS. Count an aliquot of the cells while 
in the last centrifugation step and resuspend the cells to 
4–5 × 10 7  cells/mL in PBS. Retain 5–10 μL of the PKH26 
stained preparation as a single-stained control.   

   16.    Divide the PKH26-stained cells equally into two polypropyl-
ene tubes. One sample will be stained with 1 μM CFSE (CFSE 
high) and the second sample with 0.1 μM CFSE (CFSE low).   

   17.    Prepare a 2× CFSE pre-mixture (2 μM and 0.2 μM, respec-
tively) in PBS and add an equal volume to the PKH26-labeled 
cells (1 mL cells + 1 mL 2× CFSE). Stain at room temperature 
for 10 min. 
 Also in parallel, treat 2 × 10 6  unstained splenocytes from above 
with 1 μM CFSE in a volume of 2 mL for 10 min (1 mL 
cells + 1 mL 1 μM CFSE).   

   18.    Stop the CFSE labeling by adding equal volume of 100 % FBS 
for 1 min and then add one volume of cRPMI-10 and centri-
fuge as above.   

   19.    Wash the cells once more with cRPMI-10 and once with W1. 
Resuspend the cells stained with 1 μM CFSE (CFSE-high 
cells) in serum-free medium (SFM) for peptide pulsing. Use 
1 mL SFM for cells from up to fi ve donor spleens and increase 
volume accordingly dependent on number of spleens used. 
Resuspend the cells stained with 0.1 μM CFSE (CFSE-low 
cells) in 5 mL PBS and hold at 4 °C until further use.   

   20.    Pulse the CFSE high population with 100 μM peptide ( see  
 Note 21 ) in polypropylene tubes at 37 °C 5 % CO 2  for 60 min.   

   21.    Dilute the peptide-pulsed splenocytes to 20 mL with SFM and 
centrifuge for 10 min. Aspirate the supernatant carefully to 
remove as much medium as possible without losing cells.   

   22.    Wash the CFSE-high cells with 20 mL PBS, centrifuge, and 
resuspend the pellet in 5 mL PBS.   

   23.    Count both CFSE-high and CFSE-low preparations and mix 
2 × 10 6  pulsed (CFSE-high) cells with 2 × 10 6  unpulsed (CFSE-
low) cells in 100 μL total volume per mouse to be injected. 
Inject the suspension retro-orbitally into naïve and into 
Tarmogen-immunized mice using a U-100 insulin syringe, 
28G1/2 (0.36 mm × 13 mm).    

         1.    20-h post-challenge, remove spleens and process organs as 
described in  steps 2 –4.   

   2.    Transfer 10–15 × 10 6  cells to a 15 ml Falcon tube and adjust 
the cell concentration to 5 × 10 6 /ml using W1.      

 Harvest and Processing 
of Spleens  for   Flow 
Cytometry
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       1.    Transfer 2 ml of each sample prepared in  step 2  above to a 
5 mL polystyrene tube. Filter over a 70 μM mesh cell strainer 
if cell clumps are visible. Resuspend the cells used as single 
stain controls from  steps 5 ,  15 , and  17  in 1 mL W1 and also 
transfer to a 5 mL polystyrene tube. Keep samples on ice.   

   2.    On the fl ow cytometer, create the experiment layout for analy-
sis. Include a dot plot for forward ( x -axis) and side scatter 
( y -axis), as well as a dot plot displaying PKH26 ( x -axis) against 
side scatter ( y -axis). Add a histogram plot for displaying CFSE 
( x -axis) against counts (y-axis).   

   3.    Use the unstained control to adjust forward and side scatter as 
well as photomultipliers for the detectors used ( see   Note 22 ).   

   4.    Compensate the spillover between CFSE and PKH26 using 
the single stain controls ( see   Note 23 ).   

   5.    Run the sample corresponding to the “naïve” mouse ( see   step 
23 ) to set and adjust the gates to display the different popula-
tions. Begin with adding a lymphocyte gate to the forward-
side scatter plot (gate 1). In the “PKH26 vs. side-scatter” plot, 
display events from gate 1 and set a 2nd gate around the 
PKH26- positive population ( see   Note 24 ). In the CFSE histo-
gram plot, display the PKH26-positive cells (gate 2). The 
CFSE-labeled cells should be visible as two separate peaks, 
CFSE-high and CFSE-low cells, respectively. Set “region” 
gates for each peak to determine the frequency of CFSE-high 
cells versus CFSE-low cells ( see   Note 25 ).   

   6.    After gates have been set, record the sample and continue to 
acquire the rest of the samples in the experiment. In order to 
obtain a satisfying analysis, it might be required to record up to 
5 × 10 6  events in gate 1, as PKH26-/CFSE-labeled cells can be 
limited.   

   7.    The effi cacy of cytotoxic T-cell lysis (target-cell killing) of 
peptide- pulsed (CFSE-high) cells is measured in percent and 
calculated by the following formula:    
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4         Notes 

     1.    Optimal sensitivity is obtained with a digital imager such as 
Bio-Rad’s digital imaging system interfaced to ChemiDoc 
software.   

   2.    The polyubiquitin C or cytomegalovirus promoters are good 
choices for constitutive mid- to high-level expression; these 
may be selected upon purchase of the lentiviral kit.   

 Flow Cytometric Analysis
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   3.    Isofl urane anesthesia is used for the intradermal and retro- 
orbital injection procedures described in the Methods section.   

   4.    The benefi t of codon optimization for expression in yeast is 
controversial, and in our hands, many DNA sequences encod-
ing viral  pathogens   or tumor-associated antigens express highly 
without optimization.   

   5.    Before counting yeast cell by hemocytometer, the culture 
should be sonicated on low power for 10 s to ensure dispersal 
of cell aggregates.   

   6.    The combination of mechanical shearing, high SDS (4 %), and 
heat (95 °C) is optimal to obtain high effi ciency of lysis from 
heat-killed yeast.   

   7.    Yeast total protein lysates are optimally stored at −80 °C in 
aliquots.   

   8.    The use of the amido-schwartz TCA precipitation method is 
important for lysates produced by this method, as it is insensi-
tive to high SDS concentrations. Unlike certain other popular 
methods, it is also inclusive of membrane proteins and there-
fore produces a more accurate estimate of total cellular protein 
than other commercial methods.   

   9.    Despite that the ECL product has a stabilizer, data should be 
collected immediately upon exposure to substrate as antigen 
content results can vary by as much as 100 % when longer ECL 
substrate incubation is conducted (e.g., 30 min) prior to digi-
tal image collection.   

   10.    The yeast/DC ratio should be titrated to achieve optimal sepa-
ration of the Tarmogen-emergent T-cell effect to the 
 background signal arising from negative control empty vector 
yeast cells.   

   11.    On the same day as the autologous PBMCs are thawed for co- 
culture with yeast-pulsed DCs, a fresh lot of DCs must be initi-
ated as in  step 2 .   

   12.    As an example of evaluating other markers, antibodies that can 
detect degranulation may be added concomitant with CD8 
marker staining to determine if the cells are cytolytic [ 15 ].   

   13.    Plasmid-based nonviral transfection methods can be used to 
establish antigen expression but the frequency of stable inte-
gration is low and thus antigen expression will usually be lost 
in the absence of drug selection in vitro and in vivo. We have 
isolated “breakthrough” tumors (those that continued to grow 
rapidly even in vaccinated mice) and found that the vast major-
ity of cells in these tumors were devoid of heterologous anti-
gen expression   

   14.    The operator may also choose to fuse the target gene to a ubiq-
uitin sequence that accelerates proteasomal degradation and 
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enhances antigen presentation with class I  MHC  . However, if 
using this proteasomal targeting approach, detection of anti-
gen expression by Western blot can be diffi cult and requires 
the use of proteasome inhibitors prior to lysate preparation 
[ 16 ].   

   15.    We have found that 30,000–90,000 target cells provided opti-
mal results in many studies, with tumors forming in 90 % of 
mice treated with empty vector control yeast. However, it is 
recommended to titrate the dose for each tumor line that 
expresses a unique antigen, as some heterologous proteins 
affect tumor growth rate. It is also noted that the well-known 
EL4-based tumor line E.G7-Ova grows notably more slowly 
than EL4 cells expressing, e.g., viral antigens. This can affect 
the interpretation of results when the protective effect of one 
 Tarmogen   vaccine is assessed against two different tumor tar-
gets lines. Always determine the growth rate of different EL4 
lines before comparing them side by side in vaccine studies.   

   16.    The greatest separation of tumor growth rate between 
Tarmogen vs. control yeast-treated mice is often observed in 
the fi rst few days after tumors have appeared.   

   17.    Higher numbers of Langerhans cells are found in the dermal 
layer than subcutaneously and these cells cross-prime CD8 +  T 
cells with particularly high effi ciency [ 17 ]. Thus, and especially 
if seeking to characterize CD8 T-cell responses, it is logical to 
immunize intradermally.  C57BL/6 mice   are recommended for 
these studies due to the Th1 bias of this strain. Nevertheless, 
   CTL can be induced by  Tarmogens   in other common labora-
tory strains such as BALB/ c   and even in transgenic mice 
expressing high levels of self-antigens [ 5 ,  9 ].   

   18.    For each antigen stimulation, at least six replicate wells should 
be processed because the effi ciency of T-cell activation and 
expansion can vary greatly from well to well.   

   19.    This amount of yeast and αCD40 Ab has been optimized; 
higher levels of αCD40 may result in sporadic death of mice.   

   20.    Do not reduce the time of these spins to 5 min, or considerable 
cell loss might occur.   

   21.    We recommend that peptides be of high purity (98 %) for best 
results and to ensure reproducibility, as crude peptide prepara-
tions can vary dramatically in quality from lot to lot.   

   22.    PKH26 can be detected in the PE channel, whereas CFSE 
emits in the FITC channel.   

   23.    Both PKH26 and CFSE have excitation and emission spectra 
that are different from PE and FITC, respectively, and there-
fore need to be compensated separately, using PKH26- and 
CFSE-labeled cells.   
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   24.    PKH26 is used as a vital dye and only living cells will be labeled. 
The abundance of those cells within a whole spleen can be very 
limited. Thus, depending on your fl ow cytometer, either dis-
play at least 5000 events in the “PKH26 against side- scatter” 
dot plot or record approximately 1 × 10 6  cells in order to be 
able to confi dently identify the PKH26-positive population.   

   25.    In the naïve mouse, the ratio of CFSE-high cells to CFSE-low 
cells should be approximately 1:1, as killing of the peptide- 
pulsed (CFSE-high) population does not occur in those ani-
mals. Ratios might be skewed toward the CFSE-high or 
CFSE-low population if cell counts were inaccurate and/or if 
the pulsed and unpulsed cells were not mixed in a 1:1 ratio in 
 step 23 . Nevertheless, the formula used to calculate the per-
centage of target-cell killing in the immunized animal will 
account for such variability.           
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    Chapter 36   

 Oral Rabies Vaccine Design for Expression in Plants                     

     Ankit     Singh    ,     Gauri     Saxena    , and     Praveen     C.     Verma      

1         Introduction 

  Vaccination   involves the stimulation of the immune system to 
prepare it for the event of an invasion from a particular  pathogen   
for which the immune system has been primed [ 1 ]. This will fur-
ther produce pathogen-specifi c T and  B cells   for rapid proliferation 
and differentiation when natural pathogens will be encountered by 
immune system. Construction of vaccine in several cases has been 
hampered because of varying strains of the pathogen, antigen drift, 
antigenic shift, and other unrevealed mechanisms that make it hard 
to determine a suitable peptide sequence for the immune system 
priming. Although attenuated whole pathogens were frequently 
used for priming the immune system, but that has resulted in 
acquiring the same disease by few people after vaccination. 

 Recombinant  subunit vaccines   are desirable as an alternative 
with potentially fewer side effects than delivering the whole organ-
ism. Recombinant subunit vaccine does not contain whole infec-
tious agent and thus is safer to administer and prepare uniform 
doses [ 2 ]. Now with advancement in molecular biology tech-
niques, it has become feasible to identify the candidate peptides or 
proteins that are associated with a particular disease development 
and can be potentially utilized to function as an effective subunit 
vaccine. Any part of the causal agent including proteins, long-chain 
 carbohydrates  , DNA, etc., can be used as a subunit vaccine to pre-
vent and slow down the spread of disease. 

 Though most of the known methods of vaccination have been 
effective against several diseases, nevertheless only  oral vaccines   can 
ease the discomfort associated with the mode of introduction of 
vaccines. Oral vaccines have been observed to stimulate produc-
tion of mucosal antibodies more effectively than the injected ones. 
The body’s mucosal immune system works as a fi rst line of defense 
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against many diseases. The bronchial system and gut are the two 
main sites for mucosal lymphoid tissues. An oral vaccine is much 
safer from the degradation by intestinal acidic pH and is able to 
 produce   IgA secretory antibody by stimulating mucosal immune 
system. However, most of the synthesized secretory antibodies are 
secreted through tears, saliva, and milk to protect the invasion of 
the pathogenic organism through these routes, but substantial 
amount of other antibodies are also present in the blood to tackle 
the invaded  pathogens   [ 3 ,  4 ]. Oral vaccination can be a good alter-
native where multiple booster and priming regimens are required. 

  Rabies   is acute progressive encephalitis which causes annually 
60,000 human deaths worldwide [ 5 ]. It is caused by a promiscu-
ous neurotropic virus  Lyssavirus  genus of the family Rhabdoviridae. 
Rabies disease can spread through both wild and domestic animals. 
The fi rst vaccine against rabies developed by Louis Pasteur con-
tained subcutaneous inoculation of spinal cord suspension from 
rabid rabbits [ 6 ]. Since then, the development of rabies vaccines 
has been improved considerably [ 7 ,  8 ]. The rabies virus genome 
encodes fi ve major proteins of which the G-protein of rabies virus 
has been identifi ed as the major viral antigen that induces protec-
tive  immunity   [ 9 ]. Plants are emerging as a promising alternative 
source for producing safe and cost-effective therapeutic proteins in 
recent years [ 10 ,  11 ]. Recombinant proteins expressed in plants 
have shown suffi cient promise to warrant human clinical traits 
[ 12 ]. A stable expression of rabies  glycoprotein   in tomato plants 
has already been reported [ 13 ], while complete protection has 
been shown when mice were injected with rabies G-proteins 
expressed and purifi ed from tobacco plants [ 14 ]. 

 There are various lectins or lectin-like proteins which have the 
binding ability for glycolipids or glycoproteins [ 15 ]. Many of pro-
tein lectins have already been characterized and are used as muco-
sal  adjuvant   which stimulates strong humoral as well as cell-mediated 
immunity. However, we utilize both N- and C-terminal fusion of 
lectins to rabies  glycoprotein   for oral administration to avoid near 
homogeneity purifi cation and to enhance immunogenic property 
of rabies antigen.  Fusion proteins   were evaluated further to deter-
mine the effi cacy of vaccine antigen. 

   Cholera toxin B subunit (CTB)     is   one of the most characterized 
mucosal  adjuvant   which provides N-terminal fusion capability with 
target antigens. CTB binds to the GM1 receptor and can serve as a 
mucosal adjuvant [ 16 ]. GM1 receptors are present on most of the 
cells in the body including leukocytes and epithelial cells. Antigen 
binding to GM1 could readily increase the uptake across the 
mucosa and lead to an enhanced presentation of the conjugated 
molecule to the immune system [ 17 ,  18 ].  Immunogenicity   of 
cholera toxin B subunit (CTB) as N-terminal fusion partner with 
the rabies glycoprotein has been successfully demonstrated [ 19 ]. 

1.1  N -Terminal 
Fusion with Rabies 
Glycoprotein 
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To enhance the expression, seed-specifi c promoter with CTB-RGP 
was also expressed in groundnut, which is an important step for 
edible version of fusion vaccine [ 20 ]. 

 Ricin toxin B subunit (RTB)    was also used as the mucosal 
 adjuvant   and carrier to enhance  immune responses   for rotavirus 
infection [ 21 ]. RTB can be utilized as C-terminal fusion carrier for 
the delivery of the virus antigen to the mucosal immune system 
and may act as a potential immune modulator to enhance the 
mucosal immune response of antigens [ 22 ].   

   Ricin toxin (RT) is  composed   of a galactose-binding B chain 
(32 kDA) with cytotoxic A chain (30.5 kDa). Ricin toxicity is 
based on A subunit which inhibits protein synthesis by ribosome 
inactivation. It acts as a glycosidase that catalyzes the removal of a 
single adenine residue from a highly conserved loop of the 28S 
ribosomal RNA (A 4324 in rat 28S RNA) [ 23 ]. Interaction 
between the ricin B chain and terminal galactosidase located on the 
enterocyte membrane facilitates ricin  holotoxin   uptake by endocy-
tosis into intracellular vesicles [ 24 ]. Ricin B subunit has an advan-
tage that they do not require assembly into multimeric structures 
prior to receptor binding as required in CTB or LTB [ 25 ]. RTB 
has a wider receptor-binding specifi city for membrane receptors 
than CTB or LTB [ 17 ,  25 ,  26 ]. RTB binds to receptors which are 
found on epidermal cell membranes in the range of 1 × 10 7  to 
3 × 10 7  molecules per cell [ 25 ]. Both  CTB   and LTB bind to GM1 
receptors at lower frequencies, about 7.5 × 10 4  molecules/mucosal 
epidermal cell [ 17 ]. In contrast to CTB and LTB, the monomeric 
subunit of RTB does not exert  fusion protein   size constraints and 
has better ability to deliver larger antigen molecules to gut epithe-
lial cells than CTB or LTB. RTB has been cloned and expressed in 
various organisms, e.g.,   Escherichia coli   ,   Saccharomyces cerevisiae   , 
 Xenopus laevis  oocytes,  and Nicotiana tabacum  [ 27 – 30 ]. 
C-terminal fusion of RTB with green fl uorescent protein (GFP) 
has been synthesized in transformed tobacco and found to gener-
ate a humoral immune  response   showing the presence of a Th2 
response in intranasal immunized mice [ 22 ]. The membrane- 
targeting ability of RTB subunit of plant heterodimeric AB toxin 
from  R.    communis    may serve as a carrier for  subunit vaccines  . Ricin 
toxin B subunit (RTB)    was employed by us to explore its fusion 
ability as a C-terminal fusion. It was further utilized as mucosal 
carrier that posses the ability to bind with the receptors even in a 
single monomer condition [ 31 ]. 

 This chapter essentially garners the procedure and efforts 
involved in making N- and C-terminal mucosal  adjuvant   fusion 
with rabies glycoprotein and transformation of this fusion con-
struct in plant systems for further expression and subsequent evalu-
ation of their immunogenic property, thereby providing relevant 
information for developing  oral vaccine   against  rabies  .    

1.2   C-Terminal 
Fusion with Rabies 
Glycoprotein
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2    Materials 

   Software and  bioinformatics   tools which were used  during   in silico 
analysis of fusion proteins are given below:

    1.    Alignment of amino acid sequences performed through  ClustalW   
program (  http://www.ebi.ac.uk/Tools/msa/clustalw2    ).   

   2.    Swiss‐Model of the ExPASy server (  http://swissmodel.expasy.
org    ).   

   3.    MULTICOM protein tertiary structure prediction server 
(  http://www.molbiol-tools.ca/protein_tertiarystructure.
html    ) ( see   Note 1 ).   

   4.    RAMPAGE:   Ramachandran Plot Assessment     tool (  http://
mordred.bioc.cam.ac.uk/~rapper/rampage.php    ).   

   5.    PyMOL software (  http://www.pymol.org    ).   
   6.    Hopp-Woods hydrophilicity plot (  http://www.scied.com/

dl_cmb9d.htm    ).   
   7.    ProtParam analysis (  http://web.expasy.org/protparam    ).    

          1.    Softwares like Gene  designer   2.0 (DNA 2.0), Jcat (Technical 
University of Braunschweig), Codon Optimization tool (IDT) 
online free servers and OptimumGene™ Codon Optimization 
(Gene Script) and Gene optimizer (Life Technologies) like 
paid software can be used for designing and optimization of 
gene sequences ( see   Note 2 ).   

   2.    The Expedite Nucleic Acid Synthesis System and ABI-PRISM 377 
DNA sequencer were used for primer synthesis and sequencing.   

   3.    LS55 Luminescence Spectrometer was procured from Perkin 
Elmer/PE Biosystems Inc, USA.   

   4.    The PCR machine (DNA Engine Tetrad 2 Peltier Thermal 
Cycler) was procured from Bio-Rad.   

   5.    For gel documentation and imaging, Fluor-S MultiImager sys-
tem was procured from Bio-Rad, USA.   

   6.    The chemicals for oligonucleotide synthesis were purchased 
from Pharmacia Biotech, Uppsala, Sweden, and Sigma-Aldrich, 
St. Louis, Missouri, USA. Thermostable polymerase, namely, 
Deep Vent DNA polymerase, and restriction enzymes were 
procured from New England Biolabs.   

   7.    Milli-Q grade water (Millipore) was used in all molecular biol-
ogy experiments.       

2.1   In Silico Analysis 
of Fusion Proteins

2.2   Synthesis 
of Chimeric Fusion 
Gene
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       1.    Plant  expression   vectors pBI101 (Clontech) and pCAM-
BIA1300 (Cambia Labs) were used for cloning of different 
component of expression cassettes.   

   2.    Binary vector pBI101 [ 32 ] was used for the construction of 
 ctb- rgp  fusion gene expression cassette. It was cloned down-
stream of duplicated enhancer CaMV35S promoter [ 33 ].   

   3.    The assembled  rgp-rtxB  fusion gene and CaMV35S double 
enhancer promoter were amplifi ed and triple ligated with 
digested T  nos   fragment from pBI121 for subsequent subclon-
ing into pCAMBIA1300 at  Pst I to  Sac I,  Hind III to  Pst I, and 
 Sac I to  EcoR I restriction sites, respectively ( see   Notes 3  and  4 ).   

   4.    The insert and vector DNA were purifi ed by Qiagen gel extrac-
tion kit or by LMP gel electrophoresis using β-agarase enzyme 
(New England Biolabs) digestion as per the manufacturer’s 
instructions  ( see   Note 3 ).      

       1.    In vitro grown  Nicotiana tabacum cv.  Petit Havana (main-
tained in the laboratory) on Hoagland media (HiMedia) and 
  Agrobacterium tumefaciens    strain LBA4404 (DCS, Germany) 
containing helper plasmid pAL4404 (laboratory stock) were 
used for the generation of transgenic tobacco plants.   

   2.    YEP medium (HiMedia) containing antibiotics streptomycin 
(HiMedia), rifampicin (Sigma), and kanamycin (HiMedia) 
were used for growing  Agrobacterium  ( see   Notes 5  and  6 ).   

   3.    Cocultivation medium [MS salts, 2 % glucose, 10 mM MES, 
and 100 mM acetosyringone (3, 5-Dimethoxyacetophenone) 
pH 5.6] used for preparing  Agrobacterium  suspension and 
infection and prepared from Sigma Chemicals.   

   4.    Antibiotics cefotaxime (HiMedia) and Augmentin 
(GlaxoSmithKline) were used for washing of cocultivated sam-
ples ( see   Notes 5  and  6 ).   

   5.    In subsequent selection process of positive transformants, anti-
biotics hygromycin B (Sigma) and kanamycin (HiMedia) were 
used in media for pCAMBIA1300 and pBI101, respectively.   

   6.    Regeneration media: MS salt, 3.0 % sucrose, 37.3 mg/L 
Na 2 EDTA, 27.8 mg/l FeSO4.7H 2 O, 1.0 mg/L BAP, 
0.1 mg/L NAA, 100 mg/L myoinositol, and 0.8 % agar 
(pH 5.8) for shoot induction and MS salt, 440 mg/l CaCl 2 , 
37.3 mg/l Na 2 EDTA, 27.8 mg/l FeSO 4 .7H 2 O, 100 mg/l 
myoinositol, 3.0 % sucrose, and 0.7 % agar for root regenera-
tion were used ( see   Notes 5  and  6 ).      

       1.    DNeasy mini kit (Qiagen, Valencia, CA) was used for genomic 
DNA isolation from transgenic plant.   

   2.    High-fi delity Taq polymerase from Sigma, St. Louis, MO, was 
used for PCR screening of transgenics ( see   Note 7 ).   

2.3    Cloning   
into Plant 
Expression Vector

2.4  Generation 
of Transgenic Lines

2.5  Molecular 
Screening of Putative 
Transgenic Plant
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   3.    Each PCR reaction was carried out in 25 μl, containing 
200 mM of each dNTP, 0.2–0.5 μg of genomic DNA, 1 mM 
of each primer, and 1.25U Taq DNA polymerase and PCR 
buffer contained 2 mM magnesium chloride.      

       1.    Total soluble protein was estimated by Bradford reagent 
(Bio- Rad).   

   2.    Mono-sialoganglioside GM1, asialofeutin (Sigma; St. Louis, 
MO) for quantitative analysis.   

   3.    Microtiter plate reader (Bio-Rad, USA), microtiter plate 
washer (PW-40, Bio-Rad), and 96-well microtiter plate 
Immulon 4HBX (Fisher, Pittsburgh, PA) were used for per-
forming ELISA. pNPP ( p -nitrophenyl phosphate disodium 
salt) substrate (Bangalore Genei, Bangalore) for  ELISA   is used. 
Alkaline phosphatase-conjugated anti-rabbit and anti-horse 
IgG (Sigma, St. Louis, MO) are used for both ELISA and 
Western blot analysis.   

   4.    The electrophoresis was carried out in Mini-Protean II Dual 
Slab Cell System (Bio-Rad).   

   5.    Bio-Rad Mini Trans-Blot Cell ( SDS-PAGE  ), Hoefer 
Transphor™ apparatus (Native PAGE), 0.2 μm ImmunoBlot ®  
PVDF membrane (Bio-Rad), and alkaline phosphatase sub-
strate color developer kit (Bio-Rad, Hercules, CA) were used 
for Western blot analysis.   

   6.    Nylon membrane (Hybond N +  membrane, Amersham Life 
Sciences) was used for transferring the digested genomic 
DNA. Radioactive chemicals [α -32 P] dCTP were purchased 
from BRIT (  Board of Radiation and Isotope Technology    , 
DAE). Phosphor imager (Molecular Imager FX, Bio-Rad, USA) 
was used for taking the image of X-ray fi lms ( see   Note 8 ).   

   7.    Animal experiments were performed on  BALB/c mice   (fi ve in 
each group) which were taken from animal house CDRI, 
Lucknow. Commercial rabies vaccine (Abhayrab, Indian 
Immunologicals) was used as positive control for immuniza-
tion experiment.       

3    Methods 

       1.    An alignment fi le of the amino acid sequences  of   ricin B chain, 
rabies  glycoprotein  , and hybrid was a prerequisite of ExPASy  
server to produce hybrid model. This alignment fi le of  ClustalW   
was submitted to Swiss‐Model (  http://swissmodel.expasy.org    ) 
and retrieved preliminary hybrid models of fusion proteins.   

   2.    MULTICOM protein tertiary structure prediction (  http://
www.molbiol-tools.ca/protein_tertiarystructure.html    ) server 
was used to generate PDB fi le of RGP-RTB fusion protein 

2.6  Evaluation 
of Expressed 
Transgenic Protein

3.1   In Silico Analysis 
of Fusion Proteins
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which is based on homology-dependent tertiary structure of 
multiple templates.   

   3.    To analyze the quality of the deduced model RAMPAGE: 
  Ramachandran Plot Assessment     tool was used (  http://mor-
dred.bioc.cam.ac.uk/~rapper/rampage.php    ). For superimpo-
sition study, openware software PyMOL was used (  http://
www.pymol.org    ) as per the developer instructions.   

   4.    To determine Hopp-Woods hydrophilicity or water solubility 
of amino acids in a protein, Sci-Ed software (  http://www.
scied.com/dl_cmb9d.htm    ) was used according to the devel-
oper’s instruction ( see   Note 9 ).   

   5.    Physiochemical property of protein was predicted through 
ProtParam analysis (  http://web.expasy.org/protparam    ) [ 31 ].       

    Because   rabies  glycoprotein   and cholera toxin B chain genes belong 
to  rabies   virus and   Vibrio cholerae    bacteria, respectively, the need of 
their gene optimization for plant expression was necessary in com-
parison with plant (  Ricinus communis    )  origin ricin toxin B chain.

    1.    Glycoprotein of rabies virus ERA strain and cholera toxin B 
 chain   of  Vibrio cholerae  0139 strain 1854 were bioinformati-
cally designed with different softwares according to the devel-
oper instructions for high expression in dicot plants [ 34 ,  35 ] 
( see   Notes 10 – 14 ).   

   2.    The whole sequence was synthesized as overlapping 
oligonucleotides.   

   3.    The oligonucleotides were synthesized on Gene Assembler 
Special (Pharmacia Biotech, Sweden), purifi ed on 
urea-PAGE.   

   4.    Purifi ed oligonucleotides were assembled into fragments by poly-
merase chain reaction as method described by Singh et al. [ 36 ].   

   5.    The assembled fragments were cloned in pBluescript SK+ clon-
ing vector (Stratagene, La Jolla, CA).   

   6.    At least six clones were sequenced with ABI 377 DNA sequencer 
in each time to locate the possible errors in synthesis.   

   7.    The error corrections were done through exchanging mutated 
regions with those from correct clones.   

   8.    Finally, the error-free DNA fragments were stepwise ligated to 
give a full-length  rgp  and  ctxB  gene (Fig.  1 ).

            In   earlier  reports   from our laboratory, we were not only able to design 
and clone plant codon-optimized synthetic  ctxB  gene of   Vibrio chol-
erae    [ 37 ] and  rgp  gene of rabies virus glycoprotein [ 14 ] but also suc-
cessfully expressed them into tobacco leaves. But to generate a fusion 
gene product ( ctxB-rgp  and  rgp-rtxB ) of rabies  glycoprotein   for oral 
delivery of rabies antigen, we utilize altogether different strategy.

3.2   Synthesis 
of Chimeric Fusion 
Gene

3.3    Cloning 
into Plant 
Expression Vector
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    1.    The pr-s-ctxB fragment was PCR amplifi ed by using forward 
primer (5′ACTCTAGAATGAACTTCCTCAAGTCCTTC3′) 
and reverse primer (5′AGGCCCGGGACCGTTAGCCATGGA
GATAG3′) containing  Xba I and  Sma I site, respectively, through 
pSM31 plasmid [ 37 ]. The reverse primer also contained codons 
of glycine-proline hinge at the 3′end ( see   Note 15 ).   

   2.    The synthetic glycoprotein gene was PCR amplifi ed through 
pSA5 plasmid [ 14 ] by using forward primer (5′GGTCC
CGGGCCTAAGTTCCCTATCTACAC3′) which contains 
 Sma I site with codons of glycine-proline hinge and reverse 
primer (5′ACGAGCTCTCATCACAACTCATCCTTCTC3′) 
which contains  Sac I site ( see   Notes 16  and  17 ).   

   3.    Then, PCR amplifi ed fragments were digested with the respec-
tive enzymes and triple ligated into pBI101 vector with 
enhanced CaMV35S promoter (pSA5) to obtain construct 
pSR1241 which contained two glycine-proline repeats as hinge 
at the 3′end of  ctxB  (Fig.  2a ).

       4.    Approx.1.5 kb fragment of  rgp-gp  was amplifi ed from pSA33 
[ 14 ] by  using   RGP F1 (5′TCTCTCTGCTCGTCGCTG
TCGTCTCCGCTAAGTTCCCTATCTACACTATC3′) for-
ward and RGP R1 (5′TGGCCCTGGCCCCTTACCCCAGTT 
TGGGAGA3′) reverse primer with glycine-proline hinge region.   

Cloning of the synthetic double stranded DNA 
fragments

Selection of rabies glycoprotein

Designing of the chimeric rabies glycoprotein

Oligonucleotide synthesis and purification

Assembly of oligonucleotides into double 
stranded DNA

Assembled fragment visualization and 
purification

  Fig. 1    Steps involved in gene designing and synthesis       
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   5.    Tobacco calreticulin signal sequence was added into the ampli-
fi ed  rgp-gp  fragment through primer extension method by 
using Cal F1 (5′ACTGCAGAT GGCTACTCAACGAAG
GGCAAACC3′), Cal F2 (5′CTACTCAACGAAGGG CAAAC
CCATCTTCTCTTCACCTAATTACTG3′), Cal F3 (5′CATC
TTCTC TTCACCTAATTACTGTATTCTCTCTGCTCGTC
GCTGTC3′) forward primers, and RGP R1 reverse primers.   

   6.    The intronless  rtxB  gene was directly amplifi ed from the 
genomic DNA of   Ricinus communis    .  Forward primer ricin F1 
(GTAAGGGGCCAGGGCCAGCTGATGTTTGTATGGA
TCCT) which contains the sequences of glycine-proline hinge 
region and reverse primer  ricin   R1 (CATCCTTCTCGGAA 
AATAATGGTAACCATATTTGGTTTG) and ricin R2 (GCT
CTAGATCAT CACAACTCATCCTTCTCGGAAAATAATG) 
which contains the SEKDEL sequences were used to extent 
the  rtxB  gene at N and C terminal, respectively ( see   Note 18 ).   

pSR1241 pCaMV35S

HindIII SacIBglII

SEKDEL

pr-s rgp

2040bp

CtxB

H-(GP)2

ApaI

RB

TnosnptII

LB

Pnos Tnos

XbaI XhoI AgeIa

pAS1

RB

TnospCaMV35S

HindIII
SacI

SalIPstI

SEKDEL

cal-s rgp hptII

LB

2241bp

rtxB

H-(GP)2

EcoRI

pCaMV35S

HpaI
b

nptII

hptIITnos

  Fig. 2    ( a ) pSR1241 gene constructs showing cloning of the fusion gene  ctxB-rgp  in pBI101. ( b ) pAS1 gene 
construct showing cloning of the fusion gene  rgp-rtxB  in pCAMBIA1300       
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   7.    The fragment  cal-rgp-gp  ( step 7 ) and  gp-rtxB-SEKDL  ( step 8 ) 
was joined by overlapping assembly PCR method as described by 
Shevchuk et al. [ 38 ] and Young and Dong [ 39 ] ( see   Note 19 ).   

   8.    The assembled  cal-rgp-gp-rtxB-SEKDL  gene was fi nally ampli-
fi ed with terminal Cal F1 forward and  ricin   R2 reverse primer 
which contains restriction sites  Pst I and  Sac I, respectively. 
Cycling parameters for amplifi cation of whole gene from phu-
sion polymerase were used: 98 °C for 2 min; 35 cycles of 98 °C 
for 20 s; 60 °C for 15 s, 72 °C for 30 s; 72 °C for 5 min.   

   9.    After amplifi cation of whole gene, PCR product was cleaned 
with PCR cleanup kit (Sigma) and ligated into  EcoR V digested 
pBluescript SK +  for the sequencing and verifi cation of proper 
assembly of whole gene.   

   10.    CaMV35S double enhancer promoter was amplifi ed from 
pCAMBIA1300 with CaMV1F (5′ATTTACTGAATTCG
CGTATTGGCTAGAGCAGCTTGCCAACATGGTG3′) for-
ward and CaMV1R (5′TTCTGCAGAGAGATAGATTT
GTAGAGAGAGAC3′) reverse primer containing  Hind III and 
 Pst I sites, respectively.   

   11.    The sequenced gene ( step 9 ) and promoter were subcloned 
into pCAMBIA1300 at between PstI to SacI and HindIII to 
PstI restriction sites, respectively.   

   12.    Finally, T  nos   fragment was isolated by digesting pBI121 with 
 Sac I and  EcoR I restriction enzymes and subsequently cloned 
into the same pCAMBIA1300 which contains promoter and 
whole gene to obtain pAS1 construct (Fig.  2b ).    

           1.      Agrobacterium tumefaciens    LBA4404 was transformed with 
pSR1241 and pAS1 by  electroporation   and used for tobacco 
( Nicotiana tabacum  cv. Petit Havana) transformation by using 
leaf disc method [ 14 ,  40 ].   

   2.    A single isolated colony of  A. tumefaciens  LBA 4404 
(pAL4404) harboring binary vector pSR1241 and pAS1 was 
inoculated in YEP medium containing antibiotics streptomy-
cin, rifampicin, kanamycin (pSR1241), and hygromycin B 
(pAS1) and grown overnight at 28 °C with shaking.   

   3.    Fifty μl of the overnight culture was diluted to 100 ml in YEP 
medium and grown till OD 600  reached to 0.8.   

   4.    Cells were recovered by centrifugation in SS34 rotor (7000 ×  g , 
10 min, 4 °C) and further suspended in cocultivation medium.   

   5.    Tobacco seeds were in vitro grown on Hoagland’s solution 
and further used in leaf disc transformation in subsequent pro-
cess ( see   Notes 20 – 23 ).   

   6.    Tobacco leaf discs were cocultivated with   Agrobacterium tume-
faciens    for 2 days in dark at 25 °C.   

3.4  Generation 
of Transgenic Lines
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   7.    After cocultivation, the leaf discs were washed together with 
cefotaxime (500 μg/ml), and Augmentin (500 μg/ml), twice 
for 10 min and dry on Whatman fi lter paper No.1 to remove 
residual water.   

   8.    After blot dry, the leaf discs were transferred to regeneration 
medium supplemented with cefotaxime (250 μg/ml), kana-
mycin (100 μg/ml), or hygromycin B (30 mg/ml) accord-
ingly and incubated in light (photoperiod 16/8) for a period 
of 4 weeks ( see   Note 24 ).   

   9.    After getting transgenic shoot, it was excised and transferred to 
rooting medium containing kanamycin (50 μg/ml) or hygro-
mycin B (15 mg/ml).   

   10.    After incubation for 2–4 weeks, the putative transgenic plantlets 
were transferred to Hoagland’s solution for acclimatization and 
then transferred to vermiculite for hardening ( see   Note 25 ).   

   11.    Kanamycin-resistant T 0  plantlets of pSR1241 and hygromycin 
B-resistant T 0  hardened plantlets of pAS1 were transferred to 
pot containing soil and shifted to the greenhouse until these 
grow up to maturity or seed-setting stage.      

       1.    DNA was isolated from transgenic leaves, hairy roots, and 
non- transgenic control leaves; roots were frozen in liquid 
nitrogen by using DNeasy mini kit (Qiagen, Valencia, CA).   

   2.    Transgenic plants were screened through PCR for the presence 
of  ctxB-rgp  gene by using  CTB   FS1(5′ATCGATGTCGACTA
ACAACTTCCTC3′) forward and CTB RS1(5′AGATCGTC
GACTCATCACAACTCATC3′) reverse primers with cycling 
parameters: 95 °C for 3 min; 35 cycles of 95 °C for 1 min; 
60 °C for 1 min, 72 °C for 2 min; 72 °C for 5 min.   

   3.    PCR screening of  rgp-rtxB  gene for putative transgenic plants 
was performed by  using   RGP FS1 (5′TCTCTCTGCTCGTCG
CTGTC3′) forward and  ricin   RS1 (5′CATCCTTCTCGGAAA
ATAATGG3′) reverse primers with cycling parameters: 95 °C 
for 3 min; 35 cycles of 95 °C for 1 min; 58 °C for 1 min, 72 °C 
for 2 min 15 s; 72 °C for 5 min ( see   Note 26 ).   

   4.    The polymerase chain reaction was also performed to confi rm 
the absence of  vir C  genes by using vir C F 
(5′ATCATTTGTAGCGACT3′) forward primer and vir C R 
(5′AGCTCAAACCTGCTTC3′) reverse primer in the trans-
genic and control lines ( see   Note 27 ).   

   5.    Samples were subjected to 35 cycles of 1 min denaturation at 
95 °C, 1 min annealing at 55 °C, and 1 min extension at 72 °C 
for the amplifi cation of  vir C  (730 bp) fragments. Amplifi ed 
DNAs were detected on 1 % (w/v) agarose gels.      

3.5  Molecular 
Screening of Putative 
Transgenic Plants
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           1.    A 96- well   microtiter plate was coated with 100 μl of total sol-
uble protein of each transformed and non-transformed lines of 
tobacco leaves lysed in 20 mM Tris-Cl buffer (pH 8.0) 
( see   Note 28 ).   

   2.    The plates were incubated overnight at 4 °C or at 37 °C for 2 h 
and processed as per ELISA method described by Harlow and 
Lane [ 41 ].   

   3.    The plate was blocked with 1.0 % BSA in PBST (0.01 M 
Na 2 HPO 4 , 0.003 M KH 2 PO 4 , 0.1 M NaCl, 0.05 % 
Tween- 20 v/v, and pH 7.4).   

   4.    Between any two incubations, the plates were washed with 
PBST three times with 2 min soak time on PW-40 plate washer.   

   5.    After blocking, the plates were probed with the peptide anti-
body  against   RGP and equine anti-rabies polyclonal antibody 
(primary antibodies) at 1:5000 dilutions and incubated for 2 h 
in PBST containing 0.25 % BSA.   

   6.    Plates were further incubated with ALP-conjugated anti-rabbit 
and anti-horse IgG in 1:20,000 dilutions for 2 h.   

   7.    The wells were washed with 100 μl pNPP ( p -nitrophenyl phos-
phate disodium salt); a substrate (Bangalore Genei, Bangalore) 
was applied per well.   

   8.    The reaction was stopped after 15 min by the addition of 50 μl 
of 2 N NaOH. Absorbance ( A  405nm ) was read in a microplate 
reader ( see   Note 29 ).   

   9.    Serially diluted  E.    coli   -derived SUMO-RGP [ 42 ] in Tris-Cl 
buffer (pH 8.0), in concentrations ranging from 2.5 to 
500 ng per well, was used for preparation of standard curve 
( see   Notes 30  and  31 ).      

     Expression of  ctxB-rgp  gene in leaves was determined by quantitative 
mono-sialoganglioside-dependent enzyme-linked immunosorbent 
assay (GM1-ELISA) as described by Roy et al. [ 19 ] ( see   Note 28 ).

    1.    Microtiter plates were coated with 3.0 μg/ml GM1 made in 
sodium carbonate buffer, pH 9.6 (15 mM Na 2 CO 3 , 35 mM 
NaHCO 3 ), for 1 h.   

   2.    Wells were then washed three times between each step using 
300 μl of PBST.   

   3.    Then plate was blocked with 1.0 % BSA in PBST for 1 h at 
37 °C.   

   4.    Serially diluted 100 μl of total soluble proteins from different 
samples was added into triplicate wells and incubated for 2 h at 
37 °C.   

   5.    Then follow further  steps 4 – 8  of Subheading “Indirect 
ELISA” for completing the experiment.   

3.6  Evaluation 
of Expressed 
Transgenic Protein

3.6.1   Enzyme-Linked 
Immunosorbent Assay 
(ELISA)

 Indirect ELISA

 Direct ELISA

 GM1-Binding ELISA
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   6.     RGP   expression level was quantifi ed on a linear standard curve 
[ 42 ] ( see   Note 29 ).    

     The functionality of recombinant protein in the protein extracts 
of transgenic hairy root lines was determined via binding to 
asialofeutin [ 31 ].

    1.    Microtiter plates were coated with 200 μl of asialofeutin which 
dissolved in bicarbonate buffer (pH 9.6) at concentration 
100 μg/ml for 2 h at room temperature (RT) ( see   Note 28 ).   

   2.    The coating solution was discarded, and the wells were blocked 
with 300 μl of 1 % BSA in PBST for 1 h at RT.   

   3.    The blocking solution was discarded and washed thrice with 
PBST.   

   4.    Then 100 μl each of RTB standards (described below) and 
sample (prepared protein extracts) was applied in triplicate 
wells and incubated for 1 h at RT.   

   5.    Then follow further  steps 4 – 8  of Subheading “Indirect 
ELISA” for completing the experiment.    

          Total  soluble   plant proteins were electrophoresed on denaturing 
polyacrylamide gel for further analysis.

    1.    The 10 % SDS-polyacrylamide gel was made from stock of 
acrylamide and bis-acrylamide solution (30 % w/v in a ratio 
29:1). Composition of gel was made as described in Molecular 
Cloning: A Laboratory Manual [ 43 ].   

   2.    The amount of 30 μg extracted protein from transgenic, non- 
transgenic plants and a molecular weight markers mixed with 
equal volume of 2× gel loading buffer [glycerol 20 % (v/v); 
0.1 M Tris-Cl, pH 6.8; 4 % SDS, 100 mM DTT and 0.2 % 
(w/v) bromophenol blue].   

   3.    Protein samples were loaded directly on the gel with heat treat-
ment or boiled for 5 min to dissociate oligomer into monomers.   

   4.    The samples were centrifuged in microfuge (12,000 ×  g , 5 min, 
4 °C) and loaded on 10 % SDS-PAGE.   

   5.    The electrophoresis was carried out in buffer (25 mM Tris-Cl, 
pH 8.8; 192 mM glycine and 0.1 % SDS) at constant current 
of 16 mA.    

          1.    The native state of CTB-RGP and RGP-RTB  fusion protein   
was detected by using 6 % Native PAGE.   

   2.    Unboiled (nonreduced) samples were loaded without adding 
DTT in sample loading buffer [ 44 ].   

   3.    The gel was run at constant 30 V for at least 5 h and blotted 
into PVDF membrane by electro-blotting on Hoefer 
Transphor™ apparatus with cooling ( see   Notes 32  and  33 ).       

 Asialofeutin-Binding ELISA

3.6.2  Polyacrylamide Gel 
Electrophoresis of Plant 
Proteins

  SDS-Polyacrylamide Gel 
Electrophoresis

 Native Polyacrylamide Gel 
Electrophoresis
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   Samples were mixed with equal volume of sample loading buffer 
(25 mM Tris-Cl, pH 6.8, 2 % SDS, 200 mM DTT, 20 % glycerol, 
and 0.25 % bromophenol blue), immediately boiled in a water bath 
for 5 min and centrifuged at 13,000 ×  g .

    1.    The supernatant was electrophoresed on a 10 % Tris-acrylamide 
gels, a discontinuous  SDS-PAGE   in mini-gel apparatus (Bio- 
Rad, Hercules, CA), and transferred to 0.2 μm ImmunoBlot ®  
PVDF membrane (Bio-Rad) in blotting buffer (25 mM Tris- 
base, 192 mM glycine, and 20 % methanol) ( see   Note 34 ).   

   2.    All washings, blocking, and antibody dilutions were made in 
TBS-T buffer (100 mM Tris pH 7.5, 150 mM NaCl, 0.1 % 
Tween 20).   

   3.    The membrane was blocked with 5 % nonfat dry milk powder 
(Bio-Rad) for 1 h, followed by incubation with the designated 
primary antibody in blocking solution for further 2 h.   

   4.    Membranes were washed three times for 5 min each with 
TBS-T buffer and  incubated   with secondary antibody for 2 h 
and washed 3 times as above.   

   5.    The primary and secondary antibodies were used at 2000-fold 
and 10,000 dilutions, respectively, and the blot was developed 
with AP substrate color developer kit (Bio-Rad, Hercules, CA) 
( see   Note 35 ).    

      The genomic DNA was isolated from mature tissue following 
modifi ed CTAB method. The following steps were performed for 
this purpose [ 14 ]:

    1.    One gram of fresh tissue was ground to fi ne powder in liquid 
nitrogen. The quantity of 12 ml CTAB extraction buffer (2 %, 
w/v CTAB; 50 mM Tris-base, 20 mM EDTA, 1.4 NaCl, and 
0.1 % v/v, β-ME) was added to powdered tissue and homog-
enized properly by intermittent short vortexing.   

   2.    The mixture was kept at 68 °C for 2 h for lysis. After incuba-
tion, the temperature of lysate was brought down to the room 
temperature.   

   3.    The lysate was extracted with 0.7 volume chloroform: isoamyl 
alcohol.   

   4.    The aqueous layer was collected in a fresh tube after centrifu-
gation (SS34 rotor, 13,000 ×  g , 10 min, 22 °C).   

   5.    The nucleic acids were precipitated with 0.7 volume isopropa-
nol by keeping on ice for 10 min and then recovered by 
centrifugation.   

   6.    The pellet was washed with 70 % ethanol and dried at room tem-
perature. The nucleic acids containing genomic DNA were dis-
solved in 750 μl of 10 mM Tris-Cl, pH 7.4 containing DNase free 
RNase A (50 μg/ml) and transferred to micro- centrifuge tubes.   

3.6.3   Western Blot 
Analysis

3.6.4  Southern Blot 
Analysis of Transgenic 
Plants
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   7.    The micro-centrifuge tubes were kept overnight at 37 °C to 
carry out RNA digestion.   

   8.    The genomic DNA was extracted once with phenol/chloro-
form/isoamyl alcohol (25:24:1) and twice with chloroform/
isoamyl alcohol (24:1).   

   9.    DNA was precipitated with 0.7 volume isopropanol, dried in 
air, dissolved in water, and quantifi ed on spectrophotometer.   

   10.    At least 20 μg genomic DNA was digested with  Xh o I restric-
tion enzymes in 300 μl reaction mixture, 5 U/μg restriction 
enzyme was used in two steps, and digestion was carried out 
for 16 h ( see   Notes 36  and  37 ).   

   11.    Digested genomic DNA was loaded on 0.8 % agarose gel and 
resolved completely ( see   Notes 38 – 40 ).   

   12.    After electrophoresis, the agarose gel was washed with sterile 
water and placed in 0.25 M HCl for 20 min to complete the 
depurination process.   

   13.    The DNA of the gel was transferred to positively charged 
nylon membrane (Hybond N +  membrane, Amersham Life 
Sciences) with 20× SSC as transfer buffer following capillary 
blot method as instructed by the manufacturer and discussed 
by Sambrook et al. [ 43 ].   

   14.    After the transfer, membrane was washed with 2× SSC buffer, 
wrapped in Saran wrap, and stored at 4 °C.   

   15.    Hybridization was performed at 65 °C for 16 h, using [ α P 32 ] 
dCTP-labeled probe, comprising 570 bp of  Xho  I- Age  I and 
519 bp of  EcoR  V- Hpa  I fragment at 3′ end of  ctxB-rgp  and 
 rgp-rtxB  genes, respectively.   

   16.    The membrane was exposed to Fuji screen for 24 h and 
scanned on phosphor imager (Molecular Imager FX, Bio-
Rad, Hercules, USA).    

     Immunization assay of  BALB/c mice   was performed to check the 
effi cacy of CTB-RGP and RGP-RTB  fusion protein   by method 
described by Singh et al. [ 31 ].

    1.    To reduce the background of other proteins, CTB-RGP and 
RGP-RTB fusion proteins were partially purifi ed by using 
30–60 % range of ammonium sulfate precipitation.   

   2.    Precipitated protein was dissolved in PBS buffer and dialyzed 
overnight against PBS buffer.   

   3.     BALB/c mice   (fi ve in each group) were orally primed by 50 μg 
of each extracted and partially purifi ed CTB-RGP; RGP-RTB 
 fusion proteins   along with phosphate buffer saline were used as 
a negative control ( see   Notes 41 – 43 ).   

3.6.5  Animal 
Immunization Experiment
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   4.    Then, three booster doses of 25 μg were given on the 7th, 
14th, and 28th day. Serum was collected after 7 days from the 
third booster means on 35th days.   

   5.    The minimum 25 μg of each mucosal adjuvant ( CTB   and 
RTB) was mixed with 25 μg of attenuated viral vaccine 
(Abhayrab, Indian Immunologicals) and given orally to indi-
vidual mice of respective group as a control.   

   6.    The mice were bled on the 35th day, from the retro-orbital 
sinus for the estimation of anti-rabies antibody titer in serum.   

   7.    The microtiter plates were incubated with 100 μl/well of the 
commercial virus-based vaccine (Abhayrab, Indian 
Immunologicals) at the dilution of 1:50 in PBST buffer con-
taining 0.25 % BSA at 4 °C for 2 h.   

   8.    Then plates were again washed with PBST buffer.   
   9.    The washed microtiter plates were further fi lled with 100 μl 

well of serum (1:100) of different groups of mice and incu-
bated for 2 h at 4 °C.   

   10.    The plates were then washed and incubated with horseradish 
peroxidase conjugated anti-mouse anti-IgG1 (1:1000) and 
anti-mouse anti-IgG2a (1:1000) in PBST containing 0.25 % 
BSA at 37 °C for 2 h.   

   11.    For the chromogenic development, tetramethylbenzidine was 
used for 30 min at 37 °C. The enzymatic reactions were 
stopped by adding 50 μl of 1 N sulfuric acid per well. 
Absorbance was measured at 450 nm.    

4        Notes 

     1.    If knowledge of interacting receptor of protein and their ter-
tiary structure is available, then docking study of receptor- 
protein interaction can also be done.   

   2.    Use more than one software or tool for optimization and design-
ing of genes to determine the best fi t model and verify synchro-
nization of output result of different software algorithms.   

   3.    All the restriction enzyme and T4 DNA ligase were purchased 
from New England Biolabs.   

   4.    Amplifi cation of the long assembled fragment was carried out by 
high-fi delity proof reading enzyme phusion polymerase (Finzyme).   

   5.    The entire chemicals which were used in plant tissue culture 
should be pretested for plant tissue culture and of high quality 
as given by Sigma and HiMedia for optimization to get opti-
mum result at every time.   

   6.    Every batch of chemicals used should be consistent. The 
chemicals should be from the same vendor and should not be 
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substituted with chemicals from other vendor’s midway of 
tissue culture to avoid any discrepancies.   

   7.    Bio-Rad DNA Engine Tetrad 2 Peltier Thermal Cycler was 
used for PCR in both  cloning   and screening of transgenics.   

   8.    All the restriction enzymes which were used in cloning and 
genomic DNA digestion were procured from New England 
Biolabs.   

   9.    Water solubility and hydrophobicity index determine the sur-
face exposure of amino acids which is important to predict 
their antigenic importance.   

   10.    Plant-preferred translation initiation context TAAACAATG 
and codon-optimized double-stranded DNA were used.   

   11.    The CG ending of codons should be avoided because it could 
provide sites for methylation.   

   12.    The codons ending with TA are energetically less stable and 
often not used in plants and, hence, should be avoided.   

   13.    The transcription termination signals (AAUAAA) and mRNA 
instability element (ATTTA) should be eliminated.   

   14.    Potential splice sites and long hairpin loops should be 
avoided [ 14 ].   

   15.    The signal sequences, PR-S of the pathogenesis-induced 
tobacco protein PR-1a [ 45 ], and Cal-S of ER-resident tobacco 
protein calreticulin [ 46 ] were used to facilitate the transport of 
the  fusion protein   to endoplasmic reticulum.   

   16.    A glycine-proline hinge was used at the fusion point of transla-
tional frames of the CTB-RGP and RGP-RTB fusion proteins.   

   17.    Glycine-proline hinge (GP) 2  was used to give suffi cient space 
for independent folding of both the fusion partner and 
 fusion protein   without creating stearic hindrance for each 
other [ 47 ].   

   18.    ER retention signal SEKDL was used to retrieve back the 
fusion protein after processing from Golgi apparatus and retain 
in ER further [ 48 ].   

   19.    Fusion of two long genes through overlapping PCR amplifi ca-
tion is very hard to achieve in one time. We imply three step 
strategies to resolve this problem. If we are trying to fuse two 
amplifi ed genes A and B, then fi rst amplify the gene A with 
overlapping primer of B sequence to fuse smaller segment of B 
(say B’) which create A-B’ fusion product. In the second step 
fi nd one unique restriction site which present at smaller seg-
ment of B’ sequence. Then restrict both the fragment, fused 
sequence of A - B’ as well as sequence of whole  B gene with 
same restriction enzyme to create compatible sticky end and 
purify the fragments through Qiagen DNAeasy gel elution kit. 
In last third step, ligate both the fragments with NEB T4 DNA 
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ligase to create complete whole gene (A–B) and then amplify 
the whole gene with terminal primers through proofreading 
containing high-fi delity phusion polymerase (Finzyme).   

   20.    Before growing in vitro, tobacco seeds were sterilized with 
1.0 % sodium hypochlorite (NaOCl) for 5 min and then 
washed three times with water.   

   21.    After blot dry seeds were placed on Petri plates (Greiner) 
which contained Whatman fi lter paper as disc with Hoagland 
for further germination.   

   22.    Use bow-shaped autoclaved blotting sheet in large test tube 
for further transfer and growing of the tobacco plantlets.   

   23.    Leaves of in vitro gown tobacco were already sterilized and 
hence directly cut into small pieces and used further for leaf 
disc transformation assay.   

   24.    At least use three selection cycles of antibiotics to ensure the 
transformation and to avoid the chimera formation.   

   25.    Tobacco plantlets with initiated primary roots developed their 
root system more rapidly when shifted to nutrient-defi cient 
media like ½ MS with ½ sucrose concentration for a week and 
then hardened at Hoagland solution.   

   26.    For PCR screening, always use DNA of non-transformed plant 
and positive plasmid as a negative and positive control, 
respectively.   

   27.    Because the amplifi ed product of transgene can also come 
through transfected Agrobacterium contamination, so the 
need of negative control was arise. Hence, amplifi cation of vir 
C should be checked as a negative control, because gene vir C 
is a part of vir operon which is only present in Agrobacterium.   

   28.    Microtiter plate should have medium capacity for binding 
hydrophobic domains to reduce the background.   

   29.    Standard samples should be made with serial dilutions of target 
antigen to achieve straight line.   

   30.    Chromogenic substances are light and temperature sensitive; 
hence, plates should be covered with aluminum foil and kept 
into 37 °C for 10–20 min to get optimum result.   

   31.    Optimize incubation timing and do not overincubate the 
plates for color development which may create variation in the 
readings.   

   32.    Due to the folding of the proteins, the size of the protein usu-
ally appears larger in native PAGE as compared to SDS-PAGE. 
Hence, this impose extra resistance on the mobility of the pro-
tein subsequently which  takes more time for resolving on the 
gel as well as for complete transferring to the blot in Western 
blot analysis.   
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   33.    The continuous cooling of running and transfer buffer is a 
prerequisite of native PAGE.   

   34.    It is a general practice to load higher amount (>50–60 μg/
lane) of total soluble protein on PAGE for recognizing less 
expressed proteins, but by loading higher amount, we can dis-
tort the appearance of protein band on blot. Centrifugation of 
samples at 13,000 ×  g  for 5 min can reduce the background 
impurities and improve the probability of recognition of 
desired protein from antibodies.   

   35.    Dilution of antibodies can be varied from batch to batch even 
within one manufacturer; hence, every new batch should be 
cautiously used and optimized accordingly.   

   36.    Cut the tip of micro-tips for effi cient handling of the genomic 
DNA and avoidance of shearing.   

   37.    Enzyme gets exhausted within 8 h during digestion; hence, for 
completion, the digestion extra units were added after 8 h of 
reaction and mixed with the enzyme by swirling the solution 
with micro-tips.   

   38.    Before running the fi nal 0.8 % agarose gel, digested genomic 
DNA should be checked on mini-gel agarose to confi rm com-
plete digestion.   

   39.    Agarose at 0.8 % is fragile in nature so be very careful during 
the holding and transferring process.   

   40.    Use TAE buffer for running and making the agarose gel for 
effi cient transfer of digested DNA fragments to Hybond N+ 
membrane, and transfer is to be carried out overnight.   

   41.    At least fi ve mice should be taken in each group so that statisti-
cal analysis can be made possible between them.   

   42.    Before giving the oral dose,  BALB/c mice   should be fasted 
overnight for effi cient oral feeding.   

   43.    A cannula which fi tted on graduated syringe should be used for 
accurate delivery of doses.          
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    Chapter 37   

 Purifi cation of Virus-Like Particles (VLPs) from Plants                     

     Albertha     R.     van     Zyl      and     Inga     I.     Hitzeroth      

1        Introduction 

  Viral coat proteins   expressed in plants very often self-assemble and 
form virus-like particles (VLPs). VLPs have been shown to make 
excellent vaccine candidates [ 1 ,  2 ]. One important factor of VLP 
vaccines is that they are safe as they only contain the viral capsid 
proteins, with no viral genomic material, and they mimic the native 
virion in antigenicity. Many VLP vaccine candidates such as 
Hepatitis B (HBV)   , Norwalk virus (NV) and  human papillomavi-
rus (HPV)   have been produced in plants and many of those have 
have been shown to be safe and effi cacious [ 3 ,  4 ]. One challenge 
that remains in plant-produced vaccines is purifi cation of the 
expressed proteins. VLPs in general are more stable against degra-
dation and can be isolated from plants utilizing centrifugation 
techniques similar to those developed for purifi cation of plant 
viruses. VLPs can be  separated and purifi ed utilizing density gradi-
ent centrifugation that is either based on the buoyant density of 
the VLP and called isopycnic centrifugation or depends on the size 
and sedimentation coeffi cient of the VLP and is called rate-zonal 
centrifugation [ 5 ]. Either sucrose, which is relatively cheap and 
easy to handle, or iodixanol (OptiPrep™;   http://www.axis-shield-
density-gradient-media.com/virusindexes.htm    ) can be used in 
density gradient  centrifugation. For most post-purifi cation analysis 
such as gel  electrophoresis, electron microscopy, or studies on cell 
culture, sucrose must be dialyzed before use, but most analysis can 
be  performed without dialysis if the VLPs are purifi ed in 
iodixanol. 

 Rate zonal centrifugation can be used to separate VLPs of dif-
ferent sizes by centrifugation through a steep density gradient, 
e.g., 5–20 % or 10–40 % sucrose, where the density at no point in 
the gradient exceeds that of the VLPs to be purifi ed. Rate zonal 
centrifugation separation of VLPs is based on their size and rate of 
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sedimentation and not so much their density and it is mainly used 
for analytical purposes where the VLPs are as much separated from 
other components as possible, but it also results in lower yields. 
VLPs of different sizes will sediment to different places in the 
gradient. 

 With isopycnic centrifugation, separation of VLPs is based 
entirely on their buoyant density. The densest part of the gradient 
exceeds the density of the VLPs to be purifi ed, and therefore the 
VLPs will never pellet. VLPs of a particular density will travel down 
the gradient until the point is reached where their density is the 
same as that of the gradient—an equilibrium position. Different 
sizes of the VLPs will only infl uence the rate at which the VLPs 
reach their equilibrium position. With this method one is able to 
purify VLPs of different sizes but with the same density and in 
general this method has fewer steps and can be used for preparative 
purposes as yields obtained are greater. 

 In this chapter we describe how to purify VLPs from plants 
utilizing rate-zonal and isopycnic centrifugation.  

2    Materials 

 Wear the relevant personal protective equipment (PPE) and follow 
disposal regulations when disposing of waste material and sharps. 

       1.    Sucrose or OptiPrep™ ( see   Note 1 ).   
   2.    Appropriate extraction and purifi cation buffer (s).   
   3.    Sucrose and OptiPrep™ solutions can be made to the desired 

concentrations in the extraction/purifi cation buffer of choice.    

  Example: 

   1.    20 % sucrose solution: add 20 g sucrose to 60 mL of the rele-
vant buffer. The solution should be mixed until all the sucrose 
is dissolved. Fill the volume to 100 mL with buffer. The solu-
tion can be used as is immediately or fi lter-sterilized for later 
use ( see   Note 2 ).   

   2.    50 % OptiPrep™ solution: To make a 100 mL solution add 
83 mL OptiPrep™ to 17 mL sterile buffer in a sterile conical 
tube and mix thoroughly ( see   Note 3 ).    

         1.    PPE.   
   2.    Waring-type blender.   
   3.    Miracloth™ (Merck).   
   4.    38.5 mL Thinwall Ultra-Clear™ open top ultracentrifuge 

tubes (Beckman).   

2.1  Media 
and Solutions

2.2  Equipment 
Required

Albertha R. van Zyl and Inga I. Hitzeroth



571

   5.    5 or 10 mL syringes.   
   6.    21 Gauge needles.   
   7.    Ultracentrifuge.   
   8.    Appropriate swinging-bucket rotor ( see   Notes 4  and  5 ).   
   9.    Retort stand.   
   10.    Optional: dialysis tubing.   
   11.    Parafi lm ® .   
   12.    Microcentrifuge tubes.   
   13.    Refractometer.   
   14.    Optional: two-chamber gradient maker.   
   15.    Optional: fractionator.       

3    Methods 

    Leaves can be processed in two ways—see A and B,  steps 1  and  2  
below. From  step 3  onward extracted material from both methods 
are treated in the same way.
  A: 

   1.    Grind pre-weighed leaves with a mortar and pestle in the pres-
ence of liquid nitrogen until a fi ne powder is formed.   

   2.    Add 3 volumes ( see   Note 6 ) of the relevant extraction buffer.    

  OR
  B: 

   1.    If you do not wish to freeze the leaves, they can be cut up in 
small pieces after which 3 volumes of the relevant extraction 
buffer is added.   

   2.    Thoroughly homogenize the leaf/buffer mixture with a 
Waring- type blender ( see   Note 7 ).   

   3.    Place the crude plant extract in a sealable container and shake 
gently at 4 °C for at least 1 h to facilitate protein extraction.   

   4.    Filter the crude plant extract through at least two layers of 
Miracloth™.   

   5.    Clarify the crude plant extract by centrifuging at 15,000 ×  g  for 
10 min at 4 °C.   

   6.    Decant the supernatant into a fresh centrifuge tube and centri-
fuge again as in  step 5  above.   

   7.    The clarifi ed crude extract is now ready for purifi cation.      

     The clarifi ed crude extract can be centrifuged through a sucrose 
cushion if the VLPs/proteins have to be concentrated prior to 

3.1  Protein 
Extraction from Plants

3.2  Concentrating 
Protein on Sucrose/
OptiPrep™ Cushion 
with Ultracentri-
fugation
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 gradient centrifugation ( see   Note 8 ). VLPs can also be pelleted by 
centrifugation through a sucrose cushion.

    1.    Prepare the relevant volume of a 20 % sucrose solution (the 
volume will depend on how many samples/tubes are to be 
used for centrifugation).   

   2.    Pipette ( see   Note 9 ) 5 mL 20 % sucrose into 38.5 mL Thinwall 
Ultra-Clear™ ultracentrifuge tubes.   

   3.    Without disrupting the sucrose cushion, pipette the clarifi ed 
crude plant sap (~33 mL) into the tube. Fill the tubes com-
pletely, with the meniscus about 1–2 mm from the top of the 
tube ( see   Note 10 ).   

   4.    Place the fi lled centrifuge tubes in the relevant rotor buckets 
and balance ( see   Note 11 ).   

   5.    When using a swing bucket rotor all the rotor buckets, whether 
they are loaded or empty, should be attached to the rotor.   

   6.    Follow the rotor/centrifuge instructions carefully and lower 
the rotor down onto the drive hub of the centrifuge.   

   7.    Centrifuge for the appropriate amount of time at the relevant 
speed to pellet VLPs ( see   Note 12 ) or to collect VLPs in the 
sucrose cushion ( see   Note 13 ).   

   8.    After centrifugation remove tubes from the rotor buckets 
( see   Note 14 ).   

   9.    If the VLPs were pelleted, decant the supernatant and resus-
pend the pellet in the relevant buffer and analyze.   

   10.    If VLPs were collected in the 20 % sucrose cushion: Clamp the 
centrifuge tube in a retort stand, make sure it is stable.   

  Fig. 1    Image of a 20 % sucrose cushion underlayered with 50 % sucrose after centrifugation of the clarifi ed 
crude plant extract. The  red arrow  indicates where to insert the needle after centrifugation to facilitate collec-
tion of the 20 % cushion containing the VLPs       
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   11.    A dark green band ( see   Note 15 ) should be visible in the tube 
at the 50 %–20 % sucrose interface. About 1 mm above the 
green band, puncture a hole in the side of the tube with a 21 
gauge needle and insert needle in the tube (Fig.  1 ).

       12.    Attach a 5 mL syringe to the needle.   
   13.    Aspirate the 5 mL 20 % cushion directly above the green band 

by pulling back on the plunger of the syringe.   
   14.    The liquid remaining in the centrifuge tube can be analyzed 

with  SDS-Page  / Western blotting   and transmission electron 
microscopy (TEM) to ascertain that it contains no VLPs. Once 
the method is established, the liquid remaining after aspiration 
of the sucrose cushion can be discarded.   

   15.    Dialyze the 20 % sucrose sample in an excess extraction/ 
purifi cation buffer overnight at 4 °C or dilute 1:2 in extrac-
tion/purifi cation buffer to facilitate removal or dilution of 
sucrose from the sample prior to loading onto continuous/
discontinuous gradients ( see   Note 16 ).    

     AXIS-SHIELD has a very helpful website (  http://www.axis- 
shield- density-gradient-media.com/virusindexes.htm    ) that shows 
various methods/techniques for preparing preformed continuous 
and discontinuous gradients. 

   For rate zonal centrifugation a steep, continuous gradient is 
required.

    1.    If a two-chamber gradient maker is available, follow the user 
manual instructions carefully to make 5–20 % or 10–40 % con-
tinuous gradients.   

   2.    If no gradient maker is available a step- or discontinuous gradi-
ent can be prepared which will be left to diffuse giving rise to 
the continuous gradient.
   (a)    Prepare sucrose solutions that increase in steps of 5–10 % 

sucrose, i.e., 5 %, 10 %, 15 % etc. ( see   Note 17 ).   
  (b)    A steep gradient (10–40 %) is important for separation of 

VLPs, the amount of sample loaded onto the gradient 
should not exceed 10–20 % of the volume of the gradient. 
Thus if the gradient volume is 30 mL the sample volume 
should be 3–6 mL in total.   

  (c)    By either underlayering or overlayering (  http://www.axis- 
shield- density-gradient-media.com/virusindexes.htm    ) add 
equal volumes of the sucrose steps in ultracentrifuge tubes.   

  (d)    Seal the tube with Parafi lm ®  or a plastic stopper and allow the 
gradient layers to diffuse overnight at 4 °C ( see   Note 18 ).       

   3.    Gently overlay the dialyzed sample (from Subheading  3.2  
above) onto the continuous gradient. Fill the tubes completely, 
with the meniscus about 1–2 mm from the top of the tube.      

3.3  Gradient 
Preparation

3.3.1  Rate Zonal 
Centrifugation

Purifi cation of VLPs from Plants
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   For isopycnic centrifugation discontinuous gradients can be used 
to allow for selection of VLPs based on their density. Discontinuous 
gradients can be linear, convex, or concave where the volumes of 
the different gradient steps can be increased or decreased (  http://
www.axis-shield-density-gradient-media.com/virusindexes.htm    ) 
to enrich for VLPs of a certain density ( see   Note 19 ).

    1.    Prepare sucrose or OptiPrep™ gradient steps as required for 
the VLP to be purifi ed ( see   Note 20 ).   

   2.    Pour the gradient steps by either underlayering or overlayer-
ing—the volumes of each step can be adjusted to make linear, 
convex, or concave gradients.   

   3.    Gently overlay either the clarifi ed, crude plant extract (from 
Subheading  3.1  above) or the dialyzed sample (from 
Subheading  3.2  above) onto the gradient, completely fi ll the 
tubes.    

        Modern ultracentrifuges, such as the Beckman Optima™ L-100 
XP (Beckman Coulter), have rate zonal run simulation programs 
built into the centrifuge. By inserting the S-value (sedimentation 
coeffi cient) of the VLP (or native virion) to be purifi ed, the machine 
will calculate the time needed to centrifuge the sample in a specifi c 
rotor to separate VLPs according to their sedimentation coeffi -
cient, without pelleting the VLPs (  https://www.beckmancoulter.
com/wsrportal/bibliography?docname=A-1941B.pdf    ). 

 The centrifugation time for rate zonal purifi cation is normally 
shorter than the time required for isopycnic centrifugation. If a 
pellet is present after a run, this may indicate that the centrifuga-
tion time was too long and has to be decreased ( see   Note 21 ). 

 Example: If you have a particle with a sedimentation coeffi cient 
of 500 S, centrifugation on a 10–40 % sucrose gradient at 20 °C for 
90 min will result in the VLPs sedimenting to the 30–35 % fractions 
(approximately 3–4 mL from the bottom of the tube).  

   The time and speed of centrifugation will depend on the density of 
the VLP to be purifi ed. As long as the density of the VLPs to be 
purifi ed does not exceed that of the highest density of the gradi-
ent—this will ensure that the VLPs do not pellet even after longer 
centrifugation times. It is advisable to research the parameters used 
to purify the native virion (or that of a similar virus) and to use that 
as a starting point for purifi cation. 

 Normally 2–5 h centrifugation time at 150,000–170,000 ×  g  is 
suffi cient for isopycnic separation on a pre-formed gradient. 
Figure  2  depicts gradients after ultracentrifugation of either the 
clarifi ed crude extract or the dialyzed 20 % sucrose sample.

           1.    Carefully remove the centrifuge tubes from the rotor buckets, 
this sometimes requires tweezers.   

3.3.2  Isopycnic 
Centrifugation

3.4  Ultra
centrifugation

3.4.1  Rate Zonal 
Centrifugation

3.4.2  Isopycnic 
Centrifugation

3.5  Harvesting 
Gradients

Albertha R. van Zyl and Inga I. Hitzeroth

http://www.axis-shield-density-gradient-media.com/virusindexes.htm
http://www.axis-shield-density-gradient-media.com/virusindexes.htm
https://www.beckmancoulter.com/wsrportal/bibliography?docname=A-1941B.pdf
https://www.beckmancoulter.com/wsrportal/bibliography?docname=A-1941B.pdf


575

   2.    If an automated fractionator is available, follow the user  manual 
instructions and collect the required fraction volumes  (normally 
500 μL–2 mL) from the bottom of the tube (highest density) 
upwards (lowest density). Fractions can be collected in micro-
centrifuge tubes.   

   3.    For fractionation by hand:
   (a)    Carefully clamp the centrifuge tube in a retort stand, 

make sure the tube is stable.   
  (b)    Gently “drill” a hole in the bottom of the tube with a 21 

gauge needle ( see   Note 22 ).   
  (c)    Remove the needle—the sample will start dripping out of 

the hole that was just created.   

  Fig. 2    Gradient images showing the differences after isopycnic centrifugation of 
clarifi ed crude plant extract ( left ) compared to VLPs initially pre-purifi ed on a 
20 % sucrose cushion ( right )       
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  (d)    Collect the fractions in microcentrifuge tubes. The less 
dense the sample is, the faster it will drip.       

   4.    Fractionate the entire volume of the centrifuge tubes.   
   5.    Store fractions at 4 °C. Freezing of VLPs may disrupt their 

structure.   
   6.    Analyze the fractions with  SDS-Page  / Western blotting   and TEM 

to determine where in the gradient the VLPs are localized.       

4    Notes 

     1.    OptiPrep™ is a solution of 60 % iodixanol in water that is sterile 
and endotoxin-tested. The solution has a density of 1.32 g/mL.   

   2.    For higher concentration sucrose solutions (greater than 
40 %), heating may be required to ensure that the sucrose dis-
solves completely. Ensure that the solutions are at room tem-
perature before pouring the cushion/gradient or 
centrifugation.   

   3.    Make OptiPrep™ solutions just prior to pouring gradients. 
Use the equation  C  1  V  1  =  C  2  V  2  to calculate the volumes needed 
to make the solutions.   

   4.    Refer to the applicable rotor manual and ensure that the rotors 
and components are designed for use in the relevant ultracen-
trifuge (for useful guidelines refer to:   https://www.beckman-
coulter.com/wsrportal/techdocs?docname=LR-IM-24    ). 
Maximum rotor speed is engraved on the rotor and this should 
not be exceeded. Speed reductions are required when a 
 solution is centrifuged that has a density greater than the 
 density rating of the rotor (see relevant rotor manual). The 
maximum run speed can be determined by using the following 
formula: 

   reducedrun speed maximumrate speed=
A

B
   

where  A  = rotor density rating,  B  = actual density of the  contents 
being centrifuged.    

    5.    Swinging-bucket rotors are used for pelleting, isopycnic 
 separation (particles separated on the basis of their buoyant den-
sity) and rate zonal centrifugation (separation of particles is based 
on their sedimentation coeffi cient—density, size and shape).   

   6.    Example: if 10 g leaf material is processed, 3 volumes of extrac-
tion buffer will constitute 30 mL. If protease inhibitors are to 
be used, they should be added at this step.   

   7.    Thoroughly homogenize until a mostly homogenous crude 
extract is obtained.   
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   8.    If the aim is to concentrate the VLPs into the 20 % sucrose 
cushion add 1 mL 50 % sucrose step under the 20 % sucrose 
cushion. This should keep the VLPs in the 20 % sucrose and 
prevent them from pelleting. By centrifuging through a 
 cushion, many of the contaminating plant proteins will be 
removed from the protein preparation.   

   9.    A syringe can also be used for this purpose.   
   10.    Tubes can be topped up with the purifi cation buffer if the vol-

ume of clarifi ed crude plant extract is not enough.   
   11.    To balance the rotor all opposing tubes must be fi lled to the 

same level with solutions/liquids of the same density. Tubes 
are balanced by weight and not volume. In our laboratory we 
prefer to balance tubes to within 0.01 g.   

   12.    To calculate the time needed for VLPs to pellet at a certain 
speed, you need to know the buoyant density of the particu-
lar VLP. 
 Use the following formula:  T

k

S
=   , where 

  T  = time taken to pellet a given particle 
  k  =  k  factor, clearing factor at a given speed taking into account 
velocity and rotor dimensions (different rotors will have 
 different  k  factor values). 
  S =  sedimentation coeffi cient, the value assigned to a particle 
describing its migration through a medium. Measured in 
Svedberg units. 
 Example: Particle X has a sedimentation coeffi cient of 300 S 
 The Beckman SW32 Ti rotor has a  k  factor of 204 at maximum 
speed of 174,587 ×  g . 

 If:  T
k

S
= ,    

 Then:  T =
204

300
   

  T  = 0.68 
 Therefore, particle X must be centrifuged for 0.68 h (~40 min) 
at maximum speed in a SW32 Ti rotor to be pelleted.    

    13.    The centrifugation time can be calculated the same way as in 
 Note 12  above, however ensure that a more dense sucrose 
step (i.e., 50 % sucrose) is underneath the 20 % sucrose  cushion 
to prevent VLPs from pelleting. If the sedimentation coeffi -
cient of the VLP is not known, centrifugation for 1–1.5 h at 
maximum speed should be more than suffi cient for collection 
of VLPs in the 20 % sucrose cushion.   

   14.    Rinse rotor buckets with mild rotor detergent if any liquid 
spilled out and dry completely.   
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   15.    Sometimes a dark green band is not visible between the 50 % 
and 20 % sucrose interface—this can be dependent on the 
extraction buffer used. Make a mark on the tube at the interface 
prior to centrifugation, this can then be used as a guide to 
determine where the 20 % sucrose cushion starts (after centrifu-
gation) and where to insert the needle to remove the cushion.   

   16.    The sucrose has to be removed from the sample to prevent the 
dense solution from “sinking” into the continuous/discon-
tinuous gradients.   

   17.    OptiPrep™ can be used instead of sucrose.   
   18.    Since the continuous gradient is formed by a physical process, 

control of the time and temperature is important. By establishing 
these variables, the shape of the gradient is reproducible.   

   19.    Continuous gradients can also be used for isopycnic centrifu-
gation, as long as the highest density of the gradient exceeds 
that of the VLP to be purifi ed.   

   20.    AXIS-SHIELD (  http://www.axis-shield-density-gradient-
media.com/virusindexes.htm    ) have methods available for the 
purifi cation of various viruses—these may provide useful guide-
lines as a starting point for purifi cation of your VLP of interest. 
Also refer to literature, methods used for purifi cation of the 
virus or VLPs of interest from cell culture will also  provide use-
ful information for a starting point. From here on the purifi ca-
tion process can be optimized for purifi cation from plants.   

   21.    If a pellet is present after rate zonal centrifugation, analyze 
with  SDS-Page  / Western blotting  . If it contains the protein of 
interest, the centrifugation time must be shortened. If not, it 
possibly means structures with sedimentation coeffi cients 
higher than that of the VLP to be purifi ed was present in the 
sample, and these pelleted during centrifugation. In this case 
there is no need to adjust the centrifugation time.   

   22.    At this point make sure the required amount of microcentri-
fuge tubes are ready to start collecting fractions as soon as the 
needle is removed from the centrifuge tube.    

5      Useful Links 

     1.      https://www.beckmancoulter.com/wsrportal/techdocs?
docname=LR-IM-24       

   2.      http://www.sigmaaldrich.com/technical-documents/articles/
biofi les/centrifugation-separations.html       

   3.      http://www.axis-shield-density-gradient-media.com/virusin-
dexes.htm       

   4.      https://www.beckmancoulter.com/wsrportal/bibliography?
docname=A-1941B.pdf             
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    Chapter 38   

 Transient Expression of Viral Proteins in Plants Using 
 Agrobacterium tumefaciens                      

       Inga     I.     Hitzeroth      and       Albertha     R.     van     Zyl      

1          Introduction 

 Expression  of   viral proteins  in   plants is an attractive alternative to 
existing expression platforms such as cell culture, yeast,  E.    coli   , or 
eggs [ 1 ]. Viral proteins are often utilized as potential vaccines 
or in  diagnostics  . There are many advantages to express viral vac-
cines in plants such as the cost of vaccine production, no contami-
nation with mammalian products, ability to glycosylate proteins, 
and the speed of production. Initially viral proteins were expressed 
in  transgenic plants which took many months, but more recently 
transient expression of proteins utilizing infi ltration with recombi-
nant  Agrobacterium tumefaciens  has been used widely [ 2 ,  3 ]. One 
of the most important considerations before one starts this work is 
the choice of  plant expression vectors  .  Various   viral vectors such as 
magnICON ®  from ICON Genetics (  http://www.icongenetics.
com/html/02.htm    ) which are also delivered by agrobacterial 
T-DNA transfer are available. Most often  RNA viruses   such as 
 Tobacco mosaic virus  (TMV),  Potato virus X  (PVX), and  Cowpea 
mosaic virus  (CPMV) are used [ 4 ,  5 ]. There are vectors that use 
the  DNA viruses   such as the geminivirus bean yellow dwarf virus 
as a backbone, resulting in a replicating vector which also increases 
protein expression [ 6 ]. Another factor to consider is targeting of 
the protein to various plant cell compartments as that can have 
profound effect on protein expression levels, and a set of vectors 
targeting the proteins to the cytoplasm, chloroplast, ER, or 
 apoplast are described in Maclean et al. (2007) [ 7 ]. Finally, codon 
usage of the gene of interest is an important factor that can have 
an effect on protein expression, and this needs to be determined 
for each gene empirically, but in general changing the codon usage 
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to one preferred by   Nicotiana benthamiana    and thereby increasing 
the GC content to above 50 % tend to enhance protein expression. 
Each  plant expression vector   in turn needs a specifi c  Agrobacterium  
strain, the choice of which depends on Ti vector resident in the 
 Agrobacterium  strain [ 8 ]. 

 Transient expression of viral proteins in plants utilizing 
infiltration with recombinant  Agrobacterium  results in protein 
expression within 2–7 days. It is a fully scalable process as has 
been demonstrated by companies such as Medicago (  http://
www.medicago.com    ). Plants often respond to viral infections by 
suppressing viral gene expression by  posttranscriptional gene 
silencing (PTGS)  . Silencing suppressors are made in turn by 
plant viruses in response to the plant defense. NSs from  Tomato 
spotted wilt virus  (TSWV) is such a RNA silencing suppressor 
protein which inhibits the onset of PTGS [ 9 ]. By co-expressing a 
silencing suppressor with the protein of choice, protein expres-
sion can very often be enhanced. Protein expression levels in 
crude leaf extracts can be determined by polyacrylamide gel 
electrophoresis (PAGE) or Western blots. 

 Preparation of electrocompetent  Agrobacterium , transforma-
tion of  Agrobacterium , infi ltration of tobacco plants, expression of 
viral protein, and extraction of the protein for gel electrophoretic 
analysis are described in this chapter.  

2    Materials 

   All media and solutions should be prepared with distilled water at 
room temperature. All media and solutions must be autoclaved at 
121 °C for 20 min. Be sure to wear the relevant personal protective 
equipment (PPE) and to adhere to disposal regulations when 
 disposing of waste material and sharps.

    1.    0.05 % gibberellic acid: Dissolve 0.05 g gibberellic acid in 
95 mL water and top up to 100 mL water. Autoclave and store 
at 4 °C.   

   2.    Peat/vermiculite soil mixture: Mix together 120 L peat, 10 kg 
vermiculite, 85 mL 2:3:2 fertilizer, and 85 mL dolomitic lime.   

   3.    Sterile water.   
   4.    10 % glycerol: Add 100 mL glycerol to 900 mL distilled water, 

mix thoroughly, and autoclave. Store at room temperature.   
   5.    50 % glycerol: Add 500 mL glycerol to 500 mL distilled water, 

mix thoroughly, and autoclave. Store at room temperature.   
   6.    LB broth, pH 7.4: Add 800 mL distilled water to a glass 

 beaker. Weigh out 10 g tryptone, 5 g yeast extract, and 5 g 
NaCl and transfer to the glass beaker. Mix until the powders 
have dissolved completely. Adjust the pH to 7.4 with NaOH 

2.1  Media 
and Solutions

Inga I. Hitzeroth and Albertha R. van Zyl
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and add water to a fi nal volume of 1 L. Make 5, 10, and/or 
100 mL aliquots of the LB media and autoclave. Store at room 
temperature.   

   7.    LB media plates: Make media as in number 4 above, but add 
7.5 g agar prior to adjusting the pH. Adjust pH to 7.4 using 
NaOH and fi ll up to 1 L with distilled water. Autoclave the 
media. After autoclaving, cool the media to ~50 °C. At this 
point, the relevant antibiotics can be added using sterile 
 techniques. Mix well by swirling and pour plates. Fill each petri 
dish ½ full; make sure there are no air bubbles ( see   Note 1 ). 
Let plates cool at room temperature overnight and place them 
upside down back into their plastic sleeves. Seal the bag and 
label properly with the date and antibiotic content. Plates can 
be stored for 1 month at 4 °C.   

   8.    Induction medium, pH 5.6: Follow the LB broth recipe above 
and also add 1.952 g MES (fi nal concentration: 10 mM;  see  
 Note 2 ). Adjust pH to 5.6 with HCl and add distilled water to 
a fi nal volume of 1 L. Aliquot either 50, 100, or 500 mL into 
Erlenmeyer fl asks and autoclave ( see   Note 3 ). Store at room 
temperature.   

   9.    1 M magnesium sulfate stock: Add 12 g MgSO 4  to 80 mL dis-
tilled water, mix thoroughly, and adjust to a fi nal volume of 
100 mL. Sterilize by autoclaving and store at room temperature.   

   10.    Infi ltration medium, pH 5.6: To 500 mL distilled water in a 
beaker, add 30 g sucrose, 2.03 g MgCl 2 , and 1.952 g 
MES. When completely dissolved, adjust the pH to 5.6 and 
autoclave. Store at room temperature ( see   Note 4 ).   

   11.    200 mM acetosyringone stock solution: Dissolve 0.3924 g 
acetosyringone in 10 mL DMSO ( see   Note 5 ). Filter sterilize 
using 0.22 μm syringe fi lters and make 1 mL aliquots in 
 microcentrifuge tubes. Store at −20 °C.   

   12.    70 % ethanol: Add 700 mL technical grade ethanol to 300 mL 
distilled water and mix. Put in a spray bottle to use for 
 disinfecting surfaces.      

   The antibiotics used will depend on what  antibiotic resistance   
genes are present on the  plant expression vector   to be used. 
Antibiotic stocks are mostly made with distilled water; these can-
not be autoclaved but must be fi ltered through a 0.22 μm syringe 
fi lter, after which aliquots can be stored at −20 °C. Antibiotics are 
thawed prior to adding to the media.

    1.    20 mg/mL rifampicin stock solution: Add 0.02 g rifampicin 
powder to 8 mL methanol in a conical tube and adjust volume 
to 10 mL with methanol. Vortex thoroughly to dissolve the 
rifampicin. Do not fi lter sterilize. Make 1 mL aliquots and 
store at −20 °C ( see   Note 6 ).    

2.2  Antibiotics

Transient Expression of Viral Proteins



584

     Cover 0.1 g   Nicotiana benthamiana    seeds ( see   Note 7 ) with 0.05 % 
gibberellic acid in a microcentrifuge tube and leave at room tem-
perature overnight. Dry the seeds on Whatman fi lter paper and sow 
in potting soil that has been thoroughly watered and treated with 
fertilizer ( see   Note 8 ). Let the seeds germinate in the dark for 3 days 
after which they should be grown at 22 °C under 16 h/8 h light/
dark cycles. Water plants every second day and fertilize once a week 
( see   Note 9 ). After 2 weeks, transplant seedlings into their own 
pots containing the peat/vermiculite soil mixture ( see   Note 10 ). 
When plants are 4–6 weeks old, they are ready to be infi ltrated.  

       1.    PPE.   
   2.    −70 °C freezer.   
   3.    Shaking incubator set at 27 °C.   
   4.    Centrifuge (Beckman).   
   5.    JA17 rotor (Beckman).   
   6.    Sterile SS34 centrifuge tubes.   
   7.    Gene Pulser™ (Bio-Rad).   
   8.    0.1 cm  electroporation   cuvettes (Invitrogen™).   
   9.    Microcentrifuge tubes.   
   10.    PCR tubes.   
   11.    PCR machine.   
   12.    Inoculation loop.   
   13.    Spectrophotometer.   
   14.    Cuvettes.   
   15.    1 mL syringes—for small-scale infi ltration.   
   16.    Vacuum chamber and vacuum pump—advised for large-scale 

infi ltration.   
   17.    1 L beaker.   
   18.    Liquid nitrogen.   
   19.    Benchtop microcentrifuge.   
   20.    Micropestles (for small-scale protein extraction).   
   21.    Ceramic mortar and pestle (for large-scale protein extraction).   
   22.    Miracloth (Merck).       

3    Methods 

        1.    Add 25 μL of the 20 mg/mL rifampicin stock ( see   Note 12 ) 
solution to 10 mL LB media ( see   Note 13 ).   

   2.    Inoculate the media with 1 mL −70 °C glycerol stock of the 
 Agrobacterium  strain to be used and incubate 16–18 h over-
night at 27 °C with agitation.   

2.3  Plants

2.4  Equipment 
Required

3.1  Electrocompetent 
 Agrobacterium  ( See  
 Note 11 )
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   3.    Add 250 μL rifampicin (and whichever other antibiotics are 
required for helper plasmids) to 100 mL LB media and 
 inoculate with the entire 10 mL overnight culture. Incubate 
16–18 h overnight at 27 °C with agitation.   

   4.    Fill two SS34 centrifuge tubes with the 100 mL overnight 
 culture and centrifuge at 2200 ×  g  for 10 min at 4 °C in order 
to pellet the cells.   

   5.    Decant the supernatant and resuspend the cell pellets in 2 mL 
( see   Note 14 ) sterile water. Fill up tubes with sterile water and 
centrifuge at 2200 ×  g  for 10 min at 4 °C.   

   6.    Repeat the water rinse step again and centrifuge as above.   
   7.    Decant the supernatant and resuspend the cell pellets in 2 mL 

10 % glycerol and wash twice as described in  steps 5  and  6  
above.   

   8.    Resuspend each of the pellets in 2.5 mL 10 % glycerol and 
combine the contents of the two tubes.   

   9.    Make 500 μL aliquots in microcentrifuge tubes and store at 
−70 °C for transformations.      

       1.    Thaw an aliquot of electrocompetent  Agrobacterium  cells 
(made  in   Subheading  3.1  above) on ice.   

   2.    Pipette 100 μL thawed cells into chilled 0.1 cm gap electro-
poration cuvettes ( see   Note 15 ).   

   3.    Add 200 ng recombinant plasmid DNA ( see   Note 16 ) to the 
cells and gently pipette up and down to mix with the cells.   

   4.    Incubate on ice for 5 min and electroporate ( see   Note 17 ) 
under the following conditions using a Gene Pulser™ (Bio- 
Rad): 1.8 kV, 25 μF, 200 Ω.   

   5.    Place the cuvettes back on ice after electroporation and add 
900 μL LB media to the cuvette. Pipette the cells out into a 
sterile microcentrifuge tube and incubate for 2 h at 27 °C.   

   6.    During the 2 h incubation period also warm LB media plates 
supplemented with the relevant antibiotics to 27 °C. Keep the 
plate upside down to prevent condensation droplets from 
forming on the surface of the media.   

   7.    Plate out 100 μL of electroporated  Agrobacterium  cells on the 
LB media plates supplemented with the relevant antibiotics 
( see   Note 18 ).   

   8.    Incubate plates upside down at 27 °C for 2–3 days.       

       1.    Screen 5–20 of the colonies that are present on the LB plates 
( see   Note 19 ).   

   2.    Make a masterplate of the colonies that are screened ( see  
 Note 20 ).   

3.2   Transformation 
of  Agrobacterium  
by Electroporation

3.3  Verifi cation 
of Recombinant 
 Agrobacterium  
by Colony PCR
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   3.    Colony PCR: Use 2–5 μL of the resuspended  Agrobacterium  
colony ( see   Note 20 ) as template DNA in the same PCR reac-
tion that was used for initial amplifi cation of the gene(s) of 
interest. Colonies displaying the DNA fragments at the correct 
size on an agarose gel are positive ( see   Note 21 ). Mark the 
positive clones on the masterplate.   

   4.    After the recombinant  Agrobacterium  has grown on the mas-
terplate, scrape off some of the culture (positive clone) with an 
inoculation loop and do a three-way streak for single colonies 
on LB media plates containing the relevant antibiotics. 
Incubate at 27 °C for 2–3 days until single colonies appear.   

   5.    Inoculate a single recombinant  Agrobacterium  colony in 
10 mL LB media supplemented with the relevant antibiotics 
and incubate overnight at 27 °C with agitation.   

   6.    Make 1 mL aliquots of the liquid culture and add 1 mL sterile 
50 % glycerol to yield a fi nal concentration of 25 % glycerol.   

   7.    Store the cultures at −70 °C for future infi ltrations.      

       1.    Thaw a glycerol stock of the recombinant  Agrobacterium  and 
inoculate it into 5 mL LB media supplemented with the rele-
vant antibiotics. Incubate overnight at 27 °C with agitation to 
revive the culture.   

   2.    Inoculate 5 mL of the overnight culture into 50 mL induction 
medium supplemented with the relevant antibiotics. If this 
50 mL culture is to be used for infi ltration, 5 μL of the 200 mM 
acetosyringone stock should be added to the culture (yielding 
a fi nal concentration of 20 μM,  see   Note 22 ). Incubate over-
night at 27 °C with agitation.   

   3.    At this point, the recombinant  Agrobacterium  culture can be 
used for small-scale infi ltration, or the 50 mL culture can be 
inoculated into 500 mL induction medium to scale up the cul-
ture volume for infi ltration.   

   4.    Centrifuge the cultures at 2200 ×  g  for 10 min at 4 °C to pellet 
the cells. Decant the supernatant after centrifugation.   

   5.    Add 1 mL of 200 mM acetosyringone stock (fi nal concentra-
tion 0.2 mM) to 1 L of infi ltration medium.   

   6.    Resuspend the cell pellet obtained in  step 4  above in 5 mL 
infi ltration medium supplemented with acetosyringone.   

   7.    Incubate the resuspended cells at room temperature for 1–2 h 
to allow for the acetosyringone to induce the  vir  genes.   

   8.    Determine the OD 600  ( see   Note 23 ) of the resuspended cells 
and dilute ( see   Note 24 ) in infi ltration medium to the required 
OD for infi ltration ( see   Note 25 ).   

   9.    Sometimes co-infi ltration with a silencing suppressor ( see   Note 
26 ) is required, or the co-expression of more than one protein 
is required ( see   Notes 27  and  28 ).      

3.4  Preparation 
of  Agrobacterium  
Cultures for Infi ltration
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         1.    Fill a 1 mL syringe with the  Agrobacterium  suspension solution.   
   2.    Hold a leaf of a 4–6-week-old  N.    benthamiana    plant gently with 

your pointer and middle fi ngers on the topside of the leaf and 
your thumb on the lower leaf surface ( see   Note 29 , Fig.  1a, b ).

       3.    Hold the fi lled 1 mL syringe in your other hand and gently 
press the opening of the syringe against the underside of the 
leaf against your middle fi nger.   

   4.    Push down the syringe plunger and gently apply pressure with 
your middle fi nger on the topside of the leaf; as you push down 
on the plunger, the  Agrobacterium  suspension should enter the 
abaxial air spaces of the leaves ( see   Note 30 ). The leaves that 
have been successfully infi ltrated will appear translucent (Fig.  2 ).

       5.    Infi ltrate the leaf in sections until the whole leaf area appears 
translucent.   

   6.    After infi ltration, make sure that infi ltrated leaves don’t touch 
each other and spray the leaves with 70 % ethanol to disinfect 
the surfaces and to avoid the growth of fungi.      

       1.    For the infi ltration of many plants, it is advisable to use vacuum 
infi ltration ( see   Note 31 , Fig.  3 ).

       2.    Fill a 1 L beaker to the brim with the resuspended  Agrobacterium  
solution ( see   Note 32 ).   

   3.    Cover the surface of the pot containing the plant to be infi l-
trated with aluminum foil, gently wrap the foil around the base 
of the plant stem, or cover with a perspex/plastic cover ( see  
 Note 33 , Fig.  4a, b ).

3.5  Infi ltration

3.5.1  Syringe Infi ltration: 
Small Scale

3.5.2  Vacuum Infi ltration: 
Large Scale

  Fig. 1    ( a )   Nicotiana benthamiana    leaves 3, 4, and 5 are best for agroinfi ltration. ( b ) Syringe infi ltration of 
leaves. The leaf is held in place with the middle fi nger and thumb. The open end of the syringe is placed against 
the bottom of the leaf, and gentle pressure is applied with the middle fi nger while pressing down on the 
syringe       
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       4.    Turn the plant upside down and submerge the entire plant in 
the  Agrobacterium  solution within the 1 L beaker—rest the 
sides of the pot on the beaker.   

   5.    Seal the vacuum chamber and maintain a vacuum of −90 kilo-
pascal (kPa) for 5 s and rapidly release (10–15 kPa.sec −1 ) the 
vacuum ( see   Note 34 ). Repeat this process two more times to 
ensure effi cient infi ltration of the entire plant.   

   6.    Remove any leaves that were not infi ltrated and also remove 
the aluminum foil/perspex cover from the pot.   

   7.    Spray plants with 70 % ethanol.     

  Fig. 2    Image of a leaf showing the difference between infi ltrated and non- 
infi ltrated areas       
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 For both syringe- and vacuum-infi ltrated plants, continue to 
grow and water as normal. Protein expression can be monitored 
from 2 to 10 days post infi ltration (dpi).   

       1.    For time trials, harvest three leaf disks from different leaves by 
using the cap of a microcentrifuge tube ( see   Note 35 , Fig.  5 ).

       2.    Flash-freeze microcentrifuge tubes containing the leaf disks in 
liquid nitrogen and store at −70 °C.   

   3.    For large scale, harvest whole leaves at the required day post 
infi ltration and measure the fresh weight of the leaves. Seal 
leaves in a plastic bag, fl ash-freeze in liquid nitrogen, and store 
at −70 °C.      

3.6  Harvesting 
of Leaves

  Fig. 3    Vacuum infi ltration equipment used for large-scale vacuum infi ltration of plants       

Foil to
cover
soil

Perspex plate
to cover soil

a b

  Fig. 4    ( a ) Pot covered with aluminum foil to prevent soil from falling out during vacuum infi ltration. ( b ) Pot 
covered with a Perspex coverslip. The coverslip has a slit down the middle where the main stem of the plant 
and the leaves go through       
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         1.    Grind leaf disks in the microcentrifuge tube they were frozen 
in, in the presence of liquid nitrogen, with a micropestle ( see  
 Note 36 ).   

   2.    Grind leaf material until a fi ne powder forms.   
   3.    Add 300 μL of the relevant extraction buffer ( see   Note 37 ) and 

gently vortex the suspension.   
   4.    Incubate on ice for at least 1 h to enhance extraction of the 

protein of interest.   
   5.    Clarify the crude extract by centrifuging at 15,000 ×  g  for 

10 min in a benchtop microcentrifuge.   
   6.    Aspirate the supernatant and analyze the crude extract with 

 SDS-PAGE   and Western blot analysis.      

3.7  Protein 
Extraction 
and Analysis

3.7.1  Protein Extraction 
from Leaf Disks

  Fig. 5    Harvesting leaf disks with a microcentrifuge tube       
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       1.    Place leaf material in a ceramic mortar and cover with liquid 
nitrogen ( see   Note 38 ) and grind leaves into a fi ne powder 
with a pestle.   

   2.    Place the fi ne leaves in a sealable container and add three  volumes 
of the relevant buffer to the leaf material ( see   Note 39 ).   

   3.    Incubate crude plant extract at 4 °C for at least 1 h with gentle 
agitation to facilitate protein extraction.   

   4.    Filter the crude extract through two layers of Miracloth and 
discard the solid material remaining on the Miracloth.   

   5.    Clarify the fi ltrate by centrifuging for 10 min at 15,000 ×  g , 4 °C.   
   6.    Decant the supernatant and centrifuge again as in  step 5  above.   
   7.    Analyze the clarifi ed crude extract with  SDS-PAGE   and 

Western blot analysis.        

4    Notes 

     1.    Flame air bubbles with the Bunsen burner to pop them.   
   2.    2-Morpholinoethanesulfonic acid salt, molecular weight: 

195.2 g/mol.   
   3.    The volume of induction medium will depend on the scale 

of infi ltration. For small-scale infi ltration (5 plants), 50 mL 
 induction medium should suffi ce. For larger-scale infi ltration 
(10–20 plants), at least 500 mL induction medium should be 
used. In both cases, the amount of induction media needed 
could be more or less dependent on the OD of the bacterial sus-
pension used for infi ltration. For shaking cultures, use 10 % 
working volume; for example, a 50 mL culture will be grown 
in a 500 mL Erlenmeyer fl ask, 100 mL culture in a 1 L Erlenmeyer 
fl ask, 500 mL culture in a 5 L Erlenmeyer fl ask and so on. This 
will ensure proper aeration and growth of the cultures.   

   4.    If the infi ltration medium is made in advance, it can be auto-
claved; however, if it’s made just prior to infi ltration, there is 
no need to autoclave the medium and it can be used as is.   

   5.    Acetosyringone = 4′-hydroxy-3′,5′-dimethoxyacetophenone. 
DMSO = dimethyl sulfoxide. Acetosyringone will not dissolve 
in water; therefore, it must be prepared in DMSO.   

   6.    Rifampicin will not dissolve in water; therefore, it must be 
made in methanol. Methanol is highly toxic and all work done 
with methanol should be carried out in a fume hood with PPE.   

   7.    0.1 g seeds are enough to seed two 25 cm × 15 cm seeding trays.   
   8.    Margaret Roberts Organic Supercharger (Kirchhoff) works 

well for fertilizing seeds.   
   9.    Chemicult hydroponic nutrient powder (made according to 

instructions) is used for this.   

3.7.2  Large-Scale 
Protein Extraction
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   10.    Seedlings should have at least four leaves when they are trans-
planted to the bigger pots. Make sure not to damage the roots. 
Plant the seedlings deep enough to avoid them falling over 
when they are watered.   

   11.    All inoculation steps should be carried out using sterile 
techniques.   

   12.    For a fi nal concentration of 50 μg/mL rifampicin, do not fl ame 
the rifampicin aliquot when opened—methanol is highly fl am-
mable. Only fl ame the test tube containing the LB media prior 
to and after addition of the rifampicin.   

   13.    The antibiotics added at this point will be infl uenced by the 
type of  Agrobacterium  used. For example, LBA4404 contains 
no helper plasmid; therefore, the only antibiotic to be added to 
the media will be rifampicin (which selects for  Agrobacterium ). 
However, this strain is prone to clumping in liquid media; 
therefore, 20 μL 1 M MgSO 4  (2 mM fi nal concentration) must 
be added to the media to prevent clumping. On the other 
hand, GV3101::pMP90RK contains a kanamycin- resistant 
helper plasmid; therefore, 3 μL of a 100 mg/mL kanamycin 
stock solution (30 μg/mL fi nal concentration) should also be 
added to the media. This strain does not clump; therefore, no 
MgSO 4  has to be added to the media.   

   14.    It is easier for the cell pellet to be resuspended in a smaller 
volume before fi lling the centrifuge tubes.   

   15.    Do not touch the metal sides of the  electroporation   cuvettes. 
Sometimes this causes a short circuit when the cells are electro-
porated, resulting in a spark and a loud popping sound. 
Electroporation cuvettes can be reused if absolutely necessary. 
Make sure to wash thoroughly with water and 70 % ethanol 
and afterward let the cuvettes dry completely.   

   16.    The concentration of recombinant DNA used for  electropora-
tion   can be increased or decreased in order to further optimize 
this step. A concentration of 40–400 μg recombinant DNA can 
be used for electroporation. Use circular vector DNA as a posi-
tive control and linearized vector DNA as negative control.   

   17.    Thoroughly dry the cuvettes with tissue paper before 
 electroporation  .   

   18.    Normally, the concentration of electrocompetent cells pro-
duced is quite high; therefore, only 100 μL of the electropor-
ated  Agrobacterium  suspension can be plated out. If the cell 
concentration is suspected to be low (due to suboptimal 
growth conditions during preparation of the electrocompetent 
cells), it is advisable to concentrate the electroporated cells by 
centrifuging at 1500 ×  g  in a benchtop centrifuge. Decant the 
supernatant and gently resuspend the cell pellet in 100 μL LB 
media prior to plating out.   
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   19.    The transformation effi ciency of  Agrobacterium  using electro-
poration is quite high; therefore, only a few (2–4) colonies 
need to be screened to start off with. More colonies can be 
screened should it be required.   

   20.    The masterplate will contain the same antibiotics as the plates 
used to grow the recombinant  Agrobacterium . Label the mas-
terplate with the date and the name of the construct screened. 
Draw 1 cm × 1 cm blocks on the bottom of the plate and label 
the blocks 1—however, many colonies are to be screened. Pick 
up colonies from the plate with a pipette tip and suspend the 
colony in 15 μL sterile water. Drop 2.5 μL of the resuspended 
colony in the relevant block on the masterplate; do this for all 
the colonies to be screened. Let the masterplate dry completely 
before incubating 2–3 days at 27 °C.   

   21.    Remember to include positive and negative controls for PCR 
screening.   

   22.    Acetosyringone is added to the culture in order to induce the 
 vir  genes.   

   23.    Make a 1:4 dilution of the resuspended cells in infi ltration 
medium (250 μL cells + 750 μL infi ltration medium) and  measure 
OD 600 . Multiply the OD 600  measured with the dilution factor (4) 
to obtain the OD 600  of the resuspended  Agrobacterium  cells.   

   24.    Use the equation  C  1  V  1  =  C  2  V  2  to determine the volume of 
resuspended  Agrobacterium  cells that must be diluted with 
infi ltration medium to obtain a certain cell concentration (fi nal 
OD 600 ) for infi ltration.     
  C  1  = OD 600  of the resuspended cells (i.e., concentration), 
 V  1  = volume of resuspended  Agrobacterium  cells needed, 
 C  2  = OD 600  required for infi ltration, and  V  2  = fi nal volume. 
Thus, the volume of infi ltration medium needed =  V  2 – V  1 . 
Always check the fi nal OD 600  after combining the culture and 
the infi ltration medium. 
 The values obtained here will also give a good indication of 
how much culture must be grown for future studies and how 
the culture volumes can be adjusted to facilitate infi ltration of 
more or less plants.

    25.    A range of infi ltration ODs should be tested to fi nd the OD 
at which the protein of interest is optimally expressed. 
Normally, OD 600  = 0.5 is a good starting point; from here on 
either higher (1.0) or lower (0.25) ODs can also be investigated. 
It is possible that higher ODs may result in necrosis of plants, 
but this is also dependent on the protein that is expressed.   

   26.     Agrobacterium -mediated transient expression of recombinant 
proteins can be enhanced by co-infi ltrating plants with recom-
binant  A. tumefaciens  that encode silencing suppressor genes, 
which “silences” RNA-mediated gene silencing.   

Transient Expression of Viral Proteins
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   27.    Before co-expression of more than one construct, it is impor-
tant to ascertain that expression of the proteins of interest can 
be achieved when they are expressed on their own (or in the 
presence of the silencing suppressor).   

   28.    When more than one construct are co-infi ltrated, for example, 
gene of interest (culture A) co-infi ltrated with the 
 Agrobacterium  construct carrying a silencing suppressor (cul-
ture B), determine the OD 600  of the resuspended  Agrobacterium  
cell pellets for both cultures A and B. Use equation  C  1  V  1  =  C  2  V  2  
to determine how much of each culture is needed to make up 
each of the constructs to  V  2  at their respective ODs. Add the 
volume determined for culture A to the volume determined 
for culture B and fi ll up to  V  2  with infi ltration media. The fi nal 
OD 600  for the combined  constructs = OD 600  of culture A + OD 600  
of  culture B. For example, if each culture is at OD of 0.25, 
then the fi nal OD of the combined cultures is 0.5. The OD for 
each individual construct can be  varied as needed. When more 
than two constructs are combined, the fi nal OD 600  will equal 
OD 600  A + OD 600  B + OD 600  C and so forth.   

   29.    The third, fourth, and fi fth leaves from the top of the plant are 
the most important for syringe infi ltration.   

   30.    It is important to wear PPE, including safety glasses, when 
infi ltrating plants as the bacterial suspension does sometimes 
squirt out between the syringe opening and the leaf surface 
when pressure is applied.   

   31.    Larger culture volumes must be prepared for vacuum 
 infi ltration. 5- to 6-week-old plants will infi ltrate easier than 
4-week- old plants.   

   32.    It is important for the beaker to be fi lled completely; any space 
between the beaker and the surface of the aluminum foil- covered 
pot will make thorough infi ltration of the plant diffi cult.   

   33.    The soil is covered with aluminium foil or perspex to prevent 
the soil from spilling out during infi ltration.   

   34.    Agitate the vacuum chamber gently as the vacuum increases; 
this is to ensure removal of trapped air bubbles on the leaves. 
Rapid release of the vacuum is very important for effi cient 
infi ltration of leaves.   

   35.    Leaf disks can be clipped by closing the microcentrifuge tube 
with the leaf in between the lid and the bottom, or a leaf disks 
can be collected by pressing the leaf onto the lid with a fi nger. 
It is suggested to harvest at 3, 5, 7, and 9 dpi to fi nd the best 
day where the protein of interest is accumulated.   

   36.    Scoop liquid nitrogen into the microcentrifuge tube by hold-
ing onto the cap of the tube and submerging the rest of the 
tube in the liquid nitrogen. Care should be taken to avoid 
“freezer burns”; PPE should be worn when doing this.   
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   37.    Extraction buffer as determined from literature for the protein 
of interest or extraction in 1× PBS (pH 7.4) is a good starting 
point. Furthermore, addition of protease inhibitors should 
also be investigated to maximize protein extraction. If the pro-
tein is insoluble, 8 M urea can be used for extraction. Addition 
of detergents to the extraction buffer can also be investigated 
to facilitate protein extraction.   

   38.    Place the pestle on top of the leaf material prior to adding the 
liquid nitrogen—this will prevent the leaves from “boiling” 
out of the mortar as the liquid nitrogen is added.   

   39.    If 10 g of leaf material is processed, 3 volumes of buffer will 
constitute a volume of 30 mL.           
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    Chapter 39   

 A Plant-Based Transient Expression System for the Rapid 
Production of Malaria Vaccine Candidates                     

     Alexander     Boes    ,     Andreas     Reimann    ,     Richard     M.     Twyman    ,     Rainer     Fischer    , 
    Stefan     Schillberg    , and     Holger     Spiegel      

1          Introduction 

 The  limited   success of  past   and current malaria vaccine candidates 
[ 1 ] indicates the need for intensive and accelerated research to 
identify and characterize new antigens that confer protection 
against infection, clinical manifestation, and even the transmission 
of malaria [ 2 ]. Furthermore, multi-stage-specifi c cocktails combin-
ing key antigens from the different stages of the   Plasmodium falci-
parum    life cycle may be essential for the development of effi cacious 
malaria vaccines [ 3 ]. To determine the suitability of novel vaccine 
candidates as components of vaccine cocktails, the antigens must 
be rapidly produced, purifi ed, and characterized in terms of their 
protective effi cacy in animal experiments and/or in vitro assays. 

   Agrobacterium tumefaciens   -based transient expression in 
plants, using either classical T-DNA vectors [ 4 ] or amplifi cation 
systems based on viral replicons [ 5 ], is one of the quickest and 
most versatile strategies for the production of recombinant 
 proteins [ 6 – 8 ]. Although used predominantly for research and 
development, these systems have also been implemented for the 
manufacturing of clinical-grade materials, e.g., the experimental 
antibody cocktail ZMapp, comprising three chimeric monoclonal 
 antibodies   against the  Ebola virus   surface glycoprotein 
(EBOV-GP) [ 9 ], virus-like particles based on human infl uenza 
virus  hemagglutinin (HA)   [ 10 ], and the malaria transmission-
blocking vaccine candidate  Pfs 25 [ 11 ]. These emerging applica-
tions of transient expression are driven by a desire for rapid and 
inexpensive vaccine development against poverty-related diseases 
such as malaria [ 12 ,  13 ]. 
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 Here we present a well-established and versatile workfl ow for 
 A.    tumefaciens   -based transient expression in plants in the context 
of vaccine development, using the expression of single, multi- 
domain, and fl uorescence-labeled malaria vaccine candidates as 
case studies. The combination of transient expression with a 
 modular and fl exible cloning strategy allows the rapid  cloning   and 
expression of multi-domain antigens or  DsRed    reporter gene   
fusions by  gene stacking  , and small to medium scale production 
without expensive and specialized equipment. We have used this 
workfl ow successfully to produce several single and multi-domain 
malaria vaccine candidates [ 14 – 16 ]. However, the technology is 
generic and can be applied in any vaccine development scenario 
where progress is dependent on the rapid production of different 
candidate antigens for analysis and characterization. Because the 
downstream purifi cation strategies and functionality assays are 
highly dependent on the specifi c antigen, these procedures are not 
covered in this chapter, but examples of such methods can be 
found in several reports describing the characterization of plant- 
derived vaccine candidates [ 14 ,  16 ,  17 ]. 

 The potential applications of this workfl ow are illustrated using 
four examples: (1) the  cloning   of three individual blood-stage 
 antigens ( Pf AMA1-DiCo1-3) and their transient expression in 
  Nicotiana benthamiana    plants (separately and as a mixture), (2) 
the subsequent C-terminal fusion of additional blood-stage anti-
gens ( Pf MSP1_19,  Pf RH2a, and  Pf RIPR_EGF7/8) to the 
 Pf AMA1-DiCo variants by  gene stacking   and the generation of 
stacked fusion antigen constructs comprising proteins and/or 
domains from the pre-erythrocytic stage ( Pf CSP_TSR), (3) the 
blood-stage ( Pf MSP1_19,  Pf MSP4,  Pf MSP8, and  Pf MSP10) and 
sexual-stage protein candidates ( Pfs 25 and  Pfs 28), and (4) the 
 cloning   of a single antigen ( Pf MSP1_19) as a C-terminal  DsRed   
fusion protein. For additional information on these proteins and 
domains ( see   Notes 1 – 10 ). 
 The workfl ow includes the following procedures:

    1.    The vectors and cloning strategies to generate expression con-
structs featuring individual antigens, DsRed–antigen fusion 
proteins, stacked dual-domain  fusion proteins   and a panel of 
stacked multi-domain, multi-stage fusion proteins featuring up 
to nine different antigens or antigen domains.   

   2.    Techniques for the transformation, screening, and cultivation 
of recombinant  A. tumefaciens.       

   3.    Plant cultivation ( N. benthamiana )   , syringe and vacuum infi l-
tration as well as incubation.   

   4.    The extraction of recombinant proteins from infi ltrated leaf 
tissue.      

Alexander Boes et al.
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2    Materials 

       1.    Bacteria

 ●     Chemically competent   Escherichia coli    DH5α ( NEB  , 
Frankfurt, Germany).  

 ●      Agrobacterium tumefaciens    strain GV3101::pMP90RK 
[GmR, KmR, RifR] [ 18 ].      

   2.    Plasmids and synthetic genes

 ●    pTRAkcERH [ 19 ].      
   3.    Oligonucleotides   
   4.    Enzymes

 ●     Restriction enzymes NcoI, NotI, and EagI (NEB, Frankfurt, 
Germany).  

 ●    DNA-modifying enzymes T4 DNA ligase and Antarctic 
phosphatase (NEB, Frankfurt, Germany).        

 Please note that the sequences for the construct-specifi c oligonucle-
otides (primers) must be added to the target sequence as indicated by 
dots to allow NcoI/NotI cloning and EagI stacking (Subheading  3.1 ).

 ●    Construct-specifi c forward primer introducing EagI/NcoI restric-
tion sites (5′-AAAAAAAA CGGCCG TGG CCATGG CT…-3′).  

 ●   Construct-specifi c reverse primer introducing NotI restriction 
site (5′-… GCGGCCGC TTTTTTTT-3′).  

 ●   pTRA-backbone-specifi c forward primer PS5′ (5′-GACCCCT
CCTCTATATAA GG-3′).  

 ●   pTRA-backbone-specifi c reverse primer PS3′ (5′-GACCCCT
CCTCTATATAA GG-3′).      

       1.    Lysogeny broth (LB)

 ●    Tryptone 10 g/L.  
 ●   Yeast extract 5 g/L.  
 ●   NaCl 10 g/L.  
 ●   pH 7.      

   2.    Yeast extract broth (YEB)

 ●    Beef extract 5 g/L.  
 ●   Yeast extract 1 g/L.  
 ●   Tryptone 5 g/L.  
 ●   Sucrose 5 g/L.  
 ●   MgSO 4  0.5 g/L.  
 ●   pH 7.      

2.1   Cloning 
of the Expression 
Constructs

2.2  Buffers 
and Reagents
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   3.    2× infi ltration medium

 ●    Sucrose 100 g/L.  
 ●   Glucose 3.6 g/L.  
 ●    Ferty ® -II-Mega fertilizer (Planta, Regenstauf, Germany) 

1 g/L.  
 ●   pH 5.4–5.8.      

   4.    Acetosyringone (3′,5′-dimethoxy-4′-hydroxyacetophenone) 
(Sigma Aldrich, Seelze, Germany).   

   5.    Plant extraction buffer (PBS, pH 7.4)
 ●    NaCl 8 g/L.  
 ●   KCl 0.2 g/L.  
 ●   Na 2 HPO 4  1.44 g/L.  
 ●   KH 2 PO 4  0.24 g/L.  
 ●   pH 7.4.         

       1.    Eppendorf Multiporator (Eppendorf, Hamburg, Germany).   
   2.    Desiccator with connections and tubing (Duran, Wertheim/

Main, Germany).   
   3.    Rotary vane vacuum pump RZ 6 (Vacuubrand, Wertheim/

Main, Germany).   
   4.    1-mL Ominifx F syringe (Braun, Melsungen, Germany).   
   5.    Blender (Waring, Tampa, FL, USA).   
   6.    Mortar and pestle (Haldenwanger, Waldkraiburg, Germany).       

3    Methods 

    Individual synthetic genes or PCR products encoding selected anti-
gen domains can be inserted into the pTRAkc- ERH vector (Fig.  1 ) 
or its variants ( see   Note 11 ) by NcoI/NotI cloning (Fig.  2a ). 
Subsequent stacking of additional domains can be achieved by 
inserting EagI/NotI-fragments into NotI-linearized plasmids 
(Fig.  2b ). When using an appropriate EagI sequence context 
(Subheading 2.1,  item 4 ,  see   Note 12 ), a NotI-site will be reconsti-
tuted only at the 5′-end of the fusion gene, allowing the insertion of 
further domains by repeating the procedure. Similarly, the  cloning   
of DsRed-fusion genes (to generate expression cassettes for tetrava-
lent fl uorescence-labeled antigens or antigen domains for different 
 screening   approaches), can be achieved by inserting EagI/NotI-
fragments into a NotI-linearized plasmid carrying a  DsRed   cDNA 
inserted by NcoI/NotI cloning (Fig.  2c ). Enzymes should be used 
according to the manufacturer’s instructions in term of the amounts, 
buffers, and incubation conditions.

2.3  Equipment

3.1   Cloning   
the pTRAkc 
Expression Constructs

Alexander Boes et al.
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          1.    Digest 2–4 μg of pTRAkc-ERH and target cDNA (insert- 
specifi c synthetic gene or PCR product) with NcoI and NotI.   

   2.    Separate the pTRAkc backbone and target cDNA by prepara-
tive gel electrophoresis, isolate and purify the DNA 
fragments.   

   3.    Quantify the purifi ed DNA and use 50–100 ng of pTRAkc 
backbone for ligation with a fi ve to tenfold molar excess of 
target cDNA (insert-specifi c synthetic gene or PCR product).      

3.1.1  Generation 
of Single Antigen 
Expression Constructs

  Fig. 1    Features of the  plant expression vector   pTRAkcERH. The plant expression 
vector pTRAkc is a derivative of the pPAM vector (GenBank AY027531) and con-
tains two origins of replication (ColE1 ori for  E.    coli    and RK2 ori for  A.    tumefa-
ciens   ), and a backbone ampicillin resistance gene ( bla ) as a bacterial selection 
marker. Recombinant proteins are expressed under the control of the  Caulifl ower 
mosaic virus  35S promoter with duplicated enhancer region, the 5′ untranslated 
region of the  Petrosinella  chalcone synthase (CHS) gene and the CaMV polyad-
enylation signal (pA35SS). Scaffold attachment regions (SAR) were introduced 
next to the right and left borders (RB and LB) of the T-DNA to improve gene 
expression following stable transformation (not relevant for transient expres-
sion). For the selection of such stable transgenic tobacco lines, the T-DNA con-
tains the kanamycin resistance gene ( nptII ) under the control of the nopaline 
synthase promoter (pNos). The  cloning   cassette in the schematic illustration fea-
tures the gene of interest (GOI) fl anked by NcoI and NotI restriction sites, in-
frame between a signal peptide sequence (LPH) and a His 6  tag (his6) and an 
ER-retrieval sequence (SEKDEL)       
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       1.    Digest 2–4 μg of pTRAkc-ERH containing a single antigen 
with NotI.   

   2.    Dephosphorylate the linearized vector to avoid re-ligation.   
   3.    Digest target cDNA (insert-specifi c synthetic gene or PCR 

product) with EagI.   
   4.    Separate by preparative gel electrophoresis, isolate and purify 

the DNA fragments.   
   5.    Quantify the purifi ed DNA and use 50–100 ng of pTRAkc 

backbone for ligation with a fi ve to tenfold molar excess of 
target cDNA (insert-specifi c synthetic gene or PCR product).   

   6.    This step can be repeated to fuse additional antigens or antigen 
domains (stacking).     

 Transform chemical competent  E.    coli    cells with the ligation reactions, 
regenerate for 20–60 min at 37 °C and plate on LB agar containing 
100 μg/mL ampicillin. Incubate plates overnight at 37 °C.   

       1.    Check recombinant  E.    coli    cells either by restriction digest or 
PCR using the PS5′ and PS3′ primer pair, or gene-specifi c 
primers ( see   Note 12 ).   

   2.    Verify all  cloning   steps by DNA sequencing.      

3.1.2  Generation 
of Multi-domain or  DsRed   
Expression Constructs

3.2  Identifi cation 
of Recombinant  E. coli  
Cells

  Fig. 2     Modular cloning   and  gene stacking   using pTRAkc-ERH. Single antigen genes can be inserted in the 
pTRAkc-ERH expression cassette by NcoI/NotI cloning ( a ), leading to the in-frame insertion of the GOI coding 
sequence ( light gray ) between the 5′ signal peptide sequence ( black ) and the 3′ His 6  tag ( yellow ), and 
ER-retrieval sequence ( blue ). The iterative generation of multi-domain fusions ( b ) can be achieved by subse-
quent stacking of EagI/NotI-digested GOI fragments into NotI-linearized, de-phosphorylated vectors between 
a 5′ antigen domain (fi rst step,  light gray ; second step,  dark gray ) and the 5′ signal peptide sequence ( black ) 
and the 3′ His 6  tag ( yellow ). Fusions to the C-terminus of  DsRed   (c) can be also realized by inserting EagI/NotI-
digested GOI fragments into a NotI-linearized pTRAkc-ERH vector carrying the DsRed gene ( red )       
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       1.    Inoculate 100 mL of YEB containing 25 μg/mL rifampicin 
and 25 μg/mL kanamycin with an aliquot of cryopreserved  A.  
  tumefaciens    cells.   

   2.    Grow the culture at 28 °C and 160 rpm for 24–48 h until the 
OD 600  reaches ~5.0 ( see   Notes 13 ).   

   3.    Chill cells on ice for 5 min.   
   4.    Transfer cells to two prechilled 50-mL Falcon tubes and 

 centrifuge at 3000 ×  g  for 10 min.   
   5.    Resuspend each cell pellet in 50 mL ice-cold and sterile H 2 O.   
   6.    Repeat the centrifugation step described above, and resuspend 

each pellet in 25 mL ice-cold and sterile H 2 O, and combine 
both pellets.   

   7.    Repeat the centrifugation step described above, and resuspend 
the cells in 10 mL ice-cold and sterile 10 % (v/v) glycerol.   

   8.    Repeat  step 7 , but resuspend the cells in 3 mL ice-cold and 
sterile 10 % (v/v) glycerol and prepare 50-μL aliquots in sterile 
1.5-mL reaction tubes.   

   9.    Store reaction tubes with electrocompetent  A.    tumefaciens  
  cells immediately at −80 °C.      

       1.    Thaw an  aliquot   of electrocompetent  A. tumefaciens  cells on ice.   
   2.    Add 200–500 ng of pTRAkc plasmid DNA and mix gently 

with thawed cells.   
   3.    Transfer cells to a prechilled 2-mm electroporation cuvette and 

apply a pulse of 2.5 kV for 5 ms using an Eppendorf 
multiporator.   

   4.    Immediately add 950 μL YEB and transfer the cells into sterile 
1.5-mL tubes.   

   5.    Incubate the cells for 2–3 h at 28 °C and 160 rpm.   
   6.    Use one spatula to plate, in descending order, 20 μL, 4 μL, and 

the remaining liquid from the spatula on YEB selection plates 
containing 50 μg/mL carbenicillin, 25 μg/mL rifampicin, and 
25 μg/mL kanamycin ( see   Notes 14 ).   

   7.    Incubate the plates for 3–4 days at 28 °C.      

       1.    Check at least fi ve  A. tumefaciens  clones growing on selection 
plates by colony PCR (25 μL fi nal reaction volume).   

   2.    Pick a colony ( see   Notes 15  and  16 ) with a standard  yellow 
200-μL tip, transfer the colony to a YEB master plate contain-
ing 50 μg/mL carbenicillin, 25 μg/mL rifampicin, and 
25 μg/mL kanamycin and resuspend the colony in 19 μL ster-
ile H 2 O in a reaction tube.   

   3.    Incubate the master plate for 1–2 days at 28 °C.   

3.3  Preparation 
of Electrocompetent  A.  
  tumefaciens    Cells

3.4   Electroporation 
of  A. tumefaciens 

3.5  Identifi cation 
of Recombinant  A. 
tumefaciens  Cells
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   4.    Prepare a PCR master mix using 0.5 μL of each primer (PS5′ 
and PS3′) and standard PCR ingredients (10× PCR buffer, 
dNTPs, and  Taq  polymerase).   

   5.    Add 6 μL of the PCR master mix to the 19 μL bacterial 
 suspension from  step 2 .   

   6.    Include pTRAkc plasmid DNA as a positive control and H 2 O 
as a negative control, respectively.   

   7.    Run the PCR program shown in Table  1 .
       8.    Analyze PCR products by gel electrophoresis to identify 

 positive recombinant  A. tumefaciens  clones.      

       1.    Inoculate 3 mL YEB containing 50 μg/mL carbenicillin, 
25 μg/mL rifampicin, and 25 μg/mL kanamycin with a 
recombinant  A. tumefaciens  colony ( see   Note 17 ).   

   2.    Incubate at 28 °C and 160 rpm for 48 h.   
   3.    Enlarge the culture to an appropriate volume ( see   Note 17 ) by 

adding YEB containing 50 μg/mL carbenicillin, 25 μg/mL 
rifampicin, and 25 μg/mL kanamycin and cultivate the culture 
at 28 °C and 160 rpm for 24–48 h to achieve an OD 600  of 3–6.   

   4.    Prepare glycerol stocks by mixing 500 μL of the culture with 
500 μL 100 % (v/v) glycerol and store at −80 °C.       

       1.    Determine the OD 600  of the  A.    tumefaciens    culture.   
   2.    Adjust the culture to OD 600  = 1 with 2× infi ltration medium 

and an appropriate volume of sterile H 2 O.   
   3.    Add acetosyringone from 200 mM stock solution in DMSO to 

a fi nal concentration of 200 μM and incubate the infi ltration 
solution for 30 min at room temperature.      

3.6  Cultivation 
of Recombinant  A. 
tumefaciens  Cells

3.7  Preparation 
of Infi ltration Solution

   Table 1  
  PCR conditions to identify positive  A.    tumefaciens    colonies   

 Step  Temperature (°C)  Time (s)  Repeats 

 Initial denaturation  95  300  1× 

 Denaturation  95  30  25× 

 Annealing  55  30 

 Elongation  72  60/kb 

 Final elongation  72  10  1× 

 Storage  20  ∞  1× 
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       1.    Germinate  N.    benthamiana    seeds preferentially on rock wool 
blocks using a hydroponic culturing system or in standard soil 
and pots.   

   2.    Irrigate plants with a 0.1 % (w/v) solution of Ferty ® -II-Mega 
in a greenhouse with 25/22 °C day/night temperature, a 16-h 
photoperiod and 70 % relative humidity.      

   Two different infi ltration and incubation procedures can be used 
according to the number of expression constructs and the  production 
scale. (a) Syringe-based infi ltration of single or multiple leaves using 
intact plants (Fig.  3 , left panel) and (b) vacuum-based  infi ltration 
using intact plants (Fig.  3 , right panel). The syringe-based infi ltration 
requires much smaller culture volumes ( see   Note 18 ) and is more 
suitable for testing different variants in parallel, whereas vacuum infi l-
tration is typically used for larger-scale  production and purifi cation of 
antigens for detailed characterization (e.g., structural analysis). Note 
that all work involving genetically modifi ed  A.    tumefaciens    must be 
carried out in an S1 environment, and all materials should be  properly 
decontaminated according to the applicable regulations ( see   Note 19 ).

         1.    Select suitable plants ( see   Note 20 ) and prepare them for infi l-
tration by misting ( see   Note 21 ).   

   2.    Place the plant on an autoclavable or disposable tray.   
   3.    Wear a laboratory coat and safety glasses.   
   4.    Aspirate 1 mL infi ltration solution into a 1-mL syringe without 

a needle and position the syringe by pressing the tip with 
moderate pressure against the lower surface of a suitable leaf 
( see   Note 22 ) close to a main leaf vein. Start infi ltrating the 
solution into the leaf tissue by slowly pushing the solution 
from the syringe. Infi ltrated tissue appears darker and slightly 
more translucent than non-infi ltrated areas (Fig.  3a ). 
Depending on skills and leaf condition, 50–500 μL of solution 
can be infi ltrated into the leaf tissue at one contact point. If the 
infi ltration does not proceed or if the syringe needs to be 
refi lled, change the contact point.   

   5.    Repeat the procedure until the desired number of leaves has 
been infi ltrated.   

   6.    It is possible to use different leaves on the same plant to 
 infi ltrate different constructs. In this case, it is important to 
properly label the leaves and/or contact points and to avoid 
cross contamination caused by dripping infi ltration solution.   

   7.    Transfer plants to a fresh tray and incubate for 3–10 days 
(Fig.  3b ) in a contained growth chamber (16-h photoperiod, 
10,000 lx, 22 °C, and 60 % humidity). Check for suffi cient 
watering every 2 days.      

3.8  Cultivation of  N. 
benthamiana  Plants

3.9  Plant Infi ltration 
and Incubation

3.9.1  Syringe-Based 
Infi ltration
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  Fig. 3    Infi ltration, incubation, and extraction  of    N. benthamiana. Left panel  shows representative images from 
the syringe infi ltration workfl ow. ( a ) Syringe infi ltration, as the infi ltration solution is slowly pushed into the leaf 
tissue. Darker areas indicate successfully infi ltrated regions. ( b ) The incubation of a  N. benthamiana  plant (fol-
lowing the syringe infi ltration of single leaves) on the shelf of a light cabinet inside a temperature-controlled 
growth chamber. ( c ) Small-scale extraction of soluble proteins from leaf tissue using mortar and pestle after 
syringe infi ltration and incubation.  Right panel  shows representative images from the vacuum infi ltration 
workfl ow. ( A ) Vacuum infi ltration of a whole plant submerged in infi ltration solution, inside a desiccator. ( B ) 
After vacuum infi ltration, plants are incubated hanging upside down within a light cabinet inside a temperature- 
controlled growth chamber. ( C ) Soluble proteins from larger amounts of leaf tissue can be extracted using a 
commercial homogenizer       
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       1.    Select suitable plants ( see   Note 23 ) and prepare them for infi l-
tration by misting. Make sure that the plants fi t into the infi l-
tration vessel (desiccator).   

   2.    Fill a 5-L plastic beaker with 4 L infi ltration solution.   
   3.    Carefully invert each plant and lower into the infi ltration solu-

tion making sure that all leaves are submerged. Use s ticks   or 
adhesive tape to prevent the root block from slipping into the 
solution (Fig.  3A ).   

   4.    Place the beaker with the submerged plant into an appropriate 
20–20 L desiccator, close the lid and apply an underpressure of 
<20 mbar using a vacuum pump.   

   5.    Carefully release the vacuum after 5–10 min ( see   Note 24 ).   
   6.    Incubate the plants upside down for 3–10 days (Fig.  3B ) in a 

contained growth chamber (16-h photoperiod, 10,000 lx, 
22 °C, and 60 % humidity). Check the plants every 2 days for 
suffi cient watering. If the plants appear dry, they should be 
misted daily.       

       1.    Harvest infi ltrated leaf material 3–10 days post infi ltration 
(dpi), typically 5 dpi.   

   2.    Weigh the infi ltrated leaf material.   
   3.    Grind leaf material to a fi ne powder in liquid nitrogen using a 

mortar and pestle for small-scale extraction, and add 2–3 mL 
of extraction buffer per gram of leaf material ( see   Note 25 ).   

   4.    For large-scale extraction, use a blender and mix infi ltrated 
leaves with 3 mL extraction buffer per gram of leaf material.   

   5.    Filter the plant crude extract through a double layer of Miracloth.   
   6.    Centrifuge the extract at 40,000 ×  g  at 4 °C for 15 min to 

remove insoluble plant compounds.   
   7.    Tobacco crude extract containing total soluble proteins can be 

used for subsequent analysis, e.g.,  SDS-PAGE   (Fig.  4a ) ( see  
 Note 26 ) and immunoblot analysis (Fig.  4b ) and/or  ELISA  . 
The red fl uorescence of  DsRed   fusion proteins can be observed 
using a simple red fi lter with a cold light source and a green 
excitation fi lter,  in planta  (Fig.  4c ) or after extraction.

       8.    For purifi cation, adjust the pH of the extract as appropriate 
and pass the extract through a 0.45-μm fi lter to avoid clogging 
the column. The purifi cation strategy for each antigen is highly 
dependent on its intrinsic properties ( see   Note 27 ). However, 
the crude tobacco extract is compatible with most conven-
tional chromatography resins and strategies such as immobi-
lized metal ion affi nity chromatography (IMAC)   .       

3.9.2  Vacuum Infi ltration

3.10  Extraction 
of Total Soluble 
Proteins
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  Fig. 4     SDS-PAGE  , immunoblot analysis and fl uorescence imaging of single and multi-domain malaria vaccine 
candidates after transient expression  in    N. benthamiana . SDS-PAGE and immunoblot analysis of plant extracts 
following the expression of different  Pf AMA1-DiCo-based single and dual-domain malaria vaccine antigen 
constructs. ( a ) The gel was loaded with 6 μL of each sample per lane.  M : Page ruler, pre-stained protein marker; 
 1 : Wild-type plant extract;  2 :  Pf AMA1-DiCo1 (61.7 kDa);  3 :  Pf AMA1-DiCo2 (61.7 kDa);  4 :  Pf AMA1- DiCo3 
(61.7 kDa);  5 : Mixture of  Pf AMA1-DiCo-1-3 (61.7 kDa);  6 :  Pf AMA1-DiCo1_ Pf MSP1_19 (72.7 kDa);  7 :  Pf AMA1-
DiCo2_ Pf RH2a (75.3 kDa);  8 :  Pf AMA1-DiCo3_ Pf RIPR7/8 (70.6 kDa);  9 : Mixture of  Pf AMA1- DiCo1_ Pf MSP1- 19, 
 Pf AMA1-DiCo2_ Pf  RH2a and  Pf AMA1-DiCo3_ Pf Ripr7/8 (70.6–75.3 kDa). Samples were separated under non-
reducing conditions on a 4–12 % gradient gel (NuPage, Lifetech, Darmstadt, Germany) and subsequently used 
for immunoblotting. On the  SDS-PAGE   gel, proteins were visualized by staining with Coomassie Brilliant Blue ( a , 
 left panel ), on the blot membrane recombinant proteins were detected using a plant- derived rat–human chime-
ric version of the  Pf AMA1-specifi c monoclonal antibody 4G2 followed by visualization using an alkaline phos-
phatase-labeled secondary goat anti-human antiserum ( a ,  right panel ). ( b ) Equivalent SDS-PAGE and immunoblot 
analysis of a series of stacked multi-domain malaria vaccine candidates, with 15 μL of samples loaded per 
lane.  M : Page ruler, pre-stained protein marker;  a : Wild-type plant extract;  b :  Pf MSP1-19_EGF1 (6.8 kDa);  c : 
 Pf MSP1-19_EGF1- Pf MSP8_EGF1 (12.3 kDa);  d :  Pf MSP1-19_EGF1-  Pf MSP8_EGF1/2 (17.0 kDa);  e :  Pf MSP1-
19_EGF1- Pf MSP8_EGF1/2- Pf MSP4_EGF (22.6 kDa);  f :  Pf MSP1-19_EGF1-  Pf MSP8_EGF1/2- Pf MSP4_EGF-
 Pf MSP10_EGF1 (28.1 kDa);  g :  Pf MSP1-19_EGF1- Pf MSP8_EGF1/2- Pf MSP4_EGF- Pf MSP10_EGF1/2 (32.7 kDa); 

 

Alexander Boes et al.



609

4    Notes 

       1.    Depending on the  origin   of the vaccine antigens the prepara-
tion of synthetic genes adapted to the codon usage of  N.    ben-
thamiana    may be benefi cial. AT-rich  P.    falciparum    genes in 
particular may suffer from low expression levels if native cDNA 
sequences are used. Transient expression using pTRAkc-ERH 
expression plasmids will target recombinant proteins for reten-
tion in the endoplasmic reticulum (ER) of the plant cell because 
the vector provides an N-terminal signal peptide sequence and 
a C-terminal KDEL-ER retrieval sequence. Therefore, surface- 
exposed recognition sites for N-linked glycosylation will be 
post-translationally modifi ed with high-mannose type glycans. 
Many  P.    falciparum    proteins, including many vaccine  candidate 
antigens, contain N-linked glycosylation sites that are not used 
in the native context because the parasite lacks the  corresponding 
glycosylation machinery [ 20 ]. It may therefore be necessary to 
knock out such N-linked glycosylation sites for the expression 
of recombinant proteins or protein domains equipped with 
ER-targeting and retention signals. Depending on the charac-
teristics of the selected antigens, it may be useful to target 
other subcellular compartments such as the cytosol, vacuole, 
or plastids. Secreted proteins that require oxidative folding or 
assembly into homomeric or heteromeric oligomers are  suitable 
for ER-targeting using the pTRAkc-ERH vector, whereas 
cytosolic proteins lacking disulfi de bridges and  P.    falciparum  
  proteins from which the N-linked glycosylation sites cannot be 
removed are candidates for cytosolic targeting using another 
variant of the pTRA vector lacking the signal peptide and 
ER-retention sequence [ 21 ].   

   2.    The  gene stacking   strategy takes advantage of the compatibility 
of the single strand 5′ overhangs created by both EagI and 
NotI. Whereas NotI has an 8-bp recognition site, EagI has a 
6-bp recognition site and these features can be used to prevent 
the reconstitution of a NotI recognition site following the 
insertion of an EagI-digested fragment. EagI digestion at the 

4.1   Cloning Notes

Fig. 4 (continued)  h :  Pf MSP1-19_ EGF1-  Pf MSP8_EGF1/2- Pf MSP4_EGF- Pf MSP10_EGF1/2- Pfs 25 (51.2 kDa);  i : 
 Pf MSP1-19_EGF1- Pf MSP8_EGF1/2- Pf MSP4_EGF-  Pf MSP10_EGF1/2- Pfs 25- Pf CSP_TSR (58.8 kDa); 
 j :  Pf s28- Pf MSP1-19_EGF1- Pf MSP8_EGF1/2_ Pf MSP4_EGF_ Pf MSP10_EGF1/2 _ Pfs 25 (69.9 kDa);  k :  Pfs 28 _
Pf MSP1- 19_EGF1-  Pf MSP8_EGF1/2- Pf MSP4_EGF- Pf MSP10_EGF1/2- Pfs 25- Pf CSP_TSR. Samples were sepa-
rated in each lane under non-reducing conditions on a 4–12 % (w/v) gradient gel (NuPage, Lifetech) and 
subsequently used for immunoblotting. ( c ) Expression of DsRed-antigen fusions can easily be visualized. 
 1 : Non-infi ltrated  N.    benthamiana    leaf under white light ( left side ) and under green light visualized through a red 
fi lter ( right side ),  2 :  N. benthamiana  leaf infi ltrated with DsRed- Pf MSP1-19 after 5 days of incubation, under 
white light ( left side ) and under green light visualized through a red fi lter ( right side )       
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5′ end and NotI digestion at the 3′ end of the stacked insert 
shifts the NotI site used for stacking to the 3′ end of the proxi-
mal gene. Two insert orientations are possible and this can be 
determined by PCR, using an appropriate combination of 
PS5′, PS3′, and insert-specifi c primers that will only generate a 
product for correct insertion events. Alternatively an NcoI/
NotI double digest of the parental and recombinant plasmids 
will produce identical fragments if the insert is inverted 
(because the NotI restriction site is reconstituted at the  original 
position), whereas a recombinant plasmid with the correct 
insert will yield a longer fragment than the parental plasmid.       

       1.     A. tumefaciens  regenerates and  grows   slowly compared to  E.  
  coli   , especially when inoculated from single colonies. The 
regeneration times indicated in the protocol should be 
 followed. When inoculating  A. tumefaciens  cultures from 
 glycerol stocks, at least 50–100 μL should be used to prevent 
prolonged cultivation times.   

   2.    Strictly avoid incubating  A. tumefaciens  at temperatures 
exceeding 30 °C because this will lead to the loss of plasmids 
and thereby reduce the quality and reproducibility of transient 
expression experiments.   

   3.    Selection plates containing carbenicillin, rifampicin, and kana-
mycin should be stored at 4 °C for no longer than 10 days.   

   4.    The transformation of electrocompetent  A. tumefaciens  cells 
with pTRA variants is usually highly effi cient. Follow the 
 recommendations regarding plasmid amounts and volumes 
used for plating the transformed cells to avoid overgrown 
selection plates.   

   5.    After transformation, do not selectively pick the largest or the 
smallest colonies on the plate.   

   6.    Do not use wooden toothpicks for the inoculation of liquid 
cultures with  A. tumefaciens  because phenolic compounds in 
the stick may inhibit bacterial growth.   

   7.    For troubleshooting, use  A. tumefaciens  transformed with 
pTRAkc-DsRedERH as a reporter plasmid.      

   8.    Adjust the size of the  A. tumefaciens  culture prepared for infi l-
tration according to the amount of leaf tissue that will be 
 infi ltrated and the selected infi ltration technique. A 20-mL cul-
ture usually yields >50 mL infi ltration solution suffi cient for at 
least eight leaves using syringe infi ltration. When using vacuum 
infi ltration for larger numbers of leaves or whole plants, 4–5 L of 
infi ltration solution is usually required so prepare 500–1000 mL 
of  A. tumefaciens  culture. Pre-cultures can be expanded up to 
100-fold in one step.       

4.2    Agrobacterium 
tumefaciens  Notes
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       1.    To ensure optimal yields in transient expression experiments, 
avoid the use of plants that show extensive fl owering or clear 
signs of senescence (crinkled leaves or browning).   

   2.    Spraying plants with water mist 20–30 min before starting the 
infi ltration procedure improves the infi ltration effi ciency, 
 especially when working with syringe infi ltration.   

   3.    When aiming to achieve high expression levels on a small scale 
(e.g., to produce, purify and compare several construct 
 variants), vital leaves of medium age should be chosen. Using 
the largest lower leaves will generally not increase the protein 
yield or integrity.   

   4.    Syringe infi ltration is useful for the parallel testing of many 
construct variants, but proper and effi cient infi ltration of the 
leaf tissue does require some practice. Do not apply too much 
force when contacting the lower leaf surface for injection. 
Infi ltrate the  A.    tumefaciens    suspension using moderate 
 constant pressure, carefully observe the infi ltration of the tissue 
and proceed to a new contact site if necessary. Wear safety 
glasses and protective clothing because the  A. tumefaciens  
 suspension may sputter from the stomata during infi ltration.   

   5.    Bubbles will be released from the submerged plant tissues at 
the beginning of vacuum infi ltration. For optimal infi ltration, 
vacuum incubation should continue until bubble formation 
has ceased. After releasing the vacuum, check the plant for 
proper infi ltration—the infi ltrated tissue appears translucent.   

   6.    The whole procedure of  A.    tumefaciens    infi ltration must 
be carried out under containment in an appropriate S1 
environment.      

       1.    The effi ciency of target protein extraction is strongly dependent 
on the composition of the extraction buffer. The highest extrac-
tion effi ciency (as a function of total soluble protein content) is 
achieved with an extraction buffer at neutral pH (7–8) and declines 
under more acidic or basic extraction conditions. Under basic 
conditions (especially pH > 8.0), the extract becomes brown as a 
result of increased enzymatic oxidation and the formation of poly-
phenolic compounds. Such compounds can hamper subsequent 
purifi cation steps by promoting the fouling of chromatography 
resins thus reducing the resin  capacity. These issues can be 
addressed by including an antioxidant such sodium metabisulfi te 
(fi nal concentration 10 mM) in the extraction buffer. Adding 
NaCl and increasing the conductivity can further increase the 
 solubility of the target protein.   

   2.    The most abundant protein in the crude extract is ribulose- 
1,5- bisphosphate carboxylase/oxygenase (RuBisCO), a multi- 
protein complex comprising eight large subunits (approximately 
58 kDa) and eight small subunits (approximately 18 kDa).   

4.3  Plant 
Infi ltration Notes

4.4  Extraction Notes
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   3.    A heat incubation step can be used to reduce the abundance of 
plant-derived host cell proteins in the extract. Incubation at 
70 °C for 10 min typically removes up to 80 % of plant total 
soluble proteins and may simplify downstream. The  applicability 
of this step depends on the temperature  stability   of the 
 recombinant target protein. To avoid unfolding of proteins 
with internal disulfi de bridges, an extraction buffer without 
reducing agents like sodium metabisulfi te is highly recom-
mended when applying the heat incubation step.      

       1.    The three so-called diversity covering ( DiCo ) variants of the apical 
membrane antigen  Pf   AMA1  have been developed [ 22 ] to cover 
the high allelic diversity of this promising vaccine candidate with a 
small number of antigens, aiming to elicit cross- strain- specifi c 
 parasite growth inhibitory  immune responses   [ 23 ].   

   2.     Pf    MSP1_19  is an 11-kDa fragment of an abundant blood- 
stage antigen, the structural motif occurring in many  P.    falci-
parum    blood-stage antigens.  Pf    MSP1_19  remains on the 
surface of the merozoite during erythrocyte invasion 
 underlining the relevance of this antigen as a blood-stage 
 vaccine candidate [ 24 ,  25 ].   

   3.    The RH5 interacting protein ( Pf  Ripr ) is a recently discovered 
 P.    falciparum    surface protein that forms a complex with  Pf RH5 
and plays a role in the sialic acid-independent erythrocyte 
 invasion pathway [ 26 ]. The protein features ten EGF-like 
domains, and animal studies have indicated that the combina-
tion of EFG-7 and EFG-8 is a primary target of protective 
antibody responses [ 26 ].   

   4.    As a member of the  P.    falciparum    reticulocyte binding homo-
logs ( Pf RH),  Pf    RH2  is believed to play a role in the sialic 
acid-independent erythrocyte invasion pathway and studies 
have shown that IgGs recognizing the full-size as well as 
various smaller fragments (e.g.,  Pf    RH2a ) of the protein 
 correlate with protection from symptomatic malaria and 
high-density parasitemia [ 27 ].   

   5.    The merozoite surface protein 4 ( Pf    MSP4 ) is a highly 
 conserved [ 28 ], abundant protein found on the surface of 
 P.     falciparum    merozoites [ 29 ]. Immunization with a  P. yoelii  
homolog of MSP4 resulted in protection from lethal parasite 
challenge [ 30 ]. The C-terminal EGF-like domain is recog-
nized by human immune sera [ 31 ].   

   6.     Pf    MSP8  is another conserved merozoite surface protein that 
contains EGF-like domains and has been proposed as potential 
blood-stage vaccine candidate [ 32 ].   

   7.     Pf    MSP10  is another merozoite surface protein and potential 
blood-stage vaccine candidate [ 33 ,  34 ] featuring two EGF- like 
domains.   

4.5  Description 
of the Proteins Used 
in the Case Studies
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   8.    The two closely related  P.    falciparum    ookinete surface proteins 
 Pfs  25  [ 35 ] and  Pfs  28  [ 36 ] have been shown to elicit transmis-
sion-blocking antibodies in animal experiments and are among 
the leading transmission-blocking vaccine candidates. Both 
proteins contain four EGF-like domains.   

   9.    The circumsporozoite antigen  Pf CSP [ 37 ,  38 ] is the major 
component of the promising malaria vaccine candidate RTS,S 
and is regarded as an essential pre-erythrocytic antigen. The 
C-terminal thrombospondin-related domain  Pf    CSP_TSR  
[ 39 ] represents a defi ned structural entity that  Pf   CSP shares 
with other pre-erythrocytic antigens such as  Pf   TRAP, and has 
been selected as pre-erythrocytic component for the multi- 
stage vaccine candidates used in our case studies.   

   10.    Variants of the red fl uorescent protein (RFP)   DsRed   , initially 
isolated from the mushroom coral  Discosoma  sp. [ 40 – 43 ], are 
commonly used as fl uorescent marker proteins. DsRed forms a 
homomeric tetramer and the mature protein has an excitation 
optimum of 554 nm and maximum emission at 554 nm. DsRed 
and its  fusion proteins   bind copper, and therefore can easily be 
purifi ed by copper- IMAC  . In most cases, DsRed  tolerates 
C-terminal fusions and its strong fl uorescence allows the 
expression screening of antigen domain libraries as well as the 
sorting of antigen specifi c  B-cell   populations taking  additional 
advantage of increased avidity resulting from the multivalent 
presentation within the context of the DsRed tetramer.         

5    Notes 

     1.    The three so-called diversity covering ( DiCo ) variants of the 
apical membrane antigen  Pf  AMA1  have been developed [ 22 ] 
to cover the high allelic diversity of this promising vaccine can-
didate with a small number of antigens, aiming to elicit cross-
strain-specifi c parasite growth inhibitory immune responses 
[ 23 ].   

   2.     Pf   MSP1_19  is an 11-kDa fragment of an abundant blood-
stage antigen, the structural motif occurring in many  P. falci-
parum  blood-stage antigens.  Pf   MSP1_19  remains on the 
surface of the merozoite during erythrocyte invasion underlin-
ing the relevance of this antigen as a blood-stage vaccine can-
didate [ 24 ,  25 ]   

   3.    The RH5 interacting protein ( Pf Ripr ) is a recently-discovered 
 P. falciparum  surface protein that forms a complex with  Pf RH5 
and plays a role in the sialic acid-independent erythrocyte inva-
sion pathway [26]. The protein features 10 EGF-like domains, 
and animal studies have indicated that the combination of 
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EFG-7 and EFG-8 is a primary target of protective antibody 
responses [ 26 ].   

   4.    As a member of the  P. falciparum  reticulocyte binding homo-
logs ( Pf RH),  Pf  RH2  is believed to play a role in the sialic acid-
independent erythrocyte invasion pathway and studies have 
shown that IgGs recognizing the full-size as well as various 
smaller fragments (e.g.  Pf  RH2a ) of the protein correlate with 
protection from symptomatic malaria and high-density parasit-
emia [ 27 ].   

   5.    The merozoite surface protein 4 ( Pf  MSP4 ) is a highly-con-
served [ 28 ], abundant protein found on the surface of  P. falci-
parum  merozoites [ 29 ]. Immunization with a  P. yoelii  homolog 
of MSP4 resulted in protection from lethal parasite challenge 
[ 30 ]. The C-terminal EGF-like domain is recognized by 
human immune sera [ 31 ].   

   6.     Pf  MSP8  is another conserved merozoite surface protein that 
contains EGF-like domains and has been proposed as potential 
blood-stage vaccine candidate [ 32 ].   

   7.     Pf  MSP10  is another merozoite surface protein and potential 
blood-stage vaccine candidate [ 33 ,  34 ] featuring two EGF-like 
domains.   

   8.    The two closely related  P. falciparum  ookinete surface proteins 
 Pfs  25  [ 35 ] and  Pfs  28  [ 36 ] have been shown to elicit transmis-
sion-blocking antibodies in animal experiments and are among 
the leading transmission-blocking vaccine candidates. Both 
proteins contain four EGF-like domains.   

   9.    The circumsporozoite antigen  Pf CSP [ 37 ,  38 ] is the major 
component of the promising malaria vaccine candidate RTS,S 
and is regarded as an essential pre-erythrocytic antigen. The 
C-terminal thrombospondin-related domain  Pf  CSP_TSR  
[ 39 ] represents a defi ned structural entity that  Pf CSP shares 
with other pre-erythrocytic antigens such as  Pf TRAP, and has 
been selected as pre-erythrocytic component for the multi-
stage vaccine candidates used in our case studies.   

   10.    Variants of the red fl uorescent protein (RFP)  DsRed , initially 
isolated from the mushroom coral  Discosoma  sp. [ 40 – 43 ], are 
commonly used as fl uorescent marker proteins. DsRed forms a 
homomeric tetramer and the mature protein has an excitation 
optimum of 554 nm and maximum emission at 554 nm. 
DsRed and its fusion proteins bind copper, and therefore can 
easily be purifi ed by copper-IMAC. In most cases, DsRed tol-
erates C-terminal fusions and its strong fl uorescence allows the 
expression screening of antigen domain libraries as well as the 
sorting of antigen specifi c B-cell populations taking additional 
advantage of increased avidity resulting from the multivalent 
presentation within the context of the DsRed tetramer.   
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   11.    Depending on the origin of the vaccine antigens the prepara-
tion of synthetic genes adapted to the codon usage of  N. ben-
thamiana  may be benefi cial .  AT-rich  P. falciparum  genes in 
particular may suffer from low expression levels if native cDNA 
sequences are used. Transient expression using pTRAkc-ERH 
expression plasmids will target recombinant proteins for reten-
tion in the endoplasmic reticulum (ER) of the plant cell because 
the vector provides an N-terminal signal peptide sequence and 
a C-terminal KDEL-ER retrieval sequence. Therefore, surface-
exposed recognition sites for N-linked glycosylation will be 
post-translationally modifi ed with high-mannose type glycans. 
Many  P. falciparum  proteins, including many vaccine candi-
date antigens, contain N-linked glycosylation sites that are not 
used in the native context because the parasite lacks the cor-
responding glycosylation machinery [ 20 ]. It may therefore be 
necessary to knock out such N-linked glycosylation sites for 
the expression of recombinant proteins or protein domains 
equipped with ER-targeting and retention signals. Depending 
on the characteristics of the selected antigens, it may be useful 
to target other subcellular compartments such as the cytosol, 
vacuole or plastids. Secreted proteins that require oxidative 
folding or assembly into homomeric or heteromeric oligomers 
are suitable for ER-targeting using the pTRAkc-ERH vector, 
whereas cytosolic proteins lacking disulfi de bridges and  P. fal-
ciparum  proteins from which the N-linked glycosylation sites 
cannot be removed are candidates for cytosolic targeting using 
another variant of the pTRA vector lacking the signal peptide 
and ER-retention sequence [ 21 ].   

   12.    The gene stacking strategy takes advantage of the compatibility 
of the single strand 5’ overhangs created by both EagI and 
NotI .  Whereas NotI has an 8-bp recognition site, EagI has a 
6-bp recognition site and these features can be used to prevent 
the reconstitution of a NotI recognition site following the 
insertion of an EagI-digested fragment. EagI digestion at the 
5’ end and NotI digestion at the 3’ end of the stacked insert 
shifts the NotI site used for stacking to the 3’ end of the proxi-
mal gene. Two insert orientations are possible and this can be 
determined by PCR, using an appropriate combination of 
PS5’, PS3’ and insert-specifi c primers that will only generate a 
product for correct insertion events. Alternatively an NcoI/
NotI double digest of the parental and recombinant plasmids 
will produce identical fragments if the insert is inverted 
(because the NotI restriction site is reconstituted at the origi-
nal position) whereas a recombinant plasmid with the correct 
insert will yield a longer fragment than the parental plasmid.   

   13.     A. tumefaciens  regenerates and grows slowly compared to  E. 
coli , especially when inoculated from single colonies. The 
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regeneration times indicated in the protocol should be fol-
lowed. When inoculating  A. tumefaciens  cultures from glyc-
erol stocks, at least 50–100 µL should be used to prevent 
prolonged cultivation times.   

   14.    Strictly avoid incubating  A. tumefaciens  at temperatures 
exceeding 30°C because this will lead to the loss of plasmids 
and thereby reduce the quality and reproducibility of transient 
expression experiments.   

   15.    Selection plates containing carbenicillin, rifampicin and kana-
mycin should be stored at 4°C for no longer than 10 days.   

   16.    After transformation, do not selectively pick the largest or the 
smallest colonies on the plate.   

   17.    Do not use wooden toothpicks for the inoculation of liquid 
cultures with  A. tumefaciens  because phenolic compounds in 
the stick may inhibit bacterial growth.   

   18.    Adjust the size of the  A. tumefaciens  culture prepared for infi l-
tration according to the amount of leaf tissue that will be infi l-
trated and the selected infi ltration technique. A 20-mL culture 
usually yields >50 mL infi ltration solution suffi cient for at least 
eight leaves using syringe infi ltration. When using vacuum 
infi ltration for larger numbers of leaves or whole plants, 4-5 L 
of infi ltration solution is usually required so prepare 500-1000 
mL of  A. tumefaciens  culture. Pre-cultures can be expanded up 
to 100-fold in one step.   

   19.    The whole procedure of  A. tumefaciens  infi ltration must be 
carried out under containment in an appropriate S1 environ-
ment.To ensure optimal yields in transient expression experi-
ments, avoid the use of plants that show extensive fl owering or 
clear signs of senescence (crinkled leaves or browning).   

   20.    Spraying plants with water mist 20–30 min before starting the 
infi ltration procedure improves the infi ltration effi ciency, espe-
cially when working with syringe infi ltration.   

   21.    Syringe infi ltration is useful for the parallel testing of many 
construct variants, but proper and effi cient infi ltration of the 
leaf tissue does require some practice. Do not apply too much 
force when contacting the lower leaf surface for injection. 
Infi ltrate the  A. tumefaciens  suspension using moderate con-
stant pressure, carefully observe the infi ltration of the tissue 
and proceed to a new contact site if necessary. Wear safety 
glasses and protective clothing because the  A. tumefaciens  sus-
pension may sputter from the stomata during infi ltration.   

   22.    When aiming to achieve high expression levels on a small scale 
(e.g. to produce, purify and compare several construct vari-
ants), vital leaves of medium age should be chosen. Using the 
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largest lower leaves will generally not increase the protein yield 
or integrity.   

   23.    Bubbles will be released from the submerged plant tissues at 
the beginning of vacuum infi ltration. For optimal infi ltration, 
vacuum incubation should continue until bubble formation 
has ceased. After releasing the vacuum, check the plant for 
proper infi ltration – the infi ltrated tissue appears translucent.   

   24.    The effi ciency of target protein extraction is strongly depen-
dent on the composition of the extraction buffer. The highest 
extraction effi ciency (as a function of total soluble protein con-
tent) is achieved with an extraction buffer at neutral pH (7–8) 
and declines under more acidic or basic extraction conditions. 
Under basic conditions (especially pH >8.0), the extract 
becomes brown as a result of increased enzymatic oxidation 
and the formation of polyphenolic compounds. Such com-
pounds can hamper subsequent purifi cation steps by promot-
ing the fouling of chromatography resins thus reducing the 
resin capacity. These issues can be addressed by including an 
antioxidant such sodium metabisulfi te (fi nal concentration 10 
mM) in the extraction buffer. Adding NaCl and increasing the 
conductivity can further increase the solubility of the target 
protein.   

   25.    The most abundant protein in the crude extract is ribulose-
1,5-bisphosphate carboxylase/oxygenase (RuBisCO), a multi-
protein complex comprising eight large subunits (approximately 
58 kDa) and eight small subunits (approximately 18 kDa).   

   26.    A heat incubation step can be used to reduce the abundance of 
plant-derived host cell proteins in the extract. Incubation at 
70°C for 10 min typically removes up to 80% of plant total 
soluble proteins and may simplify downstream. The applicabil-
ity of this step depends on the temperature stability of the 
recombinant target protein. To avoid unfolding of proteins 
with internal disulfi de bridges, an extraction buffer without 
reducing agents like sodium metabisulfi te is highly recom-
mended when applying the heat incubation step.         
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    Chapter 40   

 Recombinant Botulinum Toxoids: A Practical Guide 
for Production                     

     Gustavo     Marçal     S.  G.     Moreira     ,     Clóvis     Moreira     Jr.     ,     Carlos     Eduardo     P.     da   
  Cunha     ,     Marcelo     Mendonça     , and     Fabricio     R.     Conceição      

1         Introduction 

  Botulism   is a disease  caused   by  toxins   produced by   Clostridium 
botulinum    [ 1 ]. This Gram- positive, rod-shaped bacterium is a 
spore-forming, strict anaerobe that produces a potent neurotoxin 
classifi ed from serotypes A to H [ 2 ]. Despite this classifi cation,  bot-
ulinum neurotoxins (BoNTs)   have similar mechanisms of action, 
causing severe and often fatal fl accid muscle paralysis due to the 
inhibition of acetylcholine release into neuromuscular junctions 
[ 3 ]. In animals, BoNT serotypes C and D are the most important, 
affecting most of the farm animals [ 4 ]. All BoNTs are synthesized 
as a single polypeptide that is cleaved by  C. botulinum  proteases and 
then connected again by a disulfi de bound. Two chains and three 
domains compose the structure of a 150 kDa active BoNT: the light 
chain (LC), which comprises the catalytic domain, and the heavy 
chain (HC), which comprises the translocation and binding 
domains. LC is a 50 kDa metalloprotease that is connected to the 
HC by the disulfi de bound, while HC is divided in two 50 kDa 
regions: the N-terminal region (H N ), which is the translocation 
domain, and the C-terminal region (H C ), which is the binding 
domain [ 5 ,  6 ]. Several studies have shown that H C  alone is nontoxic 
[ 1 ,  7 ]. Furthermore, considering the fact that this region is capable 
of generating high levels of protection when used as vaccine anti-
gen, most of the studies focus on the use of HC  [ 8 – 10 ]. 

 The conventional method for the production of vaccines against 
 botulism   involves the culture  of    C. botulinum , and further purifi ca-
tion and inactivation of the neurotoxins [ 1 ,  11 ]. Since this microor-
ganism is a strict anaerobe and requires special components on its 
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culture medium, the production process becomes complex [ 12 ]. 
Moreover,  C.    botulinum    fermentation involves high biosafety levels, 
offering intoxication risks to workers. Another drawback is that  C. 
botulinum  strains show variable yield of toxin production between 
different batches, causing a problem for the industry. The long time 
for toxin inactivation (approximately 10 days) and the presence of 
residual formaldehyde (the most commonly used inactivation agent) 
in the vaccine are also disavantages of the conventional process. The 
production of  recombinant vaccines   using   Escherichia coli    seems to 
be the best option to circumvent the shortcomings of the current 
methods.  E. coli  expression system allows the use of simple media 
that result in a reproducible high-yield production. Biosafety risks 
are also not as big as those for  C.    botulinum   , since  E. coli  strains 
used for heterologous expression are not pathogenic and will be used 
to produce a nontoxic region of the toxin, which dispenses the use of 
inactivation components such as formaldehyde [ 7 ]. 

 Considering this, we describe a method for the production of 
recombinant vaccines against  botulism  . Since these vaccines have 
veterinary applications, they are based on the expression of the non-
toxic H C  from  BoNT   serotypes C and D and thus will be called 
rH C C and rH C D, respectively. Some strategies will be commented 
on the design and production of recombinant botulinum  toxoids 
  using works previously published regarding these two antigens. 
Moreover, protocols to test the safety and effi cacy of the  recombi-
nant vaccine   will be described following international directives.  

2    Materials 

       1.     Tris-borate-EDTA (TBE) 5× : Add about 700 mL of distilled 
water in a 1 L beaker. Weigh 54 g Tris, 27.5 g boric acid, and 
2.92 g EDTA and transfer to the beaker. Mix and adjust pH to 
8.0 with HCl and use a graduated cylinder to complete the 
volume to 1 L. Dilute TBE ten times by adding 100 mL to a 
graduated cylinder plus 900 mL of distilled water. The work-
ing solution is now 0.5×.   

   2.     Ethidium bromide (EtBr) : Add 5 mL of distilled water in a 15 mL 
tube. Weigh 100 mg of EtBr and transfer to the tube. Make up to 
10 mL with distilled water and use this as a stock solution. For gel 
staining, dilute the stock solution to 0.5 μg/mL in a volume of 
TBE 1× that will cover the gel.   

   3.     Agarose gel : Add 100 mL of TBE 1× in a heat-resistant fl ask. 
Weigh 0.8 g or 1 g of agarose, for 0.8 % and 1 % gels, respec-
tively, and transfer to the fl ask. Heat the solution in a micro-
wave until agarose is completely dissolved. Cool the solution 
down in running water to ≈50 °C and pour the solution in the 
gel template.   

2.1  Agarose Gel 
Electrophoresis
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   4.     DNA loading buffer 6× : Mix 3 mL glycerol and 7 mL distilled 
water in a 15 mL tube. Weigh 25 mg of bromophenol blue and 
transfer to the tube. Make 1 mL aliquots in 1.5 mL tubes.      

       1.      SDS-PAGE     loading buffer 4× : Mix 4 mL glycerol and 2.4 mL 
Tris–HCl 1 M pH 6.8 in a 15 mL tube. Weigh 0.8 g SDS and 
4 mg bromophenol blue, transfer to the solution, and com-
plete the volume to 9.5 mL with distilled water. In a chemical 
hood, add 0.5 mL of β-mercaptoethanol and make 1 mL ali-
quots in 1.5 mL tubes. Store at −20 °C.   

   2.      SDS-PAGE     running buffer 5× : Add about 700 mL of distilled 
water in a 1 L beaker. Weigh 15.1 g Tris, 94.1 g glycine, and 
5 g SDS and transfer to the beaker. Mix and adjust pH to 8.3 
with HCl. Use a graduated cylinder to complete the volume to 
1 L. Dilute the buffer fi ve times by measuring 200 mL to a 
graduated cylinder more 800 mL of distilled water. The work-
ing solution is now 1×.   

   3.     Coomassie Blue staining solution : Mix 400 mL of distilled 
water, 500 mL of methanol, and 100 mL of glacial acetic acid 
in a graduated cylinder and transfer the volume to a 1 L glass 
beaker. Weigh 1 g of Coomassie Brilliant Blue R-250 or G-250 
and transfer to the beaker. Keep the solution under agitation 
with a magnetic bar for 5 min and fi lter using a paper fi lter 
placed in a funnel.   

   4.     Destaining solution : Mix 500 mL of distilled water, 400 mL of 
methanol, and 100 mL of glacial acetic acid in a graduated 
cylinder and store in a 1 L glass fl ask.      

       1.     Luria–Bertani (LB)    medium   : Add about 700 mL of distilled 
water in a 1 L beaker. Weigh 10 g tryptone, 10 g NaCl, and 5 g 
yeast extract and transfer to the beaker. Mix and make up to 
1 L with distilled water. Autoclave at 121 °C for 15 min.   

   2.     Lysis buffer : Add about 800 mL of distilled water in a 1 L bea-
ker. Weigh 29.2 g NaCl, 2.34 g NaH 2 PO 4 , and 0.68 g imidaz-
ole and transfer to the beaker. Mix and adjust pH to 8.0 and 
make up to 1 L with distilled water. Filter the solution with 
0.45 μm membranes and degas using vacuum.   

   3.     Solubilization buffers (SB) : For SB-I, add 0.2 g 
N- lauroylsarcosine for each 100 mL before use. For SB-II, add 
0.4 g N- lauroylsarcosine for each 100 mL before use. For 
SB-III, follow the same instructions for lysis buffer, but add 
360 g of urea to the solution.   

   4.     Elution buffer : Add about 800 mL of distilled water in a 1 L bea-
ker. Weigh 29.2 g NaCl, 2.34 g NaH 2 PO 4 , and 34 g imidazole 
and transfer to the beaker. Mix and adjust pH to 8.0 and make up 
to 1 L with distilled water. Filter the solution with 0.45 μm mem-
branes and degas using vacuum. Depending on the fraction that 

2.2  Polyacrylamide 
Gel Electrophoresis

2.3  Protein 
Expression 
and Purifi cation
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contains the protein, add the same amount of N-lauroylsarcosine 
or urea as described for the lysis and solubilization buffers.   

   5.     PBS 10×/PBS-T : Add about 800 mL of distilled water in a 1 L 
beaker. Weigh 80 g NaCl, 2 g KCl, 14.4 g Na 2 HPO 4 , and 2.4 g 
KH 2 PO 4  and transfer to the beaker. Mix and adjust pH to 6.8 
and make up to 1 L with distilled water. Dilute the buffer ten 
times by adding 100 mL to a graduated cylinder plus 900 mL of 
distilled water. The working solution is now 1×. Add 0.5 mL 
Tween 20 for each 1 L of PBS 1× to prepare PBS-T.   

   6.     PEG 30 % : Add 100 mL of distilled water in a 0.5 L beaker. Weigh 
60 g of PEG 20.000 and transfer to the beaker. Use a graduated 
cylinder to complete the volume to 200 mL. Store at 4 °C.      

       1.     DAB/H   2   O   2    solution : Mix 9 mL Tris–HCl 50 mM pH 7.4 and 
1 mL NiSO 4  0.3 % in a 15 mL tube. Weigh 6 mg DAB (3,3′-diami-
nobenzidine) and transfer to the solution. Add 10 μL of H 2 O 2  
before use and pour the solution on the blotting membrane. These 
reagents should be stored at 4 °C prior to use (except DAB).   

   2.     Thioglycollate broth : Use commercial  formulations   and follow 
manufacturer’s instructions. Usually, weigh 29.8 g of the pow-
der and add distilled water to a fi nal volume of 1 L. Autoclave 
at 121 °C for 15 min.   

   3.     BHI broth : Use commercial formulations and follow manufactur-
er’s instructions. Usually, weigh 37 g of the powder and add dis-
tilled water to a fi nal volume of 1 L. Autoclave at 121 °C for 15 min.   

   4.     Sabouraud broth : Use commercial  formulations   and follow 
manufacturer’s instructions. Usually, weigh 30 g of the pow-
der, add distilled water to a fi nal volume of 1 L, and adjust the 
pH to 5.6. Autoclave at 121 °C for 15 min.   

   5.     Saline solution : Add about 800 mL of distilled water in a 1 L bea-
ker. Weigh 9 g NaCl, and transfer to the beaker. Mix and make up 
to 1 L with distilled water. Autoclave at 121 °C for 15 min.   

   6.     Standard toxins and antitoxins : These biological materials can 
be acquired from institutions such as LANAGRO/MAPA 
(Brazil), NIBSC (UK), USDA (USA), or another competent 
organ or company.       

3    Methods 

        1.    It is recommended using a synthetic gene  containing   restric-
tion sites for cloning into the chosen expression vector and  E.  
  coli    codon usage for a more effi cient expression. If using  C.  
  botulinum    genome as DNA template to obtain the gene frag-
ment instead of synthesizing it, design primers of 15–25 bp 
containing restriction sites for cloning. No matter the source 

2.4  Antigen 
and Vaccine 
Characterization

3.1   Gene Design 
and Molecular Cloning
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of the gene, make sure the working sequence is from H C  region 
( see   Note 1 ). If using a TOPO-TA cloning vector, there is no 
need to add the sites for endonucleases (go to  step 7 ). If there 
is no tag added to the 3′ region of the resulting gene, the addi-
tion of a stop codon in the reverse primer is recommended.   

   2.    Prepare a 20 μL digestion reaction (Table  1 ) using the two 
chosen restriction enzymes concomitantly to release the gene 
from commercial plasmid and to cleave the expression vector 
( see   Note 2 ).

       3.    Perform the digestion at 37 °C for 1–3 h and run a 0.8 % aga-
rose gel (100 V, 1 h) by adding 4 μL of DNA loading buffer 
6× to the reaction containing the synthetic gene and load the 
whole reaction volume into the gel ( see   Note 3 ). The reac-
tion of the expression vector will be further purifi ed, starting 
on  step 6 .   

   4.    Leave the gel in EtBr solution for 15–20 min and visualize it in 
a UV transilluminator.   

   5.    Excise the bands related to the gene of interest (≈1300 bp for 
rH C C and ≈1250 bp for rH C D) with a blade (scalpel) and 
transfer the gel to a single 1.5 mL microcentrifuge tube.   

   6.    Purify both the bands from the gel and the reaction containing 
the expression vector using illustra GFX PCR DNA and gel 
band purifi cation kit (GE Healthcare) and elute DNA in 20 μL 
of water.   

   7.    Quantify the DNA on the samples (gene fragments and expres-
sion vector) by Qubit fl uorometric assay (Life Technologies) 
using 1 and 2 μL of each sample.   

   8.    Calculate the correct amount of each DNA to be ligated using 
the equation below and prepare 10 μL of ligation reaction 
(Table  2 ) ( see   Note 4 ):

   Table 1  
  Reagents to be added in the digestion reaction   

 Plasmid DNA (≈1 μg/μL)  10 μL 

 Buffer 10×  2 μL 

 First enzyme (10 U/μL)  1.0 μL 

 Second enzyme (10 U/μL)  1.0 μL 

 H 2 O  6 μL 

  Total volume    20 μL  
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    9.    Incubate the ligation reaction for 1 h at the temperature rec-
ommended by the manufacturer and use 2–3 μL of the reac-
tion to transform competent  E.    coli    strain DH5α or TOP10 by 
 electroporation   using the following parameters: 2.5 kV, 25 μF, 
and 200 Ω for 2–3 s ( see   Note 5 ).   

   10.    Add 1 mL of LB in the electroporation cuvette, transfer the cells to 
a 1.5 mL microcentrifuge tube, and incubate at 37 °C for 1–2 h.   

   11.    Centrifuge the tubes for 1 min at 8,000 ×  g , leave the pellet in 
100 μL of LB, plate the suspended pellet in LB agar contain-
ing the specifi c antibiotic for the expression vector, and incu-
bate at 37 °C for 16–18 h.   

   12.    Transfer growing colonies (approximately 10) to 10 mL of LB 
containing the proper antibiotic, incubate at 37 °C for 16–18 h, 
and perform plasmid extraction using illustra plasmidPrep spin 
kit (GE Healthcare). Check for recombinant plasmids by run-
ning a 0.8 % agarose gel (100 V, 1 h) ( see   Note 6 ).   

   13.    Select the clones that showed the higher bands in the gel using 
as control the vector without insert. Confi rm the presence of 
the proper insert by digestion with the same restriction 
enzymes used for cloning and/or by sequencing.    

          1.    Use 1–2 μL of the confi rmed recombinant plasmid to trans-
form competent  E.    coli    BL21 (DE3) cells by  electroporation   
( see  Subheading  3.1 ,  steps 9  and  10 ) ( see   Note 7 ).   

   2.    After incubating transformed cells at 37 °C for 1 h, transfer the 
cells to a 250 mL shake fl ask containing 50 mL of LB with the 
proper antibiotics and incubate it at 37 °C for 16–18 h 200–
250 rpm.   

   3.    Transfer the 50 mL culture to a 2 L shake fl ask with 450 mL 
of LB containing the proper antibiotics and grow it at 37 °C 
until OD 600  reaches 0.6–0.8. When it reaches the OD, separate 

3.2  Protein 
Expression 
and Solubilization

   Table 2  
  Reagents to be added in the ligation reaction   

 Vector DNA  50–100 ng 

 Insert DNA  Use equation below 

 T4 DNA ligase (5 Weiss U/μL)  0.5 μL 

 T4 buffer 10×  1 μL 

 H 2 O  Up to 10 μL 
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5 mL in a 50 mL tube and incubate it under the same condi-
tions to serve as non-induced sample control.   

   4.    Add IPTG to a fi nal concentration of 0.5 mM to the 2 L shake 
fl ask and grow for more 4 h at 37 °C ( see   Note 8 ). Take 1 mL 
out of the non-induced and induced sample, centrifuge 
(14,000 ×  g , 1 min), and suspend in 100 μL of  SDS-PAGE 
  loading buffer 1× (25 μL SDS-PAGE loading buffer 4× + 75 μL 
sterile H 2 O) ( see   Note 9 ).   

   5.    Centrifuge the culture (10,000 ×  g , 15 min, 4 °C) and discard 
the supernatant ( see   Note 10 ). Suspend the pellet in 25 mL of 
lysis buffer containing 50 μg/mL of lysozyme, transfer it to a 
50 mL tube, incubate for 1 h at 4 °C, and sonicate (80 Hz) the 
suspension 5–8 times for 20 s with 10 s of interval between 
each time.   

   6.    Centrifuge (10,000 ×  g , 15 min, 4 °C), save the supernatant, 
and take out 75 μL to prepare a sample for  SDS-PAGE   by add-
ing 25 μL of SDS-PAGE loading buffer 4×. Suspend the 
remaining pellet in 20 mL of SB-I and incubate at 4 °C for 
16–18 h under agitation.   

   7.    Repeat  step 6  twice substituting SB-I for SB-II and SB-III, 
respectively. Please note that when repeating  step 5  it is neither 
necessary to add lysozyme nor sonicate. These supernatants 
must be saved.   

   8.    Run a  SDS-PAGE   loading 10 μL of each non-induced and 
induced samples, as well as the four fractions of the protein 
solubilization: soluble (lysis buffer), partially soluble (SB-I and 
SB-II), and insoluble (SB-III) ( see   Note 11 ). In this SDS- 
PAGE, include a negative sample prepared by culturing the 
non-transformed expression strain in LB for 16 h, centrifuging 
500 μL, and suspending the pellet in 100 μL of SDS-PAGE 
loading buffer 1×; load 10 μL of this control.   

   9.    Stain the gel using Coomassie Blue staining solution and fur-
ther destain with destaining solution. Select the most soluble 
fraction in which the protein is visible in  SDS-PAGE   and per-
form the purifi cation using Ni 2+  or Co 2+  affi nity chromatogra-
phy columns and run another  SDS-PAGE   to detect eluted 
proteins.   

   10.    Mix the elution fractions that contain detectable amounts of 
protein and dialyze against PBS ( see   Note 12 ).   

   11.    Quantify the protein sample using Bradford assay or BCA pro-
tein assay kit (Thermo Scientifi c). Protein concentration is 
expected to be at least 0.3 mg/mL. If the concentration is 
lower, immerge a dialysis bag containing the sample in 300 mL 
of PEG 30 % solution at 4 °C under slight agitation (≈2 h is 
suffi cient to reduce the volume by half) and quantify the 
protein again.   
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   12.    Distribute the sample in 10 mL vaccine bottles (up to 3 mL 
per bottle) and store at −80 °C for further  lyophilization  . Once 
lyophilized, samples can be stored at 4 °C for undetermined 
time (more than 1 year).      

       1.    Suspend the lyophilized protein in PBS to a fi nal antigen con-
centration of 80 μg/mL ( see   Note 13 ). The fi nal volume can 
be 6 mL (more than one bottle can be used).   

   2.    Transfer the volume containing the antigen to a larger recipi-
ent, add 6 mL (1:2 dilution) of Al(OH) 3  ≈ 3 %, and let it mix 
for 16–18 h at 25 °C under constant agitation ( see   Note 14 ).   

   3.    The sterility test is done by culturing 0.5 mL of the vaccine 
formulation in 20 mL of thioglycollate, BHI, and Sabouraud 
broths for 21 days ( see   Note 15 ). Check growth in each media 
by spectrophotometry at 600 nm daily.   

   4.    Concomitantly with sterility test, perform innocuity test by inocu-
lating 5 mL of the formulation subcutaneously in two  guinea pigs   
weighing 350–450 g (use two different application sites in each 
animal). Observe local reactions, signs of disease, or possible 
death for 7 days. If none of these adverse effects occur, the formu-
lation is safe.      

       1.    For the antigenicity evaluation, perform a dot blot by adding 
≈3 μg of the recombinant protein (in no more than 5 μL) onto 
a nitrocellulose membrane. As negative control, add the same 
volume of  E.    coli    whole cell lysate and, if possible, a non-related 
recombinant protein. Let the membrane dry for 5–10 min at 
room temperature (RT) and block it for 1 h at RT with 5 % skim 
milk diluted in PBS-T under smooth agitation ( see   Note 16 ).   

   2.    Dilute standard antibodies to 1 IU/mL in PBS-T and incubate 
with the membrane for 1 h at RT. Then dilute a peroxidase- 
conjugated antibody (follow manufacturer’s instructions) and 
incubate with the membrane for 1 h at RT.   

   3.    Develop the reaction by adding DAB/H 2 O 2  solution. If posi-
tive reactions develop for the recombinant antigen, it is consid-
ered antigenic, and it is likely to work on the potency test.   

   4.    Two groups of 10  guinea pigs   should be designed for the 
potency test. The fi rst group receives 5 mL per dose of the 
same  recombinant vaccine   formulation described previously. 
The second one receives 5 mL per dose of PBS mixed with 
Al(OH) 3  (negative control). All animals must be immunized 
subcutaneously in a two-dose scheme on days zero and 21. 
Bleeding is carried out on day 42 by cardiac puncture and sera 
obtained by centrifuging the blood (2,000 ×  g , 7 min) and col-
lecting the supernatant  .   

   5.    Make three pools for each group. For the fi rst, mix 600 μL of 
sera from fi ve of the ten animals (pool A); for the second, mix 
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600 μL of the other fi ve sera from the group (pool B); and for 
the third, mix 1 mL of pool A and B (pool AB).   

   6.    Perform seroneutralization by mixing 1 mL of standardized 
(1 L+/mL)  BoNT   with 1 mL of several dilutions of each pool 
(Table  3 ). Incubate each mix at 37 °C for 1 h and inoculate 
0.2 mL of each dilution in 2  Balb/c mice   (18–22 g) intrave-
nously. Make the same dilutions with standard anti-C and D 
serum (5 IU/mL) as positive control. Observe animals for 
72 h counting deaths. The result in IU/mL is the arithmetic 
mean of the lowest dilution in which both animals die for each 
of the three pools ( see   Note 17 ).

       7.    Repeat  step 6  making intermediate dilutions of each pool to 
fi nd the exact level of neutralizing antibodies ( see   Note 18 ).       

4    Notes 

     1.    The confi rmation of HC should be done by sequencing using 
primers designed to amplify this region. The steps for both 
gene and primer design, as well as for molecular cloning are 
based on protocols previously described [ 13 ].   

   2.    It might be necessary to add BSA to the reaction depending on 
the restriction enzyme brand, thus reducing the volume of 
H 2 O in the reaction. The presented protocol is generic and can 
be substituted by the manufacturer’s one.   

   3.    Many wells or a large one may be used in order to load all 
digestion volume.   

   4.    A good-quality buffer is essential for a successful ligation reac-
tion. The T4 DNA ligase buffer contains ATP, a crucial com-
ponent that degrades very fast. So it is recommended to aliquot 
the buffer before the fi rst use and store at −20 °C (5 μL ali-
quots is enough). The fi rst ligation reaction is usually done 
using insert/vector molar ratio of 3:1, although this propor-
tion can be adjusted if the result is not effi cient. Molar ratios 
may vary from 1:1 to 5:1.   

   Table 3  
  Volumes to be mixed for seroneutralization assay   

 IU/mL (serum dilution)  Serum (mL)  Saline (mL)  Toxin 1 L+/mL (mL) 

 10.0 (1:10)  0.1  0.9  1.0 

 5.0 (1:5)  0.2  0.8  1.0 

 2.0 (1:2)  0.5  0.5  1.0 

 1.0 (1:1)  1.0  –  1.0 
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   5.    Although  electroporation   is suggested for a more effi cient 
transformation, the simpler heat-shock protocol can also be 
performed. In a 1.5 mL tube, mix 100 μL of CaCl 2  0.1 M, 
5–10 μL of competent cells and 2–3 μL of DNA. Incubate 
5 min on ice, transfer quickly to a water bath at 42 °C for 
1 min, and transfer again to the ice for 2 min, add 1 mL of LB 
broth, and incubate for 1–2 h (37 °C, 150–200 RPM). Finally, 
harvest the cells as previously described and plate them on LB 
agar with appropriate selection markers.   

   6.    Depending on the type of plasmid used, the protocol for plasmid 
extraction must be changed. Usually high copy number plasmids 
(≈800 copies per cell) yield high amounts of DNA after purifi ca-
tion with commercial kit following the manufacturer’s instruc-
tions. However, low copy number plasmids (≈10 copies per cell) 
usually require more initial cells for extraction (at least 10 mL of 
overnight culture). In this case, a Midi Flow kit (GE Healthcare) 
or a homemade plasmid extraction is suggested.   

   7.     E.    coli    BL21 (DE3) expression system is widely used in molec-
ular biology. Innumerous strains have been developed for dif-
ferent occasions, although the gene expression mechanism is 
the same. Since there is no general rule for choosing, any strain 
can be used in this protocol. Anyway, the most common and 
simpler ones are suggested:  E. coli  BL21 (DE3) itself, Star, 
pLysS, or pLysE.   

   8.    The expression step is critical for obtaining a good-quality 
antigen. Both temperature and time after induction can be 
adjusted in order to improve the process. Usually, there are 
three options for the temperature-time combination for 
recombinant  BoNT   H C  expression: 16–18 °C for 16–22 h, 
25–30 °C for 12–30 h, and 37 °C for 3–6 h [ 7 ]. This last one 
is suggested as the fi rst option in this protocol.   

   9.    All  SDS-PAGE   samples must be boiled (100 °C, 10 min) prior 
to electrophoresis and kept at −20 °C until further use or after 
loading into the gel.   

   10.    At this point, the tubes containing the bacterial pellet from 
expression can be stored at −20 °C up to 72 h.   

   11.    Most of recombinant H C  described in the literature are charac-
terized to be soluble proteins, and thus they should be present 
in the lysis buffer fraction of this protocol. However, it is pos-
sible that at least one of the two H C  mentioned here will be 
expressed in inclusion bodies and thus will be present in either 
SB-I, SB-II, or SB-III. rH C C is more likely to be insoluble than 
rH C D, and it is also possible to have these antigens in more 
than one fraction.   

   12.    Dialysis usually needs to be adapted for each protein. It is rec-
ommended to dialyze small volumes (1–2 mL) of the protein 
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against 1–2 L of PBS in initial trials. If the protein precipitates, 
dilute the protein samples 1:2, 1:4, and 1:8 (no more than this), 
and perform direct dialysis the same way. A last tip for direct 
dialysis is the addition of Triton X-100 (a neutral detergent) to 
a fi nal concentration of 0.05 % in PBS. Otherwise, a gradual 
dialysis can be done by reducing the concentration of NaCl on 
protein solution by adding PBS. For this, use 1–2 mL of the 
protein against 180 mL elution buffer plus 20 mL PBS in a way 
that NaCl concentration is 0.45 M. Then, add PBS every 2 h to 
reduce NaCl concentration by 0.05 each time (Table  4 ). As a 
fi nal step, dialyze the protein against 2 L of PBS for 16–18 h. If 
the protein does not precipitate, repeat the same procedure for 
larger volumes of the protein (up to 20 mL) using 500 mL of 
initial volume of the elution buffer and PBS mixture. The vol-
ume of PBS in the fi nal step should be increased to 4 L.

       13.    The protein concentration of 80 μg/mL means that each 2.5 mL 
has 200 μg of the antigen, which corresponds to one dose of the 
vaccine. Further, this 2.5 mL will be diluted 1:2 with  adjuvant   to 
make a fi nal  formulation   containing one dose in every 5 mL.   

   14.    Aluminum hydroxide is the most indicated adjuvant for botu-
linum vaccines, since it rarely causes local reactions or adverse 
effects and enhances humoral  immune responses  . However, 
other  adjuvants  , such as mineral oil, can be tested for these 
vaccines, but they are more likely to cause side effects. 
Moreover, the present protocol can be adjusted for the use of 
a different adjuvant.   

   Table 4  
  Volume of PBS needed to decrease [NaCl] in protein sample during 
dialysis   

 [NaCl] (M) a   PBS to be added (mL) b   PBS to be added (mL) c  

 0.4  25  60 

 0.35  35  80 

 0.3  40  110 

 0.25  60  150 

 0.2  90  225 

 0.15  150  375 

   a The NaCl concentration is not considering the amount of NaCl present in the PBS 
used as diluent 
  b These volumes should be added every 2 h in the same recipient with initial volume of 
200 mL (180 mL elution buffer + 20 mL PBS) 
  c These volumes should be added every 2 h in the same recipient with initial volume of 

500 mL (450 mL elution buffer + 50 mL PBS)  
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   15.    The three given media are the most common used in this step. 
However, the ones used in this step can be thioglycollate, or Tarozzi, 
for anaerobic bacteria, and BHI, TSB, or thioglycollate, for aerobic 
bacteria. Sabouraud medium is the only one used for fungi. 
Commercial formulations are usually available for these media.   

   16.    During dot blot, it is essential to wash the membrane three 
times with PBS-T between each step. All incubation steps 
should be performed under gentle agitation on a rocking plat-
form. If PVDF membrane is used, it should be wet with pure 
methanol prior to use.   

   17.    In this assay, it is expected to have only two possibilities: or both 
animals die or survive. If only one of the two animals die, it is 
possible that the reagents were not manipulated properly or the 
assay was not conducted correctly. Thus, it must be repeated.   

   18.    The trial described on  step 6  will give an idea of the protection 
level generated by the  recombinant vaccine  . The intermediate 
dilutions will be based on these results; thus, it can be directed to 
detect levels higher than 10 IU/mL or values between those 
tested in the fi rst trial. The tip here is that the level of antibodies 
in IU/mL is related to the serum dilution in saline, for example, 
a serum diluted 1:20 in saline prior to incubation with standard 
toxin represents 20 IU/mL of neutralizing antibodies. Moreover, 
it is indicated to perform individual dilutions instead of serial 
ones, since intermediate values are not related to each other.          
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    Chapter 41   

 Preparation of Multifunctional Liposomes as a Stable 
Vaccine Delivery-Adjuvant System by Procedure 
of Emulsifi cation-Lyophilization                     

     Ning     Wang      and     Ting     Wang      

1           Introduction 

 Vaccination is the  most   cost- effective    and   best prophylactic strat-
egy against many diseases [ 1 ]. The conventional vaccines are usu-
ally live attenuated or inactivated pathogenic organisms which, 
after administration, can induce robust immunity in the vaccinated 
subjects against the related microbes. However, live attenuated 
 pathogens   might mutate to be pathogenic and even lead to more 
severe outcomes; while the inactivated microorganisms may stimu-
late much weaker and even target-deviated  immune response  . To 
overcome the drawbacks associated with conventional vaccines 
based on whole  pathogens  , recently  subunit vaccines   which con-
tain only the essential antigens and, therefore, have defi ned com-
ponents are developed, with the anticipation that the potential 
risks confronted by the conventional vaccines may be reduced [ 2 , 
 3 ]. However, due to lack of other microbial components which 
may not only protect the antigen but also be a  pathogen-associated 
molecular pattern (PAMP)   for mammalian immune systems,  sub-
unit vaccines   are rather unstable and often induce weak immune 
responses against  pathogens  . To overcome the weaknesses of sub-
unit vaccines [ 4 ], a vaccine carrier with composition mimicking the 
components of pathogenic organisms has been developed as the 
vaccine adjuvant-delivery system (VADS) to protect antigens from 
the environmental damages and even deliver them to specifi c 
 lymphocytes to initiate effective  immune responses   [ 4 – 6 ]. 

 Currently, numerous particulate carriers, such as emulsions, 
liposomes, PLGA particles, silico nanocarriers, and, notably, VLPs 
(virus-like particles), have been developed as a VADS. In addition, 
to be recognized and thus taken up by APCs (antigen-presenting 
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cells), the vaccine carriers are often decorated with PAMP mole-
cules and/or the molecules as ligands to the receptors expressed 
on the immune cell surfaces, featuring a multifunctional targeting 
VADS [ 2 ,  7 – 10 ]. Among various carriers, liposomes have attracted 
much research interests due to their intrinsic  adjuvant   properties 
and the easiness for achieving diverse surface decorations, repre-
senting a powerful VADS with some additional advantages of 
safety, biocompatibility, and wide agent-loading range [ 11 ]. Also, 
various VADS based on multifunctional  liposomes   have been 
developed utilizing the specifi c binding affi nities between func-
tional molecules on the carrier and special features expressed or 
engendered by the aims. For example, recently, we successfully 
prepared a multifunctional liposome that was dually anchored with 
a TLR4 ligand lipid A and a synthetic molecule having a distal 
mannose group and termed mannosylated/lipid A-liposomes 
(multifunctional liposomes). This kind of multifunctional lipo-
somes proved highly effective in both targeting delivery of vaccine 
to APCs and enhancing APCs antigen presentation to  T-cells   [ 12 ]. 

 As yet, numerous methods such as fi lm dispersion, solvent 
(ethanol/ether) injection, reverse evaporation, membrane extru-
sion, and remote loading have been established by researchers to 
prepare various categories of liposomes. However, the procedure 
to produce multifunctional liposomes as a carrier for vaccine anti-
gens should be carefully selected due to the fragile properties asso-
ciated with the biologically active ingredients. Recently, based on 
the procedure of emulsifi cation-lyophilization (PEL), we devel-
oped different ways for preparing liposomes to entrap a variety of 
agents with different physicochemical properties [ 13 – 18 ]. The 
procedures are distinct and the method of lyophilizing O/W 
emulsions has been proved quite suitable for producing the 
antigen- loaded liposomes, e.g. the mannose derivative/lipid A 
dually decorated liposomes, engendering a multifunctional 
VADS. The procedures involved in PEL is simple and involves four 
steps: (1) preparation of O/W emulsions with O containing 
amphiphilic molecules, such as phospholipids, lipid A, and 
mannose-PEG- cholesterol, as emulsifi ers and W containing disac-
charides, such as sucrose, lactose, and trehalose, as a lyoprotectant; 
(2) adding into the emulsions with W containing vaccine antigens 
and mixing homogeneously; (3) lyophilization of the emulsions to 
obtain a dry product; (4) rehydration of the dry product with 
water to form multifunctional liposomes. The fourth step of rehy-
dration can be performed just prior to immunization allowing the 
vaccine products to be stored in an anhydrous state and applicable 
to the controlled temperature chain for distribution in remote 
areas where the integrated  cold chain   is diffi cult to maintain [ 19 ]. 
Using phospholipids with a low phase transition temperature as 
the main membrane materials, the PEL liposomes usually have a 
size under 300 nm. Considering the PEL step 1 involving sonica-
tion to form the O/W emulsions, the antigens to be loaded are 
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added thereafter in another step to avoid the possible damage by 
the hard mechanical work; otherwise, the step 2 can be merged 
with step 1. The AE (association effi ciency) of the PEL liposomes 
can be signifi cantly enhanced if there exists the electrostatic inter-
action between the charged liposomes and the oppositely charged 
antigens [ 20 ]. Therefore, the cationic/anionic lipids may be 
included as partial membrane ingredients. 

 The PEL is an effi cient platform to prepare various categories 
of multifunctional liposomes to form a VADS for different  subunit 
vaccines  . Hence, in this chapter we discuss the mannosylated/lipid 
A-liposomes as an example to introduce the PEL procedure as well 
as the methods and processes related to synthesis of a mannosyl-
ated cholesterol and characterization and quality control of the 
multifunctional liposomes.  

2    Materials and Equipment 

     Various categories of mannose lipoidal derivatives can be synthesized 
according to the related references. Here, a simple method is introduced 
to synthesize an APC targeting molecule mannose- PEG- cholesterol 
using the raw materials:  O -(2-Aminoethyl)- O ′-[2-(Boc-amino)ethyl] 
polyethylene glycol 3000  (NH 2 -PEG 3000 -NH-t(Boc)), cholesteryl chloro-
formate, and 4- isothiocyanatophenyl α- d -mannopyranoside (ITPM). 

 Mono-tert-butoxycarbonyl poly(ethylene glycol) 3000  diamine 
(NH 2 -PEG-NH-t(Boc)) and cholesteryl chloroformate are from 
Sigma-Aldrich (St. Louis, MO, USA), while 4- isothiocyanatophenyl 
α- d -mannopyranoside (ITPM) is from Santa Cruz Biotechnology, 
Inc. (Santa Cruz, TX, USA). 

 The synthetic compound can be purifi ed by using a dialysis bag 
with molecular weight cutoff (MWCO) of at least half the MW of 
the compound to be purifi ed. 

 The synthetic intermediates and fi nal compound may be iden-
tifi ed by TLC using silica gel plates. TLC visualization reagents 
include phosphotungstic acid for cholesterol and ninhydrin for 
amine. Phosphotungstic acid and ninhydrin may be obtained from 
Sigma-Aldrich. 

 The fi nal synthetic compound may be further verifi ed with 
Fourier transform infrared spectrophotometer (FTIR) 
(IRPrestige-21 FTIR Spectrophotometer, Shimadzu, Japan), 
nuclear magnetic resonance (NMR) spectrometer (Bruker AV400, 
Switzerland), and matrix-assisted laser desorption/ionization for 
time-of-fl ight mass (MALDI-TOF MS) spectrometer (Bruker 
Autofl ex Speed TOF, Germany). 

 KBr can be used as FTIR sample disk matrix. CDCl 3  is used as 
sample solvent and TMS for zero ppm reference for NMR. DHB 
(2,5-dihydroxy benzoic acid), HPA (3-hydroxy picolinic acid) or 
trans-2-[3-(4-t-butyl-phenyl)-2-methyl-2-propenylidene]malono-
nitrile (known as DCTB) may be used as MALDI MS matrix.  

2.1  Starting Raw 
Materials 
and Equipment

2.1.1  Materials 
and Equipment 
for Synthesis and Analysis 
of the Mannosylated 
Cholesterol
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   The membrane ingredients of liposomes are mainly phospholipids 
and cholesterol. However, to prepare O/W emulsions, the main 
membrane materials should also be good emulsifi ers and can thus be 
selected from the phospholipids with low gel–liquid crystalline transi-
tion temperature (Tc). Therefore, lipids derived from   unsaturated 
fatty acid     are preferred, e.g., soy phosphatidylcholine (SPC), egg 
phosphatidylcholine (EPC), 2-dioleoyl- sn -glycero-3-  phosphocholine 
(DOPC). In addition, partial inclusion of phosphatidylserine (PS), 
phosphatidic acid (PA), phosphatidylethanolamine (PE), or phospha-
tidylglycerol (PG) can usually render liposomes negative charge, while 
the synthetic cationic lipids, such as dioctadecyldimethylammonium 
bromide (DDAB), 3β-[ N -( N , N ′-dimethylaminoethane)-carbamoyl] 
cholesterol hydrochloride (DC-Chol), 1,2-dioleoyl-3- trimethyl-
ammoniumpropane (DOTAP), and ethylphosphatidylcholine will 
render liposomes positive charge. 

 Phosphatidylserine is capable of binding to a specifi c PS recep-
tor on macrophages, contributing to elicitation of the innate 
 immune response  , while other natural lipids are not known to dis-
play specifi c immunological effects, and the  adjuvant   effect of the 
liposomes constituted with these lipids is thought to result essen-
tially from their capacity to deliver antigens into APCs [ 21 ]. 

 To potentiate the adjuvant effect, liposomes can be incorpo-
rated with lipoidal immunostimulants, such as lipopolysaccharide 
(LPS) [ 22 ], monophosphoryl lipid A (MPLA) [ 14 ], Quil A and its 
purifi ed subfraction QS21 [ 23 ], muramyl dipeptide (MDP) [ 24 ]. 

 To enhance the APC-targeting delivery capacity of the lipo-
somes, lectin binding ingredients, such as mannose receptor 
ligands, can be anchored onto liposomal membranes. The most 
commonly used APC-targeting molecules are mannose lipoidal 
derivatives, including various categories of mannosylated choles-
terol/phosphatidylethanolamine [ 14 ,  25 ], mannosylated 
1- aminoadamantane and mannosylated adamantyltripeptides [ 26 ]. 
Herein, the synthetic mannosylated cholesterol (mannose-PEG- 
cholesterol) is introduced as an APC targeting molecule for liposo-
mal carriers [ 14 ], with the emphasis of the linking PEG spacer 
which not only projects the mannose group to be exposed to APCs 
but also lends liposomes the steric stabilization properties [ 27 ]. 

 The phospholipids are from Avanti Polar Lipids (Alabaster, 
AL, USA), Lipoid (Ludwigshafen, Germany), Genzyme (Liestal, 
Switzerland), Sigma-Aldrich (St. Louis, MO, USA) ( see   Note 2 ). 
The lipids should be stored under nitrogen at ≤−20 °C from light. 

 Lipoidal immunostimulants listed above can be obtained from 
Avanti Polar Lipids, EMC Microcollection (Tuebingen, Germany), 
Bachem (Bubendorf, Switzerland), InvivoGen (San Diego, CA, 
USA), Axxora (San Diego, CA, USA), and Sigma-Aldrich among 
others. Also, the lipoidal immunostimulants should be stored 
under nitrogen at ≤−20 °C from light. 

2.1.2  Liposomal Lipids, 
Lipoidal 
Immunostimulants, 
and Selected Buffers
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 The buffers for the preparation of liposomes are phosphate, 
Tris, and HEPES buffers at pH 7.0 with 5 % sucrose (or other 
disaccharides) as a lyoprotectant. Buffers are sterilized by autoclave 
or fi ltration through 0.2 μm membrane fi lters.  

    Sonicators . The O/W emulsions can be produced with probe or 
bath type ultrasonicators with the output power of 0–600 W and 
output frequency of 20 kHz, such as Model 3000 Ultrasonic 
Homogenizer (Biologics Inc., Manassas, Virginia, USA). 

  High-pressure homogenizer . The O/W emulsions may also be pro-
duced with the EmulsiFlex B15 high-pressure homogenizer 
(Avestin, Ottawa, Canada). 

 The sonicator or high-pressure homogenizers are operated accord-
ing to the operating and safety instructions provided by the 
manufacturer.  

    Ultralow temperature refrigerator . The MDF-382E (N) ultralow 
temperature freezer (Sanyo Electric Co., Ltd., Japan) or other 
ultralow temperature freezers may be used. 

  Freeze-dryer . The Eyela Freeze Dryer FDU-2110 (Rikakikai Co., 
Tokyo, Japan) or other freeze-dryer may be used.   

     The structure and morphology of the liposomes may be observed 
by cryo-transmission electron microscopy (cryo-TEM). A FEI 
Tecna G2 Spirit -transmission electron microscope (FEI Company, 
Hillsboro, Oregon, USA) and Vitrobot™ Cryo-TEM sample prep-
aration instrument may be used. Liquid nitrogen is the preferred 
cooling agent. 

 Alternately, the structure and morphology of the liposomes 
can be observed by negative staining TEM, using phosphotungstic 
acid, 5 % ammonium molybdate, or 2 % uranyl acetate as stain 
agents (Sigma-Aldrich).  

   The size (mean diameter) and zeta potential (ζ) of the multifunctional 
liposomes with or without antigen can be tested using a Malvern 
Zetasizer ZS (Malvern, Worcestershire, UK) or other equivalent.  

   The liposomes can be isolated from the free antigens by ultracen-
trifugation which may be performed on a Micro CS150NX 
Ultracentrifuge (Hitachi, Japan) or equivalent. 

 The liposomes and free antigens can also be separated using 
size exclusion chromatography using the following agents and 
apparatus: Sephadex G-50 (medium) gel (Pharmacia Company) or 
equivalent; Glass chromatography column; Liposome buffer for 
column equilibration and elution.  

2.1.3  Equipment 
for Preparation of O/W 
Emulsions

2.1.4  Equipment 
for Lyophilization

2.2  Materials 
and Equipment 
for Characterization 
of Liposomes

2.2.1  Structure 
and Morphology 
Observation 
by Transmission Electron 
Microscopy (TEM)

2.2.2  Particle Size 
and Zeta Potential

2.2.3  Separation of Free 
Antigen from Liposomes

Preparing Multifunctional Liposomal Vaccines by Emulsifi cation-Lyophilization



640

       1.    0.1 % Triton X-100 (Sigma-Aldrich) in distilled water.   
   2.    Diethyl ether–ethanol, 3:1 vol/vol (Sigma-Aldrich). Prepare 

and store at room temperature under a chemical hood.   
   3.    Coomassie Brilliant blue G-250 (Sigma-Aldrich).      

       1.    Bradford reagent: Dissolve 50 mg of Coomassie Brilliant Blue 
G-250 in 50 mL ethanol, add 100 mL 85 % (w/v) phosphoric 
acid (H 3 PO 4 ). Add the acid solution mixture slowly into 850 mL 
of H 2 O and let the dye dissolve completely ( see   Note 1 ). Filter 
using Whatman #1 fi lter paper to remove the precipitates just 
before use. Bradford reagent should be stored in a dark bottle at 
4 °C in a dark place.   

   2.    The absorbance of the stained sample can tested in 8453 UV–
Vis spectrophotometer (Agilent Technologies, Inc., Santa 
Clara, California, USA) or other equivalent.      

   For quantifi cation, the lipids may be assayed using a gradient 
HPLC system equipped with an ELSD (evaporative light scatter-
ing detector) detector or variable wavelength detector and chro-
matographic software. Agilent 1100 Series HPLC (Agilent 
Technologies, Inc.) equipped with the C18 ODS column can be 
used, but the column should be adapted to the specifi c lipid com-
position ( see   Note 2 ). Mobile phase for gradient elution may 
include solution B (0.1 % TFA (trifl uoroacetic acid) in methanol) 
and A (0.1 % TFA in water).  

   SDS-PAGE  experiments   can be performed on the freshly prepared 
5 % stacking gel and 12 % resolving gel. 

 For the gel thickness of 0.75 mm, the  formulations   for the 
stacking/separating gels, sample loading buffer and electrophore-
sis running buffer are as follows. 

  12 % Resolving gel (10 mL) : 3.37 mL deionized water, 4.0 mL 
30 % acrylamide–bisacrylamide (30:0.8, w/w), 2.5 mL 1.5 M 
Tris–HCl (pH 8.8), 100 μL 10 % SDS, 25 μL 10 % APS, 5 μL 
TEMED. 

  4 % Stacking gel (5 mL) : 3.0 mL deionized water, 0.67 mL 
30 % acrylamide–bisacrylamide (30:0.8, w/w), 1.25 mL 0.5 M 
Tris–HCl (pH 6.8), 50 μL 10 % SDS, 25 μL 10 % APS, 5 μL 
TEMED ( see   Note 3 ). 

  2× Sample loading buffer : 2 % (w/v) SDS, 10 mM dithiothrei-
tol (or beta-mercaptoethanol), 20 % v/v glycerol, 0.1 M Tris–HCl 
(pH 6.8), 0.02 % (w/v) bromophenolblue. 

  1× Running buffer:  25 mM Tris–HCl, 200 mM glycine, 0.1 % 
(w/v) SDS. 

 All chemicals in the above  formulations   are globally provided 
by Sigma-Aldrich.     

2.2.4  Extraction of 
Antigen from Liposomes

2.2.5  Determination 
of Liposomal Antigen

2.2.6  HPLC Analysis 
of Lipids

2.2.7   SDS–
Polyacrylamide Gel 
Electrophoresis (SDS- 
PAGE) for Protein 
Integrity Test
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3    Methods 

   The mannose-PEG-cholesterol conjugate (MPC) may be synthesized 
by two steps: NH 2 -PEG-NH-CO- O -cholesterol is fi rst synthesized 
and then conjugated to a mannose derivative 4-isothiocyanatophenyl 
α- d -mannopyranoside (ITPM). 

   NH 2 -PEG-NH-CO- O -cholesterol may be synthesized according 
to a previous report [ 28 ].

    1.    Dissolve H 2 N-PEG-NH-t(Boc) (20 μmol) in 5 mL CHCl 3  
(Solution A).   

   2.    Dissolve cholesteryl chloroformate (24 μmol) in 5 mL CHCl 3  
(Solution B).   

   3.    Add Solution A slowly to Solution B at 40 °C with gentle 
stirring. 
 TLC analysis (CHCl 3 –CH 3 OH–NH 3 , 90:10:2) of the reaction 
mixture shows a more polar cholesterol (+) spot. Spray with 20 % 
phosphotungstic acid in ethanol, heat at 110 °C for 5–15 min or 
until maximum visualization of the red spots occurs.   

   4.    Add 110 μL (100 μmol) of triethylamine into the mixture.   
   5.    Leave the mixture to react for 10 h at 40 °C under nitrogen 

gas.   
   6.    Remove solvent by evaporation under reduced pressure.   
   7.    Add 5 mL of CHCl 3 –Et 2 O (1:9, v/v) into the reaction mix-

ture kept at 4 °C overnight.   
   8.    Precipitate the reaction mixture by centrifugation at 5000 ×  g  

for 30 min at 4 °C. 
 TLC analysis (CHCl 3 –CH 3 OH–NH 3 , 90:10:2) shows choles-
terol (+) and amine (−) product. Ninhydrin may be used for 
detection of amines. Spray with a solution of 0.2 g ninhydrin in 
100 mL ethanol and heat to 110 °C until reddish spots appear.   

   9.    Dissolve the sediments in trifl uoroacetic acid, (40 % v/v in 
CHCl 3 ) and left to react for 20 min at room temperature to 
eliminate t-Boc group.   

   10.    Wash the reaction mixture three times with distilled water to 
remove excess trifl uoroacetic acid.   

   11.    Dry the chloroform phase with anhydrous sodium sulfate and 
kept under nitrogen atmosphere.   

   12.    Remove chloroform by vacuum obtaining intermediate 
NH 2 -PEG-NH-CO- O -cholesterol. 
 TLC analysis (CHCl 3 –CH 3 OH–NH 3 , 90:10:2) shows a single 
spot cholesterol (+) and amine (+).    

3.1  Synthesis 
and Verifi cation 
of Mannose- PEG  - 
Cholesterol Conjugate 
(MPC)

3.1.1  Synthesis 
of NH 2 -PEG-NH-CO- O - 
Cholesterol
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     MPC was prepared from the direct conjugation of NH 2 -PEG  - 
NH-CO- O -cholesterol and ITPM (4-isothiocyanatophenyl α- d - 
mannopyranoside) [ 29 ].

    1.    Add 24 μmol ITPM in 5 mL DMSO (dimethylsulfoxide) into 
the synthetic intermediate NH 2 -PEG-NH-CO- O -cholesterol.   

   2.    Agitate the mixture at 25 °C for 24 h under nitrogen.   
   3.    Dialysis of the mixture against tenfold volume DMSO thrice to 

remove unconjugated ITPM using a dialysis bag ( see   Note 4 ) 
with molecular weight cutoff (MWCO) in maximum half the 
MW of the synthetic compound.   

   4.    Dialysis of the synthetic compound-containing dialysis bag 
against 50-fold volume pure water thrice to remove DMSO.   

   5.    Remove solvent by lyophilization to obtain the synthetic com-
pound powder. 
 TLC (CHCl 3 –CH 3 OH–NH 3 , 90:10:2) shows cholesterol (+) 
and amine (−) product and lyophilized to give dry powders.    

       FTIR: 

   1.    Fully mix 2-mg sample together with 200-mg KBr powder 
(passing 200-mesh sieve).   

   2.    Compact the powder mixture into a tight disk.   
   3.    Test the sample disk in a FTIR spectrophotometer.    

   1 H NMR: 

   1.    Dissolve 5 mg sample in 0.6 mL CDCl 3  which contains TMS 
for zero ppm reference.   

   2.    Test the sample in a NMR spectrometer.    

  MALDI-TOF MS: 

   1.    Dissolve the synthetic compound in methanol with concentra-
tion of 10 mg/mL.   

   2.    Mix 2 μL of sample methanol solution with 4 μL of 200 mg/
mL DCTB (matrix) methanol solution.   

   3.    Spot 0.5 μL of sample/matrix solution on the spot plate.   
   4.    Dry the plate to form a transparent spot.   
   5.    Test the samples on the spot plate in a TOF-MS spectrometer.    

      Lipids having a gel–liquid crystalline transition temperature 
(Tc) below ambient temperature are preferred membrane mate-
rials for the liposomes by PEL procedure because they have high 
emulsifying capability compared to the lipids with Tc above 
ambient temperature [ 16 ].

3.1.2  Synthesis 
of Mannose-PEG  - 
Cholesterol 
Conjugate (MPC)

3.1.3  Identifi cation 
of the Synthetic Compound 
by Instrumental Analysis
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of Multifunctional 
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by the Procedure 
of Emulsifi cation-
Lyophilization (PEL)
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    1.    Preparation of oil phase (O) 
 Dissolve the lipid materials, e.g. an appropriate amount of PC–
MPC–MPLA (100:5:10:1, mole ratio), in cyclohexane or in 
cyclohexane–chloroform (3:1, v/v) ( see   Note 5 ).   

   2.    Preparation of water phase (W) 
 Dissolve sucrose in PBS (50 mM, pH 7.4) to acquire a PBS 
containing 5 % (w/v) sucrose.   

   3.    Preparation of O/W type emulsion 
 One part of O is added into three parts of W, and then using 
an ice/water bath to control the temperature, the mixture is 
emulsifi ed with a sonicator/high pressure homogenizer to 
make an O/W type emulsions.   

   4.    Addition of antigen 
 The O/W type emulsions are diluted with one part of W con-
taining the antigen to be loaded and immediately homoge-
nized by vortex or stirring for 5 min. (The mass ratio of SPC/
antigen is maintained at 10:1).   

   5.    Subdivision for lyophilization 
 The fi nal O/W emulsions are quickly subdivided and fi lled into 
5-mL  freeze-drying   vials with a fi ll volume of 1 mL per vial.   

   6.    Freezing 
 The emulsion-containing vials are immediately transferred 
into an ultralow temperature refrigerator and frozen at −85 °C 
for 4 h.   

   7.     Freeze-drying   
 The frozen vials are put into a freeze-dryer and lyophilized with 
a program as follows: primary drying at −45 and −20 °C for 2 h 
periods, respectively; and secondary drying at 20 °C for 4 h.   

   8.    Storage 
 After the freeze-drying process, the vials were immediately 
fi lled with nitrogen gas, sealed, and stored protected from 
light at room temperature.   

   9.    Construction of multifunctional liposomes 
 An appropriate amount (0.5–3 mL) of water is added into the 
vial containing the lyophilized powder forming the multifunc-
tional liposomes.    

     The morphology and structure of the multifunctional liposomes 
may be observed by negative staining TEM and may be more veri-
tably visualized by cryo-TEM. The hydrophobic carbon grid can 
be fi rstly converted to hydrophilic nature by glow discharge [ 30 ]. 

   For cryo-TEM, the sample-holding grid is freezed in liquid nitro-
gen at −196 °C for 10 min and transferred to a cryo-holder, which 
is maintained at ultralow temperature using a liquid nitrogen 

3.3  Characterization 
of the Multifunctional 
Liposomes

3.3.1  Cryo-TEM 
of Multifunctional 
Liposomes
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storage box, and then inserted in the microscope for imaging in 
the ultralow temperature ( see   Note 6 ).

    1.    An aliquot (1–3 μL) of the sample is applied to an EM grid 
using a pipet.   

   2.    Blot the sample loaded grid using fi lter paper to remove excess 
sample.   

   3.    Plunge the sample loaded grid into liquid nitrogen at −196 °C 
for 10 min.   

   4.    Transfer the sample-loaded grid to a cryo-holder, which can be 
maintained at ultralow temperature using a liquid nitrogen 
storage box.   

   5.    Insert the cryo-holder into the EM column that is maintained 
at liquid nitrogen temperature (77 K).   

   6.    Image the sample at the ultralow temperature.    

         1.    Drop 5 μL of  liposome   suspensions on a collodion-coated 
grid.   

   2.    Draw off water with fi lter paper.   
   3.    A drop of 1 % (w/v) phosphotungstic acid (or 5 % ammonium 

molybdate, or 2 % uranyl acetate) is applied to the grid.   
   4.    Draw off with fi lter paper and allow the stained samples to dry.   
   5.    Observe and image the sample-loaded grids in a transmission 

electron microscope.      

   The size (mean diameter) and zeta potential (ζ) of the multifunc-
tional liposomes with or without antigen are tested using a Malvern 
Zetasizer ZS90 (Malvern, Worcestershire, UK). For size DLS 
(dynamic light scattering) and ζ ELS (electrophoretic light scatter-
ing) tests the scattering light is collected at an angle of 90°, and the 
temperature is set to 25 °C.   

     Free antigen may also be separated from antigen-containing lipo-
somes by ultracentrifugation.

    1.    Centrifuge the  liposome   sample at 100,000 ×  g  for 1 h and col-
lect supernatant containing free antigen.   

   2.    Wash the liposomal pellet in liposome buffer by centrifugation 
as above.      

   The extraction of antigens from liposomal  formulations   can be 
performed according to the following method.

    1.    Adjust sample volume containing between 5 and 50 μg of pro-
teins to a fi nal volume of 1 mL with distilled water.   
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   2.    Add 0.1 mL of 0.1 % Triton X-100 solution and vortex for 
5 min at room temperature to disassemble liposomes.   

   3.    Add 0.1 mL of 72 % trichloroacetic acid, vortex for 2 min, and 
centrifuge for 15 min in an Eppendorf benchtop centrifuge at 
5000 ×  g  to precipitate antigens.   

   4.    Discard supernatant and wash pellet in 1 mL diethyl ether/
ethanol (3:1 v/v).   

   5.    Recover protein by centrifugation for 45 min at 10,000 ×  g  in 
an Eppendorf benchtop centrifuge.   

   6.    Dissolve the antigen pellet in PBS for further assay.    

     The antigens isolated or extracted from liposomes can be quanti-
tatively determined with the classical Bradford protein assay 
method [ 31 ].
  Standard assay procedure (for sample with 25–250 μg/mL protein) 

   1.    Prepare fi ve to eight dilutions of a protein (usually BSA) stan-
dard with a range of 25–250 μg/mL protein.   

   2.    Dilute unknown protein samples to obtain 10–100 μg pro-
tein/30 μL. Add 30 μL each standard solution or unknown 
protein sample to an appropriately labeled test tube. Set two 
blank tubes: One for a standard curve, add 30 μL H 2 O instead 
of standard solution. One for unknown protein samples, add 
30 μL protein preparation buffer instead. Protein solutions are 
normally assayed in duplicate or triplicate.   

   3.    Add 1.5 mL of Bradford reagent to each tube and mix well.   
   4.    Incubate at room temperature for at least 5 min. Absorbance 

will increase over time; samples should incubate at room tem-
perature for no more than 1 h.   

   5.    Measure absorbance at 595 nm.    
  Microassay procedure (0.1–25.6 μg/mL protein) 

   1.    Prepare fi ve standard solutions (1 mL each) containing 0, 0.1, 
0.4, 1.6, 6.4, and 25.6 μg/mL BSA.   

   2.    Pipet 800 μL of each standard and sample solution (containing 
for <50 μg/mL protein) into a clean, dry test tube. Protein 
solutions are normally assayed in duplicate or triplicate.   

   3.    Add 200 μL of dye reagent concentrate to each tube and 
vortex.   

   4.    Follow the procedure described above for the standard assay 
procedure.    

     In fact, lipids and lipoidal  adjuvants   can be very effi ciently incorpo-
rated into liposomes [ 14 ], it is usually unnecessary to determine 
the unassociated lipid compositions. 

3.4.3  Quantifi cation 
of Antigens 
by Bradford Assay

3.4.4  Quantifi cation 
of Liposomal Lipid 
Composition
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 The MPLA, MPC and phospholipids may be freed from 
liposomes by dissolving the centrifuge (300,000 ×  g ) pellet of 
liposomes in methanol and then determined by HPLC system 
equipped with ELSD detector, column oven, and (not necessarily) 
auto sampler. An ODS column (4.6 mm × 150 mm, 5 μm particle 
diameter) may be used with the mobile phase: gradient of B (0.1 % 
TFA (trifl uoroacetic acid) in methanol) in A (0.1 % TFA in water).  

   The integrity of antigen or antigen in the multifunctional 
liposomes which are constructed from the lyophilized products is 
tested through sodium dodecyl sulfate polyacrylamide gel electro-
phoresis ( SDS-PAGE  ) under reducing conditions.

    1.    Add equivalent volume of 1 % Triton X-100 into  liposome   
suspensions to free the loaded antigens.   

   2.    Mix one part of the antigen-freed sample with one part of 2× 
Sample-loading Buffer which containing SDS and 
2-mercaptoethanol.   

   3.    Heat the antigen containing sample to 95 °C for 5 min to 
denature.   

   4.    Load the heated samples into the wells of the vertical slab gel 
(5 % stacking gel over 12 % resolving gel) fi xed in glass plates 
which had been placed in the electrophoresis buffer-containing 
chamber.   

   5.    Start electrophoresis at 80 mV for 30 min and then at 120 mV 
until the indicator bromophenol blue reached the bottom of 
the plate using a Bio-Rad mini protean II dual slab cell (Bio- 
Rad, Hemel Hempstead, UK).   

   6.    Remove gels from the glass plates into a petri dish and wash 
with pure water thrice.   

   7.    Replace the washing water with Coomassie Brilliant Blue solu-
tion (Bradford reagent) for staining the gels to display the anti-
gen and any degraded peptides ( see   Note 7 ).    

4        Notes 

     1.    Do not add H 2 O into the 100 mL 85 % (w/v) H 3 PO 4  to avoid 
a rapid increase in temperature due to large heat release during 
dilution.   

   2.    For charged lipids, IE-HPLC using an appropriate ion 
exchange column is usually preferred.   

   3.    30 % acrylamide–bisacrylamide (30:0.8, w/w) aqueous solu-
tion should be stored in the dark for less than a month. 10 % 
APS solution always should be prepared freshly. Caution: 
Acrylamide is a neurotoxin, so always wear gloves, safety 

3.4.5  Antigen Integrity 
Investigation
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glasses, and a surgical mask when working with acrylamide 
powder. Abbreviations: APS, ammonium persulfate; TEMED, 
tetramethylethylenediamine.   

   4.    The regenerated cellulose (not cellulose ester) dialysis mem-
branes having a good chemical compatibility for organic sol-
vents, such as DMSO, should be selected.   

   5.    The lipid materials may be dissolved in cyclohexane mono-
solvent alone if the lipids are readily soluble in the solvent. 
Otherwise, dissolve the lipid materials in chloroform and then 
diluted with cyclohexane with the least cyclohexane/chloro-
form volume ratio of 3:1, so that the co-solvent has a melting 
point of >−40 °C and can be frozen at −85 °C.   

   6.    The process of cryo-TEM sample preparation can be carried 
out either manually using a simple plunger or automatically 
using commercially available machines such as an FEI Vitrobot 
(Hillsboro, OR).   

   7.    Other color developing chemicals may also be used depending 
on the antigen properties.            
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    Chapter 42   

 Preparation of the Multifunctional Liposome-Containing 
Microneedle Arrays as an Oral Cavity Mucosal Vaccine 
Adjuvant-Delivery System                     

     Ting     Wang      and     Ning     Wang      

1            Introduction 

  Mucosal   vaccination,     namely   vaccination  at    mucosas   where numer-
ous mucosa-associated lymphoid tissues (MALT) are located, is 
convenient and has a good compliance with the vaccinees. Effective 
mucosal vaccination can not only ignite the body to set up the 
antigen- specifi c cellular and humoral immunity but also may elicit 
the body to engender widespread mucosal immunoresponses to 
the vaccine antigens, establishing a robust multiple defense against 
the invading  pathogens   [ 1 ]. To be effective, mucosal vaccines must 
approach the professional antigen-presenting cells (APCs) to 
induce potent immunoresponses resulting in plentiful functional 
pathogen-specifi c antibodies and cytotoxic T lymphocytes (CTLs) 
   to neutralize and lyse the invaded  pathogens  , such as HIV and 
 HPV  , which once enter the cells can rapidly integrate into the host 
genome forming a latent reservoir that can hardly be eliminated by 
conventional antiretroviral agents [ 2 ]. 

 Notably, the mucosal vaccines that can block the invasion of 
various intractable  pathogens   at the initial entering sites are now in 
most cases, though desirably needed, still in defi ciency and are still 
diffi cult to develop due to certain big obstacles. Firstly, the mam-
mal mucosas suitable for vaccination are usually covered with a 
defending layer of mucus which is continuously renewed and con-
tains various categories of agents, such as antiseptic lysozyme, pro-
teinases, and glycoprotein mucins [ 3 ], not only imposing a 
potential damage to vaccine antigens but also preventing mucosal 
vaccines from approaching and crossing the epithelial layer, under 
which the professional APCs are sited. Secondly, the tightly-lined 
epithelial cells with intercellular spaces sealed by tight junctions 
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also form a barrier to mucosal vaccines to reach the professional 
APCs which are the necessary sponsors for the immunoresponses 
to the vaccines. 

 Compared to other mucosal sites, oral cavity mucosa confronts 
a mild environment and is easily accessible, relatively safe for vac-
cination [ 4 ], and also enriched in APCs to mediate innate and 
adaptive immunoresponses to block local and systemic infections 
[ 5 ]. Unfortunately, oral mucosal immunization is further limited 
by both its anatomic structure of stratifi ed squamous epithelium 
(SSE) and the rapid clearance of subjects from mucosal surfaces by 
fl ow of saliva, movement of tongue and jaws, and chewing and 
swallowing [ 6 ]. To conquer these barriers to oral mucosal delivery, 
up to now numerous technologies have been developed [ 6 ], with 
two most common and practical strategies being to incorporate a 
bioadhesive polymer to the carrier [ 7 ] and to use permeation 
enhancers (e.g., a mucolytic agent of  N -acetyl- l -cysteine); 
however, the paraesthesia caused by bioadhesive leading to saliva 
supersecretion and thus vaccine loss and the undermined mucosa 
compromise the feasibility of either method [ 8 ]. Recently, research-
ers modifi ed  nanoparticles   with PEG as so-called mucus- penetrating 
particles (MPPs) for topical delivery of antibiotics in vagina and 
proved that MPPs improved vaginal drug distribution and retention 
over the vaginal epithelium compared to conventional particles 
[ 9 ]. But the enhanced uptake of agents into cells of interest can 
rarely be expected for such an MPP as PEG is a known barrier to 
the access by most kinds of cells [ 10 ]. 

 Recently, it has been reported that the mannose-PEG- 
cholesterol (MPC)/lipid A-liposomes (MLLs) can effi ciently 
deliver antigens to APCs forming an effective vaccine adjuvant-
delivery system (VADS) [ 11 ]. Furthermore, the multifunctional 
MLLs can be included in the microneedles of a biodegradable 
microneedle array, engendering the liposome-constituted 
microneedle arrays (LiposoMAs) which are rather stable and, when 
given to mice at oral cavity mucosa, can induce robust systemic and 
wide mucosal immunoresponses against the loaded antigens [ 12 ]. 
The LiposoMAs can eliminate several substantial obstacles con-
fronted by conventional mucosal vaccines or the  intradermal   
microneedle vaccines, e.g., the intradermal microneedle vaccines 
cannot induce extensive mucosal immunoresponses; the conven-
tional mucosal vaccines are ineffi cient in penetrating the mucus 
and underlying tight epithelium of mucosa leading to a large loss 
of the active ingredients when vaccines are gone with mucus fl uids 
or saliva. Thus, LiposoMAs are a promising mucosal VADS. In this 
chapter, we introduce the protocols that are involved in the prepa-
ration, characterization as well as mucosal inoculation of the 
LiposoMAs, and also the methods for testing the vaccination 
effi cacy are included.  

Ting Wang and Ning Wang
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2    Materials, Equipment, and Animals 

    Silicon wafers   are commercial products by Wafer World Inc. (Palm 
Beach County, FL, USA). The photoresist of AR-P 3540T is sup-
plied by Allresist GmbH (Strausberg, Germany). The PDMS pre-
polymer solution of SYLGARD 184 is the products by Dow Corning 
Corporation (Midland, MI, USA). Potassium hydroxide (KOH) is 
globally provided by Sigma-Aldrich (St. Louis, MO, USA). 

 A thin layer of SiO 2  on the surface of  silicon wafers   is formed 
by oxidation of the wafer in a Thermco1 Oxidation and Annealing 
Furnace (Thermco Instrument Corporation, La Porte, IN, USA). 

 The photoresist is dispersed into a thin layer covering the sili-
con wafer using a machine of Spin Coater WS-650-23B from 
Laurell Technologies Corporation (North Wales, PA, USA). 

 Photolithography patterning is carried out in a High Resolution 
Mask Alignment and Exposure System of ABM/6/350/NUV/
DCCD/BSIR/M (ABM Inc., Silicon Valley, CA, USA). 

 The reactive ion etching is carried out using BT-1 Industrial 
Plasma Processing System (Plasma Etch Inc., Carson City, NV, 
USA). The fi lm thickness is measured non-destructively using a 
Wyko NT1100 Optical Profi ling System (Veeco Instruments Inc., 
Plainview, NY, USA).  

   The materials and equipment for making multifunctional lipo-
somes are described in detail in a previous Chapter   42    . Briefl y, soy 
phosphatidylcholine (SPC, average MW: 775), monophosphoryl 
lipid A (LA, average MW: 1763), and stearylamine (SA) are pro-
vided by Avanti Polar Lipids, Inc. (Alabaster, USA). Model antigen 
ovalbumin (OVA) and the MA matrix materials of PVP k30  (Polyvinyl 
pyrrolidone with average MW of 40,000) and sucrose are commer-
cial products by Sigma-Aldrich (St. Louis, MO, USA). The conju-
gate of mannose-PEG-cholesterol (MPC) with average MW of 
1757 is synthesized according to a previous report [ 11 ].  

   HyClone RPMI 1640 medium and fetal calf serum (FCS) are pro-
vided by Thermo Fisher Scientifi c (Waltham, MA, USA). MTT 
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 
and TMB (3,3,5-tetramethylbenzidine) are commercial products by 
Sigma-Aldrich (St. Louis, MO, USA). The biological agents for 
assay of immunoglobulins and cytokines, such as IFN-γ and IL-4 
assay kits, goat anti-mouse IgG-horse radish peroxidase (HRP), 
IgG1-HRP, IgG2a-HRP, and IgA-HRP with sales package of 
200 μg per 0.5 mL, are commercial products by Santa Cruz 
Biotechnology, Inc. (Dallas, Texas, USA). PE-conjugated  anti- mouse 
CD8 +  mAb (monoclonal antibody)    and FITC-conjugated anti-
mouse CD4 +  mAb and other fl uorescently labeled immunological 
agents for assay are products by eBioscience (San Diego, USA).   

2.1  Materials 
and Equipment 
for Making 
Microneedle Array 
Inverse Molds 
(MAIMs)

2.2  Materials 
and Equipment 
for Making 
multifunctional 
liposomes

2.3  Materials 
and Equipment for Cell 
Culture 
and Immunological 
Assay

Multifunctional Liposome-Containing Microneedle Arrays as a Mucosal Vaccine Carrier
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3    Methods 

   The biodegradable microneedle arrays (MAs) as vaccine carriers 
are usually fabricated with the MA inverse molds (MAIMs) which 
are most commonly made of polydimethylsiloxane (PDMS) and 
created from the master molds, which are in fact the exact MA 
replicates and are made by microelectromechanical systems tech-
nology from different materials, such as silicon, titanium, stainless 
steel, glass, ceramics [ 13 ], and even purple sand [ 14 ]. Herein, a 
conventional process for making the MAIMs of PDMS as well as 
for fabricating the silicon master molds by photolithography and 
reactive ion etching (RIE) is introduced [ 15 ,  16 ]. Figure  1  shows 
the process fl owchart (top and side view) for fabrication of the 
MAIMs, while the concrete steps are described as follows.

     1.    Put the 8-mm side length (100)-oriented silicon square wafers 
in sample boats which are then transferred into the oxidation 
chamber of an oxidation furnace (Wafer World Inc., Palm 
Beach County, FL, USA).   

   2.    Close the door of the wafer-loaded oxidation furnace which is 
subsequently turned on in the thermal wet oxidation mode at 
900 °C for 10 h to grow an oxide (SiO 2 ) layer of 1 μm depth 
on the surface of each wafer (Fig.  1a ) ( see   Note 1 ).   

   3.    Fix the oxide-layered  silicon wafers   on the sample chuck of a 
spin coater.   

   4.    Deposit 100 μL of positive photoresist (AR-P 3540T) ( see   Note 2 ) 
at the center point of the upper surface of the silicon wafer using 
dynamic dispense at rotating rate of 500 rpm ( see   Note 3 ).   

   5.    Disperse the photoresist to a layer of 1.4-μm thickness to cover 
the upper surface of the silicon wafer (Fig.  1b ) at the rotating 
speed of 4000 rpm for 45 s with the acceleration/deceleration 
of 1000 rpm/s.   

   6.    Temper the photoresist on the wafers at 95 °C for 25 min in a 
convection oven, and then cool them to room temperature.   

   7.    Photolithographically pattern the photoresist fi lm with a 6 × 6 
array of square masks each measuring 800 μm in side length 
with 120 μm side-to-side spacing (Fig.  1c , only the fraction of 
3 × 3 is shown), and the conventional photolithography pro-
cess may be employed for patterning ( see   Note 4 ).   

   8.    Etch the SiO 2  that are not covered by photoresist by isotropic 
reactive ion etching (RIE) to form an identical pattern to that 
of the photoresist on each wafer in a reactive ion etcher using 
the common RIE condition (Fig.  1c ) ( see   Note 5 ).   

   9.    Immerse the patterned wafers in 29 % (g/mL) KOH solution 
of in a petri dish to anisotropically etch the silicon bulk at 
79 °C for about 300 min ( see   Note 6 ) when the octagonal 

3.1  Preparation 
of the Microneedle 
Array Inverse Molds 
(MAIMs)

Ting Wang and Ning Wang
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pyramids with a height of around 300 μm on each  silicon wafer   
are engendered, while the masks of photoresist and oxide are 
just detached from the tips. And the silicon microneedle arrays 
are thus obtained and can be used as the master molds (Fig.  1g ).   

   10.    Wash three times the master molds fi rstly with acetone and 
then with pure water to completely remove the photoresist and 
solvent residue, and then dry them a cabinet dryer.   

   11.    Fix the dry silicon master molds with microneedles upwards in 
the specially designed stainless steel cassettes (Fig.  1h ).   

   12.    Pour slowly an appropriate amount of the degassed Sylgard 
184 (PDMS prepolymer solution) to fully cover each of the 
silicon microneedle arrays fi xed in the cassette (Fig.  1h ).   

   13.    Cure thermally the prePDMS over the silicon master molds at 
120 °C for 60 min in the incubator, allowing the prepolymer 
to polymerize forming the PDMS ( see   Note 7 ).   

  Fig. 1    Process fl owchart showing the basic steps in the fabrication of the 
microneedle and its support chip (The  fi rst row  is top views of a, b, and c, others 
are side views)       

 

Multifunctional Liposome-Containing Microneedle Arrays as a Mucosal Vaccine Carrier
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   14.    Peel off the PDMS structures from the master molds after they are 
cooled to room temperature, and thus the microneedle array 
inverse molds (MAIMs) made of PDMS are obtained (Fig.  1i ).    

     The antigen-loaded multifunctional liposomes, such as those deco-
rated with mannose derivative and lipid A, may be prepared by the 
procedure of  emulsifi cation  -lyophilization (PEL) ( see  previous 
Chapter 42), and characterized according to refs.  11 ,  17 – 20 . The 
microneedle arrays, which contain the antigen-loaded multifunc-
tional liposomes in microneedles projecting from the base sub-
strate, can be prepared by fi rstly fi lling the aqueous suspension of 
vaccine ingredients into the microholes of a MAIM and then dry-
ing to remove water. The whole process should be performed 
under aseptic conditions [ 12 ].

    1.    Pipette an appropriate volume (no more than that of the 
micro-tank of the MAIM) of the aqueous suspension of lipo-
somes into the micro-tank above the micro-holes of the 
MAIMs.   

   2.    Transfer the liposome-loaded MAIMs onto the sample shelf of 
a nitrogen-fi lled vacuum desiccator which contains anhydrous 
CaCl 2  and has a three-way valve connected to a vacuum pump 
and nitrogen gas source.   

   3.    Lock the gas inlet valve of the desiccator and open the pump- 
connected valve.   

   4.    Turn on the vacuum pump to pump out the gas in the desicca-
tor until the bubbles in the microholes blast out.   

   5.    Lock the pump-connected valve and turn off the pump.   
   6.    Open the gas inlet valve to fi ll the desiccator with nitrogen gas 

until the vacuum is balanced.   
   7.    Lock the gas inlet valve of the desiccator and disconnect the 

valve with the inert gas source.   
   8.    Switch off the valve and open the desiccator.   
   9.    Take out the MAIMs and collect the redundancy of liposome 

suspensions with a pepette for recycling use.   
   10.    Pipette an appropriate volume (equal to the micro-tank of the 

MAIM) of aqueous solution of 10 % (w/v) sucrose and 20 % 
(w/v) PVPk 30  to fi ll the tank of the MAIM.   

   11.    Put the vaccine-loaded MAIMs back into the desiccator and 
seal the desiccator fi lled with nitrogen gas.   

   12.    Put the sample containing desiccator in dark for 6 h to remove 
80 % of the total water in the sample (see note usually about 
6–10 h).   

   13.    Peel off carefully the microneedle arrays (LiposoMAs) from 
the MAIMs and put them in a dish fi lled with nitrogen gas, 
covered.   

3.2  Preparation 
of the Multifunctional 
Liposome-Constituted 
Microneedle Arrays 
(LiposoMAs)
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   14.    Put the LiposoMA-containing dish back into the desiccator for 
another 24 h to remove most water.   

   15.    Seal the LiposoMA-containing dish and store it in the dark at 
4 °C.    

     The size, such as height, width, or diameter of individual micronee-
dles can be estimated using a stereomicroscope (Leica or Zeiss) 
equipped with calibrated scales. Otherwise, these parameters can 
be calculated in a fl uorescence microscope [ 12 ]. 

   Since the LiposoMAs are designed for vaccination of mammals via 
oral cavity mucosa, the microneedles of LiposoMAs should be hard 
enough to pierce the upper layer of stratifi ed squamous epithelia and 
can penetrate the oral mucosa. The porcine skin is used to test the 
hardness of microneedles since it is usually tougher than the skin of 
other mammals and much tougher than mucosal tissues [ 21 ].

    1.    Cut the depilated porcine ear skin into rectangle pieces with a 
size of no less than twofold length and width of the LiposoMAs.   

   2.    Patch quickly a LiposoMA onto the skin in a dish with a force 
of approximately 5 N, and then remove it immediately.   

   3.    Stain the inserted area of skin with trypan blue for 5 min.   
   4.    Remove completely the stain solution on the skin surface and 

swabbed three times with PBS (pH 7.4).   
   5.    Take the pictures of the inserted skin using a digital camera 

(Canon, Japan).    

         1.    Dip the microneedles of a LiposoMA into PBS (pH 7.4) and 
immediately take it out.   

   2.    Measure and snapshot in real time the remaining length of 
microneedles using a stereomicroscope until the microneedles 
vanish (usually within 1 min).   

   3.    Plot the length (μm) of the remaining microneedles versus 
time (s) in a horizontal–vertical ( x – y ) coordinate.       

   The experimental animals, such as mice, rats, rabbits, and dogs, 
can be used as a vaccination model. Since a LiposoMA has usually 
a size of more than 0.5 × 0.5 × 0.25 cm 3 , the larger an oral cavity 
the  animal model   has, the easier the immunization with the vaccine 
via oral mucosa will be. Thus, rabbits and dogs are preferred vac-
cination models. However, mice are here used as the model for 
description of the vaccination protocol. And other protocols 
described in the following are all based on mouse model. When the 
prepared LiposoMAs to be administered have a dimensional size 
much larger than that of the oral cavity of the  animal model  , such 

3.3  Characterization 
of the Multifunctional 
Liposome-Constituted 
Microneedle Arrays 
(LiposoMAs)

3.3.1  Test of Penetration 
Ability of LiposoMAs

3.3.2  Dissolution 
Kinetics Analysis 
of LiposoMA

3.4  Immunization 
with LiposoMA 
Vaccine at Oral Cavity 
Mucosa
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as a mouse, the LiposoMA can be cut into smaller pieces to give 
one by one at oral mucosa [ 12 ].

    1.    Restrain the unanesthetized mouse in a mouse fastener with its 
head out but fi xed in position.   

   2.    Open completely the animal mouth using an appropriate appa-
ratus, such as a pair of hemostatic forceps, to expose fully its 
oral cavity to the outside.   

   3.    Carefully nip the opposite sides of a LiposoMA basement 
between the tips of tweezers with microneedles forwards.   

   4.    Patch the LiposoMA rapidly onto either one site of the vestibule 
mucosa surfaces ( see   Note 8 ) or the surfaces of tongue.   

   5.    Keep the mouse mouth tightly closed for more than 30 s.   
   6.    Release the mouse into the cage other than the one where the 

unvaccinated mice constrained.   
   7.    Repeat  steps 1 – 6  to vaccinate other mice.    

       Collection of blood from treated mice is necessary to obtain the data 
on a wide range of parameters, such as immunoglobulins, interferons, 
interleukins, and other cytokines, to evaluate humoral and cellular 
 immune responses   to vaccines. Usually, for a mouse with a body-
weight of 30 g, on a single occasion the nonterminal blood collection, 
followed by immediate fl uid replacement, results in about 0.5 mL 
blood, and the collection may be repeated after 3–4 weeks ( see   Note 9 ). 
In general, blood sample is withdrawn from venous, arterial blood 
vessels or heart chambers. Due to the requirement of repeated collec-
tion and a relatively large volume for each collection, the procedure 
for orbital sinus blood sample collection is described here [ 22 ].

    1.    Anesthetize mice by i.p. injection of 600 μg/mL sodium 
pentobarbital in saline at the dose of 60 μg/g bodyweight.   

   2.    Seize mouse by the scruff with thumb and forefi nger of the 
nondominant hand and pull taut the skin around the eye 
( see   Note 10 ).   

   3.    Insert a capillary into the medial canthus of the eye (30° angle to 
the nose) to puncture the tissue and enter the plexus/sinus.   

   4.    Once blood comes through the capillary, collect the required 
volume of blood in a tube.   

   5.    Gently remove the capillary tube and wipe the eye with sterile 
cotton, applying gentle fi nger pressure to stop bleeding.   

   6.    Allow the blood to stand at room temperature for 20 min and 
then centrifuge for 10 min at 10,000 ×  g .   

   7.    Collect the supernatant serum in a tube and store it at −20 °C 
until further assay.    

3.5  Effi cacy Assay 
for Oral Mucosal 
Vaccination 
of LiposoMAs

3.5.1  Blood Collection
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     The advantages of immunization of LiposoMAs via oral cavity 
mucosa over via the skin include several aspects as follows [ 12 ]. It can 
be more effective in inducing extensive, especially mucosal, immu-
noresponses against antigenic substances; it is convenient and has 
good compliance and needs no specially trained medical personnel; 
it remarkably lowers the standards of hardness for microneedles and 
will greatly widen the scope of materials and methods that can be 
used for producing biodegradable microneedle vaccines; also, it can 
signifi cantly enhance immunization effi ciency due to insertion of 
vaccines into the epithelia of mucosa and, thus, no ingredient loss 
with saliva and swallow. Samples of blood, saliva, vaginal and intes-
tinal fl ush should be collected 3 weeks after fi nal immunization in 
treated mammals. For sample collection, the treated mice are 
deprived of food, but not water, overnight and anesthetized by 
i.p. injection of chloral hydrate.  

   Saliva is the most commonly used fl uid for measurements of 
humoral mucosal responses in mice and is often collected from mice 
after they receive chemical stimulants, such as carbachol (carbamyl 
choline chloride) and pilocarpine-HCl (Sigma). Carbachol (acetyl-
choline agonist) can rapidly initiate a great, but short-lived, increase 
in saliva fl ow and thus facilitates an easy and quick collection of 
saliva without the anesthetization of mice [ 23 ].

    1.    Give each mouse by i.p. injection 10 μg/mL carbachol or 
0.5 mg/mL pilocarpine in PBS at the doses of 0.1 or 5 μg/g 
bodyweight, respectively ( see   Note 11 ). And then manually 
restrain the unanesthetized mouse with its head unmovable.   

   2.    When mice drool ( see   Note 12 ), quickly aspirate the resulting 
saliva with pipette (avoiding any gingival damage), and rapidly 
pipet it into a 0.5-mL tube placed on ice ( see   Note 13 ).   

   3.    Centrifuged the collected saliva at 800 ×  g  for 5 min to remove 
potential bacteria and particles.   

   4.    Transfer the supernatant to properly labeled tubes add 1 μL of 
100 × protease inhibitor cocktail (Sigma) per 100 μL sample.   

   5.    Store the saliva-containing vials at −20 °C until further assay.    

     Genital secretions are also used to evaluate the humoral  immune 
responses   not only to local immunizations but also to the vaccina-
tions at other mucosal sites. Although vaginal secretions are very easy 
to collect, the amount of recovered sample is rather small. Collection 
of female genital tract secretions can be performed by vaginal lavage 
or by use of fi lter wicks. The lavage technique is rather simple and 
involves only the rinsing of the vaginal cavity with saline or PBS [ 24 ].

    1.    Restrain by hand the unanesthetized mouse with caudal end 
upwards.   

   2.    Gently inject 100 μL of saline or PBS into the mouse vagina 
with a pipette and aspire-release fi ve times.   

3.5.2  Collection 
of External Secretions

3.5.3  Collection of Saliva

3.5.4  Collection 
of Genital Secretions
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   3.    Pipette the recovered fl uid (about 80 μL) into a 0.5-mL test tube.   
   4.    Repeat  steps 2  and  3  to collect about 180 μL of vaginal fl ush 

( see   Note 14 ).   
   5.    Add 2 μL of a 100× protease inhibitor cocktail and centrifuge 

the lavage at 800 ×  g  for 5 min and at 4 °C.   
   6.    Collect the supernatant and store at −80 °C until further assay.    

      Nasal and bronchoalveolar lung (BAL) secretions can only, in 
practice, be collected in postmortem mice, and thus sequential 
collection of the secretions is not feasible [ 24 ].

    1.    Euthanize mice by i.p. injection of an overdose of pentobarbital 
(e.g., 0.1 mg/g bodyweight).   

   2.    Place the mouse on its back, expand the legs outwards, and 
immobilize them with pins. Make an incision from the chest 
to the maxilla and strip the skin. Make a midline incision over 
the anterior aspect of the trachea slightly superior to the tho-
racic inlet.   

   3.    Clamp trachea off at the level of thoracic inlet.   
   4.    Insert a blunt animal-feeding needle attached to a 1-mL 

syringe into the tracheal lumen and secure it in place with sur-
gical thread.   

   5.    Carefully inject 500 μL of PBS into the lung through tracheal 
lumen and then aspirate the fl uid. Repeat this procedure fi ve 
times.   

   6.    Aspirate the lavage into a 1-mL tube and centrifuge at 800 ×  g  
for 5 min at 4 °C to pellet the cells and contaminating 
bacteria.   

   7.    Collect the supernatant, add 5 μL of a 100× protease inhibitor 
cocktail, and then freeze at −80 °C until assay.    

         1.    Place the mouse on its back with the head inclined and the 
nose above a 0.5-mL tube.   

   2.    Insert a blunt feeding needle attached to a syringe into the 
cephalic tracheal lumen, and slowly inject 200 μL PBS, which will 
drip through the nose into the collection tube and be re- injected 
and collected twice ( see   Note 15 ).   

   3.    Centrifuge the lavage at 800 ×  g  for 5 min at 4 °C.   
   4.    Collect the supernatant, add 5 μL of a 100× protease inhibitor 

cocktail, and then freeze at −80 °C until assay.      

   Intestinal secretions are important samples for testing  immune 
responses   against mucosally administered vaccine and are usually 
obtained from mice by intestinal lavage and extraction of fecal samples 
( see   Note 16 ). 

3.5.5  Collection 
of Bronchoalveolar Lung 
Secretions

3.5.6  Collection of Nasal 
Secretions

3.5.7  Intestinal 
Secretions
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   Mouse intestinal fl ushes are usually performed at the termination 
of experiments and can be obtained as follows.

    1.    Euthanize the mouse that has been fasted overnight by i.p. 
injection of pentobarbital with an over dose of 0.1 mg/g 
bodyweight.   

   2.    Open the abdomen of the euthanized mouse.   
   3.    Excise the small intestine at the pylorus and cecum and place it 

into a 60-mm diameter petri dish.   
   4.    Cut the intestine in two approximately equal segments.   
   5.    Flush each intestine segment twice as follows. Gently inject 

250 μL of PBS with 2.5 μL of 100× protease inhibitors cocktail 
through each section with a pipette and collect the fl ush into a 
1-mL microcentrifuge vial.   

   6.    Vortex vigorously the intestinal fl ush-containing vial for 3 min, 
and then centrifuge at 16,000 ×  g  at 4 °C for 20 min to remove 
the solid materials.   

   7.    Collect the supernatant, and store at −80 °C until further assay.      

   The fecal sample for obtaining intestinal secretions is painless to 
mice and relatively easy to perform [ 25 ].

    1.    Place each mouse in a separate cage for up to 30 min and col-
lect feces free of urine.   

   2.    Take 0.2 g of the collected feces pellets in a 2-mL centrifuge 
tube.   

   3.    Add into the sample tube 1 mL of PBS-0.01 % sodium azide 
with 1 % (v/v) 100× protease inhibitor cocktail (Sigma) and 
1 % (w/v) BSA (bovine serum albumin).   

   4.    Place the tubes on a platform head and vortex them for 20 min 
to suspend all materials.   

   5.    Filtrate the suspension with 300-mesh strainer (with pore size 
of 50 μm).   

   6.    Collect the fi ltrate and centrifuge at 16,000 ×  g  at 4 °C for 
20 min to remove the solids.   

   7.    Freeze the supernatant at −80 °C until further assay.    

      While proliferation profi le of the immune cells from treated mice 
indicates the level of the  immune responses   to a vaccine, the cell 
types and their fractions in lymphoid tissues, such as spleen, lymph 
nodes, and thymus, show the pathways along which the immune 
responses elicited by a vaccine have progressed and developed. 
Therefore, isolation and assay of immune cells from lymphoid tis-
sues are necessary for evaluation of the vaccine effi cacy. Here isola-
tion of splenocytes from mouse spleen is described, and the cells 
from other lymphoid tissues can be isolated likewise. Commonly, 

 Intestinal Flushes

 Fecal Samples

3.5.8  Isolation 
of Splenocytes 
from Mouse Spleen
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cell isolation should be performed with aseptic manipulation in a 
sterile cabinet or under a sterile condition.

    1.    Place a cell strainer (200-mesh with pore size of 70 μm) in the 
petri dish.   

   2.    Isolation of the spleen from the abdomen-anatomically- opened 
mouse that has been euthanized ( see  above Subheading  3.5.5 ), 
transfer the spleen and 2 mL PBS directly into the cell strainer.   

   3.    Grind the spleen with the plunger of a 2-mL syringe by using 
grinding circular movements to release the splenocytes into 
the petri dish ( see   Note 17 ).   

   4.    Periodically, draw up liquid from outside the strainer with a 
pipette, and wash out the cells from within the strainer. 
Continue to mash the spleen until all that remains is the white 
connective tissue of the outer membrane.   

   5.    Transfer the homogenized cell suspension into a 5-mL tube. 
Wash out the petri dish with 1 mL PBS twice to maximize 
recovery of splenocytes.   

   6.    Centrifuge at 800 ×  g  for 5 min at room temperature and dis-
card the supernatant by decanting ( see   Note 18 ).   

   7.    Resuspend fully the cell pellet in 1 mL red cell lysing solution 
and leave for just 2 min at room temperature.   

   8.    Dilute immediately the cell suspension with 4 mL PBS, and 
centrifuge at 800 × g for 5 min.   

   9.    Discard the supernatant and resuspend the cells completely in 
a full volume of PBS. Pellet by centrifuge and wash twice with 
PBS.   

   10.    Resuspend cells in desired medium (e.g., RPMI-1640) to a 
fi nal known volume.   

   11.    Count live cells using a hemacytometer under light microscope 
( see   Note 19 ).    

     When lymphocytes from lymphoid nodes are isolated for culture, 
aseptic conditions should be maintained throughout the proce-
dures [ 25 ].

    1.    Anesthetize or euthanize the mouse.   
   2.    Put the mouse on its side and localize the region of the super-

fi cial lymph node (e.g., inguinal or brachial lymphoid node) to 
be harvested.   

   3.    Apply chlorhexidine, or another disinfectant, to that region.   
   4.    Make a tiny incision (about 5 mm) with scissors on the skin 

over the lymph node.   
   5.    Stretch the incision with 2 forceps and fi nd the lymph node, 

which may appear grayish or darker than the surrounding fat.   

3.5.9  Isolation 
of Superfi cial 
Lymphoid nodes
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   6.    Pinch the fascia (thin membrane covering the fat and tissue) on 
top of the lymph node with one forceps and pull lightly with-
out breaking the surrounding tissue.   

   7.    Clamp the second forceps underneath the lymph node. Break 
the fascia with the fi rst forceps and remove the lymph node.   

   8.    Place the lymph node in a 5- or 10-mL tube containing iso-
tonic solution. The lymph node should sink to the bottom of 
the tube, and this simple test validate that a lymph node but 
not fat tissue has been extracted.    

  The obtained lymph nodes can be further subjected lymphocytes 
isolation or histological section for immunological assay.  

   The antigen-specifi c antibodies produced in treated mice can be 
assayed using the conventional indirect  ELISA   method in a 
microplate reader (μQuant™, BioTek Instruments, Inc., Vermont, 
USA) [ 22 ]. The cell proliferation can be tested by MTT method. 
The cell types and their fractions can be quantitatively assayed by 
 fl ow cytometry   and, otherwise, can be qualitatively assayed using 
a fl uorescence microscope or a confocal laser scanning micro-
scope [ 25 ].    

4    Notes 

     1.    In wet thermal oxidation, the oxygen is led through a bubbler 
vessel fi lled with heated water (about 95 °C), so that in addi-
tion to oxygen water is present in the quartz tube as steam. 
The oxidation is given by: Si + 2H 2 O → SiO 2  + 2H 2 . This pro-
cess is done at 900–1000 °C. The growth rate of wet oxidation 
of silicon is about 100 nm per hour.   

   2.    Positive photoresists as produced by Allresist, e.g., ARP 3100, 
3200, 3540, are composed of a combination of fi lm forming 
agents such as for example cresol novolak resins and light sen-
sitive components such as for example naphthoquinone dia-
zide, which are dissolved in solvents such as for example 
methoxy propyl acetate (equivalent to PGMEA). The addition 
of the light sensitive component to the alkali soluble novolak 
leads to a reduced alkali solubility. After exposure at 308–
450 nm (UV range) using an exposure mask, the light sensitive 
component is converted into the respective indene carbonic 
acid derivative which enhances the alkali solubility of positive 
resists by a factor of 100. After development, only those areas 
which are protected by the mask remain, while exposed areas 
are detached. The refractive index of novolac based resists is in 
a range of 1.60. After development, only areas protected by 
the mask remain while the exposed areas are dissolved. 

3.5.10  Immunological 
Assays
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Photoresists provide an excellent protection against etch media 
with pH values between 0 and 13.   

   3.    The unexposed photoresist should be handled under yellow 
safe light.   

   4.    A conventional photolithography process for the patterning is 
as follows: (1) Expose the photoresist fi lm with the UV light at 
365 nm for 35 s (the exposure dose of 120 mJ/cm 2 ) using an 
ABM lithography machine; (2) Pipette 50 μL of the developer 
AR300-40 over the photoresist for puddle development for 
60 s at 22 °C; (3) Rinse the wafers immediately after develop-
ment with deionized water for 60 s to completely remove all 
residual developer; (4) Dry the wafers at 115 °C for 25 min in 
a convection oven.   

   5.    The common RIE condition is as follows: the pressure of 
2.8 Torr, the CF 4 , He, and CHF 3  gas fl ow of 90, 170, and 30 
SCCM (standard cubic centimeter per minute) respectively, 
gas spacing of 1.35 cm, RIE interval of 30 s, power of 900 W.   

   6.    Silicon microneedles are fabricated using 29 % potassium 
hydroxide (KOH) at a temperature of 79 °C [ 15 ]. The etch rate 
in [100] direction was 0.9 (±0.02) μm/min. The process starts 
with the formation of {111}-silicon crystal planes. After a certain 
etch depth, {111}-crystal planes are etched away by faster etch-
ing planes (etch rate >2 μm/min), with an octagon at the base. 
The needle shape is formed when the eight high index crystal 
planes, revealed as {312} planes, come together on top of the 
frustum generating a sharp needle tip. At this stage, the remain-
ing mask will become detached. The aspect ratio of needle 
height to bottom diameter of high index crystal planes is 3:2.   

   7.    SYLGARD 184 is used with 10:1 mixing ratio of base to curing 
agent.   

   8.    The vestibule mucosa surfaces include the interior surfaces of 
lips and cheeks.   

   9.    The estimated blood volume in adult animals is 0.55–
0.70 mL/10 g body weight. All nonterminal blood collection 
without replacement of fl uids is limited up to 10 % of total 
circulating blood volume in healthy, normal, adult animals on 
a single occasion and collection may be repeated after 
3–4 weeks. If blood collection volume exceeds more than 10 % 
of total blood volume, fl uid replacement may be required. 
Lactated Ringer’s solution (LRS) is recommended as the best 
fl uid replacement by National Institutes of Health (NIH). If 
the volume of blood collection exceeds more than 30 % of the 
total circulatory blood volume, adequate care should be taken 
so that the animal does not suffer from hypovolemia.   

   10.    Even a minor mistake will cause damage to the eyes, and two 
weeks should be allowed between two bleedings. Adverse 

Ting Wang and Ning Wang



665

effects reported from this method are around 1–2 % which 
includes hematoma, corneal ulceration, keratitis, pannus for-
mation, rupture of the globe, damage of the optic nerve and 
other intraorbital structures, and necrotic dacryoadenitis of the 
harderian gland.   

   11.    For a mouse with a bodyweight of 20 g, the injection volume is 
0.2 mL of 10 μg/mL carbachol or 0.5 mg/mL pilocarpine in PBS.   

   12.    After receiving carbachol or pilocarpine, usually mice will drool 
in less than 1 min.   

   13.    Usually, up to 500 μL of saliva can be obtained from one 
mouse in 10 min. However, under most cases it is diffi cult to 
pool more than 200 μL of saliva secretion in one mouse, and if 
necessary, collection of saliva from several mice in the same 
group gives one sample for immunological assay.   

   14.    To obtain a larger sample of genital secretions, repeating the 
same procedure 6 h later is suggested.   

   15.    To avoid contamination with saliva, remove the mandible and 
gently fl ush the nasal cavity from the posterior opening of the 
nose with ~200 μL of PBS and collect nasal washes from the 
anterior openings of the nose. Care must be taken to avoid 
contamination of the nasal lavages with blood.   

   16.    If results are to be accurate, collected intestinal samples must 
be processed and stored properly. The addition of protease 
inhibitors is essential for measurement of total- and Ag- specifi c 
antibodies, and freeze-drying is recommended for samples 
stored longer than 6 months. Alternatively, air dried samples 
proved adequate for antibody measurement and have the 
advantage of not requiring refrigeration.   

   17.    If desired, score the outer membrane of the spleen with a clean 
scalpel before mashing it, but take care to avoid cutting 
through the strainer mesh.   

   18.    The resulting cell pellet should be red in color. The superna-
tant may appear cloudy, due to smaller particles that cannot be 
centrifuged at this setting.   

   19.    If proceeding straight to staining for  fl ow cytometry  , distribute 
the cells equally between sample tubes. Otherwise, resuspend 
the cells in a few milliliters of wash buffer and use the same day.             
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    Chapter 43   

 Preparation and Characterization of PLGA Encapsulated 
Protective Antigen Domain 4 Nanoformulation                     

     Manish     Manish    ,     Rakesh     Bhatnagar    , and     Samer     Singh      

1        Introduction 

  PLGA   based  nanoparticle vaccine   formulations have been exten-
sively explored for the controlled antigen release and achieve single 
dose immunization schedule [ 1 – 4 ]. However, the major challenges 
encountered in such endeavors are the exposure of antigen to 
aqueous/organic phase interface during particle  formulation   pro-
cess and the acidic pH environment arising as a result of the PLGA 
degradation that can alter the native conformation of antigen and 
consequently affect the quality of immune response [ 5 – 7 ]. Hence, 
the search for an immunogenic moiety which can maintain the 
native structure even in such harsh environments remains a major 
challenge for designing an effective PLGA based vaccine. 

 Protective antigen (PA) of   Bacillus anthracis    is a dominant 
antigen that elicits protective immunity. The recombinant protec-
tive antigen (PA) domain 4 (PAD4) molecule has been shown to 
maintain its native structural conformation at acidic conditions [ 8 ]. 
The crystal structure of PAD4 alone (pdb id: 3INO) shows confor-
mation similar to that of domain 4 in native PA molecule (pdb id: 
1ACC). Domain 4 of the PA molecule (PAD4) is responsible for 
the binding of PA molecule with the host anthrax toxin receptors—
 tumor endothelial marker   8 (TEM-8) and capillary morphogenesis 
gene 2 (CMG-2) [ 9 ]. Furthermore, PAD4 has been extensively 
studied as a potential vaccine candidate against  anthrax   [ 10 ]. 

 We evaluated the  recombinant PAD4   for the suitability in 
PLGA based nanoformulation and assessed the enhancement in 
 protective immune response   generated by this PLGA encapsu-
lated PAD4 nanoformulation (PAD4-NP) [ 11 ]. The recombinant 
PAD4 was purifi ed from PAD4 expressing   Escherichia coli    cell 
using Ni-NTA affi nity chromatography and employing urea 
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denaturation lysis followed by on-column renaturation. Water/
oil/water (w/o/w)  solvent evaporation method was employed for 
the preparation of PAD4-NP (Fig.  1 ). W/o/w solvent evaporation 
method is a widely used method for ease of preparation without 
the need of high end equipment. In this method, a prospective 
antigen is fi rst dissolved in aqueous environment or phase making 
it suitable for encapsulation of proteins. This aqueous phase consti-
tutes “internal aqueous phase” in the fi nal  formulation  . It is dis-
persed in a PLGA polymer containing “organic phase” followed by 
the dispersion of this PLGA (organic phase) encapsulated protein 
antigen containing aqueous internal phase in another aqueous 
phase termed as “external aqueous phase” that normally contains a 
surfactant such as poly vinyl alcohol (PVA). Later, the evaporation 
of volatile organic solvent employed as organic phase is effected 
causing the hardening of PLGA matrices (hence the term “solvent 
evaporation”). This method has been extensively studied by vari-
ous investigators, hence the formulation parameters which can 
infl uence the particle characteristics are known in greater detail 
[ 12 ,  13 ]. However, inability to precisely control batch to batch 
variation in the properties of nanoparticles produced along with 

  Fig. 1    A schematic diagram of w/o/w solvent evaporation method showing steps employed for the  formulation   
of recombinant protective antigen domain 4 nanoparticles (PAD4-NP)       
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their broader size distribution, are few major drawbacks of this 
method as compared to other methods [ 14 ].

   Recombinant proteins frequently aggregate/precipitate at 
higher concentrations such as 10 mg/ml; however, PAD4 remains 
soluble at higher concentrations [ 15 ]. This increased solubility of 
PAD4 combined with its  stability   at low pH conditions enabled us 
to design a  PLGA based nanoparticle   formulation against anthrax. 
Immunization effi cacy of PLGA based vaccine  formulation   primar-
ily depends on the size and the lactide–glycolide composition [ 1 ]. 
These properties can infl uence the antigen release and phagocyto-
sis. However, there is a complex relationship between the particle 
size, polymer composition, antigen release, and eventually  immu-
nogenicity  . Antigen release kinetics cannot be accurately predicted 
with polymer composition and even by knowing antigen release 
kinetics we still cannot accurately predict the  immune response  . As 
of yet our understanding is not clear in these intriguing concepts. 
The only way to design these kinds of vaccines is by performing 
properly controlled experiments involving recombinant purifi ed 
protein, PLGA particle  formulation  , studying particle characteris-
tics, and evaluation of the immunization potential of such nanofor-
mulations encapsulating potential antigens in  animal models  . In 
this chapter we touch on these methodological aspects of PLGA 
based vaccine  design  .  

2    Materials 

       1.    Recombinant PAD4 expression plasmid construct: The con-
struct used in the current work has been described in detail  by 
  Gorantala et al. [ 16 ]. Briefl y, it has a gene encoding for PAD4 
with extra six histidine residues at the amino terminus as an 
affi nity purifi cation tag, cloned under isopropyl β- D -1- 
thiogalactopyranoside (IPTG) inducible promoter in pET-28a 
expression vector. This vector system has kanamycin as an anti-
biotic selection marker.   

   2.    Kanamycin stock solution: Prepare 50 mg/ml stock solution 
in double distilled water and sterilize by fi ltration through 
0.22 μm fi lter. Store it at −20 °C. Use 1 ml of this stock solu-
tion for 1 L of Luria–Bertani (LB) broth.   

   3.    LB culture medium: Dissolve 25 g of LB powder (Difco 
Laboratories, Becton Dickinson, USA) in 1 L double distilled 
water. Sterilize the media by autoclaving at 121 °C and 15 lb/
sq in pressure for 20 min.   

   4.    Ni-NTA resin: Use 4 ml of Ni-NTA solution (G-Bioscience 
Inc.) or 2 ml of Ni-NTA slurry for isolating and purifying 
recombinant PAD4 from bacterial culture obtained from 1 L 
of shake fl ask culture. The Ni-NTA resin is supplied as 50 % 

2.1   Materials 
Required 
for Recombinant PAD4 
Purifi cation

Preparation and Characterization of PLGA-PAD4 Nanoformulation
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slurry in 20 % ethanol. Transfer the slurry in propylene column 
and equilibrate with lysis buffer (see below) before use.   

   5.    1 M isopropyl β- D -1-thiogalactopyranoside (IPTG): Dissolve 
238 mg of IPTG (MP Biomedicals Inc.) in 1 ml of deionized 
water. Filter-sterilize it and store at −20 °C. Use 1 ml of 1 M 
IPTG solution to induce 1 L of  E.    coli    culture.   

   6.    Denaturing lysis buffer: Prepare the 1 M stock solution of 
NaH 2 PO 4 , 1 M stock solution of Na 2 HPO 4  and 5 M stock 
solution of NaCl and sterilize the solutions by autoclaving at 
121 °C and 15 lb/sq in pressure for 20 min. Mix 68.4 ml of 
1 M stock solution of Na 2 HPO 4 , 31. 6 ml of 1 M stock solu-
tion of NaH 2 PO 4 , 60 ml of 5 M NaCl, and 480 g of urea and 
make up the fi nal volume to 1 L by adding sterile deionized 
water to prepare the “lysis buffer” containing 8 M urea, 0.1 M 
phosphate buffer, 300 mM NaCl, pH 7.2. Keep the lysis buffer 
solution at room temperature and always prepare fresh just 
before use.   

   7.    Renaturation buffers: Prepare step gradient of urea from 8 M 
to 0 M (i.e., 8, 7, 6, 5, 4, 3, 2, 1, 0 M urea) in 0.1 M phosphate 
buffer, 300 mM NaCl, pH 7.2. The composition of 8 M urea 
renaturation buffer is same as the “lysis buffer” described 
above. To prepare it follow the procedure described above. 
The 0 M renaturation buffer (0.1 M phosphate buffer, 300 mM 
NaCl, pH 7.2) is prepared by omitting Urea in the lysis buffer 
(i.e., 68.4 ml of 1 M stock solution of Na 2 HPO 4  + 31.6 ml of 
1 M stock solution of NaH 2 PO 4  + 60 ml of 5 M NaCl and 
make up the fi nal volume to 1 L by adding sterile deionized 
water). The renaturation buffer step gradients are now pre-
pared by proportionately mixing the 8 M and 0 M renatur-
ation buffers (e.g., to prepare 16 ml of 7 M renaturation buffer 
mix 14 ml of 8 M renaturation buffer and 2 ml of 0 M renatur-
ation buffer).   

   8.    Wash buffers: A (50 mM imidazole, 300 mM NaCl, 0.1 M 
phosphate buffer, pH 7.4) and B (100 mM imidazole, 300 mM 
NaCl, 0.1 M phosphate buffer, pH 7.4). Wash buffer A pre-
pared by mixing 77.4 ml of 1 M stock solution of Na 2 HPO 4 , 
22.6 ml of 1 M stock solution of NaH 2 PO 4 , 60 ml of 5 M 
NaCl, and 3.4 g of imidazole and the fi nal volume is made up 
to 1 L. Wash buffer B prepared by mixing 77.4 ml 1 M stock 
solution of Na 2 HPO 4 , 22.6 ml of 1 M stock solution of 
NaH 2 PO 4 , 60 ml of 5 M NaCl, and 6.8 g of imidazole and 
making up the fi nal volume to 1 L.   

   9.    Elution buffer (300 mM imidazole, 300 mM NaCl, 0.1 M 
phosphate buffer, pH 7.4): It is prepared by mixing 77.4 ml of 
1 M stock solution of Na 2 HPO 4 , 22.6 ml of 1 M stock solution 
of NaH 2 PO 4 , 60 ml of 5 M NaCl, and 20.4 g of imidazole and 
making up the fi nal volume to 1 L.       
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       1.    PLGA (Sigma-Aldrich Inc.): lactide–glycolide ratio 52:48, 
inherent viscosity = 0.61 dL/g, end groups deactivated with 
lauryl alcohol ( see   Note 1 ).   

   2.    Polyvinyl alcohol (PVA, 87–89 % hydrolyzed, average molecu-
lar weight 31,000–50,000, Sigma-Aldrich Inc.): Prepare 
1 % w/v PVA in sterile deionized water to use as external aque-
ous phase. To dissolve the PVA, boil the water and immedi-
ately add PVA with vigorous stirring. Cover the beaker with 
aluminum foil. After 10 min slow down the stirrer and con-
tinue the slow stirring for 2 h.   

   3.    Dichloromethane (DCM): Biotech grade 99.9 % pure in sure/
seal glass bottles (Sigma-Aldrich Inc.).      

       1.    Acetonitrile (CHROMASOLV ®  gradient grade, for HPLC, 
≥99.9 %, Sigma-Aldrich Inc.)   

   2.    Sodium dodecyl sulfate (SDS, USB Corporation): Prepare 
1 % w/v SDS solution in sterile deionized water. Store this 
solution at room temperature.   

   3.    Micro BCA Protein Assay Kit (Thermo Fisher Scientifi c Inc.): 
For the determination of encapsulation effi ciency, prepare the 
protein concentration standards in 1 % SDS while for the 
in vitro release studies, protein concentration standards should 
be made in PBS. Use bovine serum albumin (BSA) or any 
other suitable protein to make protein concentration 
standards.      

       1.    HRP conjugated goat anti-mouse IgG (Santa Cruz Biotechnology): 
Prepare the 1:10,000 dilution of HRP conjugated goat anti-
mouse IgG using phosphate buffered saline (PBS), pH 7.4.   

   2.    TMB substrate reagent set kit (BD OptEIA™ . , BD Biosciences): 
The kit is kept at 4 °C. Allow the solution to reach room tem-
perature before use. Mix equal volumes of solution A and B 
just before use.       

3    Method 

       1.    Grow PAD4 expression plasmid transformed  E.    coli    cells in LB 
medium supplemented with 50 μg/ml kanamycin at 37 °C 
with shaking/aeration (200 rpm, incubator shaker) to absor-
bance of 0.8 at 600 nm.   

   2.    Induce the bacterial cells with 1 mM isopropyl β- D -1- 
thiogalactopyranoside (IPTG).   

   3.    Allow bacterial cells to grow at 37 °C for 4 h.   
   4.    Separate the bacterial cells from culture medium by centrifuga-

tion at 5000 × g  for 10 min at 4 °C. Collect the bacterial cells as 
pellet.   

2.2  Materials 
Required for PLGA 
 Particle   Formulation

2.3  Materials 
Required 
for Determination 
of Encapsulation 
Effi ciency

2.4  Materials 
Required 
for Evaluation of IgG 
Response

3.1  Purifi cation 
of Recombinant 
Protective Antigen 
Domain 4 (PAD4)

Preparation and Characterization of PLGA-PAD4 Nanoformulation



674

   5.    Lyse the bacterial cells from 1 L of shake fl ask culture in 100 ml 
of denaturing lysis buffer (8 M urea, 0.1 M phosphate buffer, 
300 mM NaCl, pH 7.2) on a rotatory shaker for 2 h at room 
temperature.   

   6.    Remove the insoluble fraction of bacterial cell lysate by cen-
trifugation at 15,000 ×  g  for 30 min at 15 °C.   

   7.    Incubate the solubilized fraction of bacterial cell lysate with 
Ni-NTA slurry pre-equilibrated with denaturing lysis buffer on 
a rotatory shaker for 2 h.   

   8.    Transfer the mix to a 5 ml propylene tube column (Qiagen 
Inc.) and then renature the slurry bound PAD4 by sequentially 
passing a step gradient of renaturation buffers containing urea 
from 8 M to 0 M in 0.1 M phosphate buffer, 300 mM NaCl, 
pH 7.2. Pass 4 ml of each step gradient of renaturation buffer 
through column. The steps after 4 M urea gradient should be 
carried out at 4 °C.   

   9.    Sequentially wash the column with 20 bed volume of Wash 
buffer A (50 mM imidazole, 300 mM NaCl, 0.1 M phosphate 
buffer, pH 7.4) followed by 10 bed volume of Wash buffer B 
(100 mM imidazole, 300 mM NaCl, 0.1 M phosphate buffer, 
pH 7.4) ( see   Note 2 ).   

   10.    Elute the column bound PAD4 with 4 ml of Elution Buffer 
(300 mM imidazole, 300 mM NaCl, 0.1 M phosphate buffer, 
pH 7.4).   

   11.    Concentrate the purifi ed PAD4 using Macrosep ®  advance cen-
trifugal devices of 3 kDa cutoff (Pall Corporation, MI, USA) 
as per the manufacturer’s direction ( see   Notes 2 – 4 ).   

   12.    Check the purity of concentrated PAD4 using  SDS-PAGE   fol-
lowed by gel densitometry analysis as described [ 11 ]. Check 
the concentration of  recombinant PAD4   using standard micro- 
bicinchoninic acid BCA assay for protein as indicated below.      

       1.    Use 4 ml of DCM as organic phase to dissolve 200 mg of 
PLGA (see  Note 1 ).   

   2.    Use 100 μl aliquot of concentrated  recombinant PAD4   
(10 mg/ml) as internal aqueous phase ( see   Notes 2 – 5 ).   

   3.    Prepare w/o emulsion by sonication using 2 mm stepped 
microtip at 35 % amplitude for 60 s (750 W; Sonic Vibra Cell 
Sonicator). Keep emulsion on ice-water bath during whole 
sonication process ( see   Note 6 ).   

   4.    Transfer the w/o emulsion prepared to 12 ml of 1 % PVA 
which is used as an external aqueous phase.   

   5.    Sonicate the mixture using 6 mm stepped tip at 30 % ampli-
tude for 110 s to generate the w/o/w emulsion.   

3.2  Preparation 
of  PAD4   Nanoparticles
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   6.    Keep the emulsion stirred for 6 h for the evaporation of DCM 
and hardening of the  nanoparticles   prepared, i.e., PAD4-NP 
( see   Note 7 ).   

   7.    Separate the PAD4-NP prepared from external aqueous phase 
containing 1 % PVA by centrifugation at 15,000 ×  g  for 15 min 
at 4 °C.   

   8.    As the PVA often contaminate the PLGA  nanoparticles  , wash 
the PAD4-NP three times with sterile cold deionized water. To 
wash the nanoparticles, suspend them in 5 ml of deionized 
water, then centrifuge at 15,000 ×  g  for 15 min at 4 °C to sepa-
rate the nanoparticles. Repeat the process.   

   9.    Suspend PLGA encapsulated PAD4  nanoparticles   (PAD4-NP) 
in 5 ml of sterile deionized water and place in liquid nitrogen 
for quick freezing to avoid phase separation ( see   Note 8 ).   

   10.    Keep  nanoparticles   in −80 °C for 1 h and then lyophilize at 
−54 °C and 0.003 mbar for 18 h ( see   Note 9 ).   

   11.    For storage, keep the fi nal PAD4-NP preparation at −20 °C.      

   The encapsulation effi ciency of PAD4 in PLGA  nanoparticles   can 
be estimated using micro-bicinchoninic acid assay (micro-BCA 
assay).

    1.    Suspend 10 mg of PAD4-NP in 1 ml of acetonitrile ( see   Note 10 ).   
   2.    Vortex for 1 min and centrifuge at 10,000 ×  g  for 10 min.   
   3.    Collect the pellet and repeat the above process for three times.   
   4.    Dissolve the fi nal pellet in 500 μl of 1 % SDS.   
   5.    Estimate the encapsulated protein content by micro-BCA assay 

using BSA dissolved in 1 % SDS as standard ( see   Note 11 ).   
   6.    Calculate the overall effi ciency of  nanoparticle   production pro-

cess in terms of the yield of the nanoparticle  formulation   pro-
cess, encapsulation effi ciency, and loading effi ciency using the 
following formulae:

 
%
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         Morphological characteristics of PAD4-NP can be evaluated using 
scanning electron microscope such as Zeiss EVO40 (Carl Zeiss, 
Thronwood, NY) and transmission electron microscope JEM 
2100F (Jeol Ltd., Tokyo, Japan) as done by us [ 11 ].

    1.    For scanning electron microscopy, spread dried microspheres 
on a carbon tape of an aluminum stub ( see   Note 12 ).   

   2.    Make the  nanoparticles   conductive by coating them with gold 
particles using a sputter coater (Polaron SC7640) at 2 kV for 
200 s under inert argon environment.   

   3.    Observe the  nanoparticles   under high tension voltage and 
magnifi cation (e.g., 20 kV and 40.76 K magnifi cation) using 
Zeiss EVO40 scanning electron microscope. The scanning 
electron micrograph of PAD4-NP prepared using this method 
is shown as Fig.  2 .

       4.    For the transmission electron microscope imaging, dissolve the 
PAD4-NP in deionized water at 0.1 mg/ml concentration.   

   5.    Sonicate the suspension for 1 s to disperse the  nanoparticles  , 
then place them on a carbon fi lm with 200 mesh copper grids 
(Electron microscopy sciences, Hatfi eld, PA).   

   6.    Obtain transmission images of the  nanoparticles   under high 
vacuum, voltage of 200 kV and a direct magnifi cation of 
25,000× (JEM 2100F).    

3.4  Morphological 
Characterization 
of    Nanoparticles

  Fig. 2    Scanning electron micrograph of PAD4-NP. Figure shows the morphological characteristics of PAD4-NPs 
generated using the method described. PAD4-NPs have smooth surface, spherical shape, and size in the 
nanometer range       
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     Size of the  nanoparticles   can be estimated by dynamic light  scatter-
ing   using systems such as Nano ZS system (Malvern Instruments 
Ltd., Worcestershire, UK) that employs a He-Ne laser (wavelength 
633 nm) or any other compatible system.

    1.    Prepare a dilute suspension of  nanoparticle   (0.1 mg/ml) in 
PBS (pH 7.4). A dilute sample suspension should be used for 
the calculation of size so as to avoid the particle–particle inter-
action and problem of multiple scattering.   

   2.    Keep the  nanoparticle   suspension in disposable folded capillary 
cell and estimate the size of the particles using Nano ZS soft-
ware suite.    

     To study release of encapsulated protein antigen from  PLGA based 
nanoparticles   (e.g., PAD4-NP) when kept in aqueous suspension, 
the  nanoparticles   can be suspended in appropriate aqueous buffer 
systems and the release of the protein in aqueous environment 
with time can be estimated using micro-BCA assay as described 
below for the PAD4-NP prepared above:

    1.    Suspend the PAD4-NP aliquots in 1.5 ml of 0.1 M PBS 
(pH 7.4) and incubate at 37 °C under mild agitation.   

   2.    Label the aliquots for different time point such as 4 h, 1 day, 3 
days, 7 days, 14 days, and 28 days.   

   3.    Collect the supernatant at respective time point by centrifuga-
tion at 15,000 ×  g  for 20 min at 4 °C.   

   4.    Determine the protein content in supernatant using micro- 
BCA assay as discussed above ( see   Note 11 ).   

   5.    Generate the PAD4 release profi le from PAD4-NP by calculat-
ing the fractional protein or antigen release, i.e., (PAD4 
released/PAD4 encapsulated) × 100 %.    

     The PLGA encapsulated protein antigen  nanoparticles   can be eval-
uated for  immunogenicity   or conferring protective immunity using 
different mice model systems such as for the PAD4-NP produced 
above is described below:

    1.    For immunization studies, procure 8–10 week old outbred 
female Swiss Webster mice.   

   2.    Divide mice into four groups of ten animals each.   
   3.    Immunize all groups with single dose and adjuvant free immu-

nization schedule. The route of immunization can be intra-
peritoneal (i.p.) and the dose volume can be up to 100 μl per 
injection as used for PAD4-NP ( see   Notes 13  and  14 ).   

   4.    Immunize the animal groups with PAD4-NP (encapsulating 
100 μg of PAD4), PAD4 (50 μg), blank  nanoparticles   or PBS 
alone.   

3.5  Determination 
of Size of PAD4-NP

3.6  In Vitro Release 
Studies

3.7  Immunization
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   5.    Collect the sera from immunized mice on days 14 and days 28 
post-immunization.    

     The IgG response generated on immunization with any PLGA 
encapsulated antigen  nanoparticle   formulation can be estimated 
using standard  enzyme linked immunosorbent assay (ELISA)   such 
as described below for the PAD4-NP:

    1.    Perform enzyme linked immunosorbent assay (ELISA) to esti-
mate the anti PAD4-IgG titer generated as a result of PAD4- NP 
immunization using 96-well, fl at bottom, polystyrene plates 
(Nunc-immuno™ maxisorp).   

   2.    Coat each well with 100 μl of PAD4 (5 µg/ml) diluted in PBS 
(pH 7.4) by incubating it overnight at 4 °C.   

   3.    Wash the wells for three times with PBST (PBS containing 
0.05 % tween-20) using microplate liquid handling system 
(e.g., Techan Columbus pro washer).   

   4.    Block the wells with 10 % FBS in PBS and wash them fi ve times 
with PBST.   

   5.    Serially dilute the collected serum from mice immunized with 
PAD4-NP, PAD4, Blank-NP and PBS in PBS.   

   6.    Keep the 100 μl of serum dilutions in polystyrene plate along-
side with respective serum dilutions from unimmunized mice/
control mice in 96-well polystyrene plate.   

   7.    Incubate the plate for 2 h at room temperature.   
   8.    Wash the wells with PBST for fi ve times using microplate liq-

uid handling system (e.g., Techan Columbus pro washer).   
   9.    Incubate the wells with 100 μl of HRP conjugated goat anti- 

mouse IgG (sc2005, Santa Cruz Biotechnology) at the dilu-
tion of 1:10,000 for 1 h.   

   10.    After fi ve time washing with PBST, add 100 μl of TMB sub-
strate reagent (BD OptEIA™) in each wells and incubate for 
30 min. The TMB substrate reagent should be at room tem-
perature before use.   

   11.    Stop the reaction using 50 μl of 2 N H 2 SO 4  and measure the 
absorbance at 450 nm followed by background subtraction of 
absorbance at 570 nm (Tecan Sunrise absorbance reader).   

   12.    Calculate the cutoff for every serial dilution with confi dence inter-
val 99 % for an increased specifi city. A higher confi dence interval 
can be used to reduce the over estimation of IgG titer. A table for 
the multiplication factors for different levels of confi dence inter-
vals can be obtained from the work of Frey et al. [ 17 ]. It displays 
dependence on the number of wells used for control sera.   

   13.    Calculate the end point titer as the reciprocal of highest dilu-
tion having absorbance above the cutoff. This is done to evalu-
ate the IgG response after immunization with PAD4-NP.    

3.8  Evaluation of IgG 
Response

Manish Manish et al.



679

4       Notes 

     1.    The PLGA forms the matrix of  nanoparticles  . The concentra-
tion of PLGA can be varied to modulate the antigen release 
kinetics and the encapsulation effi ciency. We dissolve the PLGA 
at the concentration of 50 mg/ml in DCM. Ease of solubility 
in organic solvent such as DCM is dependent on the lactide 
content. PLGA with lactide and glycolide content in 50:50 
ratio will take more time to dissolve than that with 85:15 ratio. 
As the evaporation rate of DCM is high, remove the DCM 
from sure seal bottle using glass syringes. Keep a 2 mm rice 
shaped magnetic beads in glass vials and then add 200 mg 
PLGA. Let the solution stir for 20 min in 4 ml of DCM. When 
the PLGA gets dissolved, use a bigger magnetic bead to remove 
the small magnetic beads by sliding through wall of glass vial 
and without disturbing the organic phase solvent. Avoid any 
aqueous contaminant in organic phase and keep the cap of 
glass vial closed during dissolution of PLGA to prevent the 
evaporation of DCM.   

   2.    A slight increase in pH is done during washing steps to increase 
the binding of  recombinant PAD4   with Ni-NTA beads in rigor-
ous washing conditions. In the w/o/w solvent evaporation 
method, the internal aqueous phase contains the antigen which 
needs to be encapsulated and the volume of internal aqueous 
phase is kept low to obtain nanometer sized particles. These con-
strains require the recombinant protein at high concentration 
with high purity. Hence extensive washing is done to remove 
impurities and to achieve a homogenous  recombinant PAD4   
preparation.   

   3.    The ratio of aqueous phase (containing PAD4) to oil phase 
(containing PLGA) affects the particle size, i.e., the greater the 
internal aqueous phase the bigger dimension particles will be 
formulated. As our objective is to make nanometer size parti-
cles, we try to keep the internal aqueous phase as low as pos-
sible. Furthermore, to have a better loading effi ciency we need 
to have more amount of antigen in the internal aqueous phase. 
Hence, the concentrated sample of PAD4 preparation (10 mg/
ml) was used for encapsulation.   

   4.    Recombinant proteins frequently aggregate/precipitate at 
higher concentration [ 15 ]. However, this was not observed in 
the case of  recombinant PAD4  .   

   5.    For preparing blank  nanoparticle  , only PBS can be used as 
internal aqueous phase.   

   6.    Organic phase is heavier than aqueous phase. Hence, the aque-
ous phase should be added dropwise to prevent the formation 
of bigger droplet on the surface of organic phase. Slowly dip-
ping the sonicator tip with dropwise addition of aqueous phase 
will result in the properly mixed emulsion.   

Preparation and Characterization of PLGA-PAD4 Nanoformulation
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   7.    4 ml of dichloromethane often evaporates in 6 h at room tem-
perature. When the dichloromethane evaporates, the particles 
come in direct contact with aqueous solution containing 
PVA. A prolonged stirring after evaporation will result in lower 
encapsulation effi ciency because of the initial burst release of 
antigen in aqueous environment induced by surface erosion of 
particles by water.   

   8.    While transferring the  nanoparticle   suspension from centrifuge 
tube to 50 ml propylene tube for  lyophilization  , fi rst weigh the 
empty propylene tube with cap then transfer the nanoparticle 
suspension to it. Once the preparation has lyophilized, weigh 
again the polypropylene tube (containing nanoparticles) with 
cap. The weight differential is your nanoparticle yield from the 
starting material. This can be used for calculating particle yield.   

   9.    Normally it takes 18 h to dry the nanoparticles. Weigh the 
polypropylene tube after  lyophilization  . Normally the particle 
yield using this method is 70–80 %.   

   10.    Acetonitrile dissolves the polymers but precipitates the pro-
tein. As for estimation of the protein content in PAD4-NP, the 
PAD4 needs to be brought into solution. We used 1 % SDS to 
solubilize the PAD4 pellet obtained from acetonitrile 
washing.   

   11.    The linear range of micro BCA assay when carried out in 
microplate format is 2–40 μg/ml. Hence, the proper dilution 
of the test solution should be made, so that the absorbance 
should fall in a linear range. The standards of protein BSA 
should also be made in the 1 % SDS for the determination of 
encapsulation effi ciency, whereas in PBS to estimate the in vitro 
antigen release.   

   12.    Only a 1–2 mg of  nanoparticles   will be suffi cient for visualizing 
the morphology using scanning electron microscopy. Spread 
the nanoparticle on the carbon tape to form a thin layer. It is 
not necessary to cover the entire surface of carbon tape.   

   13.    Suspend the nanoparticles in PBS solution at the time of 
immunization. As the PLGA particles prepared can show a 
burst release of antigen, the longer exposure in aqueous solu-
tion before immunization should be avoided. Normally, 25 mg 
of PLGA particles can be suspended easily in 100 μl of PBS.   

   14.    The immunized mice can be further evaluated for protective 
effi cacy against lethal dose of   Bacillus anthracis    Sterne strain. 
To evaluate the protective effi cacy, challenge the immunized 
mice with a dose of 0.4 × 10 8  spores per mouse on day 40 and 
estimate the protective effi cacy using Kaplan–Meier survival 
estimates (GraphPad Prism, La Jolla, CA) as reported previ-
ously (see Ref.  11 ).         
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Chapter 44

Attenuated Salmonella sp. as a DNA Delivery System 
for Trypanosoma cruzi Antigens

Augusto E. Bivona, Natacha Cerny, Andrés Sánchez Alberti, 
Silvia I. Cazorla, and Emilio L. Malchiodi

1 Introduction

Trypanosoma cruzi is an intracellular protozoan parasite and the 
etiological agent of Chagas disease, the major cause of death 
from cardiomyopathy in endemic Latin America. The parasite is 
mainly transmitted to humans by infected feces of triatomine 
insects that feed on mammals’ blood. According to the World 
Health Organization estimates, the number of infected people 
globally amounts to eight million, and more than 10,000 deaths 
are thought to occur annually (World Health Organization. 
WHO Fact Sheet No 340. http://www.who.int/mediacentre/
factsheets/fs340/en/). To date there is no safe and effective 
vaccine against T. cruzi infection.

In this chapter we describe the use of attenuated Salmonella as 
a live Trojan horse T. cruzi antigen. The widespread use of 
Salmonella as a vaccine vector relies on the easiness with these bac-
teria for genetic modification, the existence of the serovar 
Typhimurium mouse model for preclinical work and a positive pre-
vious human experience with a FDA-approved live attenuated vac-
cine S. typhi Ty21a for typhoid fever (http://www.cdc.gov/
vaccines/hcp/vis/visstatements/typhoid.html).

Salmonella elicits a strong innate immune response due to 
many pathogen-associated molecular patterns (PAMPs) present in 
the bacteria, such as LPS [1], bacterial CpG [2, 3], flagellin or 
bacterial lipoproteins [4, 5] that stimulate antigen presenting cells 
to mature and migrate to secondary lymph node, to initiate an 
adaptive response. In this manner, Salmonella-derived PAMPs 

Augusto E. Bivona and Natacha Cerny contributed equally.

http://www.who.int/mediacentre/factsheets/fs340/en/
http://www.who.int/mediacentre/factsheets/fs340/en/
http://www.cdc.gov/vaccines/hcp/vis/visstatements/typhoid.html
http://www.cdc.gov/vaccines/hcp/vis/visstatements/typhoid.html


684

amplify the immune response against the transported T. cruzi anti-
gens  acting as adjuvants.

Salmonella-based vaccine effectiveness and versatility lie on the 
plasticity of the immune response modulated by Salmonella. 
Different arms of the immune system, both humoral [6, 7] and 
cell-mediated responses, including CD4+ T cells [8, 9], cytotoxic 
CD8+ T cell (CTL) [10, 11], secretion of inflammatory cytokines 
and chemokines, upregulation of co-stimulatory molecules and 
regulatory T cells (Tregs) [12–14], are known to be induced at 
mucosal and systemic level with Salmonella infection and mediate 
protection against different diseases.

Immunity to Salmonella is mainly Th1-cell dependent and 
consequently, Th1-biased immune responses are usually elicited 
against the antigens delivered by Salmonella, which includes ele-
vated IFN-γ production and IgG2a antibody production in mice as 
well as cytotoxic CD8+ T cells toward the antigens. The major 
advantage of live vectors is that they produce the antigen in its 
native conformation, which is important for generating neutraliz-
ing antibodies and can facilitate antigen entry into the MHC class 
I processing pathway for the induction of CD8+ CTL. Considering 
T. cruzi is an intracellular protozoan parasite, which cycles between 
intracellular and extracellular stages, the Salmonella induced 
immune response is highly encouraging in the search for T. cruzi 
immunoprotection.

Recent studies on Chagas disease identified antigens, adju-
vants, and immunization route for vaccines against this disease. In 
that sense, Salmonella spp. as DNA delivery system of several T. 
cruzi antigens has demonstrated to elicit a strong mucosal and sys-
temic immune response able to control the acute phase of the para-
sites infection. Most importantly this strategy was also effective in 
preventing or restricting the generation of tissue pathology at the 
chronic stage of T. cruzi infection [8, 9, 11, 15].

Increased understanding of the mechanisms underlying 
Salmonella virulence and host immune response will continuously 
create novel strategies for more effective Salmonella-based vac-
cines. This technical advance will open a new avenue for the effec-
tive development of Salmonella-based vaccines for prevention or 
therapy of T. cruzi infection in human and animals.

2 Materials

 1. PCR amplification reagents: DNA polymerase, dNTPs, DNA 
polymerase 10× buffer with MgSO4. PCR dNTPs. PCR for-
ward and reverse primers.

 2. Thermal cycler with hot lid.
 3. pCDNA3.1 plasmid.
 4. Restriction enzymes and respective buffers.

2.1 Cloning  
of T. cruzi Antigen 
in an Eukaryotic 
Expression Plasmid
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 5. Milli-Q sterilized water.
 6. Agarose gel electrophoresis equipment.
 7. QIAquick Gel Extraction Kit (QIAGEN).
 8. Ligation Kit: T4 DNA Ligase, its corresponding ligation buf-

fer and nuclease-free (dH2O).
 9. E. coli DH5-α competent cells.
 10. LB (Luria Bertani broth) medium with ampicillin: Dissolve 5 g 

of peptone, 2.5 g of yeast extract, and 5 g of NaCl with 450 ml 
of distilled water or dH2O in 500 ml cylinder. Make up to 
500 ml with distilled water or dH2O. Sterilize the solution in a 
bottle for 20 min at 121 °C, cool the solution at room tempera-
ture, and then add 100 μl of 100 mg/ml of ampicillin.

 11. LB agar plates with ampicillin: Dissolve 5 g of peptone, 2.5 g 
of yeast extract, and 5 g of NaCl with 450 ml of distilled water 
or dH2O in 500 ml cylinder. Make up to 500 ml with distilled 
water or dH2O. Transfer the solution in a bottle and add 7.5 g 
of agar. Sterilize for 20 min at 121 °C, cool the solution and 
then add 100 μl of 100 mg/ml of ampicillin. Pour carefully 
into 10 mm petri dishes avoiding bubbles. Allow gel to 
solidify.

 12. QIAprep Miniprep Kit (Qiagen).
 13. Sequencing service.

 1. BHK-A cell line.
 2. Lipofectamine™ 2000 (Invitrogen).
 3. pcDNA3.1 expressing T. cruzi antigen.
 4. Incomplete DMEM medium (without antibiotics).
 5. Sterile 24-well plates.
 6. Complete DMEM medium with antibiotics and 10 % of fetal 

bovine serum (FBS).
 7. Incubator at 37 °C and 5 % of CO2 humidified environment.
 8. Coverslip (diameter: 12 mm).
 9. PBS (Phosphate-buffered saline): 10 mM Na-phosphate 

pH 7.5, 0.9 % (w/v) NaCl.
 10. Paraformaldehyde 4 % in PBS.
 11. Immunofluorescent Blocking/Permeabilization Buffer: 0.5 % 

saponin, 10 % FBS in PBS.
 12. Serum specific for the T. cruzi antigen cloned.
 13. FITC-conjugated secondary antibody heavy chain.
 14. Slides.
 15. Fluorescence microscope.

2.2 Transfection 
of BHK-A Cells

Salmonella as a T. Cruzi Antigen DNA Delivery System
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 1. Salmonella enterica serovar Typhimurium aroA 7207.
 2. Sterile liquid BHI (brain heart infusion) medium.
 3. BHI-agar plates supplemented with ampicillin (100 μg/ml) 

(prepared similar as is indicated in Subheading 2.1, item 11).
 4. Orbital shaker, 37 °C.
 5. Absorbance reader.
 6. 0.1 M CaCl2 filtered.
 7. Sterile glycerol for molecular biology (99 %).
 8. Sterile distilled water.

 1. Salmonella competent cells.
 2. pcDNA plasmid encoding T. cruzi antigen.
 3. Sterile liquid BHI medium (prepared similar as is indicated in 

Subheading 2.1, item 10).
 4. Orbital shaker, 37 °C.
 5. Water bath.
 6. BHI-agar plates supplemented with ampicillin (100 μg/ml).
 7. Sterile electroporation cuvette.
 8. Gene Pulser.

 1. Salmonella carrying the pCDNA plasmid encoding T. cruzi 
antigen.

 2. Sterile liquid BHI medium.
 3. BHI-agar plates supplemented with ampicillin (100 μg/ml) 

(prepared similar as is indicated in Subheading 2.1, item 11).
 4. Orbital shaker, 37 °C.
 5. Absorbance reader.
 6. Buffer Immunization: 2.65 % NaHCO3, 1.65 % ascorbic acid, 

0.2 % lactose pH 7. Filter at 0.22 μm.

3 Methods

 1. Amplify the DNA sequence encoding for T. cruzi antigen by 
PCR including different restriction sites in the forward and 
reverse primers (see Note 1).

 2. Digest antigen sequence and pcDNA3.1 plasmid with the cor-
responding restriction enzymes (follow the protocols of 
enzyme’s brand). Example: For 20 μl reaction: 1 μg DNA 
(antigen DNA or pcDNA 3.1), 2 μl of 10× Reaction Buffer, 1 
unit (see Note 2) of each enzyme and complete the volume 
with ddH2O. Incubate for 1–2 h at 37 °C.

2.3 Preparation 
of Salmonella 
Competent Cells

2.4 Transformation 
of Competent 
Salmonella

2.5 Salmonella 
Calibration Curve 
and Mice 
Immunization

3.1 Directional 
Cloning of T. cruzi 
Antigen on Eukaryotic 
Expression Vector 
pcDNA 3.1

Augusto E. Bivona et al.



687

 3. Perform an agarose gel electrophoresis (in Tris–acetate EDTA 
buffer) to check the digestion, and purify digested DNA with 
a DNA gel extraction kit (e.g., QIAGEN).

 4. Ligation: mix digested and purified antigen DNA-pcDNA3.1 
vector in an insert–vector molar ratio of 1:1, 3:1, or 10:1  
(see Note 3). Add 1 μl of 10× ligation buffer, 0.4 μl of T4 
ligase and dH2O to 10 μl. Incubate for 24–48 h at 16 °C.

Mammalian expression of T. cruzi antigens could be tested by tran-
sient transfection of BHK-A cells with the pcDNA3.1-T. cruzi 
antigen construct. Transfection protocol is based on Invitrogen™’s 
Lipofectamine® Transfection Reagent (Life Technologies).

 1. Place sterilized coverslips in the bottom of wells of a 24-well 
plate.

 2. The day before transfection, seed 1 × 105 BHK-A cells/well in 
0.5 ml of the appropriate complete growth medium (DMEM 
containing 10 % FBS). Incubate the cells at 37 °C in a CO2 
incubator until the cells are 50–80 % confluent.

 3. For each well, dilute 0.2–0.4 μg of the pcDNA-T. cruzi anti-
gen construct into 25 μl medium without serum. On the other 
hand, dilute 0.5–5 μl of Lipofectamine® reagent into 25 μl 
medium without serum and mix.

 4. Mix gently the diluted pcDNA-insert and Lipofectamine® 
solutions and incubate at room temperature for 15–45 min. 
While lipocomplexes are forming, replace the medium on the 
cells with 0.2 ml of medium without serum (see Note 5).

 5. For each transfection, add 0.15 ml of medium without serum 
to the tube containing the complexes. Mix gently and overlay 
the diluted complex solution onto the rinsed cells. Medium 
containing serum may be added to the complexes at this step. 
Do not add antibacterial agents to media during transfection.

 6. Incubate the cells with the complexes for 2–24 h at 37 °C in a 
CO2 incubator.

 7. Following incubation, add 0.4 ml of growth medium contain-
ing twice the normal concentration of serum without removing 
the transfection mixture. If serum has been included in step 5, 
add 0.4 ml of complete growth medium this time (see Note 6).

 8. Replace the medium with fresh complete medium at 18–24 h 
following the start of transfection if continued cell growth is 
required.

 9. Check antigen expression by Indirect Immunofluorescence (IFI):
 (a)  After 24–72 h from cell transfection, wash them twice with 

1 ml of PBS and then fix them with 2 ml of 4 % parafor-
maldehyde for 10 min at room temperature. Rinse cells 
twice with 1 ml of PBS.

3.2 T. cruzi Protein 
Expression 
in Mammalian Cells 
In Vitro
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 (b)  Block nonspecific binding sites by adding 2 ml of Blocking/
Permeabilization Buffer and incubating for 30 min at 4 °C.

 (c)  Prepare an appropriate dilution of the specific T. cruzi 
antigen antibody in permeabilization buffer.

 (d)  Incubate the cells with 100–200 μl of antibody dilution 
(ensure to cover the entire coverslip’s surface) for 1 h at 
room temperature and then wash twice with permeabiliza-
tion buffer.

 (e)  Prepare an appropriate dilution of the FITC-conjugated 
secondary antibody in permeabilization buffer.

 (f)  Incubate the cells with 100–200 μl of the secondary anti-
body dilution (ensure to cover the entire coverslip’s sur-
face) for 1 h at room temperature (in the dark) and then 
wash twice with permeabilization buffer.

 (g)  Wash cells twice with 1 ml of PBS and mount the coverslip 
with a drop of mounting medium over a slide.

 (h)  Seal coverslip with nail polish to prevent drying and move-
ment under fluorescence microscope.

 (i)  Observe under the microscope to check antigen expres-
sion or store at 4 °C.

After verifying their optimal expression in mammalian cells, 
pCDNA3.1-T. cruzi antigen construct will be used to transform 
attenuated Salmonella enterica serovar Typhimurium aroA.

Competent Salmonella can optionally be prepared following pro-
tocols I or II (see Note 4).

I. Calcium chloride treatment

 1. In sterile conditions, inoculate from a stock of Salmonella strain 
(attenuated Salmonella enterica serovar Typhimurium aroA 
7207) a petri dish by streaking a pattern gently across the entire 
agar surface without tearing into it. Incubate ON at 37 °C.

 2. Touch a single colony with a sterile loop and inoculate 5 ml of 
BHI liquid medium with antibiotic. Incubate ON in a shaking 
incubator at 70–90 rpm with low aeration at 37 °C (see Note 7).

 3. Take 200 μl of the overnight bacterial culture and dilute it in 
10 ml of BHI medium. Grow at 37 °C in a shaking incubator 
at 70–90 rpm with low aeration until OD600 = 0.6–0.8 (see 
Note 8).

 4. Centrifuge the cultures at 10 °C for 10 min at 2000 × g.
 5. Discard the supernatant and suspend the cells slowly in 10 ml 

of cold sterile 0.1 M CaCl2. Cells must remain cold for the rest 
of the procedure.

3.3 Preparation 
of Competent 
Salmonella sp.
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 6. Incubate for 30 min on ice (4 °C).
 7. Centrifuge the cells at 10 °C for 10 min at 4000 × g.
 8. Resuspend the cell pellet in 1 ml of cold sterile 0.1 M 

CaCl2 + 10 % glycerol.
 9. Use the competent cells to transform immediately or snap- 

freeze them with liquid nitrogen and store the cells frozen at 
−80 °C.

II. Treatment for Electroporation

Proceed as calcium chloride treatment until point 4.

 1. Incubate for 30 min on ice (4 °C).
 2. Centrifuge the cells at 2000 × g 10 min.
 3. Discard the supernatant and resuspend the cells slowly in equal 

volume of ice-cold sterile water.
 4. Centrifuge the cells at 2000 × g 10 min.
 5. Resuspend the cell pellet in 0.4 volumes of water at 0 °C.
 6. Centrifuge the cells at 2000 × g 10 min.
 7. Resuspend the pellets in 0.02 volumes of water at 0 °C.
 8. Centrifuge the cells at 2000 × g 10 min.
 9. Resuspend the pellets in 0.002 volumes of water with 10 % 

glycerol at 0 °C.
 10. Prepare aliquots of 40 μl in individual eppendorf tubes on ice. 

Freeze immediately in liquid nitrogen and store the aliquots at 
−80 °C.

Following the protocols in Subheading 3.3, continue with steps I 
or II.

I. Transformation of calcium chloride competent cells

 1. Take 2–5 μl of the pure pcDNA-T. cruzi antigen.
 2. Mix slowly with 200 μl of Salmonella competent cells.
 3. Incubate for 40 min on ice (4 °C).
 4. In a preheated bath at 45 °C, incubate the sample for 45 s at 

42 °C.
 5. Mix with 1 ml of BHI medium and incubate for 1 h at 37 °C 

at 70–90 rpm. In the meantime incubate the BHI− agar petri 
plates containing the resistance antibiotic at room 
temperature.

 6. Centrifuge the cells at 2000 × g 10 min and resuspend the pel-
let in 200 μl of medium.

 7. Spread 100–200 μl of bacteria on BHI petri dish containing 
the resistance antibiotic.

3.4 Transformation 
of Salmonella sp. 
with the Expression 
Vector Containing  
T. cruzi Insert
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 8. Allow the cells to grow overnight at 37 °C.
 9. Store plates at 4 °C no more than 1 week. Wrap plates in 

Parafilm to keep them from drying out.

II. Transformation of electroporated competent cells

 1. Take a tube with 40 μl of Salmonella electro-competent cells 
and mix with 1–2 μl of the pcDNA-T. cruzi antigen and keep 
this sample on ice.

 2. Transfer the mix into an electroporation cuvette and wipe the 
exterior of cuvette dry with a tissue and tap the cuvette lightly 
on the bench to release any air bubbles in the chamber.

 3. Electroporate in a Bio-Rad Gene Pulser to 2.5 kV, 25 μF and 
capacitance extender to 200 Ω. Add 1 ml of BHI medium 
immediately.

 4. Grow for 60 min at 37 °C and 70–90 rpm.
 5. Centrifuge the cells at 2000 × g for 10 min and resuspend the 

pellet in 200 μl of medium.
 6. Spread 100–200 μl of bacteria on BHI petri dish containing 

the resistance antibiotic.
 7. Allow the cells to grow overnight at 37 °C.
 8. Store plates at 4 °C for no more than 1 week. Wrap plates in 

Parafilm to keep them from drying out.

Before the immunization protocol it is important to make a cali-
bration curve to estimate the amount of bacteria that should be 
inoculated in each mouse.

 1. Take 500 μl of an overnight Salmonella-pcDNA-T. cruzi trans-
formed bacterial culture and dilute in 20 ml of BHI medium.

 2. Grow at 37 °C and 70–90 rpm with low aeration until 
OD600 = 0.6–0.8.

 3. At this time viable bacteria are determined by plate count agar. 
A set of serial dilutions has to be made and a sample of each 
appropriate dilution is spread on top of a solidified BHI/anti-
biotic agar petri plate, using a sterile glass spreader. Make 
duplicate plates (with the same amount plated) from one dilu-
tion and average the counts together (proceed as is in 
Scheme 1).

 4. Incubate the plates overnight (16–24 h) at 37 °C.
 5. Count the colonies of agar plates (see Note 9) and apply the 

following formula:

Colony count CFU on an agar plate
Total dilution of tube used to mak

( ) ´
ee plate for colony count CFU vol plated( ) = / .

3.5 Determination 
of Salmonella aro 
A Volume To Be Grown 
for the Immunization-
Calibration Curve
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 6. Calculate the volume (V1) of Salmonella required as:

 
V

Salmonella
1 =

´Number of mice CFU of desired

Previously calculated CCFU ml/  
(1)

Example:

30 10

1 10
3

9

10

mice CFU

CFU ml
ml

´
´

=
/

 7. Considering this V1 has to be centrifuged and resuspended in 
immunization buffer before feeding the animals, it is impor-
tant to determine the amount of bacteria recovered after the 
centrifugation.

100 µl

2 Colonies

10 µl 10 µl 100 µl

10-2 10-4 10-6 10-7 10-8 10-9

100 µl 100 µl

10 µl

990 µl BHI 990 µl BHI 990 µl BHI 900 µl BHI 900 µl BHI 900 µl BHI

100 µl 100 µl 100 µl

18 Colonies180  ColoniesToo many colonies
to count

180    x       107        

Plate
count

Dilution
factor

=  1.8x109 CFU/100 µl of original sample
=  1.8x1010 CFU/ml of original sample (1)

20 ml of Salmonella
DO600nm = 0.600-0.800

Scheme 1 Bacterial culture and counts: To determine colony forming units per milliliter (CFU/ml), serial dilu-
tions of the Salmonella culture at optical density OD600 = 0.6–0.8 are made in brain heart infusion medium 
(BHI). Then, 100 μl of each dilution is spread on BHI agar plates. After overnight incubation at 37 °C, count 
colonies, multiply by the dilution factor, and calculate CFU/ml
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Proceed as in steps 1 and 2, and as described previously, to 
make serial dilutions centrifuge 20 ml of Salmonella culture at 
2000 × g 10 min at 12 °C. Resuspend the pellet in 1 ml of BHI 
and proceed similarly as described previously (Scheme 2).

Example:
The amount of CFU expected in (2) is: 3.6 × 1011, considering 
the number of Salmonella present in the original specimen 
(1.8 × 1010 CFU/ml) and the folds that the culture is concen-
trated (20). But the bacterial count determined in (2) is 
1.2 × 1011. This difference is due to some bacteria not recovered 
during the centrifugation. As a consequence, the appropriate 
volume of Salmonella to be grown for immunization (Vf) is:

V V
Salmonella

f

Number of mice CFU of desired

Previously calcu
= ´ =

´
1 3

llated CFU ml
ml

/

.

.
´

´( )
´( )

=
3 6 10

1 2 10
9

11

11  (2)

Scheme 2 Bacterial counts after centrifugation: To determine the amount of bacteria recovered after centrifu-
gation, resuspend the pellet in 1 ml of BHI and proceed as in Scheme 1

10 µl 10 µl 10 µl

10-2 10-4 10-6 10-8 10-9 10-10

100 µl 100 µl
10 µl

990 µl BHI 990 µl BHI 990 µl BHI 990 µl BHI 900 µl BHI 900 µl BHI

100 µl 100 µl 100 µl

10 Colonies120  ColoniesToo many colonies
to count

120    x       108        

Plate
count

Dilution
factor

=  1.2x1010 CFU/100 µl of original sample
=  1.2x1011CFU/ml of original sample (2)

100 µl

1 Colonies

Centrifugue  
2000 xg 10 min at 12 °C 

Resuspend the pellet in BHI 1ml 
20 ml of Salmonella
DO600nm=0.600-0.800
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The oral immunization should be carried out by feeding each 
mouse with 20 μl of immunization buffer (BI) carrying 109 CFU 
of the corresponding transfected Salmonella.

 1. Mice are deprived of drinking water for 2 h.
 2. Grow the previously determined volume (Vf) of Salmonella in 

BHI medium at 37 °C 80 rpm with low aeration until DO600 
nm = 0.6–0.8.

 3. Centrifuge at 2800 × g 10 min at 12 °C and resuspended in 
immunization buffer at the ratio of 20 μl per mouse.
In the example:

Centrifuge 9 ml of Salmonella culture and resuspend in 600 μl 
of immunization buffer.

 4. Test in a sample, by plate count agar, if the CFU of Salmonella 
given to the mice is the desired. Proceed as described 
previously.

 5. The mice are immunized on days 0, 10, 20, and 30 with the 
corresponding Salmonella.

4 Notes

 1. When designing primers, make sure that restriction sites are 
present in the vector’s multiple cloning site (poly-linker) in the 
correct order, and are absent in the insert sequence. It is also 
important to check previously the enzyme buffer compatibility 
in order to make restriction digests in one step.

 2. The exact protocol depends on the enzyme brand. One enzy-
matic unit is defined as the amount of enzyme that digests 1 μg 
of DNA in 50 μl reaction in 60 min.

 3. The amount of insert for different ratios may be calculated 
with the following formula:

length of insert kb

length of vector kb
ng of vector ng of insert

( )
( )

´ = nneeded for ratio1 1: .

 4. The methods described in Subheadings 3.3 and 3.4 for 
Salmonella can be also used to make competent E. coli DH5α 
and transform them.

 5. Some serum-free media formulations can inhibit cationic lipid- 
mediated transfection. Test media for compatibility with trans-
fection reagent before use.

 6. If toxicity is a problem, remove the transfection mixture and 
replace it with complete growth medium.

3.6 Immunization

Salmonella as a T. Cruzi Antigen DNA Delivery System
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 7. Culture at low aeration (no more than 90 rpm) allows for the 
expression of gene involved in the invasion of Salmonella to 
target cells (e.g.: macrophages).

 8. This OD is reached in approximately 4–5 h of culture in the 
mentioned conditions.

 9. The agar plate allows for accurate counting of the microorgan-
isms that are equally distributed across the agar plate. Look at 
all plates and find one with 25–250 colonies. Less than 25 
colonies is not acceptable for statistical reasons and a high 
count can be confounded by error in counting too many small 
colonies, or difficulty in counting overlapping colonies.
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Chapter 45

Poly-ε-caprolactone/Chitosan and Chitosan Particles:  
Two Recombinant Antigen Delivery Systems for Intranasal 
Vaccination

Sandra Jesus, Edna Soares, and Olga Borges

1 Introduction

Mucosal surfaces, such as gastrointestinal tract, nasal and vaginal 
tract are the main entrance of some of the pathogenic microorgan-
isms in the host. The easiest and most effective way to induce 
mucosal immune response in a particular tract, where secretory 
IgA (sIgA) is the main player, is to administer the vaccine through 
the same mucosal surface. Despite the existence of the common 
mucosal immune system, sIgA can be detected simultaneously in 
diverse mucosae. In particular, intranasal vaccination, in addition 
to the induction of antigen-specific serum IgG, normally induces 
good antigen-dose dependent sIgA titers, not only on nasal 
mucosa, but also on pulmonary and vaginal mucosae [1]. This 
 feature constitutes an important advantage when compared with 
injectable vaccines. Other benefits of intranasal vaccine formula-
tions include self-administrable opportunity and non-necessity of 
having sterile vaccine formulations. Nevertheless, the success of 
intranasal administration of vaccines is dependent on having good 
mucosal adjuvants, those that are able to activate innate immune 
system and a formulation that minimizes the effect of the mucocili-
ary clearance and enzymatic degradation of antigens.

Among diverse strategies, mucoadhesive/biodegradable polymers 
are considered promising candidates to prepare microparticles or 
nanoparticles as antigen delivery systems.

In particular, significant results have been obtained with chitosan, 
a mucoadhesive biodegradable polymer, recognized as a good 

1.1 Design 
of Polymeric Delivery 
Systems

1.1.1 Chitosan 
Nanoparticles
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adjuvant for mucosal surfaces. Despite the great effort made by 
adjuvant research groups, the mechanism of adjuvanticity is cur-
rently not completely understood. The diverse and sometimes 
opposite results produced do not allow drawing final conclusions 
since chitosan used in these studies may have different  characteristics, 
like the molecular weight (MW) and deacetylation degree (DD). In 
fact, chitosan is a generic name for a wide family of biopolymers 
based on randomly distributed β-(1-4)-linked N-acetyl- d-
glucosamine and d-glucosamine obtained by deacetylation of  chitin 
from diverse sources like exoskeleton of crabs, shrimp, and fungi. 
One of the problems during generation of chitosan includes poor 
polymer characterization and possible contamination of the chito-
san with other compounds, including lipopolysaccharides (LPS) 
[2]. In our laboratory we found that our chitosan batch (see 
Subheading 2) either, in solution or nanoparticle form, after a puri-
fication process (negative to LAL test), was able, in a dose- dependent 
manner and in a presence of CpGODN, to induce the production 
of IL-1β by mice bone marrow derived dendritic cells (BMDC) by 
a NLRP3 inflammasome activation dependent mechanism and, 
contrary to other published reports, in the concentrations tested in 
our  laboratory, do not increase the production of TNF-α by same 
cells. We also found that chitosan nanoparticles are able to induce 
the production of β-hexosaminidase [3] by mast cells (HMC-1 cell 
line) which is a signal of mast cell activation. Finally, robust  evidences 
obtained in our laboratory support the conclusion that chitosan 
nanoparticle-based formulations perform equally (subcutaneous) 
or even better (intranasal) than well know adjuvants like alum, 
 present in commercial vaccines.

There are several methods to prepare chitosan particles. There 
is substantial literature available to generate chitosan particles 
 published since the last 20 years. Among them, ionic gelation 
 technique has attracted considerable attention. The method is 
based on the property that in acidic medium, primary amine groups 
of chitosan become protonated and easily interact with small 
anionic molecules, such as tripolyphosphate (TPP), citrate or 
 sulfate ions. The nanohydrogels obtained by this method result 
from inter and intra-crosslink ionic interactions. The advantage of 
the ionic gelation technique is that it is a simple and fast method, 
easily controllable and organic solvent free. Therefore, the method 
is adequate to encapsulate biomolecules like proteins or DNA 
which could be destroyed by organic solvents or by strong shear 
stress, two conditions used in several particle preparation methods. 
In opposition to the use of chemical cross-linking agents like 
 glutaraldehyde, that confers a certain toxicity degree to the parti-
cles, the physical cross- linking method with the polyanion produce 
particles with less cytotoxicity. However, the physical stability 
of chitosan/polyanion particles is poor and thus particles are 
 normally prepared immediately before to be used in both, in vitro 
and in vivo assays. Otherwise, the use of chemical crosslinkers or 
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the design of polymeric nanoparticles with more than one poly-
mer, in addition to display particle additional properties, has been 
described as an attempt to obtain better particle stability. For 
example, the  association of chitosan to poly-ε-caprolactone 
nanoparticles, theoretically, confers to these particles the properties 
of chitosan, like mucoadhesivity and immunostimulatory effects 
and inherits from the pure PCL particles their hydrophobic nature 
which can be advantageous to adsorb on their surface certain 
 biomolecules like therapeutic proteins, peptides or antigens.

Poly-ε-caprolactone (PCL) is a biocompatible polyester that is 
widely used in drug delivery applications. It is a highly hydropho-
bic crystalline polymer that degrades very slowly in the absence of 
enzymes (in vitro) and presents a low cytotoxicity profile [4]. 
Different methods have been reported in the literature for the 
preparation of drug entrapped PCL nanoparticles. Among them, 
interfacial polymer disposition method is a simple and fast proce-
dure. In this method the polymer is first dissolved in an organic 
solvent, usually acetone and then poured with stirring into water 
containing the surfactant. To perform blend nanoparticles a 
 second polymer can be dissolved either in organic solvent or in 
water. In this chapter we use the chitosan dissolved in diluted ace-
tic acid with the surfactant.

Depending on the preparation method, antigens can either be 
entrapped in the polymer matrix or bound to particle surface by 
adsorption (Fig. 1). In the first case the incorporation of the  antigens 
into the particle matrix is performed during particle  preparation 
and it implies that high shear forces or organic solvents, conditions 
that could decrease the bioactivity of the antigens, are not part of 
the preparation method. The chitosan nanoparticle preparation 
methods satisfy with this indication but the chitosan/PCL nanopar-
ticle methods do not. Whereas, the adsorption of the antigens to 
preformed nanoparticles is simple, normally made with a gentle 
 agitation of the particle suspension containing the antigen previ-
ously solubilized in water or in a  buffer. The success to obtain 
antigen adsorption depends on antigen-nanoparticle interaction. 
Particularly, electrostatic interactions, hydrophobic interaction, and 
specific chemical interaction between the protein and the nano-
particle play important roles [5]. In this chapter, two kinds of 
nanoparticles are described and the  interactions between protein 
(antigens) and nanoparticles are different since polymer-based 
nanoparticles, chitosan and poly-ε-caprolactone/chitosan have 
 different degrees of hydrophobicity. Chitosan is a hydrophilic poly-
mer and the interactions between chitosan nanoparticles and the 
antigens are mainly electrostatic. Therefore, in the present case, 
 isoelectric point (IEP) of the protein, ionic strength and pH of the 
buffer are extremely important in order to obtain a high adsorption 
efficacy. By contrast, the same factors are less important in the 

1.1.2 Poly- 
ε- caprolactone/Chitosan 
Nanoparticles

1.2 Antigen Loading
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case of poly-ε-caprolactone/chitosan nanoparticles since protein–
nanoparticle interaction is predominantly hydrophobic.

Mucoadhesive particulate adjuvants should be able to increase 
the residence time of antigens in nasal cavity. This feature would 
increase antigen loaded particle probability of being taken up by 
NALT cells and most probably the intensity and quality of the 
immune response. Therefore the nanoparticle mucoadhesivity is 
an important quality attribute that can be evaluated. The method 
described in this  chapter is slightly modified compared to the 
 references [6–9]. Briefly, mucin is placed in contact with  particles. 
In subsequent step, particle suspension is centrifuged and the 
free mucin assessed using periodic acid:Schiff (PAS) colorimetric 
method.

Taking into account the relative small size of the mouse nose, the 
volumes administered should range between 4 μL and 10 μL per 
nostril. Large volumes may not be technically easy to administer 
without any formulation pass to the stomach or to the lungs. A 
second critical point to consider during the administration is using 
a good mouse restrainer to immobilize the head of the mouse to 
place the formulation in the nostrils. These steps are critical and 
would influence the results.

The evaluation of the immune response generated by vaccine 
 formulation is performed throughout the experiment. Blood 
 samples and mucosal secretions are collected periodically and 

1.3 Mucoadhesivity 
Assessment

1.4 Nasal 
Administration

1.5 Biological 
Sampling

Fig. 1 Schematic representation of antigen location at the two described nanoparticle types. (1) Encapsulation 
of the antigen—antigen is distributed in the chitosan matrix. (2) Adsorption of the antigen—antigen is located 
on the surface of chitosan particles. (3) Adsorption of the antigen—antigen is located on the surface of blend 
(PCL/chitosan) nanoparticles
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 analyzed. Exceptions are nasal secretion and spleen cells which are 
only collected at the end of the experiment. Although IgA consti-
tutes only 10 % to 15 % of the total serum immunoglobulin, it is 
the predominant immunoglobulin class in external secretions such 
as from the nasopharynx, genitourinary and digestive tracts. Serum 
immunoglobulin transudation into mucosal associated lymphoid 
tissues has been investigated. This feature has been associated with 
serum IgG, however serum IgA seems to be able to experience 
same phenomenon too, although to a lesser extent [10].

2 Materials

 1. ChitoClear™: chitosan with 95 % DD and 8 mPa s viscosity 
(e.g., Primex Biochemicals AS, Avaldsnes, Norway) (see Note 1).

 2. Sodium acetate buffer solution (AcB); 25 mM; pH 5.0: Weigh 
1.36 g of sodium acetate anhydrous. Add deionized water to a 
final volume of 1 L. Adjust the pH to 5.0 with 1 M acetic acid 
solution.

 3. 0.625 % (w/v) sodium sulfate aqueous solution.
 4. 15 mL centrifuge tubes.
 5. Vortex (e.g., Vortex Mixer, Labnet).
 6. Centrifuge (e.g., Sigma 3K15, Rotor 11133).

 1. ChitoClear™: chitosan with 95 % DD and 8 mPa s viscosity (e.g., 
Primex Biochemicals AS, Avaldsnes, Norway) (see Note 1).

 2. PCL (average MW 14,000) (e.g., Sigma-Aldrich Corporation, 
St Louis, MO, USA).

 3. Aqueous solution of 1 % acetic acid (v/v) with 5 % Tween 80™ 
(w/v).

 4. Acetone (Analytical grade).
 5. Beaker stand.
 6. 50 mL beaker.
 7. High speed homogenizer with a 7 mm probe.
 8. Magnetic stirrer and magnetic stir bar.
 9. Glycerol (Analytical grade).
 10. Beckman J-26 XPI centrifuge with JA 25.50 rotor and 50 ml 

centrifuge tubes (e.g., Oak Ridge, Nalgene®, 50 ml PPCO 
tubes with PP screw closure).

 11. Disposable Pasteur pipette.
 12. 2 L beaker and dialysis clamps.
 13. Spectra/Por® cellulose ester dialysis membrane, MWCO 

300,000 (Spectrum Laboratories, Inc., CA, USA).

2.1 Preparation of 
Polymeric Delivery 
Systems

2.1.1 Chitosan 
Nanoparticles

2.1.2 PCL/Chitosan 
Nanoparticles
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 1. Recombinant antigen (e.g., recombinant hepatitis B surface anti-
gen (rHBsAg) adw, Aldevron or other recombinant proteins).

 2. Sodium acetate buffer solution (AcB); 25 mM; pH 5.0: Weigh 
1.36 g of sodium acetate anhydrous. Add deionized water to a 
final volume of 1 L. Adjust the pH to 5.0 with 1 M acetic acid 
solution.

 1. Mucin from porcine stomach Type III (e.g., Sigma-Aldrich 
Corporation, St Louis, MO, USA).

 2. Schiff reagent: Add 500 mg of basic fuchsin (Pararosaniline) to 
80 mL of water and heat until dissolution (≈80 °C). When 
temperature decreases to 50 °C add 10 mL of HCl (1 M). 
Make up to 100 mL with deionized water and let it cool to 
room temperature. Add 0.1 g of sodium metabisulfite to every 
6 mL of the previous solution incubated at 37 °C until the 
Schiff reagent becomes pale yellow (several hours).

 3. Periodic acid reagent: Add 0.14 mL of 50 % (w/v) periodic 
acid solution to 10 mL of 7 % (v/v) acetic acid solution.

 4. UV–visible spectrometer.
 5. Disposable plastic cuvettes.

 1. Isoflurane.
 2. Low volume micropipette.
 3. Mice (see Note 2).

 1. Anesthetic saturation chamber.
 2. Isoflurane.
 3. Goldenrod animal lancets (e.g., 5 mm point length for 2–6 

month old mice).
 4. 1.5 mL centrifuge tubes.
 5. Centrifuge (e.g., Sigma 3K15, rotor 12154H).
 6. Phosphate Buffer Saline (PBS): add 8 g of sodium chloride, 

1.44 g of sodium phosphate dibasic, 0.24 g of potassium dihy-
drogen phosphate and 0.2 g of potassium chloride to 1 L of 
deionized water. Mix and adjust the pH to 7.4 with HCl or 
with NaOH. Sterilize by autoclave. Store at 4 °C.

 7. 100 mM phenylmethanesulfonyl fluoride (PMSF) stock solu-
tion: add 87.1 mg of PMSF to 5 mL of absolute ethanol. Stable 
between 2 and 8 °C for at least 9 months.

 8. 1 % sodium azide stock solution: add 0.01 g of sodium azide 
to 1 mL of deionized water. Store at 4 °C.

 9. Mice (see Note 2).

2.2 Antigen Loading

2.3 Mucoadhesivity 
Assessment

2.4 Nasal 
Administration

2.5 Biological 
Sampling
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3 Methods

 1. Dissolve chitosan in AcB (pH 5.0) to a final concentration 
of 0.1 % (w/v) (see Note 3).

 2. Place 2 mL of chitosan in AcB solution in a 15 mL centrifuge 
tube.

 3. Under high speed vortexing, add dropwise 2 mL of the sodium 
sulfate solution to the same tube.

 4. Let the nanoparticles formed maturate 1 h at room tempera-
ture (see Note 4).

 5. Centrifuge 25 min at 4500 × g.
 6. Discard the supernatant.
 7. Resuspend the resultant pellet in 2 mL of deionized water.

3.1 Preparation 
of Polymeric Delivery 
Systems (Fig. 2)

3.1.1 Chitosan 
Nanoparticles

Fig. 2 Schematic overview of the experimental setup used to produce nanoparticles and outcome. (a1) 
Chitosan nanoparticles. (a2) Transmission electron microscopy (TEM) photo of freeze-dried chitosan nanopar-
ticles after resuspension in water. (B1) PCL/chitosan nanoparticles. (B2) TEM photo of freeze-dried PCL/chi-
tosan nanoparticles after resuspension in water

Chitosan-Based Particles for Intranasal Vaccination
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 8. Repeat steps 5 and 6 to completely remove exceeding 
compounds.

 9. Resuspend in the desired volume of deionized water or other 
suitable buffer for further steps (see Note 5).

 10. After nanoparticle preparation some parameters should be 
monitored to guarantee successful execution and reproducibil-
ity (see Note 6).

 1. Prepare a 0.2 % (w/v) PCL solution in acetone (see Note 7).
 2. Prepare a 0.1 % (w/v) chitosan solution in diluted acetic acid 

(with Tween) (see Note 8).
 3. Place the high speed homogenizer probe into a beaker con-

taining 13.5 mL of chitosan aqueous solution.
 4. Start the high speed homogenization and add 4.5 mL PCL 

solution dropwise. Keep the homogenization for 1 min more 
after complete PCL solution addition.

 5. Remove the suspension from the beaker holder and introduce 
a magnetic stirrer bar for additional 45 min magnetic stirring.

 6. To concentrate the delivery system, slowly add the resulting 
18 mL nanoparticle suspension to a centrifuge tube with a 
200 μL glycerol bed. Centrifuge at 16,000 × g for 75 min at 4 °C.

 7. Carefully remove the tube from the centrifuge rotor and with a 
Pasteur pipette aspirate the supernatant without disturbing the 
high concentrated nanoparticle layer on the bottom of the tube.

 8. To remove the glycerol and other remaining constituents from the 
nanoparticle concentrate perform a 48 h dialysis against water. 
Follow the dialysis membrane manufacturer washing instructions 
before filling it with the suspension. Fill the dialysis membrane, 
clamp the both ends, and place it in a 2 L water beaker under 
magnetic stirring. Change the dialysis water twice during the 48 h.

 9. Considering the final application dilute the suspension with 
deionized water or other suitable buffer, or concentrate the 
particles by centrifuging at 21,000 × g for 15 min.

 10. After nanoparticle preparation some parameters should be 
monitored to guarantee successful execution and reproducibil-
ity (see Notes 5 and 6).

 1. Perform the method described in Subheading 3.1 with a slight 
modification. Add the desired amount of the recombinant anti-
gen to the sodium sulfate solution (e.g., considering a yield of 
3.2 mg chitosan nanoparticles per batch, the encapsulation of 
80 μg of the hepatitis B surface antigen (HBsAg) would allow a 
vnasal administration of eight mice that corresponds to 10 μg 
HBsAg loaded into 400 μg of nanoparticles per animal).

3.1.2 PCL/Chitosan 
Nanoparticles

3.2 Antigen Loading

3.2.1 Encapsulation—
Chitosan Nanoparticles

Sandra Jesus et al.



705

 2. Use the supernatant discarded in step 6 described in 
Subheading 3.1—chitosan nanoparticles, to determine the 
antigen loading efficacy of the recombinant antigen used 
(see Notes 9 and 10).

 3. After washes resuspend in AcB for further nasal administration 
(e.g., 120 μL for eight animals, 15 μL per animal) (see Note 11).

 1. Perform either methods described in Subheading 3.1— 
chitosan nanoparticles or—PCL/chitosan nanoparticles, 
depending of which delivery system you wish to adsorb the 
recombinant antigen and start the adsorption having the 
nanoparticles concentrated in pellet.

 2. Add recombinant antigen solution (AcB pH 5.0 or other) to 
the nanoparticle pellet at room temperature and incubate 
(e.g., in a rotor mixer) for 30 min (e.g., for chitosan nanopar-
ticles, considering a pellet of 3.2 mg add 80 μg of HBsAg 
suspended in 120 μL AcB for a total of 8 animals: 15 μL 
per animal containing 400 μg of nanoparticles and 10 μg of 
HBsAg; for PCL/chitosan nanoparticles considering a pellet 
of 10 mg, in order to immunize eight animals each with 
400 μg nanoparticles and 10 μg HBsAg, the pellet can be 
resuspended in 100 μL AcB, use 32 μL of the resulting 
 suspension and mix with 80 μg HBsAg in 88 μL AcB) (see 
Notes 5 and 10–12).

 1. Incubate 1 mg of nanoparticles with mucin at several different 
concentrations (50–400 μg/mL) to a final volume of 1 mL 
(samples).

 2. Prepare 1 mL mucin standards in water (from 0 to 250 μg/
mL).

 3. Incubate the samples and the standards under agitation (e.g., 
rotational) at room temperature for 60 min.

 4. Centrifuge the samples and the standards at 21,460 × g for 
15 min and collect 900 μL of each supernatant.

 5. Add 90 μL of the periodic acid to each 900 μL of supernatant 
and incubate for 75 min at 37 °C.

 6. Add 90 μL of Schiff reagent and incubate for 30 min at room 
temperature.

 7. Transfer the solution to a disposable plastic cuvette and read 
the optical density (OD) at 550 nm (see Note 13).

 8. Built a calibration curve with the ODs obtained for mucin 
standards vs standard mucin concentrations.

 9. Calculate the free mucin present in the supernatants interpo-
lating the ODs obtained for samples in the equation obtained 
in 8.

3.2.2 Adsorption—
Chitosan and PCL/Chitosan 
Nanoparticles

3.3 Mucoadhesivity 
Assessment
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 10. Calculate the mucin adsorbed onto the nanoparticles surface 
by subtracting the amount of free mucin from the total mucin 
content in the test mixture.

 
Adsorbed mucin

Totalmucin free mucin
Totalmucin

(%) = ´
-æ

è
ç

ö

ø
÷100
 

(1)

 11. Interpret data using the following equations which describe 
adsorption isotherms:
Freudlich equation

 

x
m

K C n= × 1/

 
(2)

Langmuir equation

 

1 1
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a b
C/

= + ×
 

(3)

where x/m is mucin adsorbed, K and n are Freudlich isotherms 
constants, a and b are Langmuir isotherms constants, and Ce is 
the free mucin (see Note 14).

 1. Restrain the mouse using double hand method and ensure the 
mouse is well immobilized (see Note 15).

 2. With a low volume pre-calibrated micropipette place a drop of 
the formulation into the mouse nostril and wait for it to be dry. 
Repeat the procedure alternating from one nostril to the other 
until the total of 15 μL is administered (see Note 16).

 1. Place the mouse in a saturated isoflurane chamber until it loses 
responsiveness to manipulations and rear foot reflexes.

 2. Collect blood from the mandibular vein by venipuncture 
with an animal lancet to a 1.5 mL microcentrifuge tube  
(see Note 17).

 3. Let the blood coagulate over 6 h.
 4. Centrifuge for 10 min at 4500 × g.
 5. Carefully transfer the serum (supernatant) to another tube 

(do not aspirate the bottom erythrocytes).
 6. Store at −20 °C until further analysis (see Note 18).

 1. Restrain the mouse using one hand method.
 2. Collect vaginal mucosa using a micropipette by flushing in and 

out the vagina surface with 100 μL of ice-cold PBS (e.g., 10 
flushes per wash) to a 1.5 mL centrifuge tube.

3.4 Nasal 
Administration

3.5 Biological 
Sampling

3.5.1 Serum

3.5.2 Vaginal Washes
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 3. Add 1 μL of sodium azide and 1 μL of PMSF stock solutions 
to each 100 μL of collected vaginal wash (see Note 19).

 4. Incubate at room temperature for 15 min.
 5. Centrifuge for 15 min at 3300 × g.
 6. Collect the supernatant and store at −80 °C until further analy-

sis (see Notes 20 and 21).

 1. Place the mouse in a saturated isoflurane chamber until it loses 
responsiveness to manipulations and rear foot reflexes.

3.5.3 Nasal Washes 
(Fig. 3)

Fig. 3 Representative photographs of the nasal wash technique performed in order to evaluate mucosal 
immune response in mice nasal mucosa (described in Subheading 3.5). Steps leading to the collection of the 
nasal wash are illustrated. (1) After the animal euthanasia the jaw is carefully removed by cutting the mouth 
sideways until the trachea shows up accessible without disruption. The separated jaw and tongue are trans-
versally cut for better approach. (2) Blood present in the oral cavity is cleaned using PBS and medical com-
presses or absorbent paper. (3) A small hole in the trachea is done with a 19 G needle in order to further insert 
a mouse oral gavage needle; (4) The mice is positioned vertically to the collection tube, while the mouse oral 
gavage needle is inserted cautiously in the animal trachea. PBS is then flushed through the needle, passing 
the mice nasal cavity and collected at nostrils into the collection tube
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 2. Euthanize the mice by cervical dislocation.
 3. Carefully remove the jaw, cutting the mouth sideways until the 

trachea shows up accessible without disruption.
 4. Clean the open cavity with some cold PBS and soak it with 

medical compresses (see Note 22).
 5. Use a 19 G needle to make a hole in the trachea.
 6. Insert a mouse oral gavage needle in the hole previously made.
 7. Flush 200 μL of PBS into the trachea collecting the outcoming 

wash fluid through the nose to a 1.5 mL centrifuge tube.
 8. Add 2 μL of sodium azide and 2 μL of PMSF stock solutions 

to each 200 μL nasal wash.
 9. Incubate at room temperature for 15 min.
 10. Centrifuge for 20 min at 15,700 × g.
 11. Collect the supernatant and store at −80 °C until further analy-

sis (see Notes 20 and 21).

4 Notes

 1. The viscosity of 1 % chitosan in 1 % acetic acid solution was 
measured by the supplier. The value of 8 mPa s corresponds to 
a low molecular weight (LMW) chitosan. Chitosan from other 
sources can be used; however, make sure to follow the exact 
protocol described in this chapter and the characteristics (DD 
and LMW) of chitosan have to be similar. Slight differences in 
properties of chitosan by different manufacturers may be the 
reason that it is difficult to reproduce the methods involving 
chitosan [11–13]. Besides commercial differences, chitosan 
may be further purified to remove contaminants and endotox-
ins by a technique already described by us [14]. Nevertheless, 
after this process it is important to evaluate the resulting poly-
mer in order to verify if its characteristics were altered.

 2. If you intend to evaluate vaginal mucosal immunity following 
a nasal administration of a recombinant antigen you need do 
acquire female mice. C57BL/6J and BALB/c are animal mod-
els widely used for immunology studies.

 3. Chitosan suffers from a poor solubility in water or in organic 
solvents. Charge density depends on the degree of acetylation 
and pH [12]. Chitosan is readily soluble in dilute acidic solu-
tions below pH 6.0 because it possesses primary amino groups 
with a pKa value of 6.3 [15], which is the case of AcB (pH 5.0) 
used in the present work. Chitosan takes more than 4 h to 
solubilize by magnetic stirring at room temperature.

 4. Laboratory temperature should be carefully monitored  during 
the preparation of the nanoparticles for reproducibility. 
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For temperatures higher than 20 °C the particles normally 
aggregate.

 5. In this phase of the preparation process, nanoparticle yield can 
be estimated. To calculate the mass of nanoparticles obtained, 
do not resuspend the particles in buffer and instead the pellet 
can be freeze-dry and weighed. Nanoparticle yield is an impor-
tant data to predict the number of batches that could be pro-
duced for a particular experiment.

 6. To validate the preparation method with a new chitosan batch, 
size and zeta potential of the particles should be measured. 
Dynamic light scattering and electrophoretic light scattering 
methods can be used with this aim (e.g., Delsa™ Nano C par-
ticle analyzer, at 25 °C and 165° angle). Nanoparticles can be 
suspended in water or any other suitable buffer according to 
their final use. Please note that all measurements should be 
performed at same concentration and in the same buffer for 
direct comparison between delivery systems, as buffer pH and 
ionic strength might change nanoparticle surface charge and 
hydrodynamic size [16] (e.g., zeta potential should be mea-
sured in sodium acetate buffer pH 5.0 if the nasal administra-
tion will be performed in the same buffer for a more realistic 
characterization). In fact, for PCL/chitosan nanoparticles zeta 
potential is highly influenced by the diluent used. When they 
are suspended in acetate buffer their zeta potential is neutral, 
but when suspended in water, values around +25 mV are 
observed.

 7. PCL solubility depends on the organic solvent chosen (e.g., 
high solubility in chloroform, low solubility in acetone, and no 
solubility in diethyl ether) [17, 18]. To achieve total solubiliza-
tion in acetone you may warm the solution until 45–50 °C and 
then place it in a rotor mixer. Make sure to properly seal the 
tube cap with Parafilm® to prevent evaporation because ace-
tone is a volatile solvent. Use the solution only when tempera-
ture is around 20 °C.

 8. Take into consideration what was mentioned in Note 3. In this 
situation, to dissolve chitosan in the diluted acetic acid solu-
tion you will need approximately 2 h with magnetic stirring.

 9. The recombinant antigen loading efficacy is affected by several 
factors including the recombinant antigen isoelectric point 
(IEP) and pH of the medium. In case of chitosan nanoparticles 
we have tested the encapsulation of several model proteins 
with different isoelectric points and observed that using the 
AcB (pH 5.0), as the solvent, during particle preparation and 
antigen encapsulation, proteins with a IEP lower than 5.0 
( carrying a strong negative surface charge at pH higher than 
its IEP) present a higher loading efficacy and a slower release 
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profile, as described by others [19]. On the contrary, at the 
same loading conditions, recombinant antigens with IEP 
higher than 5.0 normally present lower loading efficacies. This 
is explained by the fact that if their isoelectric point is higher 
than the pH of the encapsulation solution (acetate buffer 
pH 5.0) the protein is carrying a net positive charge, hindering 
the interaction with the also positively charged chitosan. For 
each recombinant antigen, encapsulation conditions (e.g., 
antigen concentration in sodium sulfate solution) should be 
optimized. With this aim, a model protein resembling its 
molecular weight and isoelectric point, can be used due to the 
high cost of most recombinant antigens. The assessment of the 
loading efficacy (see Note 10) will help you optimize the pro-
tocol so that all antigens added stay encapsulated and nothing 
is wasted.

 10. Recombinant antigen/protein loading efficacy (LE) or loading 
capacity (LC) is calculated by an indirect way, quantifying the 
unbound protein remaining in the supernatant. Recombinant 
antigen/protein concentration can be determined using a 
BCA protein assay kit for general protein quantification (be 
aware of possible interferences) or an antigen-specific ELISA 
(e.g., HBsAg ELISA Kit). The loading percentages are 
obtained using the following equations:
Loading efficacy
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Total protein
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Loading capacity
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For recombinant protein encapsulation in chitosan nanoparti-
cles, the unbound protein is measured in the supernatants 
resulting from step 6 (see Subheading 3.2). For adsorbed 
recombinant protein in chitosan nanoparticles or in PCL/chi-
tosan nanoparticles, the unbound protein is measured in super-
natants obtained by centrifugation of the final formulations for 
25 min at 4500 × g, or for 15 min at 21,000 × g, respectively.

 11. Particularly for chitosan nanoparticles, highly concentrated 
suspensions may have an increased viscosity that makes it dif-
ficult to use during pipetting and intranasal administration of 
the formulation.

 12. Recombinant antigen adsorption on both chitosan and PCL/
chitosan nanoparticles is based on electrostatic interactions and 
is affected by the same factors referred to in Note 9. Regarding 
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PCL/chitosan nanoparticles, hydrophobic interactions between 
PCL and protein occur and may be the main forces involved. 
Antigen loading efficacy should be assessed using a model 
 protein resembling its molecular weight and isoelectric point, 
regarding the high cost of most recombinant antigens. This will 
help you to choose the adsorption conditions that result in the 
best loading efficacy and to predict the amount of antigen that 
will be administered free or bound to the nanoparticles since in 
this method, unbound antigen should not be separated from 
the formulation that will be administered to mice.

 13. The colorimetric method described here was first developed 
for glycoprotein quantification by Mantle and Alan [6]. Once 
the method is based in the oxidation of mucin glycols into 
aldehydes by periodic acid and further reaction of these groups 
with Schiff reagent, caution must be taken concerning interfer-
ences. When analyzing supernatants for mucin unable to bind 
the nanoparticles, interferences from nanoparticles may also be 
present. Therefore it is advisable to perform the same test 
without mucin in order to evaluate method interferences. In 
fact, PCL/chitosan nanoparticles blanks supernatants (with-
out mucin) generate high ODs that must be subtracted from 
the mucin containing sample ODs.

 14. In order to better analyze mucoadhesion of polymeric nanopar-
ticles Freudlich and Langmuir isotherms may be calculated. 
The goodness of the linear regressions fitting obtained are the 
parameter used to estimate which isotherm better fits each 
delivery system. Langmuir equation represents a monolayer 
limited adsorption isotherm for a finite number of sites, while 
Freudlich equation fits the adsorption to a heterogeneous 
 surface supporting sites with varied affinities [20].

 15. If some difficulties are encountered during the immobilization 
process anesthetizing the animals may be a solution. Place the 
mice in a saturated isoflurane chamber until it lose responsive-
ness to manipulation and foot reflexes which may simplify the 
subsequent nasal administration process. Nevertheless, caution 
should be made once volatile anesthesia may interfere with 
some experiments. The advantages and disadvantages of using 
anesthetics may be considered for specific experiments.

 16. Formulation volume to deposit in each mouse nostril should 
be as smaller as possible. However, issues like high viscosity of 
very concentrated suspensions or even the inability to obtain 
higher concentration formulations, implicate the administra-
tion of greater volumes (until 10 μL per nostril). Other factors 
may also be relevant for the administered volume. For PCL/
chitosan nanoparticles to present a positive zeta potential when 
adsorbed with protein, a higher nanoparticles–antigen ratio 
than 40:1 (as exemplified) should be used, as well as the  diluent 
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should be preferably water. This positive zeta potential would 
be beneficial for the nasal administration, but presents difficul-
ties to obtain. We quadruplicated the amount of nanoparticles 
for the same amount of antigen (ratio 160:1, in water) and we 
reached weak positive zeta potentials. As increasing nanopar-
ticle concentration was not viable, diminishing the amount of 
antigen in this formulation (e.g., 160:0.5 and 160:0.15) 
resulted in more positive zeta potential values. With this we 
pretend to exemplify a situation, where if no more concen-
trated particles may be obtained, a reduction in the antigen 
ratio may increase the zeta potential and an increased volume 
may be considered per mouse, to give an optimal antigen dose.

 17. In our laboratory we perform a single blood draw, repeated 
multiple times with 2-week interval to monitor the systemic 
immune response over time. We usually collect about 2–3 
drops (about 150 μL of blood) representing 10 % of circulat-
ing blood volume of a 6–8 week old mice, which is the sample 
volume recommended for this sampling frequency (NIH 
Guidelines for Survival Bleeding of Mice and Rats).

 18. Antigen-specific immunoglobulins (IgG, IgM, IgE, and IgA) 
are frequently analyzed on serum samples. It is also possible to 
analyze IgG subtypes to explore the Th1/Th2 immune 
response profile.

 19. Sodium azide can interfere with some ELISA antibody mea-
surements. However, we tested that possibility and we found 
that in the concentrations used in each sample, it does not 
interfere using the Mouse IgA ELISA Quantitation Kit (Bethyl 
Laboratories).

 20. Cytokines and interleukins should be ideally stored at 
−80 °C, but they can also be stored at −20 °C for a maximum 
of 6 months.

 21. Mucosal samples in the case of nasal vaccination are of extreme 
importance. One of the advantages in nasal immunization is 
the possibility to induce mucosal antibodies, particularly spe-
cific secretory IgA. Nevertheless, sample collection has condi-
tioned reproducibility leading to variability between animals. 
Instead of only analyzing specific IgA, normalization may be 
performed with the total IgA present in the sample. For nasal 
samples 200 μL is enough for both immunoglobulin ELISA 
measurements, using 80 μL concentrated sample for each. For 
vaginal washes, a pool of two consecutive sampling days may 
be a solution to achieve enough volume for analysis.

 22. It is important to ensure a blood free cavity (from trachea to 
nose) for an optimal nasal wash. Results from samples con-
taminated with blood may be misleading since antibodies 
detected may be from blood source.
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    Chapter 46   

 Micro-fractional Epidermal Powder Delivery for Skin 
Vaccination                     

     Feng     Jia    ,     Shengwu     Liu    ,     Mei     X.     Wu    , and     Xinyuan     Chen      

1          Introduction 

  Vaccination   plays  a   crucial role in global  public health  . Currently 
most vaccines are delivered into the muscular tissue, whereas 
 smallpox vaccine, the fi rst successful vaccine in human  history 
  was delivered into the skin by scarifi cation [ 1 ]. In pursuit of a 
more potent  immune response  , there was a renewed interest in 
exploitation of skin vaccination in the last two decades consider-
ing that the skin but not the muscle contains large amounts of 
antigen- presenting cells [ 2 ,  3 ].  Rabies   vaccine is now recom-
mended for  intradermal (ID) delivery   to address vaccine short-
age. Similarly, seasonal  infl uenza vaccine   has been approved for 
ID delivery to save vaccine dose and cost [ 4 – 8 ]. Besides dose 
sparing, there are also efforts in exploitation of ID delivery to 
improve vaccine  effi cacy in the elderly, in which vaccines often 
induce inferior  immune responses   due to age-related immunose-
nescence [ 9 – 11 ]. 

 Despite an improved vaccine  immunogenicity  , broad applica-
tion of ID vaccination in the clinics is hampered due to the  following 
reasons. (1) ID vaccination is associated with frequent and some-
times severe local reactions. For example, ID  rabies   vaccine and 
seasonal  infl uenza vaccine   induce higher rates of local reactions, like 
erythema, pruritus, edema, as compared to intramuscular (IM) 
 vaccination [ 4 ,  6 ]. Severe local reactions, like ulceration, might 
breach integrity of the skin and increase local infection risk. Local 
reactions might also cause skin irritation and affect acceptance of ID 
vaccination in the clinics. (2) ID vaccination only mildly increases 
vaccine-induced  immune response  . Incorporation of  adjuvants   is 
long sought after to boost vaccine-induced immune response. Yet 
they also increase risk of local reactions after ID injection [ 12 – 15 ]. 
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Due to these reasons, the current ID vaccination contains no 
 external adjuvants and is only approved for delivery of highly 
 immunogenic vaccines that require no adjuvants to be effective. 
Novel skin delivery technologies capable of minimizing  vaccine/
adjuvant-induced local reactions are highly demanded to exploit 
the full potential of skin vaccination. 

 We recently developed a novel skin delivery technology, called 
micro-fractional epidermal powder delivery (EPD), for needle- 
free, painless skin vaccination with minimized local reactions [ 16 ]. 
EPD is based on laser or microneedle treatment to generate 
microchannel (MC) arrays in the epidermis followed by topical 
application of powder vaccine-coated array patches to deliver 
 vaccines into the skin via MCs [ 16 ]. EPD can effi ciently deliver 
more than 80 % vaccine and adjuvant dose into the skin within 1 h 
[ 16 ]. Interstitial fl uid is assumed to play a crucial role in EPD. After 
laser or microneedle treatment, interstitial fl uid would be drawn into 
each MC and effi ciently dissolve topically applied vaccine/ adjuvant 
  powder followed by drainage of dissolved  vaccines and adjuvants 
into each MC via a concentration gradient. Because each MC is 
surrounded by normal healthy skin with full repairing capacity, 
EPD largely eases vaccine/adjuvant-induced local reactions and 
induces a full skin recovery without compromising vaccine  immu-
nogenicity   and adjuvant potency [ 16 ]. In this chapter, model 
 antigen ovalbumin (OVA) is used to describe detailed methods of 
powder array patch coating and laser-based EPD in the presence 
or absence of a highly reactive combinatorial lipopolysaccharide 
(LPS)/CpG adjuvant in murine models.  

2    Materials 

       1.     BALB/c mice   (6–8 weeks, Charles River Laboratories).   
   2.    UltraPulse Fractional CO 2  Laser (Lumenis Inc., Yorkneam, 

Israel).      

       1.    OVA (Grade V, Sigma, St. Louis, MO).   
   2.    LPS (Sigma, St. Louis, MO).   
   3.    CpG 1826 (5′-TCCATGACGTTCCTGACGTT-3′) with a 

phosphorothioate backbone synthesized by Trilink 
Biotechnologies, Inc. (San Diego, CA).      

       1.    Cover membrane: Transparency fi lm (Staples) sterilized by 
γ-irradiation before use ( see   Note 1 ).   

   2.    Adhesive patch: A 3M Tegaderm fi lm is layered on top of a 
scotch packaging tape (3M) to form a sterile adhesive surface 
for powder vaccine/   adjuvant coating ( see   Note 2 ).      

2.1  Animals 
and Laser Device

2.2  Antigen  and 
  Adjuvants

2.3  Patch 
Components
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       1.    ELISA plates: Corning high-binding, clear, fl at-bottom, 
96-well plates.   

   2.    Phosphate-buffer saline (PBS): 137 mM NaCl, 2.7 mM KCl, 
8.1 mM Na 2 HPO 4 , 1.47 mM KH 2 PO 4 , pH 7.4. Weigh 8.0 g 
NaCl, 0.2 g KCl, 1.44 g Na 2 HPO 4 , 0.24 g KH 2 PO 4 . Mix and 
add water to 800 mL. Dissolve and adjust pH to 7.4 with HCl. 
Make up to 1 L with water. Autoclave and store at 4 °C.   

   3.    Coating buffer: 0.05 M Carbonate-Bicarbonate, pH 9.6. 
Weigh 1.5 g Na 2 CO 3  and 2.93 g NaHCO 3 . Mix and add water 
to 1 L ( see   Note 3 ).   

   4.    Blocking buffer: 5 % nonfat milk/PBS. Weigh 5.0 g nonfat 
milk and add 90 mL water to dissolve by stirring. Make up to 
100 mL with water.   

   5.    Washing buffer: 0.05 % Tween 20/PBS. Dissolve 0.5 mL 
Tween 20 in 1 L PBS. Mix and store the buffer at 4 °C.   

   6.    Secondary antibody: horseradish peroxidase (HRP)-conjugated 
anti-mouse IgG.   

   7.    TMB substrate.   
   8.    Stop solution: 3 M H 2 SO 4 . Dilute H 2 SO 4  with water for 6 times 

and store diluted H 2 SO 4  at room temperature ( see   Note 4 ).   
   9.    Microplate reader (SpectraMax M5, Molecular Devices).       

3    Methods 

 All procedures of EPD are carried out at room temperature except 
otherwise specifi ed. 

       1.    Load OVA powder onto the frosted end of one microscope 
slide (Thermo Scientifi c) ( see   Note 6 ).   

   2.    Hold the microscope slide with frosted end facing up.   
   3.    Hold another microscope slide with the frosted end facing 

down.   
   4.    Crush OVA powder between the frosted ends slowly and 

repeatedly until no big powder can be seen ( see   Note 7 ).   
   5.    Collect fi ne OVA powder into a microcentrifuge tube ( see  

 Note 8 ).     
 Follow the following steps to prepare OVA/LPS/CpG powder

    6.    Prepare fi ne LPS and CpG powder as above.   
   7.    Weigh 1 mg OVA, 2 mg LPS, and 2 mg CpG powder or OVA, 

LPS, CpG powder in the same ratio but different amounts into 
a microcentrifuge tube.   

   8.    Mix the powder by tapping or vortexing the tube followed by 
centrifugation to pellet the powder ( see   Notes 9  and  10 ).      

2.4   Enzyme-Linked 
Immunosorbent Assay 
(ELISA)   Components

3.1  Fine Powder 
Preparation ( see   Note 5 )
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   A cover membrane is exposed to laser to create an array of micro-
holes and then used to generate the same array of coating on an 
adhesive patch surface. Here 9 × 9 array in 6 × 6 mm 2  area is used as 
an example to explain the detailed patch coating (Fig.  1 ).

     1.    A cover membrane is exposed to laser at 35 mJ energy and 5 % 
skin coverage to generate a 9 × 9 array of microholes 
in 6 × 6 mm 2  area, each with a measured diameter of ~189 μm 
( see   Note 11 ).   

   2.    The cover membrane with the 9 × 9 array of microholes is posi-
tioned onto an adhesive patch surface.   

   3.    OVA or OVA/LPS/CpG powder is taken from the eppendorf 
tube using a stainless steel spoon (Spatula) and pushed into the 
9 × 9 array of microholes with the reverse side of the spoon ( see  
 Note 12 ).   

   4.    Repeat until all microholes are fully fi lled with vaccine powder 
( see   Note 13 ).   

   5.    Excessive non-adherent powder is gently wiped off with 
Kimwipes (KIMTECH).   

   6.    The cover membrane is peeled off to obtain powder vaccine- 
coated 9 × 9 array patches.   

   7.    Cut away excessive edges for quantifi cation of coating amount.   

3.2  Powder Array 
Patch Coating

  Fig. 1    Illustration of powder array patch coating. A cover membrane is exposed to laser to generate a 9 × 9 
array of microholes and then layered on top of an adhesive patch surface. Vaccine powder is poured onto the 
membrane/patch assembly and pushed to fi ll the microholes. Non-adherent powder is removed and the cover 
membrane is peeled off to obtain powder vaccine coated 9 × 9 array patches       
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   8.    Immerse the patch into 50–100 μL PBS and keep the tube at 
room temperature for 1 h with intermittent vortexing ( see  
 Note 14 ).   

   9.    Collect supernatant and quantify OVA concentration with a 
bicinchoninic acid (BCA) protein assay (Pierce) ( see   Note 15 ).   

   10.    Calculate the patch area needed to deliver 10 μg of OVA in the 
presence or absence of LPS/CpG  adjuvant  .   

   11.    Extract patch-coated OVA or OVA/LPS/CpG in PBS and 
prepare for ID injection ( see   Notes 16  and  17 ).    

     To facilitate the alignment of powder-coated array patches with 
laser-generated MCs, it’s crucial that skin remains in position 
 during and after laser illumination. Here we describe a simple 
method to prepare a skin immobilizer with readily available materi-
als. A card box with 0.5 mm thickness is cut into a square frame, 
which has an overall size of 15 × 15 mm 2  and an edge width of 
3 mm as shown in Fig.  2 . The square frame is further attached to a 
double- sided tape to form a skin immobilizer. In this chapter, 
 BALB/c mice   are used to depict the in vivo delivery. Animal 
 procedures require prior approval by Institutional Animal Care and 
Use Committee (IACUC).

     1.    On day 0, anesthetize mice and remove hair on the lower back 
skin with an electric shaver followed by a hair removal lotion 
(Nair) [ 17 ].   

   2.    On day 1, anesthetize mice and clean the skin with alcohol ( see  
 Note 18 ).   

   3.    Wait ~5 min until skin is completely dried ( see   Note 19 ).   
   4.    Put the skin immobilizer around the area to be illuminated ( see  

 Note 20 ).   
   5.    Illuminate the skin at 5 mJ energy and 5 % skin coverage ( see  

 Note 21 ).   

3.3  In Vivo Delivery

  Fig. 2    Dimension of skin immobilizer       
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   6.    Grasp one corner of the patch with fi ne-tipped forceps, hold 
the patch horizontally and move slowly towards laser- 
illuminated skin, carefully align coating spots with laser- 
generated skin MCs, and fi rmly attach the patch on the skin 
surface.   

   7.    Carefully remove skin immobilizer without loosening the 
patch.   

   8.    Allow the mice to recover on a warm pad and remove the patch 
6 h later ( see   Note 22 ).   

   9.    For ID immunization, a 0.5 cc insulin syringe equipped with a 
29 G needle (BD) is used to inject ~20 μL patch extracts into 
the dermal tissue of the skin at the same anatomical location as 
in EPD ( see   Note 23 ).   

   10.    Record local skin reactions daily for 2 weeks ( see   Note 24 ).    

         1.    Collect ~50 μL blood from lateral tail vein 2–3  weeks   after 
immunization. Serum is separated for ELISA analysis.   

   2.    Coat 96-well ELISA plates with 100 μL/well of 100 μg/mL 
OVA in coating buffer overnight at 4 °C.   

   3.    Wash plates three times with PBS and block plates with 5 % 
blocking solution at room temperature for 1 h.   

   4.    Wash plates three times with washing buffer and incubate plates 
with 2-serial dilutions of immune sera in blocking buffer (1:100, 
1:200, 1:400, 1:800, 1:1600, 1:3200, 1:6400, 1:12,800) at 
room temperature for 1.5 h.   

   5.    Wash plates three times with washing buffer and incubate 
plates with 100 μL/well HRP-conjugated anti-mouse IgG 
antibody (1:5000 dilution) at room temperature for 1 h.   

   6.    Wash plates three times with washing buffer and incubate 
plates with 100 μL/well TMB solution at room temperature 
for 15 min or until suffi cient blue color develops.   

   7.    Add 100 μL/well stop solution to stop reaction.   
   8.    Read Absorbance at 450 nm in a microplate reader.   
   9.    Antibody titer is calculated as the dilution factor when OD 450  

reaches around 0.2, which is 3–4 times above the baseline 
level.        

4    Notes 

     1.    Authors can try different materials for use as cover 
membrane.   

   2.    Authors can explore other types of adhesive patches for pow-
der array patch coating and in vivo delivery.   

3.4   Determine 
Antibody Titer Using 
ELISA
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721

   3.    Such a mixing will generate a buffer with pH ~9.6. Thus, there 
is no need to adjust pH here.   

   4.    Be careful, dilution of concentrated sulfuric acid will release 
large amounts of heat.   

   5.    To avoid skin and mucous membrane contacts, always wear 
gloves, lab coat, face mask and eye goggles during fi ne powder 
preparation and coating.   

   6.    To avoid moisture, equilibrate lyophilized powder to room 
temperature before next step.   

   7.    We describes a convenient method based on microscope slide 
crushing to prepare small-scale fi ne powder for laboratory use. 
Other methods, like spray drying and ball milling, can be used 
to prepare large-scale fi ne powder for manufacturing use.   

   8.    Fine powder size can be measured by Zetasizer (Malvern 
Instruments) after suspension in mineral oil.   

   9.    Alternative to powder mixing, OVA, LPS, and CpG solution 
can be prepared and mixed followed by  lyophilization   for fi ne 
powder preparation and coating.   

   10.    Fine powder can be kept at room temperature in desiccators 
for a few days or in a refrigerator or freezer in the presence of 
desiccants for a few weeks.   

   11.    Microhole size in cover membrane can be increased to coat 
more powder on the patch. Yet this might reduce the delivery 
effi ciency and needs to be explored.   

   12.    Take caution when handling powder at milligram scale because 
fi ne powder tends to adhere to tube walls due to the electro-
static force or fl ow into the air due to turbulent air motion.   

   13.    To minimize powder loss, each time only take a minimal 
amount of powder for coating.   

   14.    Use only 50–100 μL PBS for patch extraction to increase the 
detection limit of BCA assay.   

   15.    A standard solution with OVA, LPS, and CpG at 1, 2 and 
2 mg/mL, respectively, will be used to quantify OVA concen-
tration in the presence of LPS/CpG.   

   16.    We recommend preparing the patch 1 day before experiment 
to allow suffi cient time for animal experiments because it takes 
at least 2–4 h to coat the patch, prepare patch extracts, and 
quantify the coating amount.   

   17.    We fi nd powder array patches can be stored at room tempera-
ture inside desiccators and patch extracts can be kept in a 
refrigerator for next day use without signifi cant loss of activity. 
Long-term storage is possible and needs to be explored.   

   18.    Suffi cient anesthesia is needed to prevent mouse movement to 
facilitate the alignment of powder array patches with laser- 
generated skin MCs.   
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   19.    Make sure skin is completely dried before laser illumination 
because even little water on the skin surface will signifi cantly 
absorb CO 2  laser energy and affect MC generation. Surface 
water can also affect powder dissolution and delivery after 
patch application.   

   20.    Mouse skin can readily change shape or shift position. Thus we 
recommend putting the mouse on a tray without moving it 
during EPD. Choose a fl at skin and further put a skin immobi-
lizer to keep the skin in position. We fi nd skin immobilizer is 
not required for EPD in pigs because pig skin is thick and can 
remain in position without readily movement.   

   21.    The laser parameters we choose induce >80 % delivery effi -
ciency and quick skin recovery in murine models. Researchers 
can try different laser parameters.   

   22.    Powder array patches can also be removed the next day. In this 
case, an adhesive bandage can be used to prevent mouse 
scratching or biting and keep patches in position.   

   23.    To reduce ID injection volume, the same PBS buffer can be 
used to extract multiple patches.   

   24.    We fi nd local reactions often peak 4–5 days after immunization 
in mice.           
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    Chapter 47   

 A Bioinformatics Method for the Design of Live Attenuated 
Virus Vaccine Utilizing Host MicroRNA Response Elements                     

     Duangdao     Wichadakul      

1          Introduction 

 Several  studies    demonstrated   that the host microRNA machin-
ery has anti-viral property [ 1 – 5 ]. Hence, it has been taken as a 
promising genetic tool for developing attenuated viruses as live 
vaccines [ 6 – 9 ]. Perez et al. generated the reassortant live atten-
uated  influenza  vaccines (LAIVs) for H1N1 and H5N1 by 
incorporating the non-avian microRNA response elements 
(MREs) into the open- reading frame (ORF) of the influenza A 
nucleoprotein. The MRE- based LAIVs resulted in significantly 
less mortality  compared with  controlled viruses without 
MREs [ 7 ]. Likewise, Barnes et al. used the poliovirus as the 
model and showed that the viruses  harbored with MREs of the 
neuronal-specific miRNA were significantly attenuated in the 
central  nervous system but still retained the replication ability 
in non-neuronal tissues [ 6 ]. Lee et al.  demonstrated another 
similar restriction  replication effect,  incorporating MREs of 
the hepatic-specific miRNA into the  dengue virus (DEN) repli-
cons [ 8 ]. These results mainly focused on a  specific host miRNA 
and a few virus sequences. Furthermore, sites for MRE inser-
tion can be varied from 3′ UTR to the open reading frames 
(ORFs) with different complexities. To employ the MREs into 
the OPFs, for instances, the number of amino acid substitu-
tions and the effects of changed physical properties such as 
hydrophobicity, polarity, and charges, due to the mutated bases 
in the nucleotide level need to be considered. Here, we describe 
a generic computational flow, which can be used to simultane-
ously design the effective MREs in large-scale. The flow accepts 
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the  multiple or genome-wide miRNAs of interest together with 
the multiple sets of virus sequences. It then generates the effec-
tives MREs for each miRNAs taking the effects of mutated 
bases into account.  

2    Materials 

 The sequence data necessary for identifying MREs can be divided 
into two sets. Here, we describe how to obtain and pre-process 
these data sets. 

       1.    Download mature microRNA (miRNA) sequences fi le ( mature.
fa ) from miRBase [ 10 ,  11 ] (  http://www.mirbase.org/    ).   

   2.    Prepare a list of miRNAs of interest for a specifi c host (i.e., hsa- 
miR- 93), tissue, and virus ( see   Note 1 ).   

   3.    Extract mature miRNA sequences of the specifi c host of 
 interest from the  mature.fa  fi le using the  extract_fasta_
sequences_separate_fi le.py  script (Fig.  1 ). This script 
takes two parameters: (1) the mature miRNA sequence fi le in 
 FASTA   format (i.e.,  mature.fa ), and (2) a list of miRBase 
IDs of  interest (prepared from  item 2 ). It then generates a set 
of FASTA fi les; each contains a miRBase ID and its associated 
sequence.

              1.    Download the sequences of a virus to be used for constructing a 
live attenuated vaccine. The infl uenza coding sequences ( infl u-
enza.cds ) and the sequence information ( genomeset.dat ), 
for examples, can be downloaded from   ftp://ftp.ncbi.nih.gov/
genomes/INFLUENZA/    . Other virus sequences can be down-
loaded from the viral genomes at NCBI (  http://www.ncbi.nlm.
nih.gov/genome/viruses/    ).   

   2.    Extract the downloaded virus sequences into the same gene or 
gene segment sets using the  extract_fasta_sequences_
rna_virus.py  script (Fig.  2 ). This script takes two parameters: 
(1) a virus coding sequence fi le (i.e.,  infl uenza.cds ) in  FASTA   
format, and (2) a list of genes or gene segments of interest such 
as gene segment 5 of H1N1 viruses (i.e.,  seg_5_H1N1_2009_
genelist ), extracted from the sequence information  geno-
meset.dat  fi le. The script then generates a FASTA fi le (i.e., 
 seg_5_H1N1_2009_genelist.out ), which contains 
sequences of genes listed in the input gene set.

       3.    Manually clean sequences within the same group and then 
align them together using a multiple sequence alignment 
 software such as MUSCLE [ 12 ]. The conserved regions across 
the aligned sequences suggest areas that are more suitable for 
incorporating MREs.       

2.1  Host microRNA 
sequences

2.2  Virus Sequences

Duangdao Wichadakul
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  Fig. 1     extract_fasta_sequences_separate_fi le.py , an example of Python source code used for extracting 
mature miRNA sequences of the specifi c host of interest from the  mature.fa  fi le into FASTA fi les, each con-
taining an individual miRNA sequence         
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  Fig. 2     extract_fasta_sequences_rna_virus.py , an example of Python source code for 
extracting sequences of a same gene set of interest from the downloaded virus sequences (infl uenza.cds)       

3    Methods 

 Proceed with the following steps to design and prioritize the effec-
tive MREs.

    1.    Deploy a miRNA target prediction tool such as miRanda [ 13 , 
 14 ] or multiple tools to predict the potential host’s microRNA 
binding sites on the virus sequences ( see   Notes 2  and  3 ). 

 In case of miRanda, an individual miRNA and a set of virus 
sequences of the same gene are used as the input for each execu-
tion. The  scripting_miranda.py  (Fig.  3 ) is a helper script 
that takes a set of host’s miRNAs and a set of virus sequences of 
the same gene set. It then generates a shell script fi le (i.e., 
 seg_5_H1N1_2009_genelist.out.miranda_run ) that 
contains command lines of miRanda call for each host’s miRNA 
against the virus sequences. To execute the generated script fi le, 
we need to change its mode to be executable. The miRanda’s 
result fi les are then extracted using the  extract_miranda_
result.py  script (Fig.  4 ). The main outputs of this script are 
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  Fig. 3     scripting_miranda.py , an example of Python source code for generating a shell script fi le 
containing a set of command lines of miRanda call for each host’s miRNA sequence (extracted from script 
shown in Fig.  1 ) against the virus sequences (extracted from script shown in Fig.  2 )       

(1) the summary of the miRNA’s binding sites predicted by 
miRanda (i.e.,  seg_5_H1N1_2009.miranda_extracted_
summary ,  see   Note 4 ) and (2) a set of mutated virus sequence 
fi les and a shell script, under the  mutation  directory, for 
rerunning miRanda using the same set of host miRNAs against 
these mutated sequences ( see   Note 5 ). These mutated sequence 
fi les were also translated into protein sequence fi les using the 
 translate_to_protein.py  script (Fig.  5 ).

         2.    For each predicted site, for all mismatched positions, perform 
combinatorial mutations and calculate the binding energy 
score, identity ( see   Note 6 ), the number of amino acid substi-
tutions, and the effects of changed physical properties (i.e., 
hydrophobicity, polarity, and/or charge) of amino acids due to 
the mutated bases in the nucleotide level. The  test_posi-
tion.py  script (Fig.  6 ) was used for these calculations. Mainly, 
it compares the original protein sequence and protein sequences 
resulted from the mutated bases in the nucleotide level.

       3.    Generate the summary fi le using the  generate_MRE_sum-
mary.py  script (Fig.  7 ). All host’s miRNAs of interest together 
with their top ranked MREs, the calculated scores and the effects 
of changed physical properties will be summarized into a text fi le 
(i.e.,  seg_5_mutated_miranda_fi les.txt.extracted_
summary ). Prioritize the MREs with the following conditions.
      (a)    Having a higher binding score with a lower binding energy 

against the host miRNA ( see   Note 6 ).   
  (b)    Having less number of amino acid substitutions and effects 

on their physical properties.   
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  Fig. 4     extract_miranda_result.py , an example of Python source code for extracting the result 
fi les generated from miRanda               
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Fig. 4 (continued)
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Fig. 4 (continued)

  (c)    Located on a region conserved across the aligned 
sequences of the same gene set ( see   Note 7 ). This is based 
on the assumption that the conserved regions will be more 
important and have lower mutation rate in nature com-
pared with other regions. Hence, MREs in these regions 
should be safe from the escape mutation of the virus.     

 The deployment of multiple MREs of multiple miRNAs simultane-
ously may help alleviate the escape mutations across the generations.      

4    Notes 

     1.    MREs of which host miRNAs will be incorporated into the 
virus sequences depends on the ubiquity of those host  miRNAs 
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  Fig. 5     translate_to_protein.py , an example of Python source code for translating the mutated nucleotide 
sequences generated from script shown in Fig.  4  into protein sequences       
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  Fig. 6     test_position.py , an example of Python source code for comparing the original protein 
sequence and the protein sequences translated from the mutated nucleotide sequences. It calculates the 
number of amino acid substitutions, the changed physical properties and their effects         

in the specifi c tissues and the pathogenesis of the virus. Based 
on previously published results in [ 15 – 18 ], Perez et al. decided 
to incorporate MREs of miR-93 into the infl uenza A virus as 
miR-93 is ubiquitously expressed in both murine and human 
lung tissue but not expressed in  chicken   (for egg-grown virus) 
[ 7 ]. Barnes et al. chose to harbor MREs of let-7a and miR-
124a into the poliovirus where miR-124a and let-7a is 
neuronal- specifi c and ubiquitous, respectively [ 6 ]. Lee et al. 
decided to incorporate the MREs of miR-122 into the dengue 
virus (DEN), as it is hepatic-specifi c [ 8 ].   

   2.    The use of multiple target prediction tools that are reliable will 
help improve the coverage and correctness of MRE identifi ca-
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tion in the fi rst step. Xiao et al. gave a comprehensive review 
and assessment of available miRNA target prediction tools [ 19 ].   

   3.    The available miRNA target prediction tools were designed 
and developed based on varied algorithms and training sets. 
Hence, to deploy a combination of tools, try to select tools 
that are complementary.   

   4.    The predicted binding sites resulted from the fi rst step of the 
computational fl ow (i.e.,  seg_5_H1N1_2009.miranda_
extracted_summary ) may be used by virologists. However, 
this does not guarantee their binding effectiveness.   

   5.    We may just mutate the mismatches of a binding site to be 
perfectly complemented. However, we need to carefully con-
sider the effects of mutated nucleotides on the protein level.   

Fig. 6 (continued)
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   6.    The binding score and energy were obtained from miRanda’s 
prediction results. The detail of these score calculations can be 
found in [ 13 ].   

   7.    The conserved regions were implicitly handled by the example 
of source code  extract_miranda_result.py  during the 
generation of mutated sequence fi les. All predicted binding 
sites will be further mutated and analyzed only if there are at 
least fi ve virus sequences in the same gene set sharing the start 
and stop binding positions with the same binding sequence.   

   8.    The computational fl ow has been used to design the effective 
MREs of human miRNAs within the infl uenza A H1N1 virus 
gene segments [ 20 ].           

  Fig. 7     generate_MRE_summary.py , an example of Python source code for generating a summary fi le 
with combined results generated from scripts in Figs.  5  and  6          
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Fig. 7 (continued)
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    Chapter 48   

 The Web-Based DNA Vaccine Database DNAVaxDB 
and Its Usage for Rational DNA Vaccine Design                     

     Rebecca     Racz     and     Yongqun     He      

1          Introduction 

 A DNA  vaccine  ,  fi rst   introduced in the 1990s [ 1 ], consists of a 
DNA plasmid manufactured to encode one or more peptide 
 antigens, is administered in vivo, and has the ability to induce a 
preventive or  protective immune response   against a disease or 
infection. Once in vivo, the encoded protein is expressed and 
degraded into peptides by antigen presenting cells. These peptides, 
or  epitopes  , can either trigger T cells through the antigen present-
ing cells or induce antibody responses through B cell antigen 
 recognition [ 2 ].  DNA vaccine  s are easy to prepare and store, safe, 
and cost effective when compared to other types of vaccines, such 
as live attenuated or killed whole organism vaccines, and  subunit 
vaccines  . Additionally,  DNA vaccines   allow for a focused  immune 
response   on a particular antigen and can also induce long-lasting 
and varied immune responses in vivo. 

 Exhaustive efforts have been taken to research and utilize 
 DNA vaccines  . Over 55,000 articles about DNA vaccines and their 
research have been cataloged in PubMed and/or Google Scholar. 
Currently four  DNA vaccines   have been licensed for veterinary 
uses [ 3 ]. There is no currently licensed human  DNA  vaccine  , but 
several are presently in clinical trials. Research is also underway to 
better understand the mechanisms underlying DNA vaccination 
and resulting immunity. 

 As a relatively independent program under the comprehensive 
 VIOLIN   vaccine resource (  http://www.violinet.org    ), 
DNAVaxDB [ 3 ] is the fi rst publically available, Web-based data-
base and analysis system for  DNA vaccines  , DNA vaccine-associ-
ated plasmids, and DNA vaccine-associated protective antigens 
[ 4 ]. As with the other recorded vaccines in the VIOLIN database, 

http://www.violinet.org/
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each DNA vaccine in DNAVaxDB is experimentally verifi ed to 
induce statistically signifi cant protection against a disease in at 
least one laboratory  animal model   (ideally in the natural host). 
These vaccines have been used in a large array of both infectious 
and non-infectious diseases and conditions. Analysis of this data 
has shown many patterns in  DNA vaccines  , plasmids, and anti-
gens. The use of these patterns together with computational anal-
ysis can further be used in DNA vaccine design and to better 
understand the protection mechanism behind DNA vaccines. 

 DNAVaxDB supports research in  immunology  ,  vaccinol-
ogy  , and microbiology and is expected to continue to grow 
and have a significant impact on vaccine development, research 
and design.  

2    DNAVaxDB Development 

   Each  DNA vaccine   stored in DNAVaxDB is typically associated 
with the following major items:

    1.    DNA vaccine name.   
   2.    Host animal used as model.   
   3.    Immunization route.   
   4.    Stage of vaccine development (e.g., research, clinical trial, or 

licensed).   
   5.    Vaccine effi cacy in a pathogen challenge experiment.   
   6.    Host  immune responses  .   
   7.     DNA vaccine   plasmid name.   
   8.     Plasmid Vaccine Ontology (VO) identifi er   [ 5 ,  6 ] ( see   Note 1 ).   
   9.    Plasmid reference.   
   10.    If available, plasmid manufacturer, promoter, antibiotics 

 resistance gene, and length.   
   11.    Vaccine citation information. These references are usually 

found in PubMed (  http://www.ncbi.nlm.nih.gov/pubmed    ), 
and the information in  VIOLIN   is retrieved from PubMed 
using the PubMed ID (i.e., PMID) and an internal script. Each 
vaccine and plasmid is assigned a VO  identifi er  , linking the two 
databases.    

     As of January 22, 2015, DNAVaxDB contains 421  DNA vaccines 
  (Table  1 ). All vaccines in DNAVaxDB have been experimentally 
verifi ed through either a challenge experiment or a protective level 
of antibodies to be protective or therapeutic in one or more labora-
tory  animal models  . DNAVaxDB contains 181 plasmids, 144 of 
which have been used in the 421 DNA vaccines. A total of 378 

2.1  Manual Curation 
of DNA Vaccine Data 
from Peer- Reviewed 
Articles

2.2  The Status 
of DNAVaxDB 
Development

Rebecca Racz and Yongqun He
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DNA vaccines have been developed against 101 infectious diseases. 
DNA vaccines have also been developed for cancer (35 vaccines), 
diabetes (4 vaccines), and arthritis (4 vaccines).

3         Insights Obtained from DNAVaxDB Data Analysis 

   The most commonly used plasmids can be found in Table  2 . 
Popular plasmids included pcDNA3.1, pcDNA3, pVAX1, 
pVR1012, and pCI. Some patterns found in these plasmids include 
common promoters (i.e., human cytomegalovirus/immediate- 
early, or CMV promoter), terminators (i.e., SV40 polyadenylation 
terminator), and antibiotic resistance  markers   (i.e., ampicillin 
markers) [ 3 ]. 

4        DNAVaxDB Data Query, Display, and Data Sharing 

 DNAVaxDB can be queried by plasmid, antigen, or vaccine 
through three user-friendly Web interfaces (Figs.  1  and  2 ). These 
interfaces are interlinked, and each query is processed using 
PHP/against a backend relational database (MySQL version 
5.5.28) and the results are displayed to the users in the Web 
browser. DNAVaxDB vaccine, antigen, and plasmid data can also 
be submitted through the  VIOLIN   online data curation  system 
[ 4 ,  7 ].

    A  BLAST   search program was specifi cally designed for 
DNAVaxDB [ 3 ]. This performs a sequence similarity search against 
our customized BLAST library, which holds over 380 protective 
antigens that have been used in  DNA vaccine   development.  

5    Sandbox Case Study of Applying DNAVaxDB Data for Vaccine Design 

 Imagine you are approached to create a new  DNA vaccine   for 
  Mycobacterium bovis    [ 8 ]. You are asked to create a pure  DNA 
 vaccine  , without priming or vaccinating in combination with 
any other vaccine. Where would you start? 

3.1  Analysis 
of DNAVaxDB Vaccine 
DNA Plasmids

   Table 1 
  DNAVaxDB statistics   

 Plasmid 
DNAs 

 Plasmids 
used in ≥1 
vaccine 

  DNA 
vaccines   

 Infectious 
disease DNA 
vaccines 

 No. of 
infectious 
 pathogens   

 Cancer 
DNA 
vaccines 

 Diabetes 
DNA 
vaccines 

 Arthritis 
DNA 
vaccines 

 181  144  421  378  101  35  4  4 
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    Table 2  
  Plasmids in DNAVaxDB with two or more associated vaccines   

 Plasmid  VO ID  DNAVaxDB ID  No. of vaccines 

 pcDNA3.1  VO_0000158  17  51 (4; 15; 18; 7; 0; 7) a  

 pcDNA3  VO_0000132  16  41 (2; 4; 16; 11; 0; 8) 

 pVAX1  VO_0000024  74  24 (2; 1; 8; 10; 0; 3) 

 pVR1012  VO_0000334  78  19 (4; 0; 7; 5; 1; 2) 

 pCI  VO_0000212  21  17 (5; 2; 9; 0; 0; 1) 

 pJW4303  VO_0000276  46  11 (6; 3; 1; 0; 0; 1) 

 pWRG7077  VO_0000346  81  10 (0; 0; 9; 0; 0; 1) 

 pCMVi-UB  VO_0005027  114  10 (0; 10; 0; 0; 0; 0) 

 pCAGGS  VO_0000099  11  10 (0; 0; 10; 0; 0; 0) 

 pCI-neo  VO_0000214  22  9 (1; 4; 4; 0; 0; 0) 

 pIRES  VO_0000262  42  9 (0; 0; 9; 0; 0; 0) 

 pCAGGSP7  VO_0005000  85  8 (0; 0; 8; 0; 0; 0) 

 pVAX  VO_0000019  1  8 (0; 0; 6; 0; 0; 2) 

 pCMV  VO_0000215  23  7 (0; 0; 7; 0; 0; 0) 

 pcDNA 1/Amp  VO_0000130  15  5 (0; 0; 2; 3; 0; 0) 

 pCR3.1  VO_0000234  33  4 (1; 2; 0; 0; 0; 1) 

 pTARGET  VO_0000318  66  4 (0; 2; 1; 0; 0; 1) 

 pV1J  VO_0000328  73  4 (0; 0; 4; 0; 0; 0) 

 pCI30  VO_0005028  115  4 (0; 4; 0; 0; 0; 0) 

 pcDNA1  VO_0005031  118  4 (0; 1; 3; 0; 0; 0) 

 pMV10.1  VO_0005036  123  4 (0; 0; 4; 0; 0; 0) 

 V1Jns  VO_0005044  132  4 (0; 0; 4; 0; 0; 0) 

 pVR1020  VO_0005060  147  4 (0; 1; 3; 0; 0; 0) 

 pSW3891  VO_0005071  158  4 (0; 0; 4; 0; 0; 0) 

 pRSV  VO_0000305  60  3 (0; 0; 3; 0; 0; 0) 

 pCMV/R  VO_0005004  89  3 (0; 0; 3; 0; 0; 0) 

 pNGVL4a  VO_0005014  99  3 (0; 0; 2; 0; 0; 1) 

 pWRG7079  VO_0005059  146  3 (1; 1; 1; 0; 0; 0) 

 pcDNA3.1/V5-His-TOPO  VO_0005062  149  3 (0; 2; 1; 0; 0; 0) 

 pIRES1neo  VO_0005063  150  3 (0; 0; 3; 0; 0; 0) 

(continued)
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 First, it is important to understand why  M. bovis  is important 
and how it is related to other  pathogens  .  M.    bovis    is an aerobic 
bacterium that can cause  tuberculosis  , primarily in cattle, but it can 
also spread to humans [ 8 ]. It is part of the   Mycobacterium tubercu-
losis    complex, which also includes  Mycobacterium tuberculosis  [ 9 ]. 
Currently, there are two  M. bovis  vaccines in VIOLIN, including 
the live attenuated  M. bovis Bacillus Calmette-Guérin Danish  strain 
(BCG) [ 10 ] and a  DNA vaccine  , pCI-Ag85B [ 11 ]. It is impossible 
to use the information from these two vaccines to develop a  new 
   M. bovis  DNA vaccine. However, the other information in 
DNAVaxDB and  VIOLIN  , including the  M.    tuberculosis    vaccines 
and vaccines for other  pathogens  , could be used for rational design 
of a new  M. bovis   DNA vaccine  . Such a rational design depends on 
the prediction of potential plasmids and antigens for  M. bovis . 

   One of the fi rst steps in developing a  DNA vaccine   is selecting a 
plasmid. To develop  a    M. bovis   DNA vaccine  , we would look at the 

5.1  Plasmid 
Selection

Table 2
(continued)

 Plasmid  VO ID  DNAVaxDB ID  No. of vaccines 

 pCN3  VO_0000992  166  3 (0; 3; 0; 0; 0; 0) 

 pGACAG  VO_0000998  171  3 (0; 3; 0; 0; 0; 0) 

 pBK-SFV  VO_0000080  9  2 (0; 0; 2; 0; 0; 0) 

 pCMV-LIC  VO_0000230  30  2 (0; 0; 0; 2; 0; 0) 

 pMASIA  VO_0000284  51  2 (0; 0; 2; 0; 0; 0) 

 pND2  VO_0000293  53  2 (0; 0; 0; 0; 0; 2) 

 pRc/CMV  VO_0000301  57  2 (0; 0; 2; 0; 0; 0) 

 pWRG  VO_0005002  87  2 (0; 0; 2; 0; 0; 0) 

 pSin-B-gal  VO_0005011  96  2 (0; 0; 0; 0; 0; 2) 

 pcTPA  VO_0005035  122  2 (0; 0; 2; 0; 0; 0) 

 pCMVi (-H3) UBs  VO_0005041  128  2 (0; 0; 2; 0; 0; 0) 

 pcDNA  VO_0005048  135  2 (0; 0; 0; 2; 0; 0) 

 p1012  VO_0005050  137  2 (0; 0; 2; 0; 0; 0) 

 pcDL-Sra296  VO_0005054  141  2 (0; 0; 2; 0; 0; 0) 

 pUBIQ  VO_0005056  143  2 (0; 0; 2; 0; 0; 0) 

 pJW4304  VO_0005072  159  2 (0; 0; 1; 1; 0; 0) 

 VR1  VO_0000993  167  2 (0; 0; 2; 0; 0; 0) 

   a Total vaccines (Gram +; Gram −; Viral; Parasitic;    Fungal; Other)  
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plasmids used in  M.    tuberculosis    and the patterns found in the plas-
mid selection of that pathogen. Commonly used  plasmids in this 
pathogen include pJW4303 [ 12 ] and pcDNA3.1 [ 13 ]. Therefore, 
we might choose to start with these plasmids when designing our 
novel  M.    bovis    DNA vaccine. 

 If there was not a pattern present in  M.    tuberculosis    or if 
research had not been done on a related species, a plasmid could 
also be chosen through our analysis of commonly used plasmids 
(Table  2 ). Here, we showed that some plasmids are used more 
often in the following: gram-positive species, gram-negative spe-
cies, viruses, etc. Because  M.    bovis    is a gram-positive bacterium, 
we could choose a plasmid that is used more commonly in gram- 
positive bacteria, such as pJW4303.  

  Fig. 1    Searching a DNA vaccine by  pathogen   in DNAVaxDB. ( a ) “  Mycobacterium tuberculosis   ” is queried in the 
DNAVaxDB vaccine search using the dropdown pathogen search box. ( b ) The search results from ( a ), 
 M. tuberculosis  DNA vaccines found in DNAVaxDB. Information about the vaccines or pathogen can be obtained 
by clicking on the respective links. Vaccines can be compared by checking boxes on the right and clicking 
“Compare”. ( c ) The  circled  vaccines in ( b ) are compared here. Information such as type, antigen, and vector 
in two or more vaccines can be seen side-by-side. Detailed antigen information can be accessed through the 
 circled  “Click Here” button. ( d ) Detailed antigen information for  M.    tuberculosis    Ag85A. Information includes 
NCBI Gene, Protein, and/or Nucleotide IDs, species and strain of  pathogen  , and DNA and protein sequence of 
the antigen       
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   The next step in designing a new  DNA vaccine   for  M.    bovis    is to 
pick a protective antigen. There are multiple ways to go about this. 

 One method is to analyze the vaccines and protective antigens 
used in the  M.    tuberculosis    DNA vaccines. Commonly used protec-
tive antigens in  M. tuberculosis   DNA vaccines   are Ag85A 
 (mycolyltransferase, involved in cell envelope biogenesis) [ 14 ], 
KatG (catalase-peroxidase, which detoxifi es compounds generated 
by host macrophages) [ 15 ], and MPT64 (secreted immunogenic 
antigen) [ 16 ]. A strategy for creating an  M.    bovis    DNA vaccine 
would be to use orthologs of these protective antigens or other 
antigens with similar functions in  M. bovis . 

 Another method to gather potential protective antigens for use 
in a novel  M.    bovis     DNA vaccine   is to use another  VIOLIN   program, 

5.2  Protective 
Antigen Prediction or 
Screening

  Fig. 2    Searching a DNA vaccine plasmid in DNAVaxDB. ( a ) “  Mycobacterium tuberculosis   ” is queried in the 
DNAVaxDB plasmid search using the dropdown  pathogen   search box. ( b ) The search results from ( a ), plasmids 
utilized in  M.    tuberculosis     DNA vaccines   found in DNAVaxDB. Information about the plasmid,  M. tuberculosis  
vaccines using each plasmid, or all vaccines using each plasmid can be obtained by clicking on the respective 
links. ( c ) Plasmid information page. Information such as plasmid name, VO ID, references, and vaccines utiliz-
ing the plasmid are displayed here. ( d ) How plasmid pJW4303 appears in Vaccine Ontology, or VO, obtained 
by clicking on the VO ID in ( c ). ( e ) Vaccine information for one of the vaccine utilizing pJW4304, obtained by 
clicking on the vaccine link in ( c )       
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 Vaxign   [ 17 ]. This program was created specifi cally to  predict useful 
genes for vaccine design. As of January 21, 2015, 15  Mycobacterium  
genomes were pre-computed and the data stored in Vaxign for que-
ries. One of the 15 genomes is  M.    bovis    strain AF2122/97 [ 18 ]. The 
genome of this strain includes 3918 proteins. Based on Vaxign pre-
diction, 11 of the 3918 proteins are cell wall proteins, 64 are extra-
cellular proteins, and 284 are adhesins or adhesin-like proteins. 
Using the prediction criteria of (1) extracellular or cell wall localiza-
tion, (2) adhesin probability greater than 0.51, (3) orthologs in four 
 M.    tuberculosis    strains, and (4) no human, mouse, or pig protein 
similarity, 35 potential vaccine  targets are returned to the user 
(Fig.  3 , Table  3 ). Extracellular or cell wall proteins have more con-
tact with the host cells and host intracellular environment; thus the 
antibody or cell-mediated  immune responses   against these proteins 
are likely more critical [ 19 ]. Adhesin proteins are crucial for a 
microbe to adhere to and invade a host cell. Therefore, an antibody 
against an adhesin would block the adhesin activity and prevent 
infection. The selection of conserved proteins would allow the vac-

  Fig. 3     Vaxign   criteria to obtain potential protective antigens in  M.    bovis    strain 
AF2122/97. Flowchart of the addition of criteria in Vaxign and the resulting num-
ber of potential vaccine targets after each addition       
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     Table 3  
   M.    bovis     Vaxign   design results   

 Protein name  Localization (probability) 
 Adhesin 
probability 

 Secreted antigen 85C  Extracellular (Prob = 1)  0.614 

 Heparin binding hemagglutinin HBHA  Cell wall (Prob = 1)  0.514 

 PE-PGRS family protein  Extracellular (Prob = 0.797)  0.723 

 Putative threonine rich protein  Extracellular (Prob = 0.913)  0.589 

 PPE family protein  Extracellular (Prob = 0.891)  0.642 

 PE-PGRS family protein  Extracellular (Prob = 0.797)  0.712 

 Periplasmic phosphate-binding lipoprotein PSTS2  Extracellular (Prob = 0.913)  0.685 

 PE-PGRS family protein  Extracellular (Prob = 0.797)  0.514 

 PE-PGRS family protein  Extracellular (Prob = 0.797)  0.716 

 PE family protein  Extracellular (Prob = 0.891)  0.579 

 Hypothetical protein Mb1300c  Extracellular (Prob = 0.913)  0.614 

 PE-PGRS family protein  Extracellular (Prob = 0.797)  0.732 

 Invasion protein  Extracellular (Prob = 0.972)  0.525 

 PE family protein  Extracellular (Prob = 0.891)  0.541 

 Hypothetical protein Mb1891  Extracellular (Prob = 0.998)  0.556 

 Secreted antigen 85-B  Extracellular (Prob = 1)  0.618 

 Immunogenic protein MPT64*  Extracellular (Prob = 1)  0.635 

 Hypothetical protein Mb2213c  Extracellular (Prob = 0.973)  0.546 

 PE-PGRS family protein  Extracellular (Prob = 0.891)  0.586 

 PPE family protein a   Extracellular (Prob = 0.797)  0.591 

 Low molecular weight antigen CFP2  Extracellular (Prob = 1)  0.619 

 Resuscitation-promoting factor RpfE  Extracellular (Prob = 0.913)  0.618 

 Hypothetical protein Mb2749  Extracellular (Prob = 0.891)  0.583 

 PE-PGRS family protein  Extracellular (Prob = 0.797)  0.721 

 Major secreted immunogenic protein mpb70 precursor  Extracellular (Prob = 1)  0.517 

 Soluble secreted antigen mpb53  Extracellular (Prob = 1)  0.604 

 Hypothetical protein Mb3062c  Extracellular (Prob = 0.973)  0.661 

 PPE family protein  Extracellular (Prob = 0.797)  0.704 

 Hypothetical protein Mb3521  Extracellular (Prob = 0.913)  0.694 

 PE-PGRS family protein  Extracellular (Prob = 0.797)  0.728 

(continued)
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cine to be effective against the infection of many types of  pathogens  . 
In this case, if the selected antigen also appears in a  M.    tuberculosis  
  strain, the resulting  DNA vaccine   is likely to protect against these 
 M. tuberculosis  strains as well. Lastly, we do not want to have a DNA 
vaccine antigen homologous to a host protein in order to prevent 
possible immune  tolerance or the generation of autoimmune disease 
[ 19 ]. Out of the 35 potential vaccine targets generated based on the 
above  criteria (Table  3 ), MTP64, Ag85A, and  Ag85B   are a few of 
the potential targets, making them interesting candidates since they 
have been proven valid in generating  M.    tuberculosis     DNA vaccines  . 
The other antigens can also be selected for testing, especially if we 
would like to identify new protective antigens not found even in  M.  
  tuberculosis    studies. It is noted that our  Vaxign   analysis also found 
four  M.    bovis    proteins that are absent in the tuberculosis vaccine 
BCG [ 20 ] (Table  3 ). How these four proteins contribute to the 
attenuation of BCG and possible antigenicity is unclear and deserves 
 further investigation. The Vaxign program is computational (instead 
of manual) analysis, but it provides more information that must be 
sifted through for an accurate target protein, whereas the  M.    tuber-
culosis    analysis provides a few targets.

    Combining our plasmid and antigen analysis, it appears that an 
interesting potential target for a new  M.    bovis    vaccine can be the 
gene(s) expressing  M. bovis  MTP64, Ag85A, and/or  Ag85B   in a 
pJW4303 plasmid. Many of the  M.    tuberculosis    vaccines that included 
these antigens included other antigens as well, so other proteins 
could be considered for insertion based on  Vaxign   or  M. tuberculosis  
ortholog analysis. In addition to the methods introduced here, other 
approaches could also be used to increase the antigen prediction 
accuracy and improve rational vaccine design ( see   Note 2 ).   

Table 3
(continued)

 Protein name  Localization (probability) 
 Adhesin 
probability 

 PE-PGRS family protein  Extracellular (Prob = 0.797)  0.723 

 Secreted MPT51/MPB51 antigen protein FBPD  Extracellular (Prob = 1)  0.560 

 Secreted antigen 85-A  Extracellular (Prob = 1)  0.565 

 10 kDa culture fi ltrate antigen EsxB a   Extracellular (Prob = 1)  0.512 

 6 kDa early secretory antigenic target EsaT6 a   Extracellular (Prob = 1)  0.659 

   a Proteins that do not have orthologs in BCG  
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6    Notes 

     1.    The community-based Vaccine Ontology (VO) represents the 
vaccines and vaccine-related terms and the relations among 
these terms [ 6 ,  21 ]. VO includes ontological representation of 
all the  DNA vaccines  , DNA vaccine plasmids, and protective 
antigen genes used in these DNA vaccines [ 3 ]. Developed using 
the machine-processable  Web Ontology Language (OWL)   for-
mat [ 22 ], software programs can be developed to process the 
VO data for different purposes.   

   2.    While using manual DNAVaxDB analysis and computational 
 Vaxign   prediction may provide potential target antigens and 
plasmids, there are ways that this analysis can be improved to 
increase the chances of vaccine success. Techniques such as lit-
erature mining and microarrays can quickly identify many 
potential targets that have shown promise in studies.           
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    Chapter 49   

 MetaMHCpan, A Meta Approach for Pan-Specifi c MHC 
Peptide Binding Prediction                     

     Yichang     Xu     ,     Cheng     Luo     ,     Hiroshi     Mamitsuka     , and     Shanfeng     Zhu      

1          Introduction 

 Major Histocompatibility Complex (MHC), also known as Human 
Leukocytc Antigen (HLA) in human, consists of a large family of 
genes in most vertebrates and plays important roles in adaptive 
immune response. An important function of MHC molecules is to 
bind peptide fragments derived from  pathogens   and to display the 
 peptides   on the cell surface to be recognized by the counterpart T 
cells [ 1 ]. Biochemical validation of peptides binding to MHC mol-
ecules is expensive and time  consuming; while computational 
approaches are much more effi cient, being recognized as useful, 
and allow to provide only a small number of top candidates (pep-
tides) for further experimental verifi cation. 

 Recent advances of  immunoinformatics   allow developing 
many computational methods for predicting peptides which can 
bind MHC molecules. These computational methods can be 
divided into two groups: allele-specifi c and pan-specifi c methods. 
Allele- specifi c methods train models by using binding data from 
an allele, and the model can be applied to predict  peptides bind-
ing   to the allele only. In this case if the number of binders for an 
allele is limited, the trained model for the allele is likely to fail to 
give a good predictive performance. To overcome this problem, 
the idea of pan-specifi c methods is to use data from multiple 
alleles as input and attempt to predict binders of not only the 
input alleles but also other alleles. In particular, this setting must 
be useful for predicting binders for alleles with very few or even 
no known binders [ 2 ,  3 ]. 

 Currently several pan-specifi c methods have been proposed, 
which invites a problem of what methods are most reliable and should 
be used. To overcome this issue, we develop a Web server, 
MetaMHCpan, an ensemble predictor using existing pan-specifi c 
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methods as component predictors. MetaMHCpan consists of 
MetaMHCIpan and MetaMHCIIpan, which predict peptides to 
bind to  MHC-I   and  MHC-II  , respectively.  MetaMHCIpan   uses two 
pan-specifi c methods, MHC2SKpan [ 4 ] and LApan [ 5 ] for compo-
nents, while MetaMHCIIpan uses three pan-specifi c  methods: 
 TEPITOPEpan   [ 6 ], MHC2SKpan, and LApan, and an allele- specifi c 
method:  MHC2MIL   [ 7 ] for components. Technically MetaMHCpan 
can achieve a higher predictive performance than component predic-
tors, allowing MetaMHCpan to be current cutting- edge software on 
predicting peptide binders of a variety of MHC alleles.  

2    Materials 

 The training set for MHC-I is Peters’ dataset [ 8 ]. We use 35 HLA 
alleles and six H-2 alleles as our training alleles. Among these 
alleles, there are a total of 43,312 peptides, and 12,362 of them are 
binders. The training set for  MHC-II   is the dataset used by 
NetMHCIIpan-3.0 [ 9 ]. There are 24 DR alleles, fi ve DP alleles, 
six DQ alleles, and two H-2 alleles in this dataset with totally 
52,062 peptides, 20,451 of which are binders.  

3    Methods 

 MetaMHCIpan consists of two pan-specifi c methods:  MHC2SKpan   
and LApan. MetaMHCIIpan consists of three pan-specifi c meth-
ods:  TEPITOPEpan  , MHC2SKpan, and LApan, and one allele- 
specifi c method:  MHC2MIL  . 

  TEPITOPEpan   is a position specifi c score matrix (PSSM) 
based method developed by extrapolating from the binding speci-
fi es of HLA-DR molecules characterized by TEPITOPE to those 
uncharacterized [ 6 ,  10 ]. The method can be divided into three 
steps: fi rst, generating pseudo sequences of MHC binding pockets; 
then, computing the pocket similarity and weight between alleles; 
fi nally, computing PSSM. The predicted scores by TEPITOPEpan 
are not binding affi nities. 

  MHC2SKpan   is a kernel based method. The string kernel 
MHC2SK ( MHC-II   String Kernel) used by MHC2SKpan mea-
sures the similarities among peptides with variable lengths [ 4 ]. We 
use support vector regression (SVR) as the predictor. The kernel for 
SVR is a product of an allele kernel and a peptide kernel (MHC2SK). 
The predicted scores by MHC2SKpan are binding affi nities. 

 LApan is a method that we have newly developed by extend-
ing the local alignment kernel (LA) [ 5 ] to a pan-specifi c method. 
The difference between LApan and  MHC2SKpan   is that the 
 peptide kernel in LApan is LA kernel instead of MHC2SK. The 
predicted scores by LApan are binding affi nities. 

Yichang Xu et al.



755

  MHC2MIL   is a multiple instance learning (MIL) based 
method by considering peptide fl anking region and residue 
 positions [ 7 ]. It is an allele-specifi c method and now we provide 35 
alleles for prediction. Different from common supervised meth-
ods, MHC2MIL uses “bag” instead of “instance” to construct the 
learning unit. Each bag is mapped into a feature for SVR model 
with radial basis function (RBF) kernel. The predicted scores by 
MHC2MIL are binding affi nities. 

 We also offer an integrated method AvgTanh [ 11 ,  12 ] to 
 combine each selected method.  TEPITOPEpan   is a PSSM method, 
 MHC2SKpan   designs a new string kernel and  MHC2MIL   is a 
MIL based method. Since these methods are of different  techniques, 
they complement each other and can get better results after 
 integration. AvgTanh is an ensemble approach that the predicted 
score by each predictor of a test peptide will be converted into a 
Z-score fi rst and then normalized by the tanh function. The fi nal 
score will be the average of all normalized scores. 

   MetaMHCIpan is for MHC-I peptide binding prediction. The 
input interface is shown in Fig.  1 .

     1.    Choose method. The default method is  MHC2SKpan  . LApan 
is another choice. At least one of the two methods should be 
chosen. AvgTanh is a complement if you want ( see   Note 1 ).   

   2.    Choose input format. The default input format is  FASTA   
Format. PEPTIDE Format is another choice ( see   Note 2 ).   

   3.    Enter protein sequence(s). According to the data format 
 chosen in  step 2 , enter proper peptides. If FASTA Format is 
chosen, please enter a long sequence with necessary informa-
tion. If PEPTIDE Format is chosen, please enter several 
 peptides line by line. The maximum number of peptides that 
can be accepted by the server is 500. You can upload a fi le 
instead of entering in the text area.   

   4.    Select peptide length. If  FASTA   Format is chosen in  step 2 , 
please select the peptide length from 9-mer to 11-mer. The 
default value is 9-mer. The sequence in  step 3  will be cut 
according the peptide length you select. If PEPTIDE Format 
is chosen, no peptide length should be chosen since the 
 peptides are already entered in a proper length in  step 3 .   

   5.    Select species and loci. For Human, HLA-A or HLA-B can be 
a choice. For Mouse, H-2 is a choice.   

   6.    Select allele. According to the species and loci chosen in  step 
5 , different alleles will be the candidates. For HLA-A, 19 alleles 
from HLA-A0101 to HLA-A6901 can be selected. For HLA- 
B, 16 alleles from HLA-B0702 to HLA-B5801 can be selected. 
For H-2, six alleles from H-2-Db to H-2-Ld can be selected.   

3.1  MetaMHCIpan

MetaMHCpan, A Meta Approach for Pan-Specifi c MHC Peptide Binding Prediction
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   7.    Input your MHC-I sequence. You can input your MHC-I 
sequence in  FASTA   format if previous species and alleles do 
not meet your demand. You can upload a fi le instead of  entering 
in the text area.   

   8.    Choose output interface. The output can be displayed on the 
webpage or in a text format. The default output interface is 
webpage. It is easy for you to read while the text format is 
more convenient for a computer program to analyze.   

   9.    Click submit button. Click the submit button at the bottom of 
the page and your task will be in processing. You can reset all 
by clicking the reset bottom aside. If your task takes a little bit 
long time, you can input your e-mail address and the result will 
be sent to you by e-mail. The results are IC50 in nm. Peptides 
with IC50 less than 500 nm can be deemed as a binder. Rank 
will be displayed aside if “show rank” button is clicked ( see  
 Note 3 ).    

  Fig. 1    Input interface for MetaMHCIpan       
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     MetaMHCIIpan is for  MHC-II   peptide binding prediction. The 
input interface is shown in Fig.  2 .

     1.    Choose method. The default methods are  MHC2SKpan   and 
LApan.  MHC2MIL   or  TEPITOPEpan   can be other choices. 
At least one of the four methods should be chosen. AvgTanh is 
a complement if you want ( see   Note 1 ).   

   2.    Choose input format. The format is the same as MetaMHCIpan 
( see   Note 2 ).   

   3.    Enter protein sequence(s). It is the same as MetaMHCIpan.   
   4.    Select peptide length. If  FASTA   Format is chosen in  step 2 , 

please select the peptide length from 9-mer to 25-mer. The 
default setting is 15-mer. The sequence in  step 3  will be cut 
according the peptide length you select.   

3.2  MetaMHCIIpan

  Fig. 2    Input interface for MetaMHCIIpan       
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   5.    Select species and loci. For Human, one of HLA-DP, HLA- DQ, 
HLA-DRB1, HLA-DRB3, HLA-DRB4, and HLA-DRB5 can 
be a choice. For Mouse, H-2 is a choice.   

   6.    Select allele. Different alleles are provided as a list to be chosen 
according to the species and loci decided in  step 5 .   

   7.    Input your  MHC-II   sequence. You can input your MHC-II 
sequence in the  FASTA   format if previous species and alleles 
do not meet your demand. Two MHC chains should be input. 
They are alpha chain and beta chain. You can upload a fi le 
instead of entering in the text area.   

   8.    Chose output interface. It is the same as MetaMHCIpan.   
   9.    Click submit button. Different from other methods, the result 

of TEPITOPEpan is not IC50 nm. They are the scores 
 predicted by  TEPITOPEpan  . The rank may help you to judge 
the binding ability of peptides ( see   Note 3 ).    

4       Notes 

     1.    In MetaMHCIpan, the score of AvgTanh is the average Tanh 
score of  MHC2SKpan   and LApan. In MetaMHCIIpan, the 
score of AvgTanh is the average Tanh scores of MHC2SKpan, 
LApan, and  MHC2MIL  .   

   2.    The button, “show an example”, on the input page can give 
you some examples.   

   3.    Figures  3  and  4  are output examples on webpage. The first 
section “Prediction Finished” shows the chosen allele and 
the time cost. The second section “Prediction Results” dis-
plays the results by the MetaMHCpan. You can choose 
“Plain Format” by clicking the red line “Show this Table in 
Plain Format” on the top of this section. The results are 
displayed by a table with pagination. You can choose how 
many entries you want in a page. The first column of table 
is the peptide number. The second column is the corre-
sponding peptide. This is followed by the columns with 
results by different methods you have chosen. You can sort 
the results as you like by clicking the column names at the 
top of the table. You can also click the button “show rank” 
or “hidden rank” to show or hide the rank of predictions. 
“Search” function is used to search keywords such as 
 peptide sequence.

Yichang Xu et al.



  Fig. 3    Output example for MetaMHCIpan       

  Fig. 4    Output example for MetaMHCIIpan       
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    Chapter 50   

 A Cohesive and Integrated Platform for Immunogenicity 
Prediction                     

     Ivan     Dimitrov    ,     Mariyana     Atanasova    ,     Atanas     Patronov    ,     Darren     R.     Flower    , 
and     Irini     Doytchinova      

1         Introduction 

 In silico  methods   developed during the last decade, as imple-
mented in pharmaceutical research, have accelerated and optimized 
the process of drug discovery and development, reducing the cost 
of in vitro and in vivo experiments and the number of animal 
experiments and shortening the time from bench to bedside. As 
biological therapeutics have grown in importance, the need to 
develop in silico methods for immunogenicity prediction—which 
aims to mine the enormous amount of data arising from deci-
phered genomes and proteomes and to identify immunogenic pro-
teins—has likewise grown in importance. While high but productive 
immunogenicity is essential for vaccines, therapeutic proteins and 
monoclonal  antibodies   should be minimally immunogenic. 

 The immunogenicity of both foreign and self-proteins is largely 
determined by the peptide  epitopes   they contain. The epitope is 
that part of the antigen that can be recognized by the host immune 
system, particularly by antibodies,  B cells  , or T cells. The epitopes 
can be categorized as conformational or linear, depending on their 
structure and integration with the paratope [ 1 ].  T-cell epitopes   are 
presented on the surface of an antigen-presenting cell (APC), where 
they are bound to major histocompatibility complex (MHC) mol-
ecules in order to induce a  T-cell  -driven immune response [ 2 ]. 
MHCs are among the most polymorphic protein in higher verte-
brates, with more than 12,000 class I and class II MHC molecules 
listed in IMGT/HLA [ 3 ]. Class II  MHCs   are expressed on special-
ized cell types, including professional APCs such as  B cells  , macro-
phages, and  dendritic cells  , whereas class I  MHCs   are found on 
every nucleated cell [ 4 ]. MHC class I molecules usually present 
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peptides between 8 and 11 amino acids in length, although much 
longer class I epitopes are now known, whereas  peptides binding   to 
MHC class II have lengths varying from 12 to 25 amino acids [ 5 ]. 
If appropriate quantities of the epitope are presented, a T cell may 
trigger an adaptive immune response specifi c for the  pathogen  . 

 The recognition of epitopes by  T cells  , and the concomitant 
induction of  immune responses  , has a key role to play within an 
individual’s immune system. Even the slightest deviation from nor-
mal functioning may signifi cantly impact an organism. In the case 
of autoimmune disease, T cells recognize the cell’s native peptides 
as foreign, attacking, and eventually destroying the organism’s 
own tissues. Certain viruses, such as human immunodefi ciency 
virus (HIV), hepatitis  C  , avian, and swine infl uenza, manage to 
avoid recognition by the T cell by relying on mutations that alter 
the amino acid sequences of the proteins encoded by the virus that 
allows them to evade or “escape”  T-cell   surveillance [ 6 ,  7 ]. 

 Knowledge about epitopes is vital if protein immunogenicity is 
to be predicted successfully. Many methods and approaches for 
immunogenicity and MHC binding prediction have been developed 
and utilized within  immunology   and drug development. Detailed 
reviews of these methods are available in the literature [ 8 – 10 ]. 

 Here, we describe a cohesive platform for immunogenicity 
prediction developed in our labs. The platform is freely accessible 
and user-friendly, and it allows users to predict the immunogenic-
ity of proteins and also MHC class  I   and/or  II   binding ability of 
the peptides generated from such proteins. The platform integrates 
three quasi-independent modular servers:  VaxiJen  ,  EpiJen  , and 
 EpiTOP  . VaxiJen predicts immunogenicity of proteins of different 
origin; EpiJen predicts peptide binding to MHC class I proteins; 
and EpiTOP predicts  peptide binding   to MHC class II proteins. 
Together they represent a comprehensive suite or expert system for 
the prediction and delineation of protein immunogenicity.  

2    Materials 

   The UniProtKB (  http://www.uniprot.org    ) is part of the Universal 
Protein Resource (UniProt)—a database for protein sequence and 
annotation data. UniProtKB consists of two databases:  Swiss-Prot   
and  TrEMBL  . Swiss-Prot is manually annotated and reviewed, 
while TrEMBL is automatically annotated and not reviewed.  

   The IEDB (  http://www.iedb.org    ) contains data related to anti-
body and T-cell  epitopes   for humans,  nonhuman primates  , rodents, 
and other animal species. Curation of peptidic and non-peptidic 
epitope data relating to all infectious diseases, allergens, autoim-
mune diseases, and transplants/alloantigens is current and con-
stantly updated.  

2.1   UniProt   
Knowledgebase 
(UniProtKB)

2.2  Immune  Epitope 
  Database (IEDB)

Ivan Dimitrov et al.
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   VaxiJen (  http://www.ddg-pharmfac.net/vaxijen    ) is  a   server for 
the prediction of protective antigens, tumor antigens, and poten-
tial  subunit vaccines   [ 11 – 13 ]. The prediction is based on alignment- 
free comparison able to effectively differentiate immunogenic and 
non-immunogenic proteins of different origin: bacterial, viral, 
parasital, fungal, and tumoral. The protein sequences are encoded 
by three amino acid descriptors accounting for hydrophobicity, 
size, and polarity. As the immunogenic and non-immunogenic 
proteins are of different lengths, auto- and cross-covariance trans-
formation was used to create a defi ned set of uniform descriptors 
[ 14 ]. Two-class discriminant analysis was applied to each descrip-
tor set and a model induced. Models were tested by internal cross- 
validation and external test sets. They predict by accuracy between 
70 and 97 %. The VaxiJen server is widely used for identifying 
immunogenic proteins of different origin [ 15 – 17 ], and the VaxiJen 
score has been widely accepted as a key criterion for immunogenic-
ity prediction [ 18 ,  19 ].   

   EpiJen (  http://www.ddg-pharmfac.net/epijen    )  is   a server for 
multistep class I-restricted  T-cell epitope   prediction [ 20 ,  21 ]. The 
algorithm mimics antigen processing in the cell:  proteasome cleav-
age  , followed by TAP transport, and binding to MHC class I pro-
teins [ 4 ]. A protein is represented as overlapping peptides which 
pass consecutively through several prediction models: a model for 
proteasome cleavage, a model for  TAP   protein binding, and mod-
els for  peptide binding   to 18 most frequent  human   MHC class I 
proteins: A*01:01, A*02:01, A*02:02, A*02:03, A*02:06, 
A*03:01, A*11:01, A*24, A*31:01, A*68:01, A*68:02, B*07, 
B*27, B*35:01, B*40, B*44, B*51, and B*53. At each step, more 
non-epitopes are eliminated. The fi nal set of peptides usually rep-
resents no more than 5 % of the initial protein sequence and con-
tains 85 % of the true  epitopes   as indicated by external validation.   

   EpiTOP (  http://www.ddg-pharmfac.net/epitop    ) is  a   proteoche-
mometrics tool for MHC class II binding prediction [ 22 ,  23 ]. 
Proteochemometrics is a quantitative structure-activity relation-
ship (QSAR) approach originally developed by Wikberg et al. [ 24 ], 
which is specifi cally designed to solve QSAR problems where a set 
of ligands bind to a set of similar or related proteins. In a conven-
tional QSAR analysis, the X matrix of descriptors includes only 
information from ligands. The proteochemometric X matrix 
instead also contains information from proteins. A single proteo-
chemometrics model could potentially predict  peptide binding   to 
a whole group of MHC proteins. The EpiTOP server predicts pep-
tide binding to 17 most frequent human MHC class II proteins: 
DRB1*01:01, DRB1*03:01, DRB1*04:01, DRB1*04:04, 
DRB1*04:05, DRB1*07:01, DRB1*08:02, DRB1*09:01, 
DRB1*11:01, DRB1*12:01, DRB1*13:01, DRB1*15:01, 

2.3   VaxiJen

2.4   EpiJen

2.5   EpiTOP

Platform for Immunogenicity Prediction
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DQA1*01:01/DQB1*0501, DQA1*01:02/DQB1*0601, 
DQA1*03:01/DQB1*0302, DQA1*04:01/DQB1*0402, and 
DQA1*05:01/DQB1*0301.    

3    Methods 

 In the present protocol, the cohesive integrated platform described 
above is used to select immunogenic proteins from   Mycobacterium 
tuberculosis    and to predict how the peptide  epitopes   within them 
bind to MHC class  I   and class  II   proteins. 

       1.    The UniProtKB is searched using the following keywords: 
mycobacterium and tuberculosis and h37rv and reviewed.   

   2.    The results list should contain 2465 proteins of  M.    tuberculosis  
  strain H37Rv (January 2015). Select all.   

   3.    Download TB sequences in  FASTA   format.   
   4.    Open VaxiJen (URL:   http://www.ddg-pharmfac.net/vaxijen    ).   
   5.    Select the FASTA fi le (Note 1). Select TARGET ORGANISM: 

Bacteria. Set THRESHOLD to 0.8. Select output as: Summary 
mode.   

   6.    Press Submit.   
   7.    The  VaxiJen   RESULTS page lists the VaxiJen score and the 

statement “Probable ANTIGEN” or “Probable NON- 
ANTIGEN” for each protein (Fig.  1 ).

3.1  Immunogenicity 
Prediction

  Fig. 1     EpiJen   RESULTS page  for    M. tuberculosis  strain H37Rv       
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       At threshold 0.8, the number of probable nonantigens of  M. tuber-
culosis  is 2381 and that for probable antigens is 84. Among the 
predicted antigens is the early secreted antigenic target 6 kDa 
(ESAT-6 or Rv3875)—a specifi c  M.    tuberculosis    antigen—with a 
VaxiJen score of 0.8095. Next, we will use this protein to identify 
 peptides binding   to MHC class  I    and   class II proteins.  

       1.    Retrieve the  protein   sequence for ESAT-6 from UniProtKB 
(entry: P9WNK5) or GenBank (GI: 57117165).   

   2.    Download or copy sequence in  FASTA   format.   
   3.    Open  EpiJen   (URL:   http://www.ddg-pharmfac.net/epijen    ).   
   4.    Enter the protein sequence in plain format (removing the title 

line: delimiter >) (Note 1).   
   5.    Select ALLELE: HLA-A*0201. Select proteasome cutoff of 

0.1. Select TAP prediction cutoff of 5. Select output cutoff of 
5 %. Press Submit.   

   6.    The  EpiJen   RESULTS page lists fi ve peptides with their start-
ing positions, sequences, and predicted −log IC 50  and pre-
dicted IC 50  values in nM (Fig.  2 ). All of them are predicted to 
be high binders with IC 50  values ranging between 1 and 10 nM.

       7.    As this antigen is well known, we can check the predicted 
HLA- A*02:01 binders in  IEDB  . The following settings are 
used: (Note 2)

   Advanced Search/MHC Ligand Search.  
   Epitope  : Linear peptide.  

3.2   MHC Class 
I Binding Prediction

  Fig. 2     EpiJen   RESULTS page  for    M. tuberculosis  antigen ESAT-6       
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  Source Molecule Name: early secreted antigenic target 6 kDa; 
6 KDA early secreted antigenic target; 6 kDa early secreted 
antigenic target; 6 kda early secreted antigenic target.  

  Source Organism:   Mycobacterium tuberculosis   .  
  MHC Allele Name: HLA-A*02:01.  
  Press Search.  
  The search yields 11 positive  epitopes   and 29 positive MHC Ligand 

Assays, proven experimentally. The predicted fi ve peptides are 
among the epitopes, as well as among the MHC binders.      

   8.    In case of unknown antigen predicted as ANTIGEN or in case 
of unknown MHC binders predicted as positive binders, 
experiments should be performed in order to validate the 
immunogenicity or the MHC binding ability of the predicted 
protein/peptides.       

       1.    The protein sequence of ESAT-6 is retrieved from UniProtKB 
(entry: P9WNK5) or GenBank (GI: 57117165). Download 
sequence in  FASTA   format.   

   2.    Open  EpiTOP   (URL:   http://www.ddg-pharmfac.net/
epitop    ).   

   3.    Enter the protein sequence in plain format (removing the title 
line: delimiter >) (Note 1).   

   4.    Select loci: HLA-DRB1. Select threshold pIC50 = 6.3 (by 
default).   

   5.    Press “Get the result.”   
   6.    The EpiTOP results page lists  all   overlapping nonamers gener-

ated from ESAT-6 protein with their starting positions, 
sequences, predicted pIC 50  values, and the number of HLA-DR 
alleles the peptide binds to with pIC 50  above the selected 
threshold (Fig.  3 ).

       7.    Check the predicted HLA-DRB1*01:01 binders from 
ESAT-6 in IEDB. (Note 2)    The following settings are used:
   Advanced Search/MHC Ligand Search.  
   Epitope  : Linear peptide.  
  Source Molecule Name: early secreted antigenic target 6 kDa; 

6 KDA early secreted antigenic target; 6 kDa early secreted 
antigenic target; 6 kda early secreted antigenic target.  

  Source Organism:   Mycobacterium tuberculosis   .  
  MHC Allele Name: HLA-DRB1*01:01.  
  Press Search.  

3.3  MHC Class II 
Binding Prediction

Ivan Dimitrov et al.
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  The search yields 22 positive MHC Ligand Assays, proven experi-
mentally. All of them are 15mers.  EpiTOP   predicted 20 HLA-
DRB1*01:01 binding nonamers. All of the predicted nonamers 
are included in the binding 15mers. By changing the MHC 
Allele Name, one could check for  peptides binding   to other 
DRB1 proteins.      

   8.    In case of unknown MHC binders predicted as positive bind-
ers, experiments should be performed in order to prove the 
MHC binding ability of the predicted peptides.     

 The MHC binding nonamers originating from ESAT-6 protein are 
summarized in Table  1 .

4        Notes 

     1.     VaxiJen   accepts multiple proteins entered in  FASTA   format. 
 EpiJen   and  EpiTOP   process single proteins entered in plain 
format (one-letter code).   

   2.    The search in  IEDB   is case sensitive. For full search, one has to 
enter all possible combinations for specifi c terms, e.g., the 
molecular weight is given in kDa, KDA, or kda units.          

  Fig. 3     EpiTOP   results page ( top part )  for    M. tuberculosis  antigen ESAT-6       

 

Platform for Immunogenicity Prediction



   Ta
bl

e 
1  

  Su
m

m
ar

y 
of

 th
e 

M
HC

 b
in

de
rs

 o
rig

in
at

in
g 

 fr
om

    M
. t

ub
er

cu
lo

si
s  

an
tig

en
 E

SA
T-

6   

 Po
si

tio
n 

 Pe
pt

id
e 

 pI
C5

0 
va

lu
es

 fo
r H

LA
-D

R 

 Hi
t 

co
un

ts
 

 Av
er

ag
e 

pI
C5

0 
 IE

DB
 ID

 
 HL

A 
 DR

B1
* 

01
01

 
 DR

B1
* 

03
01

 
 DR

B1
* 

04
01

 
 DR

B1
* 

04
04

 
 DR

B1
* 

04
05

 
 DR

B1
* 

07
01

 
 DR

B1
* 

08
02

 
 DR

B1
* 

09
01

 
 DR

B1
* 

11
01

 
 DR

B1
* 

12
01

 
 DR

B1
* 

13
02

 
 DR

B1
*

1 
50

1 

 54
 

 V
Q

Q
K

W
D

A
T

A
 

 8.
01

9 
 6.

42
0 

 7.
62

4 
 6.

58
6 

 7.
84

0 
 7.

49
2 

 7.
37

8 
 7.

17
9 

 7.
39

3 
 6.

44
0 

 6.
90

6 
 6.

56
2 

 12
 

 7.
52

6 
 10

70
24

; 2
00

14
48

; 
20

01
44

9;
 2

00
14

50
; 

20
01

45
1;

 2
00

14
57

; 
20

01
45

8 

 D
R

B
1*

01
:0

1;
 

D
R

B
1*

08
:0

2;
 

A
*0

2:
01

; A
*3

0:
02

 

 36
 

 L
T

K
L

A
A

A
W

G
 

 9.
16

3 
 5.

13
0 

 7.
20

5 
 5.

41
1 

 7.
35

8 
 7.

74
2 

 6.
90

8 
 7.

98
2 

 6.
85

9 
 5.

19
5 

 6.
78

8 
 5.

78
7 

 8 
 6.

88
7 

 20
01

30
4;

 2
00

13
05

; 
20

01
30

6 
 B

*5
8:

01
 

 58
 

 W
 D

A
T

A
T

E
L

N
 

 7.
06

8 
 5.

23
4 

 7.
77

3 
 5.

56
4 

 7.
95

7 
 7.

29
7 

 7.
20

1 
 7.

68
2 

 7.
38

3 
 5.

25
8 

 7.
11

9 
 4.

58
9 

 8 
 6.

77
9 

 10
70

24
 

 D
R

B
1*

01
:0

1;
 

D
R

B
1*

08
:0

2 

 18
 

 IQ
G

N
V

T
SI

H
 

 6.
45

1 
 5.

24
2 

 7.
44

8 
 5.

56
6 

 7.
63

5 
 6.

85
6 

 7.
21

0 
 6.

70
5 

 7.
27

2 
 5.

65
2 

 7.
35

6 
 4.

87
9 

 8 
 6.

63
6 

 20
01

16
6;

 2
00

11
67

; 
20

01
16

8 
 A

*0
2:

01
 

 6 
 W

 N
FA

G
IE

A
A

 
 8.

01
7 

 4.
78

3 
 7.

19
0 

 4.
96

1 
 7.

35
5 

 7.
50

3 
 6.

70
3 

 7.
19

3 
 6.

85
4 

 4.
63

4 
 6.

99
1 

 5.
55

8 
 8 

 6.
59

6 
 16

16
23

 
 D

R
B

1*
01

:0
1;

 
D

R
B

1*
08

:0
2 

 39
 

 L
A

A
A

W
G

G
SG

 
 8.

00
6 

 4.
84

2 
 6.

95
8 

 5.
18

4 
 7.

22
6 

 7.
47

5 
 6.

44
3 

 6.
78

6 
 6.

52
1 

 4.
96

5 
 6.

64
8 

 5.
54

7 
 8 

 6.
50

8 
 20

01
32

8;
 2

00
13

29
; 

20
01

33
0;

 2
00

13
31

; 
20

01
33

2;
 2

00
13

33
 

 A
*3

0:
02

; C
*0

7:
01

; 

 11
 

 IE
A

A
A

SA
IQ

 
 7.

20
6 

 4.
95

8 
 7.

21
1 

 5.
30

6 
 7.

34
1 

 7.
03

6 
 6.

74
7 

 7.
06

7 
 6.

84
0 

 4.
87

2 
 6.

86
9 

 4.
92

0 
 8 

 6.
49

0 

 28
 

 L
L

D
E

G
K

Q
SL

 
 8.

01
8 

 4.
95

2 
 6.

76
4 

 4.
95

5 
 6.

96
9 

 7.
27

7 
 6.

43
5 

 6.
20

9 
 6.

56
1 

 4.
62

0 
 6.

68
2 

 6.
43

7 
 8 

 6.
45

2 
 16

11
68

2;
 1

61
16

83
; 

20
01

24
4;

 2
00

12
45

; 
20

01
24

6 

 A
*0

2:
11

; A
*0

2:
12

; 
A

*0
2:

01
 

 1 
 M

T
E

Q
Q

W
N

FA
 

 7.
07

9 
 5.

54
5 

 6.
70

7 
 5.

60
0 

 6.
86

2 
 6.

47
7 

 6.
43

0 
 6.

45
6 

 6.
54

5 
 5.

50
1 

 6.
48

4 
 6.

17
5 

 8 
 6.

45
1 

 20
01

04
1;

 2
00

10
42

; 
20

01
04

3 
 A

*3
0:

02
 

 22
 

 V
T

SI
H

SL
L

D
 

 7.
42

8 
 5.

24
8 

 6.
84

7 
 5.

73
8 

 6.
90

2 
 6.

93
8 

 6.
51

2 
 7.

86
0 

 6.
44

3 
 5.

50
0 

 6.
14

3 
 4.

61
3 

 7 
 6.

39
8 

 17
62

15
4;

 1
95

27
09

; 
19

52
84

1 
 A

24
 

 72
 

 L
A

R
T

IS
E

A
3 

 7.
60

0 
 4.

92
9 

 6.
91

4 
 5.

08
9 

 7.
09

7 
 6.

94
5 

 6.
35

5 
 6.

78
1 

 6.
53

7 
 4.

84
2 

 6.
42

8 
 5.

53
1 

 8 
 6.

38
8 



 8 
 FA

G
IE

A
A

A
S 

 8.
31

2 
 4.

32
2 

 6.
85

6 
 4.

67
0 

 7.
00

3 
 7.

33
4 

 6.
50

0 
 7.

77
2 

 6.
47

3 
 4.

33
7 

 6.
34

7 
 4.

52
0 

 8 
 6.

34
2 

 69
 

 L
Q

N
W

R
T

IS
 

 8.
35

6 
 4.

66
9 

 6.
76

8 
 4.

98
8 

 7.
00

8 
 7.

03
0 

 6.
49

4 
 7.

76
7 

 6.
45

1 
 4.

77
4 

 6.
22

9 
 4.

87
3 

 7 
 6.

33
9 

 20
01

56
5;

 2
00

15
66

; 
20

01
57

3 
 A

*3
0:

02
 

 43
 

 W
 G

G
SG

SE
A

Y 
 6.

88
1 

 4.
38

1 
 6.

79
1 

 4.
55

7 
 6.

95
1 

 7.
02

0 
 6.

28
5 

 6.
48

3 
 6.

48
1 

 4.
15

6 
 6.

67
1 

 4.
93

8 
 7 

 6.
04

6 
 20

01
36

1;
 2

00
13

62
; 

20
01

36
9 

 A
*3

0:
02

 

 76
 

 IS
E

A
G

Q
A

M
A

 
 7.

50
5 

 4.
43

3 
 6.

57
0 

 4.
66

6 
 6.

70
0 

 6.
94

5 
 6.

12
0 

 6.
63

7 
 6.

21
3 

 4.
31

5 
 6.

34
4 

 5.
25

1 
 6 

 5.
97

7 

 51
 

 YQ
G

V
Q

Q
K

W
D

 
 6.

76
8 

 5.
45

3 
 6.

51
9 

 5.
79

5 
 6.

77
7 

 6.
24

5 
 6.

03
0 

 7.
39

5 
 6.

14
8 

 5.
62

5 
 5.

71
8 

 4.
78

9 
 4 

 5.
94

3 

 65
 

 L
N

N
A

L
Q

N
W

 
 7.

06
3 

 4.
32

9 
 6.

30
9 

 4.
44

7 
 6.

41
8 

 6.
52

8 
 5.

85
5 

 6.
40

1 
 6.

01
8 

 4.
14

4 
 6.

21
6 

 5.
20

0 
 5 

 5.
68

7 

 83
 

 M
A

ST
E

G
N

V
T

 
 6.

66
6 

 5.
02

7 
 6.

34
1 

 5.
20

7 
 6.

46
9 

 6.
41

2 
 5.

75
0 

 5.
96

2 
 5.

94
4 

 4.
68

2 
 5.

88
2 

 5.
39

1 
 4 

 5.
67

2 

 29
 

 L
D

E
G

K
Q

SL
T

 
 6.

77
2 

 4.
48

4 
 6.

58
1 

 4.
71

3 
 6.

69
5 

 6.
75

0 
 5.

70
0 

 6.
23

2 
 6.

02
7 

 3.
98

5 
 6.

29
5 

 5.
39

4 
 4 

 5.
66

4 

 25
 

 IH
SL

L
D

E
G

K
 

 6.
47

1 
 3.

60
2 

 5.
79

8 
 3.

89
2 

 5.
98

7 
 5.

42
2 

 5.
53

5 
 6.

48
2 

 5.
54

3 
 3.

39
2 

 5.
34

6 
 3.

22
7 

 2 
 4.

82
3 

 20
01

22
1 

 A
*3

0:
02

 



770

   References 

    1.    Huang J, Honda W (2006) CED: a conforma-
tional epitope database. BMC Immunol 7:7  

    2.    Madden DR (1995) The three-dimensional 
structure of peptide-MHC complexes. Annu 
Rev Immunol 13:587–622  

    3.    Robinson J, Halliwell JA, McWilliam H, 
Lopez R, Parham P, Marsh SGE (2013) The 
IMGT/HLA database. Nucleic Acids Res 
39:D1171–D1176  

     4.    Janeway CA (2001) Immunobiology: the 
immune system in health and disease. Churchill 
Livingstone, New York, NY  

    5.    Jardetzky TS, Brown JH, Gorga JC, Stern LJ, 
Urban RG, Strominger JL, Wiley DC (1996) 
Crystallographic analysis of endogenous pep-
tides associated with HLA-DR1 suggests a 
common, polyproline II-like conformation 
for bound peptides. Proc Natl Acad Sci U S 
A 93:734–738  

    6.    Letvin NL, Walker BD (2001) HIV versus the 
immune system: another apparent victory for 
the virus. J Clin Invest 107:273–275  

    7.    Sirskyj D, Diaz-Mitoma F, Golshani A, Kumar 
A, Azizi A (2011) Innovative bioinformatic 
approaches for developing peptide-based vac-
cines against hypervariable viruses. Immunol 
Cell Biol 89:81–89  

    8.    Flower DR, Macdonald IK, Ramakrishnan K, 
Davies MN, Doytchinova IA (2010) 
Computer-aided selection of candidate vaccine 
antigens. Immunome Res S2:S1  

   9.    Patronov A, Doytchinova I (2013) T-cell epit-
ope vaccine design by immunoinformatics. 
Open Biol 3:120139  

    10.    Flower DR (2013) Designing immunogenic 
peptides. Nat Chem Bio 9:749–753  

    11.    Doytchinova IA, Flower DR (2007) 
Identifying candidate subunit vaccines using 
an alignment- independent method based on 
principal amino acid properties. Vaccine 25:
856–866  

   12.    Doytchinova IA, Flower DR (2007) VaxiJen: a 
server for prediction of protective antigens, 
tumour antigens and subunit vaccines. BMC 
Bioinformatics 8:4  

    13.    Doytchinova IA, Flower DR (2008) 
Bioinformatic approach for identifying parasite 
and fungal candidate subunit vaccines. Open 
Vaccine J 1:22–26  

    14.    Nyström Å, Andersson PM, Lundstedt T 
(2000) Multivariate data analysis of topo-

graphically modifi ed α-melanotropin ana-
logues using auto and cross auto 
covariances (ACC). Quant Struct Act Relat 
19:264–269  

    15.    Nazarian S, Mousavi Gargari SL, Rasooli I, 
Amani J, Bagheri S, Alerasool M (2012) An in 
silico chimeric multi subunit vaccine targeting 
virulence factors of enterotoxigenic Escherichia 
coli (ETEC) with its bacterial inbuilt adjuvant. 
J Microbiol Methods 90:36–45  

   16.    Maritz-Olivier C, van Zyl W, Stutzer C (2012) 
A systematic, functional genomics, and reverse 
vaccinology approach to the identifi cation of 
vaccine candidates in the cattle tick, 
 Rhipicephalus microplus . Ticks Tick Borne Dis 
3:179–187  

    17.    Rai J, Lok KI, Mok CY, Mann H, Noor M, 
Patel P, Flower DR (2012) Immunoinformatic 
evaluation of multiple epitope ensembles as 
vaccine candidates:  E. coli  536. Bioinformation 
8:272–275  

    18.    Gededzha MP, Mphahlele MJ, Selabe SG 
(2014) Prediction of T-cell epitopes of hepati-
tis C virus genotype 5a. Virol J 11:187  

    19.    Kanagavel M, Shanmughapriya S, Anbarasu K, 
Natarajaseenivasan K (2014) B-cell-specifi c 
peptides of  Leptospira interrogans  LigA for 
diagnosis of patients with acute leptospirosis. 
Clin Vaccine Immunol 21:354–359  

    20.    Doytchinova IA, Flower DR (2006) Class I T 
cell epitope prediction: improvements using a 
combination of proteasome cleavage, TAP 
affi nity, and MHC binding. Mol Immun 
43:2037–2044  

    21.    Doytchinova IA, Guan P, Flower DR (2006) 
EpiJen: a server for multi-step T cell epitope 
prediction. BMC Bioinformatics 7:131  

    22.    Dimitrov I, Garnev P, Flower DR, Doytchinova 
I (2010) Peptide binding to the HLA-DRB1 
sypertype: a proteochemometric analysis. Eur 
J Med Chem 45:236–243  

    23.    Dimitrov IP, Garnev P, Flower DR, 
Doytchinova I (2010) EpiTOP – a proteo-
chemometric tool for MHC class II bind-
ing prediction. Bioinformatics 26:
2066–2068  

    24.    Lapinsh M, Prusis P, Gutcaits A, Lundstedt T, 
Wikberg JE (2001) Development of proteo- 
chemometrics: a novel technology for the anal-
ysis of drug-receptor interactions. Biochim 
Biophys Acta 1525:180–190    

Ivan Dimitrov et al.



   Part IX 

   Vaccine Safety and Regulation        



773

Sunil Thomas (ed.), Vaccine Design: Methods and Protocols, Volume 2: Vaccines for Veterinary Diseases, Methods in Molecular Biology, 
vol. 1404, DOI 10.1007/978-1-4939-3389-1_51, © Springer Science+Business Media New York 2016

    Chapter 51   

 The Regulatory Evaluation of Vaccines for Human Use                     

     Norman     W.     Baylor       

1        Introduction 

 Vaccines, whether prophylactic ( measles  , polio,  HPV  , etc.) or 
therapeutic (HIV or other chronic infectious diseases, etc.), are 
subject to the same regulations as other biological products and 
are required to be manufactured to meet strict standards set by 
National Regulatory Authorities (NRA) such as the US  Food and 
Drug Administration (FDA)  . While vaccine manufacturers have 
the primary legal responsibility for assuring the safety, quality, 
and effectiveness of the products they manufacture and distrib-
ute, it is the NRAs who have the legal authority of enforcement 
to ensure product quality, safety, and effectiveness. Moreover, 
NRAs are responsible for the review and authorization of clinical 
trials, approval of licensing applications and lot release, and mon-
itoring the performance of the product throughout its lifecycle. 
The FDA also publishes guidance documents, although not 
legally enforceable, which provide sponsors and manufacturers 
with FDA’s current thinking on various regulatory and scientifi c 
topics (Table  1 ).

   Biological products, including vaccines, are distinguished from 
chemical pharmaceuticals primarily due to their derivation from 
living organisms with an innate molecular complexity that cannot 
be defi ned by physical or chemical means alone. In addition, the 
intrinsic variability of living organisms, and the potential for con-
tamination of materials with adventitious agents, which may come 
from starting materials or the environment, requires special quality 
control and quality assurance mechanisms. Moreover, vaccines are 
inherently more diffi cult to develop, characterize, and manufacture 
than most pharmaceutical products. 

 The manufacture of most vaccines requires the growth or expres-
sion of the immunizing agent (i.e., bacteria, virus, virus-like particles, 
recombinant proteins, etc.) in living cells. Establishing the conditions 
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for optimization of growth and expression to obtain adequate yield is 
complex, and subtle changes in the process or materials can signifi -
cantly affect the composition of the vaccine and its safety, effective-
ness, or both. Thus, the process must be well controlled and 
monitored and produce a consistent, well- characterized, and repro-
ducible product prior to its licensure. Production of the vaccine drug 
substance, whether by fermentation, cultivation, isolation, or synthe-
sis, usually starts with raw materials. Subsequent steps of the proce-
dure involve preparation, characterization, and purifi cation of 
intermediates eventually resulting in the vaccine drug substance. 

   Table 1  
  Current guidance documents applicable to development, manufacture, licensure, and use of 
vaccines a    

 Guidance documents 

 Guidance for Industry: General Principles for the Development of Vaccines to Protect Against Global 
Infectious Diseases (PDF—57 KB),12/2011 

 Guidance for Industry: Clinical Considerations for Therapeutic  Cancer Vaccines  , 10/2011 

 Guidance for Industry: Characterization and Qualifi cation of Cell Substrates and Other Biological 
Materials Used in the Production of Viral Vaccines for Infectious Disease Indications, 2/2010 

 Guidance for Industry: Considerations for  Plasmid DNA Vaccines   for Infectious Disease Indications, 
11/2007 

 Guidance for Industry: Toxicity Grading Scale for Healthy Adult and Adolescent Volunteers Enrolled 
in Preventive Vaccine Clinical Trials, 9/27/2007 

 Guidance for Industry: Clinical Data Needed to Support the Licensure of Pandemic Infl uenza Vaccines, 
5/31/2007 

 Guidance for Industry: Clinical Data Needed to Support the Licensure of Seasonal Inactivated 
Infl uenza Vaccines,5/31/2007 

 Guidance for Industry: Development of Preventive HIV Vaccines for Use in Pediatric Populations 
5/4/2006 

 Guidance for Industry: Considerations for Developmental Toxicity Studies for Preventive and 
 Therapeutic Vaccines   for Infectious Disease Indications, 2/2006 

 Guidance for Industry: FDA Review of Vaccine Labeling Requirements for Warnings, Use Instructions, 
and Precautionary Information, 10/1/2004 

 Draft Guidance for Industry: Postmarketing Safety Reporting for Human Drug and Biological 
Products Including Vaccines, 3/12/2001 

 Guidance for Reviewers: Potency Limits for Standardized Dust Mite and Grass Allergen Vaccines: A 
Revised Protocol, 10/2000 

 Guidance for Industry: Content and Format of Chemistry, Manufacturing and Controls Information 
and Establishment Description Information for a Vaccine or Related Product, 1/5/1999 

 Guidance for Industry for the Evaluation of Combination Vaccines for Preventable Diseases: 
Production, Testing and Clinical Studies, 4/10/1997 

   a  Source : Modifi ed from  FDA   Vaccine and Related Biological Product Guidances. Available at:   http://www.fda.gov/
BiologicsBloodVaccines/GuidanceComplianceRegulatoryInformation/Guidances/Vaccines/      

Norman W. Baylor

http://www.fda.gov/BiologicsBloodVaccines/GuidanceComplianceRegulatoryInformation/Guidances/Vaccines/
http://www.fda.gov/BiologicsBloodVaccines/GuidanceComplianceRegulatoryInformation/Guidances/Vaccines/
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 The vaccine drug substance is defi ned as the unformulated active 
(immunogenic) substance, which may be subsequently formulated 
with  excipients   to produce the drug product [ 1 ]. The drug sub-
stance may be whole bacterial cells, viruses, or parasites (live or 
killed); crude or purifi ed antigens isolated from killed or living cells; 
crude or purifi ed antigens secreted from living cells; recombinant or 
synthetic  carbohydrate  , protein, or peptide antigens; polynucleotides 
(as in  plasmid DNA vaccines  ); or conjugates. The vaccine drug prod-
uct is the fi nished dosage form of the product. The vaccine drug 
product contains the vaccine drug substance(s) formulated with 
other ingredients in the fi nished dosage form ready for marketing. 
Other ingredients, active or inactive, may include  adjuvants  , preser-
vatives, stabilizers, and/or  excipients  . For vaccine  formulation  , the 
drug substance(s) may be diluted, adsorbed, mixed with adjuvants or 
additives, and/or lyophilized to become the drug product.  

2    Exploratory Stage 

 The general stages of the development cycle of a vaccine are outlined 
in Table  2 . The fi rst steps are exploratory in nature. The exploratory 
stage involves basic laboratory research and often lasts 2–4 years [ 2 ]. 
The research community of academic, government, and industry sci-
entists identifi es natural or synthetic antigens that may have potential 
in preventing or treating a disease. These antigens could include 
virus-like particles, weakened viruses or bacteria, weakened bacterial 
toxins, or other substances derived from infectious disease  patho-
gens  . The goal of research and development at this stage is to identify 
and develop a viable product that is safe and immunogenic and com-
plies with applicable regulatory requirements of the NRA of record. 

   Table 2  
  Development stages of new vaccines   

 Exploratory/research and development 

  Preclinical testing  

  In vitro and in vivo studies 

  Clinical testing  

  Investigational new drug application 

  Manufacturing/quality control  

  Chemistry, manufacturing, and control 

  Facility 

  Regulatory review and approval  

  Biologics license application 
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Research and discovery may be empirical and based on trial and error 
and occur in an unregulated environment (Fig.  1 ). If the vaccine 
shows promise in the exploratory phase, it moves on to animal test-
ing or the preclinical phase. Although there is no regulatory over-
sight in the basic research and discovery phase, each of the product 
development stages beginning with the preclinical stage is impacted 
by the regulatory process. Once product development enters the 
regulated environment, there are challenges that must be overcome 
(Fig.  2 ). Preclinical studies must be completed according to good 
laboratory practices (GLP); chemistry, manufacturing, and control 
procedures must be done according to  current good manufacturing 
practices (GMP)  ; and clinical studies are required to be conducted 
according to good clinical practices (GCP) [ 3 ].

  Fig. 1    Impact of the regulatory process on early product development stages.  Source : Baylor, NW.  Regulatory 
Approval and Compliances for Biotechnology Products  in Biotechnology Entrepreneurship, Shimasaki, C. (ed.) 
2014. Elsevier       

  Fig. 2    Impact of regulatory process on clinical development stages.  Source : Baylor, NW.  Regulatory Approval 
and Compliances for Biotechnology Products  in Biotechnology Entrepreneurship, Shimasaki, C. (ed.) 2014. 
Elsevier       
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3         Preclinical Stage 

 The preclinical stage consists of the development and testing of 
vaccines prior to the vaccine being tested in humans. Considerations 
for preclinical studies are evaluated on a product-specifi c basis, 
and requirements may differ depending on the type of vaccine, 
the manufacturing process, and the mechanism of action. 
Requirements for preclinical toxicity studies depend on consider-
ations of the vaccine’s potential benefi t/risk, the target popula-
tion, the available clinical data from the use of related products, 
the product features, and the availability of  animal models  . As 
product development proceeds, the  FDA   may request additional 
preclinical studies [ 4 ]. 

 Early in the product development process, investigators test 
candidate vaccines in vitro prior to moving into animals. Preclinical 
studies use tissue culture or cell-culture systems and animal test-
ing to assess the safety of the candidate vaccine and its  immuno-
genicity  . Animal subjects may include rodents and monkeys. 
These studies may also provide insight into the cellular responses 
expected in humans. Additionally, the outcome of these studies 
may also suggest a safe starting dose for the next phase of research 
as well as a safe method of administering the vaccine. Based on 
the clinical data, the candidate vaccine may be modifi ed during 
the preclinical stage in an attempt to enhance the vaccine safety 
and effectiveness. Although limited at the beginning of clinical 
development, preclinical studies should be suffi cient to rule out 
overt toxicity and identify potential toxic effects that might occur 
during the clinical trial. Preclinical safety studies provide impor-
tant safety data on the investigational product’s effects in target 
organs as well as the reversibility of the toxicity. Toxicity studies 
should be conducted in compliance with good laboratory prac-
tices (GLP) [ 5 ]. These requirements provide assurance of the 
validity of toxicity test results by providing a well-controlled study 
environment. Adequate preclinical data must be provided in the 
submission of an IND to the  FDA   in order for FDA to make a 
determination that the vaccine is reasonably safe to proceed with 
a clinical investigation. 

 As a consequence of more women of childbearing potential 
participating in clinical trials and more preventive and  therapeutic 
vaccines   being developed for adolescents and adults, NRAs have 
an increasing concern about the unintentional exposure of an 
embryo/fetus before information is available about the risk ver-
sus benefi t of a vaccine. The FDA published recommendations 
pertaining to the assessment of the developmental toxicity poten-
tial of preventive and therapeutic vaccines for infectious diseases 
indicated for females of childbearing potential and pregnant 
females [ 6 ].  
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4    Clinical Testing Stage 

 Once the preclinical data package is reviewed and accepted by the 
 FDA  , sequential phases of clinical evaluation commence. The clini-
cal testing stage or investigational new drug (IND) stage consists 
of multiple phases where the investigational product is studied in 
human subjects under well-defi ned conditions and with careful 
monitoring. In certain cases where studies to demonstrate effi cacy 
in humans are not ethical or feasible, sponsors may conduct studies 
to demonstrate effi cacy of the product in appropriate  animal mod-
els  . The clinical development of a new vaccine begins with the 
sponsor requesting permission to conduct a clinical study with an 
investigational product through the submission of an IND applica-
tion. Title 21 CFR 312 describes the content of an original IND 
submission and the regulatory requirements for conduct of clinical 
trials under the IND regulations [ 6 ]. Clinical studies are governed 
by good clinical practices. These regulations facilitate the protec-
tion and safety of human subjects and the scientifi c quality of clini-
cal studies [ 7 ]. 

 The IND submission describes the vaccine, its manufacture and 
control testing for release of the vaccine, the proposed scientifi c 
rationale, available preclinical animal safety testing results, and a pro-
posed clinical study protocol. Review of the IND submission allows 
the FDA to monitor the safety of clinical trial subjects and ensure 
that the study design permits a thorough evaluation of the vaccine’s 
effectiveness and safety. There are typically three successive phases in 
the clinical evaluation of vaccine products under the IND regula-
tions [ 8 ]. These phases can sometimes overlap, and the clinical eval-
uation may be highly iterative, because multiple phase I and II trials 
may be required as new data become available. The  FDA   rigorously 
oversees the clinical trial process. If data raise signifi cant concerns 
about either safety or effectiveness, the FDA may request additional 
information or studies or may halt ongoing clinical studies. 

 Phase I studies are designed to evaluate vaccine safety and toler-
ability and to generate preliminary  immunogenicity   data. Typically, 
phase I studies enroll between 20 and 80 subjects who are closely 
monitored throughout the duration of the trial. Phase II studies, 
which typically enroll several hundred subjects, evaluate the immu-
nogenicity of the vaccine and provide preliminary estimates on rates 
of common adverse events. Phase II studies are often designed to 
generate data to inform the design of phase III studies. Dose-
ranging studies are also included in phase II clinical development. 
The phase III trial provides the critical documentation of the vac-
cine’s safety and effectiveness needed to evaluate the benefi t/risk 
relationship of the vaccine and to support licensure. Phase III trials 
for vaccines are large and typically enroll from several hundred to 
several thousand subjects to provide a more thorough assessment of 
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safety as well as a defi nite assessment of effi cacy. Manufacturing 
reproducibility is typically addressed during the phase III trial by 
evaluation of lot consistency and ensuring process validation. 

 The general considerations for clinical studies to support vac-
cine licensure include safety,  immunogenicity  , and effi cacy (immu-
nogenicity may be suffi cient in some cases). Ideally, effi cacy is 
demonstrated in randomized, double-blind, well-controlled stud-
ies. The end points are product specifi c and may be clinical disease 
end points or  immune response   end points if effi cacy against clini-
cal disease has been established. The requisite number of study 
participants in effi cacy trials for vaccines can range from thousands 
to tens of thousands of subjects. This broad range depends on vari-
ables such as study design and incidence of the disease to be 
prevented.  

5    Manufacturing Stage 

 Vaccine manufacturing is a complex process involving analytical 
and  formulation   development to scale up the manufacturing pro-
cess, fi nalize the formulation, and validate assays in preparation of 
clinical lots as well as commercial scale product (Fig.  3 ). A balance 
must be made between rapidly providing material for clinical evalu-
ation using an interim process and delaying clinical trials until the 
fi nal process, formulation, and assays are available. For each clinical 
trial phase, a decision must be made as to when to stop process 
development and establish a fi xed process for the preparation of 
clinical materials. One solution is to prepare phase 3 clinical mate-
rials using the fi nal process.

   The process by which a vaccine is manufactured depends on 
the type of antigen that makes up the vaccine. There are different 
vaccine manufacturing processes depending on the specifi c type of 
antigen that makes up the vaccine. Many vaccine development pro-
cesses, such as fermentation and cell culture, purifi cation, formula-
tion, analytical testing, and vaccine characterization, which precede 
the fi ling of an IND, may be done in parallel [ 9 ]. Process develop-
ment can be divided into four interdependent categories: (1) 
 process, analytical, and formulation development; (2) manufacture 
and testing of preclinical supplies; (3) manufacture and testing of 
clinical supplies (prepared according to  cGMP   regulations); and 
(4) manufacture and testing of fi nal product for marketing autho-
rization. In order to support clinical trials, manufacturers are 
expected to implement manufacturing controls that refl ect prod-
uct and manufacturing considerations, evolving process and prod-
uct knowledge, and manufacturing experience. As the process 
becomes better defi ned, critical control points are identifi ed and 
experience in the process increases; increased GMP documentation 
must be implemented and maintained [ 10 ]. 
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 The quality and purity of the vaccine drug substance cannot be 
assured solely by downstream testing, but depends on proper con-
trol of the manufacturing and synthetic process as well. Proper 
control and attainment of minimal levels of impurities depends on 
(1) appropriate quality and purity of the starting materials, includ-
ing the seed organisms, and reagents; (2) establishment and use of 
in-process controls for intermediates; (3) consistent adherence to 
validated process procedures; and (4) adequacy of the fi nal (release) 
control testing of the vaccine drug substance. Even after licensure, 
manufacturers conduct a series of tests on the bulk, intermediate, 
and fi nal vaccine products and typically are required both to 
meet all product and process specifi cations and to submit the 
results of key tests, along with samples of the product to CBER for 
evaluation prior to CBER’s approval of lot release and administra-
tion of vaccine (Table  3 ). The tests performed on the fi nal product 
may include those for sterility, identity, purity, and potency to 
assess  immunogenicity   and/or antigen content and, depending on 
the nature of the vaccine and its manufacturing process, additional 
tests as required by the NRAs to assure vaccine safety and quality.

   Vaccines, like all products that purport to be sterile, should be 
free of viable contaminating microorganisms to assure product 
safety according  to   FDA regulations [ 11 ]. It is not practical to 
demonstrate absolute sterility of a vaccine lot; however, sterility 
assurance is accomplished primarily by validation of the steriliza-
tion process or of the aseptic processing procedures under  cGMPs  . 
The manufacturing process must also assure that vaccines are free 
of extraneous material except that which is unavoidable in the 

  Fig. 3    Vaccine production process       
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manufacturing process. FDA regulations defi ne purity as relative 
freedom from extraneous matter in the fi nished product, whether 
or not harmful to the recipient or deleterious to the product [ 12 ]. 
Final container vaccine is also required to be identifi ed by a test 
specifi c for the product, e.g., neutralization of live viral vaccines 
with specifi c antisera. As far as constituent material, manufacturers 
must also ensure that all ingredients in vaccines such as preserva-
tives,  adjuvants  , diluents, etc., meet generally accepted standards 
of purity. 

 Potency testing is also an important component of the manufac-
turing process. Potency is defi ned as the specifi c ability or  capacity of 
a vaccine, as indicated by appropriate laboratory test or by adequately 
controlled clinical data obtained through the administration of the 
vaccine in the manner intended to effect a given result [ 13 ]. Potency 
is equivalent to the concept that the product must be able to per-
form as claimed, and if possible, this should correspond with some 
measurable effect in the recipient or correlate with some quantita-
tive laboratory fi nding. Developing potency assays are product spe-
cifi c and present certain challenges due to the variety of vaccine 
types (Table  4 ), degree of purity, differing complexities, chemical 
heterogeneity of active moieties, and varying number of valencies or 
serotypes in some vaccines. Vaccine potency is only one of the tools 
used to ensure that a manufacturing process yields vaccines of qual-
ity consistent with that of lots proven effi cacious [ 14 ].

   Establishing analytical testing methods for vaccines and all 
intermediates is critical to assuring safety and consistency of manu-
facturing. Suitable analytical test methods are important compo-
nents for establishing identity, quality, purity, and potency for a 
vaccine. Title 21 CFR 211.194(a) requires that test methods used 
for assessing compliance of pharmaceutical products, including 
vaccines, with established specifi cations must meet proper stan-
dards of accuracy and reliability. While it is not necessary to have 
analytical methods qualifi ed for testing process development dem-
onstration run materials or scale-up engineering run material, all 

    Table 3  
  Lot release testing   

  Sterility : bacterial or fungal contaminants 

  General safety test :  guinea pigs   and mice – to detect extraneous toxic 
contaminants 

  Identity test : e.g., SDS  SDS-PAGE  , Western  blot  , immunologic assay, or 
amino acid analysis 

  Purity : e.g., % moisture, SDS SDS-PAGE, HPLC, and endotoxin 

  Potency : in vivo or in vitro test to assess  immunogenicity  , antigen content, 
or chemical composition 
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test methods need to be at least qualifi ed for any GMP lot material 
during early stages of the vaccine development and manufacturing 
program [ 10 ]. Validation defi nes the performance characteristics 
of an analytical procedure based on the demonstration that the 
procedure is suitable for its intended purpose or use. Validation is 
generally performed in accordance with the relevant ICH guide-
lines. Process validation requires establishing documented evi-
dence that provides a high degree of assurance that a specifi c 
process will consistently produce a product meeting its predeter-
mined specifi cations and quality characteristics. 

 Vaccine production depends on living organisms, and there are 
many points during the manufacturing process at which to intro-
duce contaminants. Regulatory requirements mandate that all 
licensed vaccines undergo appropriate lot testing before release, as 
listed in Table  3 . Requirements for release testing of licensed bio-
logicals can be found in Title 21 CFR 610.27. These tests include 
those for bacterial and fungal sterility, general safety, purity, iden-
tity, suitability of constituent material, and potency. Depending on 
the product, additional testing (e.g., to ensure adequate inactiva-
tion) may be required.  

6    Regulatory Review and Approval 

 The licensing stage follows the IND stage when clinical studies are 
completed. Regardless of the technology used to manufacture a 
vaccine or the targeted population or indication, the basic regula-
tory requirements are the same. The regulatory review of the 
license application begins when a vaccine manufacturer submits a 
biologics license application (BLA) to the US FDA.    The BLA 
includes data from results of clinical and nonclinical studies, as well 
as a complete description of manufacturing methods, compliance 
with  cGMP   requirements, data establishing  stability   of the product 

   Table 4  
  Types of vaccines a    

 Viral vaccines and  viral vectors   (e.g., polio, MMR, adenoviral vectors) 

 Bacterial vaccines and  toxoids   (e.g., DTaP) 

 Recombinant  protein vaccines   (e.g.,  hepatitis   B and HPV) 

 Polysaccharide vaccines and conjugates (e.g., meninges and  pneumococcal 
  vaccines) 

 DNA vaccines and gene therapy (vaccines under development) 

   a  Source : Modifi ed from Vaccine Manufacturing Platforms, Pall Corporation. Available 
at:   http://www.fda.gov/BiologicsBloodVaccines/GuidanceComplianceRegulatory
Information/Guidances/Vaccines/      
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through the dating period, samples representative of the product 
for introduction into interstate commerce, and data describing the 
equipment and facility of each location involved in the manufac-
ture. The US FDA can approve the BLA once the agency deter-
mines that the vaccine meets prescribed requirements for safety, 
purity, and potency. The regulations that pertain to the licensure 
and submission of a BLA are in 21 CFR 600 through 680.20. 

 The BLA is reviewed by an expert multidisciplinary group of 
scientists within the FDA.    In addition to review of the BLA sub-
mission, important regulatory review activities support vaccine 
licensure. These activities help ensure the quality and safety of 
licensed products. Vaccine lots are subject to pre-licensure lot- 
release testing. A preapproval inspection is designed as an in-depth 
review of the manufacturing facilities, the manufacturing process, 
and an assessment of the sponsor’s adherence  to   cGMPs. 

 Once the  FDA   review committee evaluates the complete data 
package in the BLA, the agency generally requests that manufactur-
ers present their data to the Vaccines and Related Biological Products 
Advisory Committee (VRBPAC). The VRBPAC is a standing FDA 
advisory committee composed of scientifi c experts and clinicians, 
consumer representatives, and a nonvoting member from industry. 
The VRBPAC and additional expert consultants, if needed, evaluate 
clinical data and comment on the adequacy of the data to support 
safety and effi cacy in the target population. The VRBPAC’s recom-
mendations are strongly considered in the FDA’s decision to license 
a vaccine. The VRBPAC may recommend that additional studies be 
performed before licensure. After FDA’s review committee deter-
mines that the data in the application are satisfactory and support 
the safety and effectiveness of the vaccine and manufacturing consis-
tency is demonstrated, the vaccine may be licensed. 

 There are several expedited review mechanisms available to the 
US  FDA   to advance the review and/or licensure of vaccines against 
severe and life-threatening conditions, including accelerated 
approval, fast track, priority review, breakthrough therapy, and 
emergency use authorization (EUA) (Table  5 ). Designation of a 
vaccine under these mechanisms does not lower the required scien-
tifi c/medical standards, the quality of data necessary for approval, 
or the length of the clinical trial period.

   The fast-track mechanism is designed to facilitate the develop-
ment and expedite the review of new drugs that are intended to 
treat serious or life-threatening conditions and that demonstrate 
the potential to address unmet medical needs (i.e., providing a 
therapy when none exists) [ 15 ]. Most drugs that are eligible for 
fast-track designation are likely to be considered appropriate to 
receive a priority-review designation. A priority-review designation 
is given to drugs that offer major advances in treatment or provide 
a treatment when no adequate therapy exists. A priority review 
reduces the  FDA   review time. The time for completing a priority 
review is 6 months. 
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 Breakthrough therapy is described in Section 506(a) of the 
FD&C Act. Breakthrough therapy provides for the designation of a 
drug as a breakthrough therapy “…if the drug is intended, alone or 
in combination with one or more other drugs, to treat a serious or 
life-threatening disease or condition and preliminary clinical evidence 
indicates that the drug may demonstrate substantial improvement 

   Table 5  
  US  FDA   expedited regulatory pathways a    

 Pathway 
 Description 
of pathway b   Criteria  Attributes 

 Fast track  Program 
designation 

 Drug intended to treat a serious 
condition and nonclinical or clinical 
data demonstrate the potential to 
address an unmet medical need or a 
product designated as a qualifying 
infectious disease product c  

 Actions to expedite 
development and review; 
rolling review 

 Breakthrough 
therapy 

 Program 
designation 

 Drug intended to treat a serious 
condition and  preliminary  clinical 
evidence indicating the drug may 
demonstrate substantial improvement 
on a clinically signifi cant end point(s) 
over existing therapies 

 Intensive guidance on 
effi cient drug 
development; FDA 
organizational 
commitment; rolling 
review 

 Priority 
review 

 Program 
designation 

 An application or effi cacy supplement for 
a drug that treats a serious condition 
and if approved would provide a 
signifi cant improvement in safety or 
effectiveness d  

 Shorter review clock 
(6 months review time 
versus 10 months for 
standard review) 

 Accelerated 
approval 

 Approval 
pathway 

 A drug that treats a serious condition 
and generally provides a meaningful 
advantage over available therapies and 
demonstrates an effect on a surrogate 
end point that is reasonably likely to 
predict clinical benefi t 

 Approval based on an effect 
on a surrogate end point 
or intermediate clinical 
end point 

 EUA  Approval 
pathway 

 Authorization of the use of an 
unapproved product or the 
unapproved use of an approved 
product when an emergency or a 
potential emergency exists 

 Allows introduction of 
drug, device, or biological 
into interstate commerce 
by the Sec. of DHHS for 
use in an actual or 
potential emergency 

   a Adapted from the FDA Guidance for Industry: Expedited Programs for Serious Conditions – Drugs and Biologics 
  b Description of regulatory pathways includes regulatory programs such as fast track, breakthrough therapy, and priority 
review. Emergency use authorization and accelerated approval are mechanisms whereby products may be approved for 
introduction into interstate commerce 
  c Title V111 of FDASIA,  Generating Antibiotic Incentive Now (GAIN) , provides incentives for the development of 
antibacterial and antifungal drugs for human use 
  d Priority review also applies to any supplement that proposes a labeling change pursuant to 505 of the FD&C Act on a 
pediatric study under this section or an application for a drug that has been designated as a qualifi ed infectious disease 
product or an application or supplement for a drug submitted with a priority-review voucher  
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over existing therapies on one or more clinically signifi cant end 
points, such as substantial treatment effects observed early in clinical 
development” [ 16 ]. The clinical evidence needed to support break-
through designation is preliminary. In contrast to the data needed to 
support approval, as is the case for all drugs,    FDA will review the full 
data submitted to support approval of drugs designated as break-
through therapies to determine whether the drugs are safe and effec-
tive for their intended use before they are approved for marketing. 

 The accelerated-approval regulation allows approval on the 
basis of a surrogate end point for drugs intended to treat serious 
diseases and that fi ll an unmet medical need. A surrogate end point 
is a marker (e.g., a laboratory measurement or physical sign) used 
in clinical trials as an indirect or substitute measurement that rep-
resents a clinically meaningful outcome, such as survival or symp-
tom improvement [ 17 ]. The use of surrogate end points may 
shorten the  FDA   approval time. Approval of a drug on the basis of 
such end points is given on the condition that postmarketing clini-
cal trials verify the anticipated clinical benefi t. 

 Emergency use authorization is another regulatory mechanism 
by which the US FDA can accelerate the availability of vaccines and 
other pharmaceutical products [ 18 ]. Under EUA the FDA can 
authorize the use of an unapproved product or the unapproved use 
of an approved product when an emergency or a potential emer-
gency exists. Section 564(b)(1) of the FD&C Act allows the 
Secretary of the US Department of Health and Human Services 
(DHHS) to authorize the introduction into interstate commerce 
of a drug, device, or biological product intended for use in an 
actual or potential emergency. Once the Secretary of DHHS 
declares an emergency, the  FDA   may authorize the emergency use 
of a particular product such as a vaccine, if other statutory criteria 
and conditions are met. 

 The assessment of effi cacy for some infectious disease vaccine 
candidates cannot be ethically conducted under clinical trial, such as 
those for certain bioterrorism agents. In 2002, the  FDA   amended 
the biological products regulations to incorporate 21 CFR 601.90, 
Approval of Biological Products When Human Effi cacy Studies Are 
Not Ethical or Feasible [ 19 ]. This rule, referred to as the “animal 
rule,” provides that approval of certain new drug and biological 
products can be based on animal data when adequate and well-
controlled effi cacy studies in humans cannot be ethically conducted 
because the studies would involve administering a potentially lethal 
or permanently disabling toxic substance or organism to healthy 
human subjects. In these situations, certain new drug and biological 
products can be approved for marketing on the basis of evidence of 
effectiveness derived from appropriate studies in animals without 
adequate and well-controlled effi cacy studies in humans. When 
assessing the suffi ciency of animal data, the agency may take into 
account other data, including human data, available to the agency. 
Safety must be evaluated in humans as a prerequisite for approval.  
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7    Summary 

 Regardless of whether a vaccine is manufactured through traditional 
processes, i.e., live attenuated or inactivated (killed) whole organisms, 
or from well-defi ned materials, such as vaccines based on purifi ed pro-
tein antigens of natural origin or produced by rDNA technology,  poly-
saccharides  , semisynthetic poly- or oligosaccharide- protein conjugates, 
and novel nucleic acid constructs, they all require strict adherence to 
regulatory requirements throughout the manufacturing process. It is 
critical for vaccine developers to have an understanding of the regula-
tory requirements in order to manufacture a consistent and reproduc-
ible vaccine that is safe and effective. Although the regulatory process 
does not directly impact the early or exploratory stages, developers 
must be cognizant of the requirements of the regulatory authorities, 
and develop a clear and focused regulatory strategy, even during the 
early stages of product development to avoid unnecessary delays in 
obtaining marketing authorization. Once a vaccine is licensed, the 
regulatory impact remains throughout the lifecycle of the product.     
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    Chapter 52   

 Vaccines and IP Rights: A Multifaceted Relationship                     

     Karen     Durell      

1        Introduction 

  Just  as   there are many forms of vaccines and components to 
 vaccines—particular compositions, delivery systems, components, 
and distribution networks—there are a variety of intellectual prop-
erty (IP) protections applicable for vaccines. Often a discussion of 
IP rights for vaccines begins and ends with patent rights. However, 
patent rights are not the only IP protection applicable to vaccines. 
Other rights such as  copyright  ,  trademarks  , plant breeders’  rights  , 
and trade secrets may also be applicable to vaccines. 

 For example, there is an ongoing debate regarding the ethical 
implications of granting patent rights for technologies and prod-
ucts that offer  public health   benefi ts, such as vaccines. In this 
debate questions are raised regarding whether patent rights have a 
positive or negative effect for vaccine  innovation   and public avail-
ability. Further questions probe whether patent rights have nega-
tive or positive effects for the development of vaccine technologies 
for diseases that affect the developing world in particular. This 
chapter acknowledges that these debates have been ongoing for 
years and continue to date. These are important conversations; 
however, it is not the aim of this chapter to add a voice to these 
dialogues. 

 This chapter will consider the types of IP rights that can play a 
role in the development, use, and distribution of vaccines. Right 
now both the ethical and practical conversations regarding IP 
rights and vaccines tend to concentrate on patent rights. In the 
toolbox of IP rights, patents grant owners a signifi cant exclusive 
right that has been used by many organizations to penalize parties 
who attempt to copy the patented inventions. Patent rights have 
also been used to monopolize the market and to justify charging 
high fees for patent-protected products. These tactics can have 
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substantial negative effects for development of related technolo-
gies and access to the patented inventions. Thus, the scope and 
strength of patent rights have colored the discussion of IP rights 
generally, so that the entire category of IP rights is viewed as being 
capable and culpable of the same exclusionary results. In fact, pat-
ent rights are but one IP right that can be applied to a vaccine, and 
the high fees and limitations on access that occur due to the wield-
ing patent rights is but one choice for the usage of IP rights by an 
owner. 

 It is further notable that the discussion surrounding IP protec-
tions for vaccines is often lost amidst the discussion of pharmaceu-
tical products and IP rights, which generally concentrates on 
medicines that do not include vaccines. It is important to engage 
in a discussion directed to vaccines specifi cally, as vaccines have 
properties and outcomes that cause them to differ in important 
ways from other pharmaceutical products. Vaccines can have par-
ticular complexities to their  formulation   (e.g., some vaccines 
require skilled input into their creation), their distribution (e.g., 
many vaccines require cold-storage transport), and their applica-
tion (e.g., injected vaccines require skilled transmission). These 
complexities mean that discussions of IP rights in the context of 
other types of pharmaceutical products may not be wholly appli-
cable to vaccines. 

 Moreover, the potential scope of the societal benefi ts to be 
derived from vaccines is signifi cant in a manner that other pharma-
ceutical products cannot achieve. The WHO has commented that 
“much of the debate on [IP rights] and  public health   has focused 
on the possible impact that  patents   on fi nal products have on the 
prices paid in developing countries and, hence, their affordability. 
In the case of vaccines, the nature of their development and pro-
duction and the nature of the fi nal market may require a different 
kind of debate” [ 1 ]. The report goes on to cite distinctions between 
pharmaceuticals and vaccines, noting the following: that vaccines 
have much smaller markets; that the public sector has a greater 
involvement in the production, pricing, and marketing of vaccines; 
that vaccines as biological products are more complex and costly to 
produce; that clinical trials may also be much more costly for vac-
cines; and that it may be much more diffi cult to copy a vaccine [ 2 ]. 
Although these distinctions make it clear that discussion about the 
impact of patents upon the accessibility and affordability of vac-
cines may not be identical to that regarding pharmaceuticals, it is 
still true that both types of drugs fulfi ll a signifi cant role in  public 
health  . It has been stated that “despite the 1.5 % share that vac-
cines have in global pharmaceutical turnover in dollars, vaccines 
represent much more than 1.5 % of the capacity to deal with global 
health problems, because they have positive externalities” [ 3 ]. 

 News stories offer examples of the societal benefi ts wrought by 
vaccines, such as the virtual elimination of diseases and maladies 
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from entire communities [ 4 ]. This chapter will focus upon IP 
rights and vaccines specifi cally to highlight the unique issues of this 
relationship beyond those that stem from the relationship of IP 
rights and pharmaceutical drugs generally. There are a variety of IP 
rights applicable to vaccines, and each has a unique nature and 
offers particular possibilities to the owner thereof. 

 Issues of the types of vaccines that seek protection, as well as 
the variety of types of IP protections that are applicable to vaccines, 
will be discussed in this chapter. We will begin with a look at the 
elements and aspects of vaccines to which various IP rights may be 
applied and IP rights relevant thereto. After the nature of the spe-
cifi c IP rights applicable to vaccines has been demonstrated, we can 
then consider the reasons for seeking IP rights and some of the 
particular factors pertaining to the application of IP rights to vac-
cines. IP rights may be utilized in a complementary manner to 
effect a  strategy   for IP protection of vaccines that enhances both 
vaccine development and public availability. There are many rights 
in the IP toolbox, and these should all be considered in the context 
of vaccine creation and implementation.  

2    Applying IP Protection to Vaccines 

 A common misconception holds that IP rights are applied to vac-
cines in a 1:1 ratio format. For example, such a view expects that if 
patent rights are applicable to vaccines, the conversation regarding 
the topic of IP rights applicable to vaccines is thereby ended. 
However, as a vaccine may comprise multiple elements and aspects, 
these may be protectable by different IP rights. 

 For example, vaccines may comprise elements that include a 
 formulation  , a device for delivery of the vaccine to a subject, a 
brand name whereby the vaccine is known by the public, etc. A 
review of the tools in the IP toolbox shows that (1) the formula-
tion that may comprise the combination of medicinal ingredients 
may be protectable by patent rights; (2) the device, which may be 
an injection delivery system or a capsule constructed to release the 
vaccine in a particular area of a human body or some other form of 
device for delivering a vaccine, may also be protectable by patent 
rights; and (3) the brand name of the vaccine may be protectable 
by  trademark  . (Details regarding the applicability of such IP rights 
to elements and aspects of a vaccine are discussed in this chapter.) 

 Moreover, depending on the nature of the vaccine, additional 
IP rights may be utilized to protect its elements and aspects of the 
vaccine. An example of a vaccine that is protectable by additional 
IP rights is a plant-derived vaccine. This type of vaccine has been 
dubbed an “edible vaccine” because early research focused upon its 
administration through ingestion of raw plant materials to attain 
the immunization effect. However, further research has shown 

Vaccines and IP Rights



794

that it is diffi cult to achieve consistency in dosage in an edible vac-
cine format. Therefore, scientists have shifted their focus to the use 
of dried plant-derived vaccine materials to create a product that 
may be administered orally, such as in the format of a pill, capsule, 
or powder. 

 Plant-derived vaccines are derived from the cultivation of 
genetically modifi ed plant materials, such as a leaf, fruit, or vegeta-
ble. The genetically modifi ed plant material has a genetic makeup 
that causes it to act as a vaccination upon ingestion. Examples of 
plant materials that have been the subject of such vaccines include 
potatoes, tomatoes, and bananas. Such plant materials have been 
genetically modifi ed so as to be engineered to invoke an  immune 
response   to diseases such as hepatitis B surface antigens,  rabies  , and 
cholera [ 5 ]. 

 Plant-derived vaccines are protectable by  patent  , but they can 
also enjoy the benefi t of additional IP protections that some types 
of vaccines cannot, namely, plant breeders’  rights  . As discussed in 
more detail below, plant breeders’ rights are applicable to engi-
neered plants and therefore can be applied to the genetically modi-
fi ed plant element of plant-derived vaccines. Other vaccines may 
also enjoy the benefi t of particular IP rights that are not applicable 
to all types of vaccines, due to their specifi c elements and aspects. 
Thus, in order to ensure that a full complement of available IP 
protections is provided for a vaccine, the nature, elements, and 
aspects of the vaccine should all be considered. 

 Moreover, it should be recognized that just as multiple IP 
rights may be applicable elements and aspects of a vaccine, there 
are many options for the enjoyment and usage of such IP rights. 
IP protection for a vaccine provides the owner(s) of such IP rights 
with the option to determine how the vaccine will be utilized and 
distributed. IP rights are exclusive rights, but it is not necessary 
that the IP rights be applied to exclude others from using or 
receiving a vaccine. In fact IP rights can be utilized to grant wide 
rights of use and distribution of a vaccine. Thus, IP rights do not 
necessarily represent a restrictive right, as they are often depicted 
to represent. IP rights can ensure that an owner has a scope of 
rights that allows for the planning of a strategy of vaccine devel-
opment and public distribution tailored to the nature of the vac-
cine. For example, IP rights can be utilized to support broad 
distribution for low cost of a vaccine without being thwarted by 
any third party who might otherwise hinder or obstruct such a 
strategy. 

 The owner of IP rights has the option to apply their rights in 
the manner they perceive as best suited for the invention. Thus, 
there are several benefi ts that can be derived from IP rights—for 
the IP owner and public alike. The fi rst step is recognizing which 
IP rights may be applicable to a vaccine.  
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3    Types of IP Protection 

 Each type of IP right is unique and each can offer particular pro-
tections and options for a vaccine. In this section, patent rights, 
 trademarks  ,  copyright  , plant breeders’  rights  , and trade secrets will 
be reviewed in the context of applicability to vaccines. Notably, the 
comments relating to IP rights in this chapter specifi cally relate to 
Canadian IP laws. Generally IP laws are jurisdiction specifi c, and 
therefore the IP rights applicable in different regions and countries 
may vary. For example, the length of time a copyright will be 
enforceable and the types of subject matter to which patent rights 
can provide protection may have jurisdiction-specifi c differences. 
Therefore, the information provided in this chapter should be 
understood to provide basic comments regarding the applicability 
of different types of IP rights to vaccines. Guidance from a legal 
expert should be sought before seeking IP protections for vaccines 
in specifi c jurisdictions. 

   Patents provide  protection   for inventions. However, not all inven-
tions are patentable.  Patent laws   generally protect inventions that 
can be described as new and useful arts, processes, manufactures or 
compositions of matter, or any new and useful improvement in any 
art, process, machine, manufacture, or composition of matter [ 6 ]. 
Such inventions must also fi t within the categories of inventions 
that have been deemed patentable subject matter. For example, 
Canadian patent law holds that inventions that are either abstract 
theorems or higher life forms are not patentable [ 7 ]. 

 Once it is established that a product, process, composition, or 
improvement is an invention and that it is directed to patentable 
subject matter, there are three additional criteria that must be met 
in order for patent rights to be granted. The invention must be 
new, it must have utility, and it must not be obvious to a person 
skilled in the art of the invention. Vaccine inventions (i.e., prod-
ucts, processes, compositions, or improvements) that meet these 
criteria relating to vaccines may be deemed patentable. 

 A patent holder is granted the exclusive right to make, con-
struct, and use the invention and sell it to others to be used [ 8 ]. 
The exclusive rights are in force during a set period of time. By 
treaty many countries have agreed to uniformly apply a patent term 
that is 20 years from the fi ling date of the patent application [ 9 ]. 
(Specifi cally, this twenty-year term is applied by agreement of the 
member states of the  Trade-Related Aspect of Intellectual Property 
Rights  (TRIPs)    agreement governed by the World Trade 
Organization.) 

 A consideration relating to patents that causes frequent con-
sternation for an inventor is the timing for fi ling a patent applica-
tion. This is of particular import for vaccine inventions as they are 

3.1   Patents

Vaccines and IP Rights



796

often developed in a competitive environment. Canada, as well as 
many other countries, applies a fi rst-to-fi le rule to patent rights. 
This rule holds that if two or more patent applications disclosing 
the same invention are fi led, it is the patent application that was 
fi led fi rst that will be allowed to seek patent protection. As a result, 
it is very important that a patent application be fi led as early as pos-
sible, before any competitors also fi le patent applications for the 
same invention. 

 There are some jurisdictions that apply fi rst-to-invent rules. In 
the situation that two or more patent applications are fi led for the 
same invention by two different parties, under fi rst-to-invent rules, 
the party who proves it was the fi rst to invent the invention will be 
granted the patent rights in the invention. As the market for vac-
cines often includes multiple jurisdictions, the fi rst-to-fi le rule 
should be a key consideration in the timing of fi ling patent 
applications. 

 Another consideration is that as the scope of inventions can 
include products, processes, compositions, and improvements, 
patents can be used to provide exclusive rights for multiple ele-
ments and aspects of vaccines. For example, patent rights can pro-
tect the composition of a vaccine, the  formulation   of a vaccine, the 
process of manufacturing a vaccine, as well as the device used in the 
delivery of a vaccine. Protection for the composition or formula-
tion of a vaccine may be achieved through a patent application that 
claims the elements that are combined to create the vaccine, such 
as immunogenic response-invoking components and any  adju-
vants  . Patent rights to protect processes relating to a vaccine may 
be directed to a platform for the manufacture of vaccines. (As an 
example, some vaccines require an egg-culture process which 
involves a particular type of manufacture for the vaccine to be pre-
pared.) A device for vaccine delivery can also be protected by pat-
ent rights. Such a device could include a tool for injecting a vaccine 
into a human, or a non-needle delivery system [ 10 ]. The foregoing 
are just some examples of elements and aspects of vaccines that 
may be protected by patent rights. 

 Notably, in several countries the administration of a vaccine to 
an individual cannot be protected if the administration is merely a 
medical treatment. Such countries do not allow patent rights to be 
granted for inventions that are medical treatments and procedures. 
Notably, this restriction is not uniformly imposed by all countries. 
Some countries do accept therapeutic or preventive methods as 
patentable subject matter, and in these countries, it may be possi-
ble to receive protection for vaccine administration. 

 In sum, when considering the patent rights that may be applied 
to a vaccine, it is important to view the vaccine through a lens that 
highlights its variant elements and aspects. Just as there is not a 1:1 
ratio relationship between IP rights and vaccines, the relationship 
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between vaccines and patent rights can involve patent protection 
for more than one element or aspect of the vaccine.   

    A  trademark   may be numbers, a word or words, a design, a symbol, 
or any combination of the foregoing. It is used to associate particu-
lar wares and services with a particular source organization or indi-
vidual who provides such wares and services. As defi ned by statute, 
the underlying goal of a trademark is to distinguish the wares or 
services attributable to one source from those wares or services 
attributable to another source [ 11 ]. 

 When a vaccine is made publicly available, it is rarely refer-
enced by the Latin name of its primary component, or any other 
applicable scientifi c term. Vaccines are frequently advertised and 
delivered to the public under brand names. Such brand names 
become integrally linked to the product in the minds of the public. 
For example, it is rare for a member of the public to discuss a 
human papillomavirus vaccine, but the same person may know of 
the Gardasil™ vaccine. As another example, Twinrix™ is the brand 
name whereby a hepatitis  A   and B  vaccine   is generally known to by 
the public. 

 Brand names of vaccines can be protected as trademarks. 
 Trademarks   are generally defi ned as marks used by a person or 
company for the purpose of distinguishing wares or services manu-
factured, sold, leased, hired, or performed by that person or com-
pany from those manufactured, sold, leased hired, or performed by 
others [ 11 ]. The inherent value associated with a trademark itself 
lies in the goodwill that is generated through the use of the trade-
mark over time by its owner. Due to the value garnered through 
continued use and goodwill associated with  trademarks  , many cor-
porate entities regard their trademark portfolios to be their most 
valuable asset [ 12 ]. 

  Trademarks   may be registered or unregistered. Any protection 
granted to an unregistered mark is less extensive than that granted 
to a registered mark [ 13 ]. For example, the protection can be lim-
ited to the specifi c area where the unregistered mark was used and 
made known, and the mark may be required to be used in associa-
tion with the wares or services for an appropriate length of time in 
order to demonstrate traditional trademark features like distinc-
tiveness and exclusivity [ 14 ]. Generally owners of registered marks 
enjoy a fuller scope of right—the exclusive right to the use of the 
trademark throughout a country in respect of the wares or services 
associated with the mark [ 15 ]. In Canada a registered trademark is 
renewable every 15 years and is thus, at least theoretically, infi nite 
in duration [ 16 ]. This potential longevity distinguishes  trademarks   
from other forms of IP, such as  patents   and  copyright  , that have 
fi nite life-spans. 

 Just as there are some inventions that will not be patentable, 
there are certain marks that will not be registrable. In Canada, a 
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mark that is deemed confusing with a preexisting registered trade-
mark is unregistrable [ 17 ]. The test that is to be applied to a com-
parison of potentially confusing marks reviews many aspects 
relating to a mark, including distinctiveness, the period of use, the 
nature of wares, the services and trade that the mark is used with, 
and the resemblance between the potentially confusing marks in 
appearance, sound, or ideas suggested by the marks [ 18 ]. 
Furthermore, the determination of confusingly similar marks is to 
be from the viewpoint of an average consumer. Deceptively misde-
scriptive marks are also deemed unregistrable. 

  Trademarks   are an important element in how the public recog-
nizes a vaccine. The trademark provides a link between the vaccine 
and the manufacturer or other provider of the vaccine. If the effi -
cacy of a vaccine referenced by its brand name is discussed publicly, 
the trademark can also become a means whereby the public associ-
ates a level of quality or effi cacy with a vaccine. Thus, the trade-
mark can come to denote a level of goodwill, or a lack of goodwill, 
on the part of the public in relation to the vaccine. 

 Trademark protection can further be an important means 
whereby the owner of a vaccine can keep others from passing off 
their vaccine products as products that are provided by the owner 
of the branded vaccine [ 19 ,  20 ]. Trademark protection can also 
allow an owner of a mark to keep others from confusing the public 
about who is providing a vaccine by promoting their own products 
with names that are the same or similar to the registered trade-
mark. In this manner trademark protection can provide important 
assistance in relation to vaccines. A trademark can be used to iden-
tify vaccines as well as to protect the public perception of the repu-
tation, integrity, and quality of a vaccine.   

   The relationship  between   vaccines and copyright may not be as 
obvious as the relationship between vaccines and  patents   or  trade-
marks  . Copyright is relevant to the written materials and designs—
in the form of advertisements, promotional materials, articles, 
etc.—that support vaccines [ 21 ]. Notably, copyright protects the 
expression of ideas and not the ideas themselves [ 22 ]. Copyright in 
a work grants to an owner the sole right to produce or reproduce 
the work or any substantial part thereof in any material form 
 whatever, to perform the work or any substantial part thereof in 
public, or, if the work is unpublished, to publish the work or any 
substantial part thereof. 

 Generally copyright is granted upon the creation of a work and 
thereby differs from other IP rights in that copyright does not 
require an application process prior to its grant. Copyright is an 
automatically granted right. Although there are several procedural 
benefi ts to registering copyright, one does not need to register the 
work or other subject matter in order to gain copyright 
protection. 

3.3   Copyright
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 Another unique aspect of copyright is that it crosses interna-
tional borders. Whereas  patent   and trademark rights only exist in 
jurisdictions where such rights are granted, copyright will follow a 
work as it travels. For example, written materials relating to a vac-
cine existing in Canada will be governed by Canadian copyright 
law, whereas the same written materials existing in the USA will be 
governed by US copyright law. 

 One notable difference between the copyright laws of various 
countries and regions is that some jurisdictions, including Canada, 
specifi cally provide an author of a work with “moral rights” [ 23 ]. 
In Canada a moral right protects the author’s right to the integrity 
of a work or performer’s performance is infringed only if the work 
or the performance is, to the prejudice of its author’s or perform-
er’s honor or reputation, (a) distorted, mutilated, or otherwise 
modifi ed or (b) used in association with a product, service, cause, 
or institution [ 24 ]. Moral rights limit the rights of assignees and 
licensees of a copyrighted work to do as he or she pleases with the 
work. 

 A moral right is independent from any economic rights associ-
ated with copyright [ 25 ]. Whereas economic rights rest with the 
owner of the copyright, moral rights reside solely with the author 
of the work, irrespective of any agreement or arrangement between 
the author and any third party. Unlike economic rights, moral 
rights cannot be assigned but can be waived either in whole or in 
part [ 26 ]. Thus, a mere assignment of a copyright does not consti-
tute a waiver of moral rights [ 27 ]. The term during which moral 
rights exist is the same as of the term of copyright in the work [ 28 ]. 

 However, a copyright owner should be aware that the term of 
copyright can vary in different countries. In Canada the general 
term for which copyright subsists is the life of the author plus a 
period of 50 years thereafter [ 29 ]. In the instance that the author 
of a copyrightable product is not a person, the term of copyright is 
generally 50 years. There is no means of extending a term of copy-
right in Canada. Other countries apply different terms of copy-
right, with the result that copyright protection may exist in one 
country for a work, while the copyright protection for the same 
work has expired in another country. 

 Whether a work is protected by copyright is also affected by 
the standard for the granting of copyright applied in particular 
countries. In Canada copyright only subsists in a work that is origi-
nal, meaning it is (1) more than a mere copy of another work and 
(2) the expression of an idea that is an intellectual effort achieved 
through the exercise of skill and judgment in a manner that is more 
than a mechanical exercise. In this context skill means the use of 
one’s knowledge, developed aptitude, or practiced ability in pro-
ducing the work, whereas judgment means the use of one’s capac-
ity for discernment or ability to form an opinion or evaluation by 
comparing different possible options in producing the work [ 30 ]. 
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Other countries apply a “sweat of the brow” or “industriousness” 
standard of originality [ 31 ]. The result is that a work may be pro-
tected by copyright in some countries, while the same work is not 
protected by copyright in other countries. The determination as to 
whether copyright protection exists turns on the standard of copy-
right protection applied in each country. 

 Copyright can be helpful to ensure that materials and designs 
used in relation to a vaccine are not misused or copied by other 
parties. This protection can assist the owner of a vaccine to main-
tain and manage the provision of materials pertaining to the vac-
cine, so as to provide consistent and reliable information about the 
vaccine to the public. A copyright owner can use its rights to pro-
hibit others from copying materials and designs and thereby exert 
its control. As it is critical that public information and communica-
tions relating to a vaccine be valid and reliable, copyright can be a 
helpful tool in relation to vaccines.   

    As discussed herein,    vaccines that incorporate a plant element can 
garner plant breeders’ protections. In order to be granted plant 
breeders’ protection, a plant variety must be new, distinct, uni-
form, and stable [ 32 ]. A plant breeders’ right holder is granted 
exclusive rights for 25 years in the case of a variety of tree and vine 
(including their rootstocks) and 20 years in the case of all other 
varieties of plants [ 33 ]. The owner of a plant breeder’s right has 
the exclusive right to produce and reproduce propagating material 
of the variety, condition propagating material for the purpose of 
propagating the variety, sell propagating material of the variety, 
export or import propagating material of the variety, make repeated 
use of the protected variety as a step to commercially produce 
another variety (such as in the production of a hybrid), make 
repeated use of the protected variety for the use in the production 
of ornamental plants or cut fl owers, stock propagating material of 
the variety for the purpose of doing any of the above acts, and 
authorize a third party to do any of the above acts, conditionally or 
unconditionally [ 34 ]. 

 In Canada, the plant breeders’ rights legislation was created in 
response to the  Pioneer Hi-Bred Ltd. v. Canada (Commissioner for 
Patents)  decision of the Supreme Court of Canada which held that 
plants were unlikely to meet the criteria for patentability in Canada 
[ 35 ]. The issue in  Pioneer  was whether a plant, cultivated by artifi -
cial crossbreeding of various plant varieties, was an invention under 
the  Patent Act . Crossbreeding was deemed to be too close to the 
natural reproductive process to be patentable [ 36 ]. 

 The plant breeders’ rights legislation in Canada offers a form 
of protection that falls short of a patent right, although amend-
ments to the legislation effective as of February 27, 2015 have 
strengthened the rights signifi cantly. Notably, no right over the 
plant as a whole is granted, just the propagating materials are 
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protected. Its application is also curbed. For example, the PBRA 
does not prohibit breeders from using protected varieties to 
develop new plant varieties or stop farmers from maintaining seeds 
from a protected variety crop to grow new plants the following 
season. Furthermore, the PBRA Commissioner can grant a com-
pulsory license to any person with respect to any protected plant 
variety in order to ensure (1) the variety is available to the public at 
reasonable prices, (2) the variety is widely distributed, (3) repro-
ductive material of high quality is maintained, and/or (4) royalty 
rates are kept reasonable. 

 For vaccines that incorporate genetically modifi ed plant mate-
rials, plant breeders’ rights protection can be an important IP right. 
Moreover, this form of IP right can be utilized in conjunction with 
the other IP rights available to such a vaccine. In particular, a plant 
breeders’ right allows an owner to prohibit other parties from 
copying the plant materials and utilizing such plant materials for 
the purpose of producing a rival vaccine .  

   There may be elements and aspects relating to a vaccine that the 
owner of the vaccine will decide to keep confi dential. Such ele-
ments or aspects may be diffi cult, or even impossible, to reverse 
engineer. Therefore, these elements or aspects may have particular 
value, because without knowledge of such elements or aspects, a 
vaccine cannot be replicated. As an example, a famous trade secret 
includes the Coca-Cola formulation. Coca-Cola exemplifi es how 
sustaining secrecy and protective measures over trade secrets can 
lead to competitive advantage and potentially infi nite duration on 
one’s marketplace monopoly [ 37 ]. This example highlights the 
potential commercial value of products that are compositions or 
formulations that are diffi cult to replicate exactly and can therefore 
be effectively protected by keeping the composition a secret. Thus, 
trade secrets can be an important IP protection for some vaccines. 

 Trade secrets are used exclusively to protect information that is 
confi dential in nature. In Canada trade secrets are a form of IP 
right that is protected by statute [ 38 ]. Protection measures are to 
be imposed on the secret. Those persons with access to the trade 
secret information are to be made aware of its highly sensitive 
nature. Many owners implement confi dentiality agreements with 
those who are brought into contract with the secret information, 
including employees, co-workers, customers, licensees, and busi-
ness partners. 

 As a class of IP rights, trade secrets are known as a relative of 
patent rights. Patent rights represent a bargain between an inven-
tor and the public whereby an inventor discloses the information 
regarding an invention to the public and is offered exclusive rights 
over the invention in return. Trade secrets involve withholding 
information from the public and preserving a competitive advan-
tage in the marketplace by refusing to share. In comparison to a 
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patent right, a trade secret is a fragile right, because once the secret 
is disclosed, the value of the trade secret is lost and the only com-
pensation available to the trade secret holder is damages [ 38 ]. 

 In some industries,  patents   and trade secrets are used jointly to 
protect elements and aspects of an invention. For example, a patent 
may disclose a variety of  formulation   options for a vaccine, but the 
ideal and most effective formulation may be held as a trade secret. 
This can create a competitive advantage in that even after a patent 
expires, a party who produces the vaccine may fail to produce a 
product that is identical to the formulation of the vaccine that is 
produced by the company that owns the trade secret. In particular, 
the copy of the vaccine may be of inferior quality or effi cacy. 

 Due to their highly sensitive nature, trade secrets must be used 
cautiously. In some cases, trade secret holders will only maintain 
the trade secret nature for a period of time, such as during the ini-
tial phases of research and development. The strategy applied to 
trade secrets should be considered in light of the nature of other IP 
rights available for a vaccine. Where a trade secret information is 
highly guarded and classifi ed and where it is resistant to reverse 
engineering, commercial exploitation can favor the maintenance of 
a trade secret [ 39 ]. Thus, trade secrets can provide effective IP 
protection for some types of vaccines.   

4    Why Protect Vaccines with IP Rights? 

 As important as the consideration of the types of IP rights that may 
be applicable to vaccines is the determination as to why any of the 
available IP rights should be used to protect elements and aspects 
of vaccines. A primary reason for protecting vaccines is economic—
vaccines are expensive to produce and obtaining some level of 
exclusive protection for a vaccine for a time can offer a means of 
recouping some of the development costs. This economic reason 
has further fallout in that it is possible that at least a portion of the 
money is generated for the vaccine owner in reliance upon exclu-
sive IP rights or may be invested back into future research and 
development for other products. 

 As discussed above, another reason for protecting a vaccine by 
way of IP rights is to engage a level of control over any of the use of 
the vaccine, the distribution of the vaccine, public perception of the 
effi cacy and quality of the vaccine, and the market share attained by 
the vaccine. Public acceptance of a vaccine can be key to the effective-
ness of a vaccine’s attempt to reduce the incidence of disease infec-
tion within a community. The polio vaccine is an example of a vaccine 
that was accepted by the public to an extent that rendered it effective 
in virtually eradicating a debilitating disease in multiple communities. 
Control of the vaccine and its many elements and aspects as is achiev-
able through the implementation of IP rights can be key to achieving 
a level of communal effi cacy success for a vaccine. 
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 This is not to suggest that IP rights will allow a vaccine owner 
to wholly control the conversation and usage of vaccines. However, 
IP rights can offer some particular benefi ts. For example, the pass-
ing off of unregulated pharmaceutical products as brand name 
products is on the rise. Although many vaccines require adminis-
tration by a trained person, which can avoid some of the problems 
that unregulated pharmaceutical products create, not all vaccines 
require trained administration. Vaccines, such as needle-free vac-
cines and capsule format vaccines, can fall prey to counterfeiting. 
To combat unregulated pharmaceutical products, trademark rights 
can be used as a mechanism to counter the use of a brand name in 
association with a particular vaccine by a party who does not have 
authorization to make such use of the  trademark   with such vaccine. 
For example, the use of the mark in association with a copy of the 
vaccine created by a company that is not the owner of the mark and 
does not have authorization from the owner of the mark can be 
thwarted by the measures set out in trademark legislation. 
Furthermore, patent rights can be used to prohibit the production 
of knock-off medicine products, including vaccines. 

 The possible outcome of failing to combat counterfeit vaccines 
and mislabeled vaccines is exemplifi ed by reports of the effect of 
negative public perceptions relating to vaccines that have been 
reported upon in relation to school children [ 40 ]. Although these 
examples relate to a battle of research studies, it is also possible that 
an increasing prevalence of counterfeit and mislabeled vaccines can 
also lead to negative public perceptions. Such public perceptions 
have the propensity to result in similar outcomes, namely, the 
increase of the prevalence of infectious diseases among a  community’s 
child population. This includes diseases long considered to be virtu-
ally eradicated in a community. Such situations have adverse health 
effects at the individual and community levels. 

 IP protections for vaccines can further allow for a strategy of 
distribution and access to vaccines within jurisdictions and commu-
nities. Access to vaccines can be critical to ameliorating  public health  . 
IP rights assist a vaccine owner to plan and implement such a strat-
egy. Factors that can be worked into such a plan include distribution 
and/or access to a vaccine in the developed and developing world. 
Considering the potential power of vaccines to change the health of 
communities, IP rights can be of key importance to vaccine develop-
ment, distribution, access, and public acceptance rates.  

5    IP Considerations for Vaccines 

 In addition to determinations of the type of IP rights that can be 
sought in relation to a vaccine, and the motivations for seeking IP 
rights for a vaccine, it is prudent to prepare a  strategy   for IP right 
protection for a vaccine. The creation of a plan as to which IP 
rights will be sought and how these will be applied invokes 
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additional issues in relation to vaccines. Some of these consider-
ations are addressed in the section that follows. Notably, this dis-
cussion merely provides a few examples of such relevant 
considerations, namely, when to fi le a patent application, provi-
sions directed to creating accessibility of vaccines in the developing 
world, regimes aimed at promoting IP use for humanitarian pur-
poses, measures to protect  public health  , and harmonization of 
legislation governing IP rights and pharmaceutical products. 

   If patent rights are to be sought for a vaccine, in jurisdictions that 
apply fi rst-to-fi le rules to patent applications, the decision relating 
to when a patent application should be fi led is of critical impor-
tance. Patent rights for an invention hinge upon fi ling a patent 
application in advance of existing competitors—it is vital that a 
vaccine owner beats its competitors to the patent offi ce. However, 
the vaccine owner must have suffi cient certainty that the vaccine 
invention is in fact novel and nonobvious and has utility. It is the 
patentability factor of utility that is particularly signifi cant in the 
race to the patent offi ce. This means the patent application has to 
incorporate suffi cient information to evidence that the invention 
works. Therefore, if an application is fi led too early, it runs the risk 
of being rejected as unpatentable due to a lack of utility. 

 In some countries, such as Canada, a patent application can be 
fi led at the point in time when the inventor can soundly predict 
that the vaccine technology will work for a particular purpose [ 41 ]. 
This means that an inventor can fi le a patent application before the 
fi nal version of the vaccine is developed. In accordance with 
Canadian jurisprudence, a sound prediction must be more than a 
lucky guess or mere speculation. The Supreme Court of Canada 
has set out three requirements for a sound prediction: (1) there 
must be a factual basis for the prediction; (2) at the patent applica-
tion fi ling date, the invention must have a sound line of reasoning 
from which the desired result can be inferred from the factual basis; 
and (3) proper disclosure must be provided in the patent applica-
tion supporting the sound prediction. Allowing for patent applica-
tions to be fi led based upon a sound prediction is understood to 
balance the public benefi t of early disclosure before the utility of 
the invention has been fully verifi ed with the rights of the patent 
holder.  

   Some vaccines may have specifi c characteristics or uses that lend 
them to being of particular assistance to the use in the developing 
world. For example, several characteristics of plant-derived vac-
cines in particular cause them to have specifi c benefi ts for develop-
ing nations, such as vaccine materials that may be propagated 
quickly, in large quantities, at a low cost, and that may be easily 
transported even to remote areas. These qualities suggest that 
issues, such as access and affordability, that hinder the application 
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of many existing medicines in developing nation environments in 
particular may be overcome by such vaccines. Although plant- 
derived vaccine  innovations   are owned by developed world 
researchers and organizations, they may ultimately be applied pri-
marily in developing nation environments. 

 Notably, there is a concern that strong IP rights, patent rights 
in particular, may negatively affect the accessibility of vaccine tech-
nologies in developing nations because they foster the monopoli-
zation of marketplace sectors and in turn infl ate prices [ 42 ]. 
Although patent rights are not the only barrier to access to medi-
cines in developing nations—infrastructure and investment also 
play a role—right holders’ activities can exacerbate the problem 
[ 43 ]. In the words of one commentator, support for innovation 
should be put into perspective as it is “a leap of faith for investors 
in industrialized countries; imagine how hard it is in countries 
where R&D expenditures may be only a fraction…of gross national 
product, skilled and educated labor is at a premium, intellectual 
turf wars stifl e collaboration, economic diffi culties and infl ation are 
rampant, venture capital investors are an unknown species, intel-
lectual property protection is murky and political turmoil is a 
 frequent backdrop” [ 44 ]. Although an exact price tag has not been 
attached to the cost of bringing a new vaccine into the public sec-
tor in developing countries, it is estimated that in the case of a 
 hepatitis B vaccine  , “from fi rst licensure in a developed country, it 
can take an additional 10–15 years or more and substantial fi nan-
cial resources to introduce such a vaccine into signifi cant numbers 
of developing country national immunization programs” [ 45 ]. 
This means committed funding over a long period is required. 
Many commentators agree that patent rights must be part of the 
solution [ 46 ]; what is unclear is the strength of the patent rights 
that must be granted. 

 Many partnerships [ 47 ] and major global funds [ 48 ] have 
been formed to work on the issues relating to vaccine implementa-
tion in developing nations. Simultaneous with these developing 
nation programs, developed nation efforts on vaccine production 
have taken on greater signifi cance in light of concerns about the 
potential for pandemics [ 49 ]. Although no clear solutions have 
emerged as of yet regarding how to most effectively apply vaccines 
internationally, the issue of IP rights is of primary concern in the 
context of the debate. This is particularly true in developing nations 
that are  plagued   with preventable diseases. A fact that may greatly 
infl uence any solution regarding the force of IP rights over vaccine 
products is the  TRIP   provisions for least-developed countries 
(“LDCs”).  

    Article 66 of TRIPs directly addresses  IP   rights to be applied in 
LDCs. Specifi cally the article exempts LDCs from compliance with 
most of the provisions of TRIPs due to “their economic, fi nancial 
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and administrative constraints, and their need for fl exibility to cre-
ate a viable technological base” [ 50 ]. This is not an exemption for 
all time, but for a term of 10 years from the date when the state 
becomes a member country, with the possibility of a further exten-
sion period upon request [ 51 ]. Hand in hand with the LDC 
exemption in TRIPs is an admonition to developed nations to cre-
ate incentives for corporations within their borders to engage in 
technology transfers to LDCs, “in order to enable [LDCs] to cre-
ate a sound and viable technological base” [ 52 ]. 

 Thus, the effect of article 66 is that LDCs are granted a reprieve 
from implementing national IP regimes for a time. This is both 
good and bad for LDCs. Because an LDC does not have to grant 
IP protection, copying of inventions is permissible and market 
monopolies may be averted. However, one of the reasons why 
LDCs have been granted an exception from  TRIPs   is because they 
lack the fi nancial and scientifi c infrastructure to produce and sup-
port innovation internally. Therefore, LDCs need to import inno-
vations from other countries [ 45 ]. It can be diffi cult to attract 
national investment if the LDC cannot offer market returns, which 
are normally gleaned due to market monopoly made possible by 
exclusive patent rights. The result is a vicious circle. LDCs are not 
required to have patent regimes in place because they do not create 
innovation due to the fact that they lack the infrastructure—labo-
ratories, trained scientifi c staff, sophisticated equipment, etc.—to 
do so [ 53 ]. Consequently, LDCs fail to attract the investment nec-
essary to build an internal infrastructure because they do not offer 
the benefi ts of national patent rights to investors [ 54 ]. The cycle is 
self-perpetuating. 

 So, on the one hand national patent rights cannot hinder access 
to vaccines in LDCs because they do not exist, but on the other 
hand the lack of patent rights may pose a barrier to access to vac-
cines in LDCs since the vaccines must be imported from developed 
nations where patent rights are offered. The imported vaccines are 
likely sold at a premium price as a result of the patent rights. 
Moreover, since pharmaceutical companies cannot attain patent 
rights for their products and processes in LDCs, there is a lack of 
interest in facilitating the production of vaccines within LDCs. 
Copying of vaccines may be permissible in LDCs, but at the same 
time it is impossible for LDCs to undertake an initiative to copy a 
vaccine due to a lack of sophisticated infrastructure [ 55 ]. In sum, 
despite the  TRIP   exception, patent rights are not meaningless for 
LDCs.   

   Individual countries have made attempts to address the possible 
negative outcomes that exclusive IP rights over pharmaceutical 
products can have for  public health  . For example, to address the 
use of  patents   for pharmaceutical products to address  public 
health   problems affl icting developing and least-developed 
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countries, especially those resulting from HIV/AIDS,  tuberculo-
sis  , malaria, and other epidemics, the Canadian  patent   legislation 
was amended to incorporate provisions whereby a compulsory 
licensing mechanism is set up. This system was created to address 
national emergencies or other situations of extreme urgency, in 
countries that have no, or insuffi cient, pharmaceutical capacity to 
manufacture a pharmaceutical product of a particular dosage in 
quantities to address the emergency. The regime would allow for 
the production of such pharmaceutical products that are pro-
tected by patent in Canada for the purpose of addressing the 
emergency solely. The produced pharmaceutical products, that 
by defi nition include vaccines, would explicitly not be used for 
commercial purposes. 

 Vaccines are one of the technologies upon which research to 
address these types of health issues is focused. Therefore, mecha-
nisms incorporated in the Canadian patent legislation could be 
engaged in relation to a vaccine. To date this mechanism has not 
achieved distribution of a patented medicine under compulsory 
license. In fact, only two attempts to utilize the mechanism appear 
on the public list of applications to invoke the mechanism. An 
application requesting a right to produce and export a patented 
pharmaceutical product under the mechanism was fi rst fi led by the 
generic drug producer Apotex in 2007 and renewed in 2009. Low 
use of the mechanism is likely related to several barriers the imple-
mentation of the compulsory license has encountered, including 
challenges by World Trade Organization member states. This has 
thwarted the ambitions of the regime. Thus, as of the date of this 
publication, the mechanism has not been able to produce the alle-
viation of humanitarian challenges through provision of pharma-
ceutical products under compulsory license that it was created to 
achieve. 

 As another example, the USA has introduced an IP application 
regime whereby owners of IP that is directed to a humanitarian 
purpose may receive benefi ts. Specifi cally, the US Patent and 
 Trademarks   Offi ce offers a  Patents   for Humanity Program. This 
program invites the submission of applications that describe how a 
patented technology or product has been used to address humani-
tarian challenges for the less fortunate [ 56 ]. There are fi ve catego-
ries of global challenges for competition by the applicants. Winners 
are awarded a certifi cate that can be redeemed to accelerate certain 
matters before the US Patent Offi ce. The certifi cate can be applied 
to expedite a patent application, an ex parte reexamination, or an 
ex parte appeal to the Patent Trial and Appeal Board. Thus, the 
program incentivizes patent owners to use granted patents to 
address humanitarian challenges. Notably, medicine is one of the 
identifi ed categories of global challenges, and this category is spe-
cifi cally defi ned to include vaccines.  
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   At the international level, countries have entered into treaties that 
incorporate certain provisions directed to the protection of  public 
health  . The application of pharmaceutical products, including vac-
cines, to  public health   is a topic in developing nations as well as 
developed nations.  TRIP  s include provisions directed to applying 
the remedy of compulsory licensing in the instances of either 
“national emergency or extreme urgency,” wherein the invention 
will be applied to a “public noncommercial use” [ 57 ]. 

 Article 27.2 that recognizes exclusions to patentability or com-
mercial exploitation may be upheld for the purpose of protecting 
 ordre public  or morality. This provision is interpreted as expressly 
extending to the protection of health. In reliance upon article 
27.2, a country may deem certain subject matter non-patentable 
for the purpose of protecting health. Such subject matter could 
include vaccines or other pharmaceutical drugs. Thus, this section 
is of note because upon its face it opens the door for signifi cant 
amendments to the defi nition of patentable subject matter, in the 
name of protecting health. 

 Moreover, section 8 of  TRIPs   addresses “measures necessary 
to protect  public health  ” directly. At the very least, articles 8 and 
27.2 open the door to the possibility that any patent related to 
health care is being subjected to an exemption founded upon  ordre 
public  or morality. If these exemptions are invoked for a vaccine 
invention, the patent holder’s rights may be diminished if not anni-
hilated. Notably, if used extensively these provisions may have the 
effect of weakening the force of the presumption of the exclusive 
rights of IP protections for vaccine  patents  .  

   In order to address the unique  issues   surrounding pharmaceutical 
products, including vaccines, the drug and patent regimes in some 
countries have been attuned one to another so that they may func-
tion harmoniously. Specifi cally, vaccines fi t within such a regime in 
the categories of injectable and biologic. In particular, it is the bio-
logical nature of vaccines that distinguishes them from other types 
of medical treatments, such as medicines comprised of chemical 
compounds. Vaccines are included in the category of biologics by 
the US Food and Drug  Administration   and are given the following 
defi nition: “Biologics, in contrast to drugs that are chemically syn-
thesized, are derived from living sources (such as humans, animals, 
and microorganisms). Most biologics are complex mixtures that 
are not easily identifi ed or characterized, and many biologics are 
manufactured using biotechnology. Biological products often rep-
resent the cutting-edge of biomedical research and, in time, may 
offer the most effective means to treat a variety of medical illnesses 
and conditions that presently have no other treatments available” 
[ 58 ]. 

 In Canada, to help curb fears and calm emotions, which are 
indivisible from health issues, previously separate legislative efforts 

5.5  Protection 
of  Public Health  

5.6   Links 
between Patent 
and Drug Legislation

Karen Durell



809

are now linked through cooperative legislation, namely, the  Patent 
Act , the  Food and Drugs Act  (the “F&D Act”), and the  Patented 
Medicines (Notice of Compliance) Regulations  (the “NOC 
Regulations”) [ 59 ,  60 ]. Under the  Patent Act , exclusive patent 
rights may be granted over new vaccines in relation to a specifi c 
practical application or disease [ 61 ]. Once a vaccine patent is 
granted, a further step must be taken prior to introducing the drug 
to the marketplace. It must be approved in accordance with the 
F&D Act. To aid in this process, and as part of the integration of 
the patent regime and the food and drugs regime, the minister will 
issue a notice of compliance (“NOC”) once the vaccine is ascer-
tained to be safe and effective. Prior to the issuance of an NOC, a 
vaccine may not be advertised or sold in Canada. In order to obtain 
an NOC, a new vaccine submission must be supported by a detailed 
compilation of information, data, and research, including informa-
tion about any patent issued for the vaccine. 

 Cooperation between the food and drug regime and the pat-
ent regime ensures that the term of a patented vaccine is respected. 
In particular, generic drug manufacturers are prohibited from 
attempting to introduce an equivalent drug into the marketplace 
during the patent term [ 62 ]. The effect of the cooperative effort is 
that “the NOC Regulations introduce patent considerations into 
the regulatory approval process” [ 62 ]. The link between the pat-
ent regime and the food and drug regime will affect IP protection 
choices for vaccines.    

6    Conclusion 

 Although the conversation about the relationship between vac-
cines and IP rights has traditionally been limited to a discussion 
about patent rights, the topic has a wider scope of  copyright  ,  trade-
marks  ,  patents  , trade secrets, and possibly even  plant breeders’ 
rights  . Moreover, this broadened discussion introduces consider-
ations that have not been previously routinely engaged in relation 
to IP rights and vaccines. A view that recognizes the applicability 
of multiple IP rights to the various elements and aspects of vaccines 
not only can provide an ultimately wider scope of IP protection to 
vaccines, it can further allow for the development of a strategy that 
benefi ts from for the integration and cooperation of IP rights for 
vaccines. 

 Thus, discussion of IP rights and vaccines should not begin 
and end with the application of one IP right to a vaccine. The dis-
cussion should engage considerations of multiple IP rights appli-
cable to a vaccine and how these can be utilized in an integrated 
manner to support the development and distribution of the vac-
cine. This integrated view further permits for a strategy to be 
devised, and the contemplations as to why particular IP rights 
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should be included in the strategy and considerations that may 
affect various IP protections for vaccines can be reviewed in light 
of the strategy, rather than in view of individual IP rights for vac-
cines. The result is a more productive and conclusive strategy that 
can be identifi ed. Therefore, as a view of vaccines as engaging mul-
tiple IP rights can change the strategy for the development and 
distribution of vaccines immensely, the discussion needs to be refo-
cused to recognize the toolbox of IP rights available to vaccines.      
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    Chapter 53   

 From the Bench to the Pharmacy: Protecting Innovation 
During Vaccine Development and Commercialization                     

     Adam     C.     Krol     ,     Muna     Abu-Shaar     , and     Paul     Brady      

1        Introduction 

 A  patent   provides the patent owner with the right to exclude others 
from making, using, or selling the patented invention [ 1 ]. Vaccine 
development presents many patenting opportunities and challenges. 
The costs of researching and developing a new vaccine before it can 
be authorized for marketing are huge. Estimates for the cost of get-
ting a medicine from the bench to the marketplace range from $1.5 
billion to in excess of $1.8 billion [ 2 ,  3 ]. Although the cost of man-
ufacturing a vaccine may be small, the profi t margin on the sales 
price needs to be high in order to enable the massive cost of research 
and development to be recouped. Patents and other intellectual 
property rights are key to establishing market exclusivity and thus 
maintaining the necessary profi t margin. 

 To illustrate how  patents   can be used to protect inventions 
made throughout the vaccine development process and to provide 
an introduction to issues that might be encountered in the patent-
ing process, this chapter follows a hypothetical vaccine develop-
ment timeline (summarized in  Appendix ) for a newly discovered 
infectious virus from a United States (US)  patent law   perspective. 
The hypothetical timeline may appear oversimplifi ed, and the time 
between events may not accurately refl ect the speed of real-world 
vaccine development. However, the purpose of the timeline is to 
introduce several important patent law concepts that the reader 
may encounter in the real world. Key differences between the US 
and two other major patent jurisdictions, Europe and Japan, are 
noted where applicable.  
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2    Discovery of New Virus and Processes for Its Propagation, Inactivation, 
and Attenuation 

 The timeline begins on January 1, 2016 with the discovery of the 
previously unknown Zoobug virus by scientists at Vacsotech Inc. 
In the 3 months following the discovery and isolation of Zoobug, 
the scientists at Vacsotech discover how to inactivate the virus 
using heat and radiation and discover how to propagate the virus 
in a human mesenchymal cell line, Zalex89. The scientists generate 
an attenuated strain of Zoobug (strain S1) by propagating Zoobug 
in mouse epithelial cell line MOG732. Vacsotech deposits the 
Zoobug-infected Zalex89 cell line with the American Type Culture 
Collection under the provisions of the Budapest Treaty on the 
International Recognition of the Deposit of Microorganisms for 
the Purposes of Patent Procedure (known as the “Budapest Treaty” 
for short). 

 Following its discoveries and the deposit, Vacsotech fi les a  pat-
ent   application (Patent Application No. 1) in the US Patent and 
Trademark Offi ce (USPTO)    and the European Patent Offi ce 
(EPO). The EPO grants European patents for nation states that 
are parties to the European Patent Convention [ 4 ]. Following the 
grant, a European patent may be validated in individual member 
states if patent protection is desired in those states. 

 Patent Application No. 1 is fi led with illustrative claims 1–7 as 
set out in  Appendix . A patent claim is a single-sentence, numbered 
paragraph located at the end of the  patent   following a written 
description of the invention [ 5 ]. The claims defi ne the boundaries 
of the patent owner’s right to exclude, in the same way that a fence 
can be used to defi ne the boundaries of a plot of land. Patents typi-
cally include claims of varying scope, from broad to narrow [ 6 ]. A 
real patent application would likely be fi led with a greater number 
of claims and with claims of a more varied scope than the patent 
applications in the hypothetical timeline. 

 The  USPTO   and EPO will each examine Patent Application 
No. 1 and will issue a patent if the claims are found to satisfy all 
requirements for patentability. This  patent   fi ling raises two require-
ments for patentability, as discussed below. The other requirements 
for patentability are discussed in Sections 3 and 4 in the context of 
Patent Application Nos. 2 and 3. 

   Claim 1 of Patent Application No. 1 is directed to “isolated 
Zoobug.” US  patent law   provides that “any new and useful  process, 
machine, manufacture, or composition of matter, or any new and 
useful improvement thereof,” may be patented if certain  conditions 
of patentability are met [ 7 ]. Zoobug is a “composition of matter” 
and would therefore appear to be patentable, or patent eligible in 
US parlance, subject matter. However, there are a number of 
 judicially created exceptions to  patent   eligibility. One of the 

2.1  Patentable 
Subject Matter
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 exceptions relevant here is the exception relating to natural 
 products. Naturally occurring products are considered to be patent 
ineligible, as are some man-made products if they are essentially no 
different from a naturally occurring product [ 8 ]. 

 The test currently applied by the  USPTO   to determine subject 
matter eligibility asks whether a nature-based product recited in a 
claim has “markedly different characteristics” from its naturally 
occurring counterpart in its natural state [ 8 ]. If the nature-based 
product has markedly different characteristics, the claim is  patent 
  eligible. Thus, claim 1 of Patent Application No. 1 is likely found 
to be patent ineligible unless it can be shown that isolated Zoobug 
has markedly different characteristics from naturally occurring 
Zoobug. The USPTO has published a series of examples  illustrating 
how the  USPTO   analyzes claims reciting a nature-based product 
for subject matter eligibility and readers seeking a deeper under-
standing of the subject matter eligibility analysis are encouraged to 
review them [ 9 ]. 

 Claim 3, directed to an “attenuated Zoobug strain,” and claim 
4, directed to a specifi c attenuated strain of Zoobug, are likely to 
be found patent eligible because the attenuated virus should be 
found to have markedly different characteristics from naturally 
occurring Zoobug, e.g., it is noninfectious and may have different 
DNA/RNA or protein structures. 

 Claim 2, directed to “inactivated Zoobug,” falls into a zone of 
uncertainty created by the recent Supreme Court case law regard-
ing the patentability of inventions based on natural products and 
natural phenomena. For example, in one of its decisions, the 
Supreme Court held that genomic DNA extracted from cells is not 
patent eligible, whereas cDNA is patent eligible only if the under-
lying mRNA has been subject to RNA splicing to remove introns—
otherwise it is too similar to the naturally occurring genomic DNA 
[ 10 ]. The limits of the judicial exceptions to subject matter eligibil-
ity have yet to be determined. The  patent   eligibility of inactivated 
Zoobug might depend on whether inactivation encompasses 
 simply killing the virus or altering its structure or biological 
properties. 

 The patent eligibility of claims 5–7 is also uncertain, if a recent 
decision [ 11 ] by the US Court of Appeals for the Federal Circuit 
(the court below the Supreme Court that handles patent matters) 
stands. In that decision, the Federal Circuit held that claims to 
methods for detecting cell-free fetal DNA (cffDNA) in maternal 
serum or plasma by amplifying and detecting the cffDNA are pat-
ent ineligible. The inventors were the fi rst to discover cffDNA in 
maternal serum and plasma, but methods for amplifying and 
detecting DNA were known at the time the invention was made. 
Finding the claimed methods to be patent ineligible, the Federal 
Circuit stated that “[w]here claims of a method patent are directed 
to an application that starts and ends with a naturally occurring 
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phenomenon [e.g., cffDNA], the patent fails to disclose patent 
 eligible subject matter if the methods themselves are conventional, 
routine and well understood applications in the art” [ 12 ]. Thus, 
claim 5 of Patent Application No. 1 is likely to be rejected as patent 
ineligible if the use of Zalex89 cells for virus propagation was 
 routine in view of the fact that Zoobug is a naturally occurring 
virus. Claims 6 and 7 likely have a greater chance of being found 
 patent   eligible than claim 5 because the methods of claims 6 and 7 
produce an attenuated virus that has markedly different character-
istics from the naturally occurring Zoobug. 

 In Europe and most other jurisdictions, the separate requirement 
for an invention to be “patent eligible” does not arise. In the case of 
a naturally occurring compound (or organism or virus), the wording 
of a patent claim needs to be such that the claim does not cover the 
compound in the form in which it exists in nature. Specifying that the 
compound is isolated, or that it is in a pharmaceutical  formulation  , is 
generally suffi cient to provide the necessary novelty. 

 On the other hand, many jurisdictions have a bar on granting 
 patent   claims to methods of medical treatment, and it is thus not 
possible to claim “a method of vaccinating a subject against disease 
X by administering vaccine Y.” The philosophy behind this is that 
doctors should be free to treat patients how they best see fi t  without 
having to be concerned about patent infringement at the bedside. 
However, uses of vaccines can usually be protected by claiming the 
uses in particular formats, as described in more detail in Section 
 3.3  below.  

   The rationale of the patent system is to promote innovation by 
granting to inventors limited monopolies in exchange for disclosure 
of their inventions to the world [ 13 ]. The disclosure is made via a 
patent specifi cation preceding the claims [ 14 ]. The  patent   specifi ca-
tion must provide a description (the written description require-
ment) that enables (the enablement requirement) the claimed 
invention in order for a patent to issue [ 15 ]. The written descrip-
tion requirement ensures that the inventor “possessed” (i.e., actu-
ally invented) the subject matter of the claims rather than merely set 
forth a research plan for obtaining the claimed invention [ 16 ], 
while the enablement requirement ensures that a person skilled in 
the relevant art can make and use the claimed invention without 
undue experimentation [ 17 ]. This is a necessary part of the “bar-
gain” between the state and the inventor: if the inventor does not 
disclose his invention in a way that enables a skilled  practitioner to 
put it into practice after patent expiry, then he does not deserve the 
monopoly period that the  patent   provides. The courts have found 
the “use” prong of the enablement requirement to include evidence 
that the invention actually works as claimed; for example, in the 
case of a claim to a vaccine formulation  evidence that the formula-
tion elicits an  immune response   when administered to a subject 
might be needed to meet the enablement requirement. 

2.2  Written 
Description 
and Enablement
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 Inventions such as a new virus and methods for its propaga-
tion, inactivation, and attenuation may be impossible to describe 
and enable merely by words in the specifi cation unless the entire 
genome is sequenced and it is possible to reconstruct the virus 
based on a synthetic copy of its genome. The solution for such 
inventions is the deposit of a replicable copy of the virus, for 
 example in a cell line, with an international depositary so that the 
virus is made available to those who are interested in practicing the 
invention. Such deposits were made possible by the Budapest 
Treaty, which permits “deposits of microorganisms [and cell lines] 
at an international depositary authority to be recognized for the 
purposes of patent procedure” [ 18 ]. For the purpose of this 
hypothesis, both Zalex89 and MOG732 are commercially  available 
from a vendor and therefore do not pose any enablement/written 
description issues. As long as conditions of the Budapest Treaty are 
met, Vacsotech’s deposit of Zalex89 infected with Zoobug satisfi es 
the enablement and written description requirements for claims 1, 
2, 5, and 7 [ 19 ]. 

 What about claims 3, 4, and 6? 
 Claim 3, directed to attenuated Zoobug, is likely to be rejected 

for lack of written description. Assuming there are a myriad of 
mutations that result in attenuation, and Patent Application No. 1 
does not describe any specifi c mutations, the US examiner would 
likely take the position that the inventors had not demonstrated 
they had invented a suffi cient number of attenuated strains repre-
sentative of the entire class of attenuated Zoobug strains. This 
requirement is distinct from the enablement requirement [ 20 ]; 
therefore, even if the application describes  how  attenuated strains 
can be made and thus meets the enablement requirement, it does 
not describe the attenuated strains themselves, thus likely falling 
short of the written description requirement. 

 Claim 4, directed to attenuated Zoobug strain S1, is likely to 
be rejected for lack of written description and enablement, as the 
inventors did not describe in their application the sequence altera-
tions that result in strain S1 being attenuated as compared to the 
Zoobug parent strain. Assuming that attenuation can be achieved 
by any number of mutations to the Zoobug genome, there is no 
way to exactly reproduce strain S1. In the US, a Budapest Treaty 
deposit can be made  after  the fi ling to address the rejection [ 21 , 
 22 ], but in Europe [ 23 ] (and other jurisdictions) it is too late to 
make the deposit once the application has been fi led. 

 Claim 6, directed to a process for attenuating Zoobug using 
 any  animal cell line, is likely to be rejected for lack of enablement. 
The inventors showed that Zoobug can be attenuated in mouse 
epithelial cell line MOG732 but have not shown that attenuation 
can be achieved in all cell lines—after all, Zoobug can be propa-
gated without attenuation in human mesenchymal cell Zalex89, 
which is also an animal cell line. A  patent   examiner will want to 
know why propagation in Zalex89 and MOG732 results in 

Protecting Vaccine Innovation



818

 different outcomes. Is it the species of the cell line, the type of tis-
sue, the propagation conditions, or a combination of all factors? 
Unless the inventors can provide a rationale and evidence that 
Zoobug can be attenuated in any animal cell line under appropriate 
conditions that do not require “undue” experimentation, claim 6 
is unlikely to be allowed. 

 In most jurisdictions around the world there is a requirement 
for the  patent   specifi cation to “suffi ciently enable” the invention in 
the same way as in the US [ 24 ]. Most jurisdictions  outside the US 
do not have a separate “written description” requirement. 
However, as it is necessary in all jurisdictions to present evidence 
that it is plausible that an invention does work and is thus inven-
tive, the same contents as needed to satisfy the US written descrip-
tion requirement are generally needed.  

3    Identifi cation and Recombinant Expression of Zoobug Antigens and Preclinical 
Vaccine Development  

After the initial discoveries, scientists at Vacsotech sequence the 
genome of Zoobug and begin developing  formulations   for poten-
tial clinical vaccines. They conduct preclinical testing, in primates, 
of fi ve different immunogens, each formulated in combination with 
either adjuvant X or adjuvant Y: (1) heat-inactivated Zoobug; (2) 
attenuated Zoobug strain S1; (3) a recombinantly expressed viral 
envelope protein, ENV1; (4) a recombinantly expressed  polymerase 
protein, POL; and (5) peptides from ENV1 and POL that  computer 
software identifi ed as being likely immunogenic  epitopes  . Only 
Vaccine A, a formulation containing attenuated Zoobug strain S1 
and adjuvant Y, shows promise as a vaccine and is selected for clini-
cal trials after a successful challenge study in primates. 

 Vacsotech fi les its second  patent   application, Patent Application 
No. 2, with the intention of claiming inventions relating to ENV1, 
POL, and the vaccine  formulations  . Patent Application No. 2 is fi led 
with claims 1–4, directed to ENV1 and POL proteins (claim 1), a 
variety of immunogenic compositions (claim 2), an immunogenic 
composition containing attenuated Zoobug strain S1 (claim 3), and 
the use of the immunogenic compositions to immunize against 
Zoobug (claim 4). Seven months prior to fi ling Patent Application 
No. 2, Patent Application No. 1 was published by both the  USPTO   
and the EPO. Three months prior to fi ling Patent Application No. 
2, Vacsotech scientists presented their research at a conference, and 
a conference book containing excerpts of the poster data was handed 
out at the conference. The presentation included a poster with the 
sequences of ENV1 and POL. The  publication of Patent Application 
No. 1 and the presentation at the conference raise issues regarding 
two additional requirements for patentability, as discussed below.  

Adam C. Krol et al.
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   A claimed invention must be novel, i.e., new, to be patentable 
[ 25 ]. US  patent law   provides limited exceptions in which certain 
disclosures occurring before the effective fi ling date of the claimed 
invention will not be considered prior art to the claimed invention 
[ 26 ]. For example, a disclosure made by the inventor 1 year or less 
before the effective fi ling date will not be considered prior art in 
assessing the novelty of the claimed invention [ 27 ]. For the sake of 
simplicity, this hypothetical assumes that all Vacsotech inventions 
are made by the same inventor. Japanese  patent law   provides a 
6-month grace period for inventor disclosures [ 28 ]. This 6-month 
grace period is referred to as the “exception under Art 30” or the 
“exception for novelty depletion” and has to be requested by the 
applicant. However, many jurisdictions have an absolute novelty 
requirement, which means that any disclosure (including by the 
inventors themselves) of the claimed invention prior to the claimed 
invention’s fi ling date will preclude a  patent   on the invention [ 29 ]. 
Even in situations in which only a US patent is desired, for  example, 
inventors should consider fi ling before publicly disclosing their 
inventions to avoid the risk that a disclosure might fall outside of 
one of the limited exceptions. 

 Here, neither the publication of Patent Application No. 1 nor 
Vacsotech’s conference presentation can be used as prior art by the 
US patent examiner to reject any claim of Patent Application No. 
2 because both are inventor disclosures occurring 1 year or less 
before the fi ling date of Patent Application No. 2. If no prior art 
relating to Zoobug exists, each of claims 1–4 should be found to 
be novel under US law. 

 The publication of Patent Application No. 1, and the ATCC 
deposit referred to therein, will be prior art to the claims of Patent 
Application No. 2 in Japan because the publication of Patent 
Application No. 1 falls outside of the 6-month grace period pro-
vided by Japanese Law. The conference presentation, on the other 
hand, will not be considered prior art to the claims of Patent 
Application No. 2 in Japan because the presentation falls within 
the 6-month grace period. Therefore, assuming that Patent 
Application No. 1 does not describe the subject matter of claims 
1–4, the Japanese patent examiner should fi nd the claims novel. 

 In contrast to the US and Japan, European  patent law   has an 
absolute novelty requirement, without a grace period for inventor 
disclosures [ 29 ]. Therefore, both Patent Application No. 1 and the 
conference presentation will be considered as prior art by the EPO 
examiner. Because the conference materials describe the sequences 
of ENV1 and POL, claim 1 is likely to be found not patentable for 
lack of novelty over the conference presentation. Because the sub-
ject matter of claims 2–4 are not disclosed in Patent Application 
No. 1 or the conference materials, the claims are likely to be 
deemed novel.  

3.1  Novelty
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   A claimed invention must also be nonobvious in view of the prior 
art [ 30 ]. A claimed invention is not patentable when it would have 
been obvious before its effective fi ling date to a person having 
ordinary skill in the art to which the claimed invention pertains, for 
example, if the invention is a routine or predictable variation of the 
prior art [ 30 ]. One way for a US patent examiner to reject a claimed 
invention on the basis of obviousness is to show that a person of 
ordinary skill in the art would have had a motivation to modify the 
prior art in a manner that results in the invention as claimed and 
had a reasonable expectation that the modifi cation would be suc-
cessful. The person having ordinary skill in the art is a hypothetical 
person presumed to have known the relevant art at the time of the 
invention [ 31 ]. Because obviousness is analyzed using a hypotheti-
cal person having ordinary skill in the art, it does not matter that 
the claimed invention may have appeared straightforward to the 
inventor(s), who are oftentimes individuals of extraordinary skill in 
their fi eld. Moreover, US  patent law   provides that “patentability 
shall not be negated by the manner in which the invention was 
made,” which means that it does not matter whether the claimed 
invention resulted from long, painstaking effort or serendipity 
[ 30 ]. The concept of nonobviousness is referred to as “inventive 
step” in many countries outside of the US [ 32 ]. 

 If no third-party prior art relating to Zoobug exists, claims 1–4 
of Patent Application No. 2 should be found nonobvious by the 
US patent examiner because, as discussed above, neither the 
 publication of Patent Application No. 1 nor the conference presen-
tation will be considered prior art. 

 Because the publication of Patent Application No. 1 and the 
ATCC deposit referred to therein are considered prior art in Japan, 
and assuming no other Zoobug-related prior art exists in Japan, 
the  patent   examiner will inquire, with respect to claim 1, whether 
it would have been obvious and routine to identify and express 
individual proteins from viruses of the same class as Zoobug from 
a cell infected with the virus (in view of Patent Application No. 1 
and the deposited cell line as prior art) [ 33 ]. Likewise, the patent 
examiner will inquire, with respect to claims 2–4, whether those of 
skill in the art would be motivated to combine attenuated or 
 inactivated forms of Zoobug with  adjuvants   for use as a vaccine, 
with reference to Patent Application No. 1 and the deposited cell 
line as prior art. If the answer to those questions is yes, then the 
claims will likely be deemed to be obvious. 

 As discussed above, the prior art base under European  patent 
law   includes the inventor disclosures, and thus the conference 
 disclosure will be taken into account when inventive step is ana-
lyzed at the EPO. As discussed above, claim 1 will likely be rejected 
for lack of novelty over the conference disclosure. Claims 2–4 
should be held novel, and they will then be examined for inventive 
step [ 32 ]. The examiner will seek to establish whether, starting 
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from the sequences of ENV1 and POL disclosed on the conference 
poster, a person skilled in the art would have been motivated to 
combine attenuated or inactivated forms of Zoobug with  adju-
vants   for use as a vaccine with an expectation of success. If the 
answer to that is yes, then claims 2–4 will be rejected by the 
 examiner on the grounds of lack of inventive step.  

     Claim 1 of Patent Application No. 2 is directed to “isolated ENV1 
or isolated POL.” Claim 1 is likely to be rejected by the  USPTO   as 
being directed to patent ineligible subject matter unless it can be 
shown that the isolated proteins are “markedly different” from 
ENV1 and POL in their natural state, in the same way the cDNA, 
but not genomic DNA, was found to be  patent   eligible by the 
Supreme Court [ 10 ]. 

 Claim 4 is not patentable subject matter in most jurisdictions, 
including Europe [ 34 ] and Japan [ 35 ], where there is a prohibi-
tion on patenting methods of medical treatment of the human 
body. Such method claims can be rewritten as purpose-limited 
composition claims (acceptable in Europe and Japan) or as  so- called 
Swiss-type claims (acceptable in Japan during patent prosecution, 
although the scope of such claims is uncertain in an enforcement 
action). For example, Claim 4 can be rewritten as a purpose- limited 
composition claim that recites “the immunogenic composition of 
claim 2 or claim 3 for use in immunizing a human against Zoobug 
infection” or as a Swiss-type claim that recites “use of the immuno-
genic composition of claim 2 or claim 3 in the manufacture of a 
vaccine for protection against Zoobug infection in humans.” Using 
these forms of claim language, essentially the same subject matter 
can be covered outside the United States in most situations.  

   Claims 2 and 4 of Patent Application No. 2, directed to immuno-
genic compositions of Zoobug and their use for vaccination, are 
likely to be rejected by the  USPTO   for a lack of adequate written 
description. Claims 2 and 4 are generic in that they encompass 
 formulations with  any  peptide  epitopes   of ENV1 and POL, instead 
of specifi cally defi ned epitopes, and  adjuvant  . The written descrip-
tion requirement for a claimed genus can be satisfi ed through the 
disclosure of either a representative number of species falling within 
the scope of the genus or structural features common to the 
 members of the genus so that one of skill in the art can visualize or 
recognize the members of the claimed genus [ 20 ]. The ten  candidate 
vaccines created at Vacsotech each contained one immunogen and 
either adjuvant X or adjuvant Y, and only one of those vaccines, 
Vaccine A, was found to be immunogenic. Thus, a US patent exam-
iner is likely to fi nd that the disclosure of a single immunogenic 
composition is insuffi cient to show the inventors’ possession of the 
full scope of the inventions recited in claims 2 and 4. 
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 Claims 2 and 4 are also likely to be rejected by a US patent 
examiner as not enabled because most of the compositions actually 
made by Vacsotech and described in Patent Application No. 2 are 
not immunogenic and the inventors do not know what gives rise to 
 immunogenicity  , i.e., the inventors do not know why Vaccine A is 
immunogenic but the other candidate vaccines are not. Because 
the evidence shows that routine methods cannot be used to iden-
tify immunogenic compositions containing Zoobug epitopes and 
an  adjuvant  , the US patent examiner will likely conclude that it 
would require undue experimentation to identify immunogenic 
compositions within the scope of claim 2 and which can immunize 
a subject against Zoobug as required by claim 4. 

 Similarly, the need for undue experimentation to be able to put 
the invention into practice may lead a patent examiner to conclude 
that the claims are not suffi ciently enabled in jurisdictions outside 
of the US. In addition, if signifi cant numbers of  formulations 
  within the scope of the claims are not immunogenic, then a patent 
examiner can reject the claims for lack of inventive step. European 
patent examiners typically reject such claims for lack of an inventive 
step, while Japanese patent examiners typically reject such claims 
for lack of enablement.  

4    Further Preclinical and Clinical Vaccine Development 

 Clinical trials with Vaccine A are aborted when it is discovered that 
the vaccine triggers autoimmune symptoms in study subjects. 
Scientists at Vacsotech research an alternative vaccine and generate 
a variety of  fusion proteins   containing portions of ENV1 and 
POL. Preclinical trials show that Vaccine B, a  formulation   contain-
ing a fusion protein (referred to as PE) containing  epitope   E of 
ENV1 and epitope P of POL together with adjuvants X and Y, 
elicits a  protective immune response   in primates. Clinical trials (the 
existence and dosing schedules of which are published on clinical-
trials.gov without giving details of the identity of the fusion  protein 
or the  adjuvants  ) establish that the fusion protein is not effective 
when administered in a single dose but is safe and more effective 
than attenuated Zoobug strain S1 when administered in two 
 intramuscular doses separated by 3 months. 

 Vacsotech fi les Patent Application No. 3 directed to the  fusion 
protein  , the formulation containing adjuvants X and Y, and the 
two-dose administration schedule. The claims of Patent Application 
No. 3 raise issues of novelty, obviousness/inventive step, written 
description, enablement, and patentable subject matter.  

   The publication of the existence of the clinical trials on clinicaltri-
als.gov should not be considered as prior art by the US patent 
examiner when examining the novelty of the claims because the 
disclosure is an inventor disclosure occurring 1 year or less before 
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the fi ling of Patent Application No. 3. The publication should also 
not be considered as prior art by the Japanese examiner because it 
is an inventor disclosure occurring within 6 months or less before 
the fi ling of Patent Application No. 3. 

 In contrast, the disclosure will be considered prior art to the 
claims of the European application because Europe does not have 
a grace period for inventor disclosures. The clinicaltrials.gov publi-
cation does  not  disclose the identity of the  fusion protein   or the 
 adjuvants  , so claims reciting those features (e.g., claim 2 and claims 
4, 6, 8, and 10 that depend from claim 2) should be considered 
novel by the European patent examiners. If the clinicaltrials.gov 
publication discloses that the trial is with a fusion protein of two 
 epitopes   of Zoobug, then the generally worded claim 1 will lack 
novelty under European law, and some of the claims that depend 
from claim 1 will also lack novelty, depending on how detailed the 
clinicaltrials.gov publication is.  

   Because the clinicaltrials.gov publication is not considered prior art 
in the US and Japan, it cannot be used as a basis for an obviousness 
rejection. 

 The publication  is  considered prior art under European  patent 
law   and can be used in an inventive step rejection. Claim 2, directed 
to a  fusion protein   containing the  epitopes   present in Vaccine B, is 
likely to be found inventive given the prior failures in achieving a 
safe and effective Zoobug vaccine—one of skill in the art could not 
predict which epitopes would be effective immunogens. All claims 
that depend from claim 2 (and therefore incorporate by reference 
the particular fusion protein), including claim 10, are also likely to 
be found inventive for the same reasons. Claim 9, reciting the 
 particular  adjuvants  , but without limitation to the specifi c fusion 
protein, is at risk of lacking inventive step if adjuvants X and Y were 
known in the art. The rejection might be overcome by showing 
that the combination of adjuvants X and Y conferred unexpected 
properties, such as synergistically increasing the  immune response 
  to a degree not predictable from the prior art.  

   Method claims 3, 5, 7, and 9 of Patent Application No. 3 are likely 
to be rejected by a US patent examiner for failing to comply with 
the written description requirement. These claims depend directly 
or indirectly from claim 1, which recites a “fusion polypeptide 
comprising at least two epitopes of Zoobug.” The term “compris-
ing” in most jurisdictions is open ended and permits other ingredi-
ents to be included in the composition. Thus, the methods of 
claims 3, 5, 7, and 9 are not limited to epitopes E and P but 
encompass  fusion proteins   containing any two epitopes of Zoobug. 
However, Patent Application No. 3 only describes a single 
 immunogenic composition, Vaccine B, which contains a fusion 
polypeptide of  epitope   E and epitope P together with specifi c 
 adjuvants X and Y. Consequently, a US patent examiner is likely to 

4.2  Obviousness 
(Inventive Step)

4.3  Written 
Description 
and Enablement

Protecting Vaccine Innovation



824

conclude that the description of a single species (Vaccine B) is 
insuffi cient to entitle the inventors to claims which are not limited 
to a fusion protein comprising epitopes E and P. 

 Moreover, claims 3, 5, 7, and 9 would also likely be rejected by 
a US patent examiner for failing to comply with the enablement 
requirement because a US patent examiner would likely question 
whether undue experimentation would be required to identify 
fusion proteins,  adjuvants  , and dosing schedules to practice claims 
3, 5, 7, and 9. If it cannot be shown that substantially all  fusion 
proteins   are effective, the same claims may encounter a similar 
objection in other jurisdictions.  

   Method claims 3–10 are not patentable subject matter in Europe 
or Japan and will elicit a rejection with a request to rewrite the 
claims in one of the acceptable formats described in Section 
 3.3 . For example, the method claims can be recast in the form “the 
 fusion protein   of claim 1 for use in inducing an  immune response 
  in a subject.”  

   In general, vaccine products can be more complex than standard 
pharmaceuticals: vaccines are often  multivalent   and so contain 
 several active components, and they often contain  adjuvants   that 
can be critical to their effectiveness.  Patent   term extensions 
(described in Section  5.1  below) are in some jurisdictions only 
available if the approved product is disclosed in the  patent  , at least 
at a general level. If the product that is approved by the regulatory 
authorities is a multivalent vaccine, the disclosure of just one of the 
 epitopes   in the patent application is, in some jurisdictions, not 
 considered to be an adequate disclosure for the  patent   to be eligi-
ble for extension. It is thus important to include in a patent appli-
cation for an element of a vaccine a general description of the other 
components of the vaccine in which it is likely to be used. That 
description of the other components that might be included (e.g., 
 adjuvants   or other antigens) should be as specifi c as possible based 
on the current knowledge of the most likely approved product. 
Claims directed to the fi nal vaccine with components defi ned in as 
specifi c terms as possible should also be included.   

5    Regulatory Approval and Post-approval Developments 

 Anticipating regulatory approval of Vaccine B by the US  Food and 
Drug Administration (“FDA”)   and the European Medicines 
Agency (“EMA”), Vacsotech decides to amend the claims in order 
to obtain quick allowance and Patent Application No. 3 issues into 
a  patent   with claims 1–3 in the US, Europe, and Japan on March 
1, 2022. The FDA and the EMA approve Vaccine B on June 1, 
2023, and Vacsotech commercially launches Vaccine B in the US 
and the EU on August 1, 2023. Japan’s Ministry of Health, Labour 
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and Welfare (MHLW) approves Vaccine B in Japan on August 1, 
2025, and Vacsotech commercially launches Vaccine B in Japan on 
January 1, 2026. 

     Patents   generally have a term that lasts 20 years from filing [ 36 ]. 
For patents covering a pharmaceutical product, a substantial por-
tion of the patent’s term may run before regulatory approval. 
Many jurisdictions have enacted laws that restore at least some of 
the patent terms lost to regulatory approval. In the US, the Drug 
Price Competition and Patent Term Restoration Act of 1984, 
commonly called the Hatch-Waxman Act, provides patent term 
extension (PTE) in certain circumstances to compensate  patentees 
for patent term that is effectively “lost” between the period of pat-
ent issuance and regulatory approval [ 37 ]. The term of a patent in 
some European countries may likewise be extended by way of a 
Supplementary Protection Certificate (SPC) [ 38 ]. SPCs may be 
extended by 6 months if the patentee conducts a pediatric study 
[ 39 ]. In Japan, a PTE is available for the “period during which the 
patented invention was unable to be worked” due to the require-
ments that pharmaceutical products receive government approval 
before marketing [ 40 ]. 

 Even though Vacsotech’s patents from Patent Application No. 
3 issue prior to regulatory approval of Vaccine B, Vacsotech is not 
eligible for a PTE in the US or an SPC in Europe. In the United 
States, the patent is not eligible for PTE because the patent term 
remaining after  FDA   approval exceeds 14 years [ 41 ]. Similarly, an 
SPC is not available because there is more than 15 years of  patent 
term remaining following EMA approval [ 38 ]. In contrast, 
Vacsotech can extend the term of its Japanese patent for 2 years 
and 1 month, the period from Vacsotech’s application for regula-
tory approval to approval, regardless of the patent term remaining 
after approval. The amount of extension in Japan is the period 
from (1) the letter of (a) submission of an IND and (b) patent 
registration to (2) regulatory approval. 

 If any claims of Patent Application Nos. 1 or 2 in the US or 
Europe have been granted with wording that covers the  fusion 
protein   in the approved product, it might be possible to obtain a 
PTE (in the US) or SPC (in Europe) if the remaining term follow-
ing approval is less than 14 or 15 years, respectively. In all three 
jurisdictions, the maximum extension, when available, is 5 years 
[ 38 ,  42 ,  43 ].   

   A  patent   does not give the patent owner any affi rmative right to 
 practice the invention claimed in the patent. The patent owner can be 
prevented from practicing the claimed invention if practice of the 
invention is subject to other laws, such as those regulating the 
 marketing of vaccines, or if practice of the invention would infringe 
another’s patent. For example, if adjuvant X is claimed in a  non- expired 
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patent owned by a third party, Vacsotech cannot manufacture 
 adjuvant X, include it in Vaccine B, and then sell Vaccine B without 
infringing the third party’s patent on adjuvant X. Vacsotech will need 
to purchase adjuvant X from the third party or a licensee of the third 
party authorized to sell adjuvant X or will need to seek a license to the 
patent in order to avoid infringing the patent on adjuvant X. 

 35 U.S.C. § 271(e) provides a safe harbor that exempts other-
wise infringing activities from claims of patent infringement when 
those activities are “reasonably related to the development and 
submission of information” to the  FDA   [ 44 ]. Although the deter-
mination of whether the safe harbor applies is fact specifi c, the use 
of patented inventions during vaccine development would likely be 
exempt from infringement liability in most cases [ 45 ]. However, 
because the safe harbor is generally unavailable for commercial 
production and sale, a freedom to operate study should be 
 performed to identify third-party patents that could present an 
obstacle to commercialization. By identifying such  patents   early in 
the development process, the greatest number of options for 
 avoiding infringement will be available, for example, by designing 
around a blocking patent or seeking a license. 

 As mentioned above, it is common for vaccine products to be 
complex mixtures of several antigens and  adjuvants  . Very often the 
different components will have been developed by different  parties, 
and a signifi cant licensing agreement will be needed in order for a 
product to be commercialized. It is generally in all parties’ interests 
for a product to go ahead, and  patent   licensing should not be shied 
away from. The earlier in the development process the patent 
licensing for the product can be dealt with, the smoother will be 
the development of the product.  

      Patents   are not the only means for protecting vaccines against 
competition. In the US, vaccines are classified as “biological 
products” by Section 351 of the Public Health Service (PHS) Act 
[ 46 ]. Under the Biologics Price Competition and Innovation Act 
(BPCI) of 2009, new biological products are entitled to 12 years 
of market exclusivity, during which time the  FDA   may not 
approve a “biosimilar” for the same indication as the reference 
product [ 47 ]. A product can be considered a “biosimilar” if it is 
highly similar to a reference product and has no clinically mean-
ingful differences relative to the reference product [ 48 ]. The 
BPCI amended the PHS to implement an accelerated approval 
process for biosimilars under new subsection 351(k) [ 49 ]. An 
additional 6 months of exclusivity is available if a  biologics license 
applicant performs pediatric studies in response to a request for 
such studies by  the   FDA [ 50 ,  51 ]. 

 In Europe, the regulatory exclusivity follows what is referred 
to as the “8 + 2 + 1” year approach [ 52 ]. During the fi rst 8 years 
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from regulatory approval, a generic manufacturer cannot rely on 
the innovator’s data for regulatory approval. In the following 
2-year period, a generic manufacturer can submit an application 
for regulatory approval that relies on the innovator’s data but still 
cannot market its generic product until 10 years from the innova-
tor’s regulatory approval, unless the innovator product qualifi es for 
a further year of exclusivity, in which case the generic manufacturer 
cannot market its product until 11 years from the innovator’s 
 regulatory approval. This additional year may be obtained in a 
number of circumstances, such as obtaining regulatory approval 
for one or more new therapeutic indications that demonstrate 
 signifi cant clinical benefi t over existing therapies [ 53 ]. 

 In Japan, when a drug is approved, the MHLW determines a 
so-called “reexamination period” [ 54 ]. The innovator is responsi-
ble for collecting post-marketing data during the period and 
reporting the data to the regulatory authority after the period 
expires [ 55 ]. Until the reexamination period expires, a generic 
manufacturer cannot rely upon the innovator’s data when applying 
for marketing approval for a generic version of the drug [ 56 ]. 
Therefore, the reexamination period is equivalent to regulatory 
exclusivity period in the US. The length of reexamination period is 
typically 8 years for a drug containing a new active ingredient [ 57 ].  

   The scope of protection provided by the regulatory  exclusivity   laws 
governing vaccines can be signifi cantly different from the scope of 
protection provided by patents. 

 First, regulatory exclusivity only protects an innovator’s biologic 
product (called a “reference product”) against competition from a 
biosimilar or generic manufacturer. A competitor motivated to com-
pete with an innovator may seek approval based upon its own clinical 
trials instead of seeking approval as a biosimilar. In principle, the 
competitor could thus carry out its own trial. As well as the high 
costs of clinical trials, there are many circumstances in which it is 
unethical to carry out a trial on a treatment that is already known to 
be effective, and regulators might refuse permission for the trial to 
be carried out. But, if the competitor is developing a product that 
may be in some way a clinical advance, then the competitor may be 
able to generate its own clinical data and thus circumvent the 
 regulatory data exclusivity that the original product developer has. 
In contrast, a patent may have a much greater exclusionary effect 
depending on the scope of its claims: the manufacture, use, sale, 
offer for sale, or importation of any product falling within the scope 
of the claims constitutes patent infringement, regardless of how the 
product came to be developed. 

 Second, regulatory exclusivity begins upon regulatory 
approval, whereas patent protection begins upon patent issuance 
[ 1 ,  47 ]. Thus, the term of patent protection may be longer or 
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shorter than the regulatory exclusivity depending upon the time 
lapse between the date of patent fi ling and date of regulatory 
approval. Consequently, the protection provided by regulatory 
exclusivity and the protection provided by a given patent will likely 
cover different periods of time. The date on which the last of them 
expires is often referred to as the “loss of exclusivity” date.     

6    Lifecycle Management Considerations 

 As noted above,  patents   can cover processes, machines, manufac-
tures, and compositions of matter. A patent portfolio that covers 
multiple aspects of a vaccine, its production, and use can be 
employed to maximize patent protection and limit the ability of 
competitors to compete in the same market. For example, the initial 
patent fi ling in a vaccine patent portfolio might be directed to a 
genus of active agents, such as a genus of mutant proteins,  identifi ed 
by initial testing to be potentially useful in a vaccine. If subsequent 
experimentation identifi es a particularly useful species of the genus 
not disclosed in the initial patent fi ling, a second patent fi ling 
 specifi cally claiming that species can provide protection for the 
 species that extends beyond the term of a patent issuing from the 
initial fi ling. As preclinical development of the vaccine continues, 
specifi c vaccine  formulations  ,  adjuvants  , production processes, 
screening assays, or apparatuses suitable for production of a vaccine 
component may be developed that warrant additional patent fi lings. 
Clinical trials can result in discoveries warranting further patent 
 fi lings. For example, a vaccine may prove to be particularly effective 
in a particular patient population or when administered according 
to a particular protocol. Even further patent fi lings may be  warranted 
after initial  FDA   approval if new production processes are devel-
oped during production scale-up or if improved formulations or 
combination vaccines are developed. In summary, fi ling on 
 inventions made throughout a vaccine’s lifecycle can extend the 
length of  patent   protection by providing patents that expire later 
than any patent issuing from the initial fi ling. 

   In the case of many early stage medicine development companies, 
the company’s patents can be its most valuable assets. It is thus 
important that the  patents   are obtained where they are available. 
On the other hand, there are signifi cant costs associated with fi ling 
patent applications and progressing them to grant. Costs are an 
important consideration for any organization, no matter how large 
or small, and long-term budgetary planning is important for a 
 patenting program. 
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 Of course, the exact costs will vary from case to case depending 
on a patent’s complexity and the number of jurisdictions it is fi led 
in. If  patent   protection is required around the world, an interna-
tional application under the Patent Cooperation Treaty (PCT) can 
be fi led that defers national patent fi lings (the “national phase”) to 
30 months after the fi rst patent fi ling date. As of June 2015, the 
PCT has 148 member states [ 58 ], which includes most Western 
countries but excludes some key jurisdictions such as Taiwan, 
Argentina, and Saudi Arabia. Filing a PCT application preserves 
the right to pursue national protection in all member states. The 
national phase is the usually single largest cost point in the patent-
ing process. The choice of 30 months as the national phase entry 
deadline has been arrived at as a compromise between providing 
certainty to third parties about whether there will be a  patent   in a 
particular territory and allowing a patent applicant a reasonable 
amount of time to assess whether the invention will be suffi ciently 
commercially successful to justify the national phase costs. In 
 medical research, 30 months can pass very quickly. Particularly for 
a small company, it is important to try to align this deadline with 
milestones in the development program.  

   It is a surprise to some observers that grant of a patent by a  patent 
  offi ce does not constitute a guarantee of validity. Patent offi ce 
examiners can work only on the basis of the documents and 
 evidence that they have before them; their searches are limited to 
written literature, and they do not have facilities to repeat experi-
ments. Examiners are often unable to fi nd out if an invention was 
disclosed nonconfi dentially at a conference or if it does not actually 
work. Patent applicants have an obligation to inform the  USPTO   
of all documents that they are aware of that are material to the 
patentability of the invention, but that still does not guarantee that 
an examiner has all possible information at his or her disposal. 
Therefore, although patent offi ce examiners do a good job, and 
there is a presumption of validity for US patents, a  patent   that has 
been granted cannot defi nitively be assumed to be valid. A granted 
patent remains open to challenge after grant, either at a national 
patent offi ce or before national courts.      
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      Appendix 

 Date  Event  Exemplary patent claims 

 January 1, 
2016 

 Scientists at Vacsotech isolate Zoobug virus 
from the blood of a human showing symptoms 
of a viral infection and determine that Zoobug 
was previously unknown. 

 The scientists shortly thereafter discover that 
Zoobug can be inactivated with radiation and heat 
and discover how to propagate Zoobug in human 
mesenchymal cell line Zalex89. 

 Human cell line Zalex89 infected with Zoobug 
is subsequently deposited with American Type 
Culture Collection (ATCC) under the provisions 
of the Budapest Treaty. 

 March 1, 
2016 

 Scientists at Vacsotech discover how to 
attenuate Zoobug by propagating Zoobug in 
mouse epithelial cell line MOG732. 

 April 1, 
2016 

 Vacsotech fi les Patent Application No. 1 
directed to Zoobug and attenuated strains 
of Zoobug. The application is fi led in the US 
Patent and Trademark Offi ce (USPTO) and 
the European Patent Offi ce (EPO). 

 The patent application describes Zoobug, how 
to propagate Zoobug in cell line Zalex89 and how 
to attenuate Zoobug in mouse cell line MOG732, 
and attenuated Zoobug strain S1. The  patent 
  application also refers to the ATCC deposit. 

 1. Isolated Zoobug. 
 2. Inactivated Zoobug. 
 3. An attenuated Zoobug strain. 
 4. The attenuated Zoobug strain of 

claim 3 which is Zoobug strain S1. 
 5. A process for propagating 

Zoobug, comprising inoculating 
Zalex89 cells with Zoobug, and 
culturing the inoculated cells in 
an aqueous culture medium. 

 6. A process for attenuating 
Zoobug, comprising inoculating 
an animal cell line with Zoobug, 
and culturing the inoculated cells 
in an aqueous culture medium. 

 7. The process of claim 6, wherein 
the animal cell line is mouse cell 
line MOG732. 

 October 1, 
2017 

 Patent Application No. 1 is published by the 
USPTO and the EPO. 

 February 1, 
2018 

 Scientists at Vacsotech present a poster at a 
conference that describes the amino acid sequences 
of two Zoobug proteins, ENV1 and POL, which 
they have identifi ed and recombinantly expressed. 

 Excerpts from the presentation are published 
in a book distributed at the conference. 

(continued)
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 Date  Event  Exemplary patent claims 

 May 1, 
2018 

 Scientists at Vacsotech have sequenced the 
genomes of both Zoobug and attenuated strain 
S1, identifying the mutations that give rise to the 
attenuated phenotype. 

 They have created ten candidate vaccines for 
preclinical trials containing the following 
immunogens in each of adjuvants X and Y: 
  – heat-inactivated Zoobug 
  – attenuated Zoobug strain S1 
  – ENV1 
  – POL 
  – peptide  epitopes   of ENV1 and POL 

 Only Vaccine A, the  formulation   containing 
attenuated Zoobug strain S1 and adjuvant Y, 
shows promise as a vaccine and is selected for 
clinical trials after a successful challenge study in 
primates. The remaining candidate vaccines 
are not immunogenic. 

 Vacsotech fi les Patent Application No. 2 
directed to ENV1, POL, and the candidate 
vaccines. The application includes the sequences 
of the genomes of Zoobug and S1. 

 By now Vacsotech is better funded, and the 
application is fi led in the US, Europe, and Japan. 

 1. Isolated ENV1 or isolated POL. 
 2.  An immunogenic composition 

comprising: 
  (a)  (i)  an attenuated strain of 

Zoobug 
     (ii)  an inactivated strain of 

Zoobug 
     (iii)  ENV1 or a peptide 

epitope thereof; or 
     (iv)  POL or a peptide 

epitope thereof and 
  (b) an  adjuvant.   
 3.  The immunogenic composition 

of claim 2, wherein the vaccine 
comprises attenuated Zoobug 
strain S1 and adjuvant Y. 

 4.  A method of immunizing a 
subject against Zoobug, 
comprising administering an 
effective amount of the 
immunogenic composition of 
claim 2 or claim 3 to the subject. 

 September 
1, 2019 

 Clinical trials with Vaccine A are aborted when 
subjects begin experiencing autoimmune 
symptoms 

 March 1, 
2020 

 Scientists at Vacsotech generate a fusion protein 
(referred to as PE) comprising  epitope   E of ENV1 
and epitope P of POL and discover in preclinical 
studies that Vaccine B, containing the fusion 
protein and adjuvants X and Y, is more 
immunogenic than either antigen alone. 

 June 1, 
2020 

 Vacsotech submits an investigational new 
drug (IND) application to the US Food and 
Drug Administration (FDA) for testing the effi cacy 
of intramuscular administration Vaccine B, both as 
a single dose and two doses separated by 3 
months. 

 Vacsotech’s clinical trial plans are published on 
clinicaltrials.gov. The clinicaltrials.gov web site 
mentions Vaccine B by its code name, VCS123, 
refers to VCS123 as a fusion protein containing 
two  epitopes   of Zoobug, and describes the dosing 
schedules being tested. 

(continued)
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 Date  Event  Exemplary patent claims 

 October 
15, 2020 

 Clinical trials establish that the fusion protein is 
not effective when administered in a single dose 
but is safe and more effective than attenuated 
Zoobug strain S1 when administered in two 
intramuscular doses separated by 3 months 

 November 
1, 2020 

 Vacsotech fi les Patent Application No. 3 
directed to the fusion protein and the two-dose 
administration schedule in the US, Europe, and 
Japan 

  1.  A fusion polypeptide comprising 
at least two epitopes of Zoobug. 

  2.  The fusion polypeptide of claim 
1, wherein the two  epitopes   are 
epitope E and epitope P. 

  3.  A method of inducing an 
 immune response   in a subject, 
comprising administering the 
fusion protein of claim 1 to the 
subject. 

  4.  A method of inducing an 
immune response in a subject, 
comprising administering the 
fusion protein of claim 2 to the 
subject. 

  5.  A method of immunizing a 
human subject against Zoobug, 
comprising administering an 
effective amount of the fusion 
protein of claim 1 to the subject. 

  6.  A method of immunizing a 
human subject against Zoobug, 
comprising administering an 
effective amount of the fusion 
protein of claim 2 to the subject. 

  7.  The method of claim 5, wherein 
the fusion protein is 
administered intramuscularly in 
two doses 3 months apart. 

  8.  The method of claim 6, wherein 
the fusion protein is 
administered intramuscularly in 
two doses 3 months apart. 

  9.  The method of claim 5, wherein 
the fusion protein is 
administered in a formulation 
with adjuvants X and Y. 

 10.  The method of claim 6, wherein 
the fusion protein is 
administered in a  formulation 
  with adjuvants X and Y. 

(continued)
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 March 1, 
2022 

 Patent Application No. 3 issues into a patent in 
the US and Europe 

  US claims : 
  1.  A fusion polypeptide 

comprising epitope E and 
 epitope   P. 

  2.  An immunogenic composition 
comprising the fusion 
polypeptide of claim 1 and 
adjuvants X and Y. 

  3.  A method of immunizing a 
human subject against 
Zoobug, comprising 
intramuscularly administering 
two doses of the immunogenic 
composition of claim 2 to the 
human 3 months apart. 

  European and Japanese claims : 
  1.  A fusion polypeptide 

comprising epitope E and 
epitope P. 

  2.  An immunogenic composition 
comprising the fusion 
polypeptide of claim 1 and 
adjuvants X and Y. 

  3.  The immunogenic composition 
of claim 2 for use in 
immunizing a human against 
Zoobug infection. 

 June 1, 
2023 

 The FDA and the European Medicines Agency 
(EMA) approve Vacsotech’s Vaccine B, containing 
fusion protein PE for administration in two 
intramuscular doses separated by 3 months. 

 August 1, 
2023 

 Vacsotech commercially launches Vaccine B in 
the US and the EU and applies for regulatory 
approval in Japan. 

 September 
1, 2025 

 Japan’s Ministry of Health, Labour and Welfare 
(MHLW) approves Vacsotech’s Vaccine B, 
containing fusion protein PE for administration in 
two intramuscular doses separated by 3 months. 

 January 1, 
2026 

 Vacsotech commercially launches Vaccine B in 
Japan. 
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    Chapter 54   

 Intellectual Property in Vaccine Innovation: 
Impact of Recent Patent Developments                     

     Elizabeth     Siew-Kuan     Ng      

1        Introduction 

   In 2015, three  signifi cant    events   on vaccine and  patent law   were 
commemorated. On the scientifi c front, it marked the 35th year of 
the declaration of a world freed from smallpox and the simultane-
ous cessation of its worldwide vaccination program [ 1 ]. Few may 
recall this devastating epidemic disease that spreads through many 
countries for centuries. Even fewer will recollect that it was  Edward 
Jenner’  s innovative contribution to immunization and the small-
pox vaccine that made it possible to eradicate this dreaded disease. 
It is indisputably one of the greatest achievements of modern med-
icine. With respect to patent jurisprudence, two signifi cant events 
are remembered: First, it coincidentally was also the 35th anniver-
sary of the landmark decision of the United States (US) Supreme 
Court in  Diamond v Chakrabarty  ( Chakrabarty ) which held that 
human-made living matter was patent eligible subject matter. Not 
surprisingly, that decision galvanized a dynamic biotechnology 
industry into an era whereby “anything under the sun that is made 
by man” was regarded as being patentable. Second, it was only 2 
years ago when another groundbreaking decision in  Association for 
Molecular Pathology v Myriad Genetics  ( Myriad ) [ 2 ] where the US 
Supreme Court, with an unusual unanimity, ruled that isolated 
genomic DNA, being “products of nature,” are not patent eligible 
unlike man-made complementary DNA (cDNA). This approach 
dramatically scaled back the concept of patentable subject matter 
and overturned several decades of the US Patent and Trademark 
Offi ce (USPTO)    practice in the granting of gene patents. The 
decision represents a departure from the international practice at 
that time. 
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 As we celebrate the 220th anniversary of  Edward Jenner  ’s out-
standing contribution, it may be an opportune time to review the 
impact of intellectual property (IP) law on the development of vac-
cines. Although there are several aspects of IP rights that govern 
the protection of innovation in vaccines, this chapter will focus on 
the patent jurisprudence [ 3 – 5 ]. 

 This chapter begins with a brief explanation of the role of  pat-
ent law   in biotechnology. It is then followed by an examination of 
the relevant US laws with respect to patent eligibility of microor-
ganisms and human genes. The impact of these rules on vaccine 
innovation will be highlighted for further discussion. The analysis 
will address the patent eligibility of living organisms in three com-
mon categories that (a) exist naturally in nature, (b) have been 
isolated (i.e., merely extracted) from their natural environments in 
unmodifi ed forms, and (c) have been modifi ed/genetically engi-
neered by man. The outcome of the analysis suggests that the pat-
entability of those in categories 1 and 2 to the exclusion of category 
3 will have a notable impact on the patent protection for vaccines 
derived from unmodifi ed living or nonliving matter unlike those 
that utilize modifi ed man-made complementary DNA (cDNA) 
and recombinant DNA (rDNA) [ 6 ,  7 ].  

2    Role of Patent Law in Biotechnology [ 8 ] 

  Patents  are   “exclusive rights” granted by the State to enable the 
patent owner to exploit new, nonobvious, and useful inventions for 
a limited time, in exchange for suffi cient disclosure of the invention 
[ 9 – 11 ]. It does not grant a right to practice the invention [ 12 ]. 
Rather, it permits the patent owner to prevent the commercial 
exploitation of the patented invention, take, for example, a patent 
on a vaccine. It does not confer on the patent owner the right to 
make the vaccine [ 13 ]; instead, it accords the right to stop com-
mercial exploitation of the patented product. 

 The traditional role of the patent system to seek the promotion 
of scientifi c and technological advances for the betterment of man-
kind through the grant of patent exclusivity remains intact. The 
huge investment in research and development has led to calls for 
greater primacy to be accorded to the incentive/reward theory in 
order to support a more liberal interpretation on the patent eligi-
bility of subject matter. The biotechnology and pharmaceutical 
industries have credited the incentive theory as the most signifi cant 
factor in incentivizing innovation and investment in life sciences 
which has benefi tted humanity [ 14 ]. They posit that patents are 
“the only things that matter” to compensate businesses for the 
huge investment in research and justify the high-risk burden [ 15 ]. 

 No one denies that the patent owner deserves to be rewarded 
for the extensive investment and effort in research and 
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development. Yet, the grant of patent exclusivity may pose tremen-
dous upstream and downstream challenges. It may impede infor-
mation fl ow needed to spur future innovation by preventing other 
researchers from using the patented subject matter [ 16 ]. One 
commentator [ 17 ] has hinted that fears of impeding downstream 
innovation may have been the motivation behind the US 
Government’s [ 18 ] recommendation to exclude isolated genomic 
DNA from patentability in the  Myriad  case. With the removal of 
the risk of costly patent infringement litigation on the use of iso-
lated genomic DNA, the way has been paved for downstream 
innovation, such as that related to the “technology platform of 
whole genome sequencing” [ 17 ,  19 ]. 

 Others have expressed fears that patent exclusivity allows the 
innovator to charge higher prices for the protected product which 
will block affordable access to much-needed medicines and vac-
cines, thereby impairing mankind’s “right to health” [ 20 ]. They 
have highlighted the potential negative impact that overly exten-
sive patent rights might have on the preservation of  public health  . 

 As we move toward a patent paradigm where the patent exclu-
sivity seems to have assumed the “role of a legitimate reward for 
innovation, granted increasingly to multinational corporations” 
[ 21 ], it may perhaps be timely to examine the double-edged sword 
of patent protection in the context of vaccines .  

3    Current Patent Landscape on Microorganisms and Genes 

 The domestic patent jurisprudence of almost every country is 
infl uenced by its international treaty obligations. One of the most 
important IP treaties is the Agreement on Trade-Related Aspects 
of Intellectual Property Rights ( TRIPS   Agreement) [ 22 ]. It is 
binding on the 161 member countries of the  World Trade 
Organization (WTO)  . The TRIPS Agreement seeks to establish 
and harmonize certain minimum standards of IP protection with 
the objective that:

  The protection and enforcement of intellectual property rights should 
contribute to the promotion of technological innovation and to the 
transfer and dissemination of technology, to the mutual advantage of 
producers and users of technological knowledge and in a manner con-
ducive to social and economic welfare, and to a balance of rights and 
obligations. [ 23 ] 

   A brief discussion of relevant patent provisions in the TRIPS 
Agreement as they relate to microorganisms and genes is set out 
below. 

Impact of Patent Developments on Vaccine Innovation
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   Article 27 of the  TRIPS   Agreement provides that patent protec-
tion must be provided for “any inventions, whether products or 
processes, in all fi elds of technology, provided that they are new, 
involve an inventive step and are capable of industrial application” 
[ 24 ]. Although it does not defi ne what constitutes “an invention,” 
there is a list of subject matter which member states may be 
excluded from patentability under their domestic laws. These 
include “plants and animals  other than microorganisms , and essen-
tially biological processes for the production of plants or animals 
 other than non-biological and microbiological processes ” [ 25 ]. The 
TRIPS Agreement makes it clear that  WTO   countries may exclude 
from patent protection plants and animals, as well as essentially 
biological processes for their production. However, member states 
are obliged to provide patent protection for microorganisms, 
microbiological and non-biological processes. The TRIPS 
Agreement does not defi ne what constitutes an “animal” or a 
“microorganism.” Neither is there any specifi c mention of gene 
patenting. As such, member states are expected to determine the 
most appropriate method of implementation [ 26 ,  27 ]. Although 
some degree of fl exibility in multilateral agreements is generally 
desirable, the absence of a global consensus on many important 
patent issues, such as gene patenting, is an obvious trade-off. 

 A review of the patent jurisprudence in the USA may shed 
some light on this.  

   Before proceeding, it may be useful to clarify three issues. First, it 
should be highlighted that issues relating to the patenting of living 
matter, such as microorganisms and human genes, lie at the inter-
section between  patent law   and ethics/morality. These have been 
adequately evaluated elsewhere and will not be debated here [ 28 , 
 29 ]. Second, this work is not concerned with method claims, such 
as those relating to  diagnostics   which have been dealt with in the 
US Supreme Court decision of  Mayo Collaborative Services v 
Prometheus Laboratories  [ 16 ,  30 ]. Third, this discussion is focused 
on only one specifi c aspect of microorganism and gene patenting, 
namely, whether they are patent eligible subject matter in the 
USA. The patent eligibility issue is merely the fi rst hurdle to  pat-
entability . If a microorganism or gene can satisfy this condition, a 
patent can be granted if it fulfi lls the other criteria of patentability, 
namely, new in the light of prior art (novelty), non-obviousness to 
a person who is skilled in the art (inventive step), and capable of 
industrial application (utility). Along with advances in scientifi c 
research, the pool of information and knowledge available in the 
prior art will increase, and this will make it more diffi cult to satisfy 
patentability criteria. 

 With this in mind, let us explore the patent landscape in the 
USA. 

3.1  TRIPS Patent- 
Related Provisions 
on Microorganisms/
Genes

3.2  Are 
Microorganisms 
and Genes Eligible 
for Patent Protection 
in the USA?
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 The issue of what constitutes patentable subject matter in the 
USA is governed by Section 101 of the US Patent Act 1952 (35 
USC) which provides that:

  Whoever invents or discovers any new and useful process, machine, 
manufacture, or composition of matter, or any new and useful improve-
ment thereof, may obtain a patent therefore, subject to the conditions 
and requirements of this title. 

   Its statutory objective is grounded in the Constitution of the 
USA, i.e., “to promote the Progress of Science and useful Arts” 
[ 31 ]. Its exact scope is unclear and has been the subject of various 
judicial interpretations including two landmark decisions of the US 
Supreme Court. The fi rst was in June 1980, where the Court 
affi rmed in  Diamond v Chakrabarty  ( Chakrabarty ) that patents 
were available for “anything under the sun that is made by man” 
[ 32 ]. Then more than three decades later, this expansive approach 
was dramatically scaled back in  Association for Molecular Pathology 
v Myriad Genetics  ( Myriad ) where it was held that isolated genomic 
DNA, being “products of nature,” are not patent eligible unlike 
man-made complementary DNA (cDNA) which do not exist 
naturally. 

 A more detailed appraisal of these two decisions may serve to 
illuminate their impact on vaccine patenting. 

   Prior to 1980, the  USPTO   adopted a narrow approach to patent 
subject matter eligibility and excluded living things including man- 
made microorganisms from patentability. Then in 1980, the US 
Supreme Court affi rmed in  Diamond v Chakrabarty  that the scope 
of patent eligible subject matter can encompass man-made living 
matters [ 32 ]. The fact that it involved living matter was not a rel-
evant consideration on the issue of patent eligibility. The Supreme 
Court emphasized that the “relevant distinction was not between 
living and inanimate things but between products of nature, 
whether living or not, and human-made inventions” [ 32 ]. On the 
facts, the patent related to a man-made genetically engineered bac-
terium that was capable of breaking down multiple components of 
crude oil. This man-made bacterium possessed markedly different 
characteristics to that found in nature [ 32 ,  33 ]. It was a creation of 
human ingenuity and research of man and was not nature’s handi-
work. On that basis, the US Supreme Court ruled that it was eli-
gible for patent protection within the scope of § 101. The Court 
also affi rmed that patentable subject matter includes “anything 
under the sun that is made by man.” 

 In adopting this expansive approach, the Court was infl uenced 
by Thomas Jefferson’s philosophy (embodied in the patent 
 legislation) that “ingenuity should receive a liberal encourage-
ment.” Yet, the Supreme Court did not overlook the long-stand-
ing precedents which affi rmed the implicit exceptions. In reliance 

3.2.1  The  Chakrabarty  
Case: Are Microorganisms 
Patent Eligible Subject 
Matter?
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on earlier precedents including its decision in  Funk Brothers Seed v 
Kalo Inoculant  ( Funk Brothers ), the Court reiterated that “the laws 
of nature, natural phenomena and abstract ideas” are not patent-
able subject matter [ 34 ]. 

 In  Funk Brothers , the patent claimed a mixture of naturally 
occurring strains of bacteria that helped leguminous plants to fi x 
nitrogen from the air into the soil. The nitrogen-fi xing abilities of 
these bacteria were well known, but their inhibitory effect on each 
other when mixed in a common base renders them unsuitable to 
be used in the same inoculant [ 35 ]. So the prevailing practice then 
was to manufacture separate inoculants that contain only one sin-
gle species of the bacteria. The patentee discovered that not all of 
these bacteria exhibited inhibitive attributes toward each other. He 
proceeded to combine them into a single inoculant which formed 
the subject matter of the patent in question. The US Supreme 
Court held that the mixture/composition was not patent eligible 
as the state of “inhibition” or “non-inhibition” of the bacteria was 
not created by the patentee. It was the work of nature and, hence, 
not patentable. Since the patentee had not altered the bacteria in 
any way, the Court treated the claimed subject matter as a mere 
discovery of “a hitherto unknown phenomenon of nature” which 
could not be patentable. In denying patent eligibility, Justice 
Douglas compared the qualities of these bacteria to “the heat of 
the sun, electricity, or the qualities of metals” and held that they all 
form “part of the storehouse of knowledge of all men. They are 
manifestations of laws of nature, free to all men and reserved exclu-
sively to none” [ 35 ]. 

 Surprisingly, these rulings appeared to have been ignored in 
practice. To the contrary, the  USPTO   adopted an expansive 
approach to this issue after the  Chakrabarty  decision and granted 
patents to a “wide range of engineered DNA molecules” [ 19 ]. A 
few years later, the USPTO opened the door wider and started to 
issue patents that “claimed cDNA molecules in combination with 
other genetic materials” [ 19 ]. In subsequent years, a “patent- 
happy” [ 36 ,  37 ] USPTO began granting thousands of patents to 
“isolated DNA” on the basis that upon isolation from their natural 
cellular environment, they were no longer the “product of nature.” 

 It was not until 2009 that this long-standing practice of the 
 USPTO   was challenged by a group of medical researchers, advo-
cacy groups, medical doctors, and patients. That case involved a 
claim relating to Myriad’s patents on “BRCA 1” and “BRCA 2” 
genes. This ultimately culminated in the groundbreaking US 
Supreme Court decision of  Myriad  which fi nally overturned  several 
decades of liberal  USPTO   practice in granting gene patents, includ-
ing those relating to isolated genomic DNA sequences [ 2 ].  

   Myriad’s scientists made a medical breakthrough when they dis-
covered the precise location of the BRCA 1 and BRCA 2 genes on 
chromosomes 17 (comprising of approximately 80 million 

3.2.2  Patent Eligibility 
of Human Genes: 
The  Myriad  Decision
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nucleotides) and 13 (comprising around 114 million nucleotides). 
They also identifi ed the approximately 80,000 nucleotides length 
of each of BRCA 1 and BRCA 2 genes [ 2 ]. Excluding introns, the 
exon-only cDNA sequence of BRCA 1 gene is only around 5500 
nucleotides long and around 10,200 for BRCA 2 gene. This 
invaluable discovery contributed immensely to the development of 
medical tests for detecting mutations of these two genes which 
directly affects the risk profi le of patients with respect to breast and 
ovarian cancers. Up to that point, the scientifi c community had 
accepted that heredity played a role in establishing these risks. 
However, it was unable to identify the precise genes which were 
associated with these cancers until Myriad’s breakthrough [ 2 ]. 

 Upon this fi nding, Myriad fi led and obtained several patents 
including those related to the isolated genomic DNA and cDNA 
encoding for BRCA 1 and BRCA 2 genes. On the basis of these 
patents, Myriad purportedly had the exclusive right to isolate the 
BRCA 1 and BRCA 2 genes as well as synthetically create the BRCA 
cDNA. Since the isolation of the genes was an essential step in diag-
nostic testing, Myriad sought to enforce its patents against entities 
that were providing BRCA testing. If the patents were upheld, the 
overall effect would have been to allow Myriad to solidify “its posi-
tion as the only entity providing BRCA testing” [ 2 ]. From a 
patient’s standpoint, this would lead to higher cost for the Myriad 
BRCA test, as well as deny patients the option of a second medical 
opinion based on the Myriad test [ 2 ,  17 ]. The scientifi c research 
community may also be impeded from conducting further studies 
on the BRCA genes since there is “no meaningful” research exemp-
tion from patent infringement under the US law [ 38 ]. 

 In June 2013, the US Supreme Court in remarkable unanimity 
issued a succinct judgment accepting the representation of the US 
Government and ruled that isolated genomic DNA was not patent 
eligible subject matter, but man-made cDNA are patent eligible. In 
denying patent eligibility to isolated genomic DNA as “product of 
nature,” the nine justices held that Myriad had not created or altered 
the genetic information encoded in the genes. Indeed, the precise 
order of the nucleotide arrangements on the isolated genomic DNA 
remained the same as that which exists in nature. In contrast, the 
Court was persuaded that cDNA was patent eligible subject matter 
as the nucleotide sequence arrangement had been changed by man’s 
removal of the introns from the genetic sequence. The resultant 
exon-only cDNA was dictated by man rather than nature. 

 By focusing on the “product of nature” limitation, Justice 
Thomas (who delivered the opinion of the Court) reaffi rmed the 
well-established implicit exception to 35 USC § 101 that laws of 
nature, natural phenomena, and abstract ideas are not patentable. 
He stressed that these are “basic tools of scientifi c and technologi-
cal work” that lie beyond the domain of patent protection [ 2 ]. 

Impact of Patent Developments on Vaccine Innovation
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Justice Thomas rightly reminded us of the importance of these 
limitations when he opined that:

  Without this exception, there would be considerable danger that the 
grant of patents would “tie up” the use of such tools and thereby 
“inhibit future innovation premised upon them”… which would be 
at odds with the very point of patents, which exist to promote 
creation. [ 39 ] 

   However, the learned Justice also cautioned against adopting a 
limitless exclusion against patents on naturally occurring things. 
Since “all inventions at some level embody, use, refl ect, rest upon, 
or apply laws of nature, natural phenomena, or abstract ideas,” an 
overly broad exclusionary principle may “eviscerate patent law.” 
The US Supreme Court rightly emphasized, what this author 
believes to be the crux in resolving this complex gene patent eligi-
bility conundrum, namely, that the well-established rationale of 
patent protection must strike a delicate balance between:

  “creating incentives that lead to creation, invention and discovery” and 
“[not] impeding the fl ow of information that might permit, indeed 
spur, invention” [ 2 ] [as well as, access for  public health  ]. [ 40 ] 

   Although Justice Thomas did not expressly articulate the public 
interest/ public health   factor, he alluded to this issue in his judg-
ment when he emphasized that if Myriad’s claim to isolated genomic 
DNA was held to be valid, it would have given Myriad the exclusive 
right to isolate the BRCA genes which forms an essential step in 
conducting genetic tests. This would in turn allow it to solidify “its 
position as the only entity providing BRCA testing” [ 2 ]. 

 Unsurprisingly, the reactions to this momentous Supreme 
Court ruling were mixed and intense. Some applauded the deci-
sion proclaiming it as a “thrilling victory for patients” [ 41 ] and 
“great news for patients, doctors and scientifi c researchers” [ 42 ] 
and herald further innovation in the biotechnology industry. 
Others (mainly from the pharmaceutical and biotechnology indus-
try) decried it as the doomsday of innovation [ 43 ]. Still others 
were less charitable and hurled personal attacks at the Justices, lik-
ening them to “Emperor without any clothes” [ 44 ].    

4    Impact of the  Myriad  Decision on Vaccine Innovation 

 As the issue of patent eligibility specifi cally in relation to vaccines 
has yet to be addressed by the US Supreme Court, this part will 
attempt to extrapolate the infl uence that the recent  Myriad  deci-
sion is likely to have on the development of vaccines and the laws 
to which they relate. 
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 For a start, several issues are clear. First, there is a retreat in law 
and practice to a more conservative stance on what constitutes pat-
ent eligible subject matter [ 45 ]. 

 Second, the Court has reaffi rmed the exclusion of “products of 
nature, natural phenomena, and abstract ideas” from 
patentability. 

 Third, the test of patentability is founded upon a distinction 
“between products of nature, whether living or not, and human- 
made inventions” [ 32 ]. 

 Fourth, a rational basis on which such a distinction could be 
maintained would rest on whether modifi cation to a given subject 
matter has resulted in a changed product which has characteristics 
or functions that differ from that which it was derived. The mere 
act of isolating or extracting a part of a “product of nature” from 
its natural environment would not constitute suffi cient modifi ca-
tion. Thus, traditional vaccines that contain unmodifi ed virus, bac-
terium, or  pathogen  , whether dead or living, that are isolated from 
their natural environment are not patent eligible. 

 Fifth, the ingenuity of the discovery is irrelevant.  Edward 
Jenner  ’s smallpox inoculate comprising of unmodifi ed “matter 
obtained from the lesion” of a person infected with cowpox (a 
disease related to smallpox) was simply brilliant but is unlikely to 
receive a patent. 

 As vaccine products are often complex compositions that take 
many forms, its patent eligibility will largely depend on its compo-
sition. Some vaccines contain living or nonliving matter that has 
been altered to form a resultant synthetic product that is suitable 
for its purposes of inoculation. Modern vaccines that contain mod-
ifi ed  pathogens   or their modifi ed DNA may fall into this category. 
One example may be DNA or genetic immunization utilizing 
cDNA or recombinant DNA which is introduced “directly into a 
living host to generate an  immune response  ” [ 46 ]. It was recently 
reported that scientists had created a new radical approach to HIV 
vaccination. Instead of training the immune system to fi ght an 
infection as in a traditional vaccine, the  HIV vaccine   alters the 
DNA of its host to instill the host cells with HIV-fi ghting proper-
ties [ 47 ]. Others include the recent clinical trials in human cancer 
treatment that utilize vaccines containing mutated tumor proteins 
[ 6 ,  7 ,  48 ,  49 ]. Modern vaccines that utilize cDNA or rDNA 
 created by man are likely to be patent eligible subject matter under 
the  Myriad  ruling. 

 On the other hand, some critics may argue that the  Myriad  
principles are inapplicable to microorganisms. They may consider 
isolated DNA of microorganisms as patentable. A summary of 
some of the reasons that may be advanced includes the following: 
(a) that the Myriad case was concerned only with human genes; (b) 
as the  TRIPS   Agreement mandates the patent protection of micro-
organisms, isolated DNA ought to enjoy similar treatment; (c) the 
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Court ruling in  Myriad  is distinguishable on the ground that the 
ethical issues related to human dignity and human rights do not 
apply to bacteria and viruses. 

 While this author does not dispute the factual distinctions, it is 
submitted that per se they do not offer anything more than artifi -
cial differences to justify a legal distinction between human and 
other nonhuman living organisms. Both human and microorgan-
isms are living organisms. Even if a reasonable basis for the legal 
distinction can be established, it does not necessarily imply that an 
opposing answer is an inevitable result. In this respect, the 
 Chakrabarty  decision on microorganisms supports this inference 
elucidated above when the Court emphasized that the product of 
human ingenuity must possess markedly different characteristics to 
that found in nature in order to be patentable.  

5    Access to Promote Future Innovation and for Public Health 

  The  goal   of the patent system is to strike an appropriate balance 
between the need to provide reward for innovation without jeop-
ardizing the public access that is necessary to spur future innova-
tion. The arguments canvassed by the proponents and critics of 
patent protection in relation to pharmaceutical products are well 
known and equally forceful. These have been adequately canvassed 
elsewhere, and only a brief evaluation of its impact on public health 
will be provided here [ 20 ]. 

 The value of patents is directly derived from the ability to 
charge higher prices for the protected medicine and vaccines. This 
power results in an inverse relationship between the cost of such 
products and its affordability [ 50 ]. The need to maintain a sound 
balance between these goals is the imperative of ensuring that 
medicines can fulfi ll their “central role in improving their access to 
some and health for all” [ 20 ]. This argument is even more compel-
ling in the case of vaccines. Vaccines play a central role in the fi ght 
against the threat to global public health through the rapid conta-
gion of serious diseases in a highly connected world. The smallpox 
and polio vaccines serve as indisputable reminders. Indeed, when 
asked who owned the patent to his polio vaccine, Dr Jonas Salk’s 
surprising retort was “The people, I would say. There is no patent. 
Could you patent the sun?” [ 51 – 54 ]. Some suggest that Dr. Salk’s 
response may have been motivated by ethical or moral consider-
ations. Others have gone further to hint that the vaccine could not 
have satisfi ed the patentability criteria based on the  patent law   of 
the day [ 51 – 54 ]. 

 The discussion so far has focused on utilizing the issue of pat-
ent eligibility as a control mechanism to achieve the optimal bal-
ance. The patent system relies on other mechanisms to promote 
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access by introducing safeguards to prevent undesirable or uncon-
scionable patent exploitation. Proposals within the patent system 
include compulsory licensing, parallel importation, patent pooling, 
research exemption, and second medical opinion defense among 
others. There are also useful suggestions that may be implemented 
outside the patent regime. These include innovation prizes and 
grants, health impact fund, drug donation, and government and 
international aid. These have already been deliberated elsewhere 
and will not be repeated here [ 20 ,  55 ]. 

 It is important to emphasize that the maximizing of access for 
the promotion of public health involves a complex web of patent- 
and non-patent-related barriers. Patent is only one factor in the 
overall calculus. Non-patent-related obstacles which have been fre-
quently cited as hindering access to medicines and vaccines include 
“poverty; corruption; civil strife, economic and societal problems, 
poor healthcare infrastructure, unskilled  diagnostics   and medical 
workforce; poor supply, distribution and delivery systems particu-
larly to rural areas; substandard medicines; fi nancial and adminis-
trative mismanagements, taxes and custom duties, complexity of 
medical therapy” among others [ 20 ]. Again, these have been eval-
uated elsewhere and are beyond the scope of this work  [ 56 ,  57 ].  

6    Conclusion: Striking an Appropriate Balance 

 The rapid advancement in science and technology, particularly in 
the fi eld of biotechnology, has posed immense challenges to the 
patent system. The recent global challenges to the patenting of 
genes in many jurisdictions, including the USA, Australia, and 
Canada, illustrate the competing interests among the various stake-
holders of the patent regime. While some have argued that the 
patent system may not be compatible with the fast-advancing 
developments in the fi eld of genetics, others have advocated for the 
status quo. 

 At the end of the day, a robust and well-functioning patent 
system must be able to strike the most appropriate balance between 
the legitimate private interests of patent holders and the public 
interest. It should avert any negative perception of private interests 
being prioritized over public good of maximizing welfare and 
access to information for future innovation. The recent  Myriad  
saga on the hotly contested BRCA gene patent serves as a timely 
reminder of this dilemma. Prior to the US Supreme Court ruling, 
many leading nations like the USA, countries of the European 
Union, Japan, and Australia had always taken a liberal approach 
toward patent eligibility of human genes. This included an expan-
sive approach toward the protection of isolated genetic sequences. 
For several decades, this patent model was the accepted practice of 
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many patent offi ces worldwide. Then in a major twist of events, the 
USA has recently decided to depart from this long-established 
practice. The Supreme Court emphasized that the grant of patents 
to an isolated gene or other “basic building blocks of science and 
technology” may tilt the optimal balance in the patent equation 
too much against the need to preserve future innovation. This 
U-turn by the USA is an excellent validation of a patent system 
that is highly adaptable and capable of evolving to meet the future 
challenges by holding to its core principles that have the public 
interest at its center   [ 58 ].     
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