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 The idea of this book was born out of rage. 
 I am developing vaccines for more than 20 years – a troublesome and 

laborious business. It can be troublesome because pure theory and successful 
application of a theory in lab models, and later its translation into clinical 
practice, are poles apart. And it can be laborious because until now there is no 
complete scientifi c compendium covering all essential aspects of modern 
vaccine development in one book, what makes the busy normal lab day more 
diffi cult for a developer. 

 A developer is obliged to read several textbooks: You will need one book 
to understand all immunological key aspects; to learn the way of presentation 
of chemically different antigens by professional cells embedded in various 
tissues and organs, triggered by different cytokines; to understand the interac-
tions between pathogen recognition receptors and their PAMP or DAMP 
ligands; to use bioinformatics for prediction of epitopes; to follow the path-
ways of gene activation and their regulations; and to understand how B- and 
T-cell memory work or what the consequences of immunosenescence are on 
vaccines for elderly or how malnutrition strongly infl uences the immune sys-
tem in very young people with consequences on vaccine effi cacy. Another 
book would be needed to understand all aspects of modern adjuvant develop-
ments, to get a feeling for the different classes and origins of immunostimu-
lants, and to see the multiple immune reactions caused by various adjuvants. 
Other books would be required to understand the different vaccine types, the 
different delivery technologies, the right use of nanoparticles, or the helpful 
assistance of biomarkers. 

 The here presented two volumes of  Molecular Vaccines: From Prophylaxis 
to Therapy  cover most of all essential aspects of modern vaccine develop-
ment in different fi elds such as infectious, non-infectious or cancer diseases. 
Moreover, patent claiming strategies will be discussed and also requirements 
for international licensing. These are two books that will satisfy a great need 
that up to now has been unfulfi lled. 

 150 authors, from more than 20 nations, from fi ve continents, Asia, 
Australia, Africa, America, and Europe, contributed to this magnifi cent book. 
I am deeply impressed by the enormous responses I got upon my invitation to 
join our international author team. So I trust that readers of this book, aca-
demic and industrial researchers, professors, physicians and graduate stu-
dents in biochemistry, molecular biology, biotechnology, and (vet) medicine, 
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will benefi t from the comprehensive expertise and will be enabled to provide 
successful innovative research and development in modern vaccines. 

 I would like to take this opportunity to thank all authors who generously 
contributed their knowledge and insights to this book. Special thanks go to 
Raphael Lekscha, Heidelberg, for his excellent technical preparations of my 
illustrations. I am grateful to Springer Publishing, particularly to Claudia 
Panuschka, Vienna, who made my book idea possible, and Wilma McHugh, 
Heidelberg, for her active support. 

 Heidelberg, Germany   Matthias Giese, PhD  
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   Part V 

   Noninfectious and Noncancer 
(NINC) Vaccines 

               

    Overview of Part V 

    

• Renin-angiotensin system  and blood pressure
Hypertension

Atherosclerosis • Targets for atherosclerosis vaccines
• Dendritic cells pulsed with oxidized-LDL

Obesity
• Regulation of food intake and
• Anti-ghrelin therapeutic vaccine
• Virus-like particles as carrier

Type I
Diabetes

• A disorder of immunoregulation
• Genetic prediction of T1DM
• Alum formulated glutamic acid decarboxylase

Type I Allergy
• Synthesized peptides for immunotherapy
• Patient’s sensitization profile
• Different routes of immunization

House Dust
Mite

• HDM allergens and chronic allergic disease
• Cedar pollen allergens
• Rice seed-based oral vaccine

  

    Priorities for vaccine developments are traditionally viral and bacterial infec-
tious diseases. Meanwhile therapeutical anticancer vaccines are pushing to 
market authorization. Consistent with the molecular insights into various 
noninfectious and noncancer (NINC) diseases and the analyses of their path-
ways and networks present different targets for innovative NINC vaccination 
strategies. The most prominent example of a NINC vaccine is Alzheimer’s 
disease. Dementia is the fastest-growing global health epidemic (WHO). 
A vaccine targeting the amyloid β peptide combined with monophosphoryl 
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lipid A (see Chaps.   33     and   34    ) as adjuvant is able to stimulate the brain’s 
natural defense mechanisms in people with Alzheimer’s disease. In this part 
you will get perspectives from scientifi c leaders on some most pressing issues 
and promising approaches on vaccine development. NINC vaccines will dra-
matically help to improve public health. 

  Hypertension and atherosclerosis.  Systemic blood pressure is determined 
by the product of cardiac output and total peripheral resistance, fi nely con-
trolled by multiple mechanisms involving the kidney, the endocrine system, the 
central nervous system, and the vasculature. One of the important endocrine 
regulators of blood pressure is the renin-angiotensin system (RAS). Although 
vaccines for hypertension have focused predominantly on the RAS, in the case 
of vaccines for atherosclerosis, multiple targets in different cells have become 
candidates for atherosclerosis vaccine and immunomodulatory treatments. 

  Obesity treatment.  Ghrelin is a gastrointestinal hormone that promotes 
food intake and decreases energy expenditure. Ghrelin is produced predomi-
nantly in the gastric fundus and conveys orexigenic signals to the hypothala-
mus. The suppression of endogenous ghrelin bioactivity with anti-ghrelin 
vaccines using keyhole limpet hemocyanin as carrier protein or bovine serum 
albumin was also tested in mice and pigs, respectively. These vaccines were 
able to decrease body weight gain and fat mass. These anti-ghrelin vaccina-
tions present several limitations when applied to humans, e.g., the risk of 
immune response. 

  Type I diabetes.  The pathogenic immune response is believed to be medi-
ated by T lymphocytes that are reactive to islet β cell self-antigen(s) (autore-
active T cells), whereas a protective immune response may be mediated by T 
cells that suppress the autoreactive T cells (regulatory T cells). Glutamic acid 
decarboxylase (GAD) is found in islet cells. GAD is a major autoantigen in 
autoimmune diabetes and a target for vaccine development. The administra-
tion of recombinant human GAD with or without adjuvants did not induce 
adverse side effects or exacerbate T1DM in man and mice in preclinical stud-
ies and a phase I clinical trial. 

  Type I allergy.  The next generation of allergy diagnostics and therapeutics 
will be based on recombinant proteins allowing tailor-made treatment accord-
ing to the patient’s sensitization profi le. Besides the benefi ts of a highly stan-
dardized product, production of recombinant allergens also allows 
modifi cation of the allergen of interest. Modifi ed allergens with low-IgE 
binding potential are called hypoallergens. As genetic vaccination represents 
a highly versatile platform to design advanced types of vaccines, various 
innovative approaches have been tested in animal models of allergy. 

  Rice against allergies.  Japanese cedar pollinosis is the most predominant 
seasonal allergic disease in Japan and is caused by pollen spread over most 
areas of Japan in early spring from February to April. House dust mite (HDM) 
is also a major source of inhalant allergens which cause chronic allergic dis-
ease such as bronchial asthma. About 45–80 % of patients with allergic 
asthma are sensitized to allergens in HDM. As a new form of oral allergy 
vaccine, rice seeds that accumulate hypoallergenic cedar pollen allergens and 
HDM allergen derivatives can be used as a vehicle to deliver to GALT.       

V Noninfectious and Noncancer (NINC) Vaccines 
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  Abstract 
 Both hypertension and atherosclerosis are 
chronic medical conditions which require con-
tinuous therapy. Recent basic and clinical stud-
ies have shown that vaccination against the 
renin-angiotensin system is effective in reduct-
ing blood pressure. In the case of atherosclero-
sis, vaccines targeting endothelial, macrophage, 
immune system, and lipid metabolism targets 
have been shown to reduce atherosclerosis in 
animal models. The development of vaccines 
for hypertension and atherosclerosis may be an 
important strategy for the prevention and treat-
ment of these diseases.  

27.1        Vaccines for Hypertension 

27.1.1    Disease 

 Hypertension is a chronic medical condition 
characterized by elevation of blood pressure in 
the arterial system. Although hypertension is 
usually asymptomatic, it is a potent risk factor for 
cardiovascular diseases, such as stroke, myocar-
dial infarction, heart failure, and end-stage renal 
disease [ 1 ]. 

 It has been estimated that approximately 
26.4 % of the adult population in the world had 
hypertension in 2000 [ 2 ]. The prevalence is pro-
jected to reach a value of 29.2 % by the year 
2025. This is surprising, when we consider that a 
large number of new and effective antihyperten-
sive agents have become widely available in 
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recent years, and the choice of drug classes avail-
able has increased dramatically during the past 
30 years [ 3 ]. 

 The fact that prevalence of hypertension and 
its complications continues to increase in spite 
of many important advances in our knowledge 
of hypertension pathophysiology and treatment 
has been called the “hypertension paradox” [ 4 ]. 
One of the causes of this paradox is the prob-
lem of low rates of treatment and control of high 
blood pressure, which is often caused by low 
adherence to drug therapy. One of the countries 
with the greatest success rates for hypertension 
control is the United States; even so, recent data 
indicate that approximately 20 % of Americans 
with hypertension are unaware of their condi-
tion, 28 % are not receiving therapy, and approx-
imately half do not have their blood pressure 
controlled to recommended levels [ 5 ]. The data 
for other countries are generally much lower [ 3 ]. 
For these reasons, new strategies to deal with the 
growing epidemic of hypertension are required.  

27.1.2    Pathophysiology and Classical 
Therapy 

 Systemic blood pressure is determined by the 
product of cardiac output and total peripheral 
resistance. Both cardiac output and total periph-
eral resistance are fi nely controlled by multiple 
mechanisms involving the kidney, the endocrine 
system, the central nervous system, and the vas-
culature. One of the important endocrine regula-
tors of blood pressure is the renin-angiotensin 
system (RAS) [ 6 ]. 

 Renin is a proteolytic enzyme that is synthe-
sized in the juxtaglomerular apparatus (JGA) 
of the kidney and stored in intracellular gran-
ules. During states of low blood pressure, renin 
is secreted from the JGA cells and enters the 
circulation. Angiotensinogen, which is the 
physiological substrate of renin, is a glycopro-
tein that is synthesized in the liver and enters 
the bloodstream. After proteolytic cleavage by 
renin, a 10-amino acid peptide (angiotensin I) is 
formed. This is then converted to the 8-peptide 
angiotensin II after interaction with angiotensin- 

converting enzyme (ACE) which is located pri-
marily on endothelial cells. 

 Angiotensin II acts on multiple target organs, 
including the vasculature, heart, kidney, adrenal, 
and central nervous system. The effects to 
increase blood pressure are mediated almost 
exclusively by the G-protein-coupled angiotensin 
type 1 (AT1) receptor. In contrast, the AT2 recep-
tor has predominantly antagonistic effects to the 
AT1 receptor and may act to decrease blood pres-
sure [ 7 ]. 

 The importance of the RAS in blood pressure 
control has been confi rmed by the effi cacy of 
RAS inhibitors not only for the control of blood 
pressure but also for the reduction of hyperten-
sive complications, including cardiovascular dis-
ease and stroke [ 8 ]. Although many other 
regulatory systems other than the RAS contribute 
importantly to the pathophysiology of hyperten-
sion [ 1 ], the importance of RAS derives from the 
fact that inhibition of RAS is a safe and effective 
method to decrease hypertension in humans. It is 
therefore easy to understand why the RAS is the 
main target for attempts to produce effective vac-
cines for hypertension (Fig.  27.1 ).

27.1.3       Vaccines 

 The fi rst clinical study to attempt immunization 
against the RAS for the treatment of hypertension 
was reported by Goldblatt et al. in 1951 [ 9 ]. In 
this study, the authors injected heterologous 
(hog) renin into patients with severe hypertension 
and examined the effects on antirenin titers and 
blood pressures. Their paper describes the results 
in 8 patients, who were given between 7 and 66 
injections (28,000–142,000 units) of hog renin 
over a period of 3.5–33 weeks. Almost all patients 
developed detectable increases in serum antire-
nin antibodies. However, no signifi cant decrease 
in blood pressure was detectable in these patients, 
and the authors concluded that this could be 
because the renin administered was of hog origin 
and not human. Since there is species specifi city 
in the actions of renin, the production of antibod-
ies to heterologous renin may not affect the 
actions of native human renin. 

H. Sasamura et al.
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 Further studies were performed using animal 
models. In 1987, Michel et al. reported the results 
of using pure human renin to immunize marmo-
sets. Three subcutaneous injections of 30 μg, 
each of pure renin protein, resulted in a high titer 
of renin antibodies. 

 Furthermore, blood pressure was signifi -
cantly reduced from 125 ± 13 to 87 ± 8 mmHg, 
together with signifi cant decreases in plasma 
renin activity and plasma aldosterone. However, 
the authors found that the marmosets also devel-
oped  immunological renal disease, character-
ized by the presence of immunoglobulin and 
macrophage infi ltration colocalizing with renin 
in the kidney [ 10 ]. Similarly, when spontane-
ously hypertensive rats (SHRs) were immu-
nized with purifi ed mouse submandibular renin, 
the systolic blood pressure was signifi cantly 
decreased; however, the authors again found that 
the kidneys of renin- immunized SHR showed a 
chronic autoimmune interstitial nephritis associ-
ated with the renin- producing JGA cells of the 
kidney [ 11 ]. 

 These experiments on renin immunization 
were performed using the whole renin protein as 
the immunogen. It has been suggested that the 
large size of renin may have facilitated the devel-
opment of autoimmune disease, and the fact that 
renin production occurs at only one anatomic site 

may have resulted in localized accumulation of 
antibodies [ 12 ]. 

 Consequently, the target for vaccination 
against the RAS shifted to the angiotensin pep-
tide itself. After performing preliminary studies 
in rats and humans [ 13 ], Brown et al. performed 
a clinical randomized double-blind placebo- 
controlled study of a vaccine against angiotensin 
I (PMD3117) in patients with essential hyperten-
sion. In their protocol, patients were given either 
3 doses of 100 μg of peptide equivalent vaccine 
at 21-day intervals or 4 doses at 14-day intervals, 
and blood pressure changes were estimated as 
the differences in the pre- and post-vaccination 
rise in 24 h ambulatory blood pressure after 2 
weeks of withdrawal of ACE inhibitors or ARB 
between the active vaccine and placebo. 
Although the authors found signifi cant changes 
in plasma renin and urine aldosterone, they did 
not detect a signifi cant difference in blood pres-
sure between the active vaccine- and placebo-
treated groups [ 14 ]. 

 The next important breakthrough for angio-
tensin II vaccines was the development of new 
viruslike particle (VLP) technology by the 
Zurich-based company Cytos [ 15 ]. The VLP are 
macromolecular assemblies formed from bacte-
riophage coat protein monomers, which sponta-
neously assemble in a capsid structure. The 

Angiotensinogen

Ang I (1-10)

Ang II (1-8)

AT1 receptor AT2 receptor

Renin

Goldblatt et al. [9]
Michel et al. [11]

Downham et al. [13]
Brown et al. [14]

Ambuhl et al. [16]
Tissot et al. [17]

Zelezna et al. [19]
Zhu et al. [20]
Azegami et al. [21]

Zelezna et al. [19]

  Fig. 27.1    Overview of the 
renin-angiotensin system and 
major targets for hypertension 
vaccines       
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angiotensin peptide was fused at its N-terminus 
to a CGG spacer sequence and conjugated to 
VLP. Using this vaccine (AngQb), Ambuhl 
et al. examined the effects of subcutaneous 
administration of angiotensin II vaccine fi rst in 
a rat model (SHR) and then in healthy human 
volunteers [ 16 ]. 

 Next, Tissot et al. performed a multicenter, 
double-blind, placebo-controlled phase IIa trial 
of the effi cacy of the AngQb vaccine in 72 
patients with mild-to-moderate hypertension. 
Patients were randomized to receive either 
100 μg, 300 μg vaccine, or placebo, at weeks 0, 4, 
and 12. 24 h ambulatory blood pressure was mea-
sured before treatment and at week 14. When the 
mean ambulatory daytime blood pressures were 
compared, the authors found a signifi cant 
decrease of 9 mmHg in the systolic blood pres-
sure ( p  = 0.015), with a similar trend for diastolic 
blood pressure (4 mmHg reduction,  p  = 0.064) in 
the 300 μg group. Furthermore, the 300 μg vac-
cine reduced the early morning blood pressure 
surge compared with placebo (25 mmHg reduc-
tion in systolic blood pressure ( p  < 0.0001) and 
13 mmHg reduction in diastolic blood pressure 
( p  = 0.0035)) [ 17 ] (Fig.  27.2 ). A signifi cant 
increase in mild, transient reactions at the injec-
tion site was found, and a total of ten participants 
reported mild, transient infl uenza-like symptoms. 
The study by Tissot et al. can be considered a 
landmark study, because it was the fi rst study to 

show that vaccination can reduce blood pressure 
in humans [ 18 ].

   Several groups, including our own, have focused 
on the angiotensin type 1 (AT1 receptor) as a poten-
tial future target for the development of vaccines 
for hypertension and hypertensive complications 
[ 19 – 21 ]. One of the theoretical advantages of the 
AT1 receptor vaccine over the angiotensin II vac-
cine is that direct inhibition at the receptor level 
may result in more complete suppression of the 
RAS and enhanced effectiveness of the vaccine. 
Furthermore, unlike the angiotensin II vaccine 
which blocks the action of angiotensin II at both 
AT1 and AT2 receptors, specifi c blockade of the 
AT1 receptor does not affect the actions of angio-
tensin II at the AT2 receptor, and this may be an 
advantage for organ protection [ 7 ]. 

 In our laboratory, we synthesized a seven-
amino- acid peptide sequence corresponding to 
amino acids 181–187 in the second extracellular 
loop of rat AT1a receptor (AFHYESR) fi rst 
described by Zhu et al. [ 20 ] and conjugated it to 
the carrier protein keyhole limpet hemocyanin 
(KLH) (Fig.  27.3 ). In preliminary experiments, 
we compared the effects of 1, 3, and 6 injections 
of vaccine on blood pressure and AT1 receptor 
antibody titers in the spontaneously hypertensive 
rat, a rodent model of essential hypertension [ 21 ]. 
We found that a single injection of the AT1 vac-
cine caused increased antibody titers, but these 
levels were signifi cantly lower than the titers 
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 produced by 3 or 6 injections. In contrast, both 3 
and 6 injections of AT1 vaccine produced compa-
rable increases in AT1 antibody titers and signifi -
cant decreases in the blood pressure.

   We also examined the effects of the AT1 recep-
tor vaccine on the development of renal injury, 
using the NO synthase inhibitor L-NAME. 
Previous studies from our and other laboratories 
have shown that the use of L-NAME results in 
renal injury, including proteinuria and glomerular 
and renal vascular injury [ 22 ]. We found that rats 
given 3 injections of the AT1 receptor vaccines 
had a signifi cant suppression of proteinuria after 
L-NAME administration. Moreover, histological 
indicators of renal injury were signifi cantly sup-
pressed in the AT1 receptor vaccine group, similar 
to the results found in rats treated continuously 
with the ARB candesartan, suggesting that vacci-
nation against the RAS may be effective not only 
for the attenuation of hypertension but also for the 
prevention of hypertensive renal injury [ 21 ].  

27.1.4    Strengths and Weaknesses 

 The study by Tissot et al. demonstrated the proof 
of concept that patients with hypertension could 
be treated by vaccination against a vasoactive 
substance. Three injections of angiotensin vac-
cine resulted in an increase of antibody titers over 
several months with an average half-life of about 

4 months after the third injection. This half-life 
could be compatible with a treatment regimen of 
several injections per year [ 17 ]. Such treatment 
could be very attractive for increasing adherence 
to hypertension therapy, which currently requires 
daily and lifelong medication. 

 Although these results are encouraging, there 
are many important caveats when considering the 
vaccine approach as a strategy for the treatment 
of hypertension. First, multiple antihypertensive 
agents are already available; therefore, it is pos-
sible to question the importance of the development 
of hypertension vaccines [ 23 ]. On the other hand, 
the fact that the prevalence of hypertension and 
hypertensive complications is increasing despite 
the availability of these medications suggests that 
new approaches to hypertension treatment should 
be considered and the risk/benefi t of the vaccine 
approach compared to other strategies [ 12 ,  24 – 26 ]. 

 An important concern is that the effects of vac-
cine therapy may be irreversible and result in 
hypotension, particularly during states of salt and 
volume depletion, where an active RAS contrib-
utes to survival. Other important safety issues 
include the potential for developing stimulatory as 
well as inhibitory antibodies, as well as the risk of 
developing autoimmune disease, as was reported 
in the renin-immunized animal models [ 18 ,  25 ]. 

 Although no major adverse effects related to 
vaccination were reported in the study by Tissot 
et al., local injection site-related erythema was 
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  Fig. 27.3    ( a ) Structure of the 
KLH-conjugated AT1 
receptor peptide sequence 
used in our studies on 
hypertension and atheroscle-
rosis. ( b ) Structure of 
angiotensin type 1 ( AT1 ) 
receptor and localization of 
the peptide sequence in the 
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found in all groups including the placebo group. 
It is possible that such local reactions could be 
avoided by using alternative vaccination routes 
(e.g., by oral or nasal vaccines). Because hyper-
tension itself is asymptomatic, it is important that 
vaccines for hypertension should have minimal 
side effects, if they are to be developed for rou-
tine clinical use.   

27.2    Vaccines for Atherosclerosis 

27.2.1    Disease 

 Atherosclerosis is predominantly a disease of 
the medium to large arteries and is characterized 
by the presence of lipid-containing plaques in 
the vessel wall, eventually resulting in luminal 
narrowing and susceptibility to plaque rupture 
and lumen thrombosis [ 27 ]. Atherosclerosis is 
directly responsible for the major syndromes of 
cardiovascular disease, including stroke, angina 
pectoris, myocardial infarction, aneurysmal dis-
ease, and peripheral artery disease, and is there-
fore a major cause of morbidity and mortality 
throughout the world [ 27 ]. 

 Multiple risk factors are known to increase the 
susceptibility to atherosclerosis. One of the most 
important is age, and atherosclerosis in some 
form is known to occur as part of the aging pro-
cess. However, increased risk is also associated 
with hypercholesterolemia, hypertension, diabe-
tes, obesity, and male gender 

 Atherosclerosis may be considered a “fi nal 
common pathway” for the deleterious effects not 
only of hypertension but also of other lifestyle- 
related diseases, including diabetes, metabolic 
syndrome, and dyslipidemia, and is therefore an 
important target for therapeutic strategies to 
reduce the incidence of stroke, myocardial infarc-
tion, and other cardiovascular diseases.  

27.2.2    Pathophysiology and Classical 
Therapy 

 Although the association of atherosclerosis with 
high cholesterol levels has been well recognized, 

recent studies have shown that atherosclerosis is 
essentially a chronic infl ammatory disease, 
mediated by a complex interaction between the 
endothelial cells and smooth muscle cells of the 
vessel wall with multiple immunomodulatory 
cells [ 28 ,  29 ]. 

 Cholesterol is transported in the bloodstream 
in association with a family of apolipoproteins to 
form lipoproteins. An important lipoprotein for 
the pathogenesis of atherosclerosis is the low- 
density lipoprotein (LDL), which can accumulate 
in the arterial intima, where it is susceptible to 
oxidative modifi cation into oxidized LDL. 
Oxidized LDL is known to cause damage to arte-
rial walls and triggers a complex series of reac-
tions resulting in infl ammation and immune cell 
activation in the vessel wall. 

 Important components of the immune 
response to oxidized-LDL-associated vascular 
wall injury include macrophages, monocytes, 
leukocytes, dendritic cells, and T cells. In 
 particular, the macrophages ingest the oxidized 
LDL and turn into foam cells, enlarging in size 
until they eventually rupture, and cause further 
deposition of oxidized LDL, resulting in a 
vicious cycle with further recruitment of 
immuno modulatory cells. 

 The infl ammatory process occurring in the 
arteries results in the activation of multiple cyto-
kines, growth factors, and other vasoactive com-
pounds. These contribute to smooth muscle cell 
proliferation and invasion, deposition of collagen 
and other extracellular matrix proteins, and for-
mation of the fi brous cap which can rupture and 
cause thrombosis. 

 Current therapy of atherosclerosis starts with 
non-pharmaceutical interventions aimed at 
changing lifestyles. These are aimed at reducing 
the risk factors for atherosclerosis development 
and include changes such as dietary modifi ca-
tions, cessation of smoking, weight control, and 
increased exercise. 

 The pharmaceutical intervention for which 
there is the greatest clinical evidence for both 
primary and secondary prevention is the use of 
HMG-CoA reductase inhibitors (statins), which 
reduce serum cholesterol levels by inhibiting the 
pathway of cholesterol production in the liver. 
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Although it is probable that most of the benefi -
cial actions of statins are mediated through their 
effects on lipid metabolism, it has been sug-
gested that their anti-infl ammatory actions could 
also be involved in the benefi cial effects of these 
agents [ 27 ]. 

 Other agents for which there is evidence for 
secondary prevention of cardiovascular events 
include nicotinic acid (niacin) and antiplatelet 
agents. Furthermore, treatment with RAS inhibi-
tors may have a benefi cial effect beyond their 
antihypertensive effect.  

27.2.3    Vaccines 

 Similarly to vaccines for hypertension, the devel-
opment of vaccines for atherosclerosis has a long 
history. Although vaccines for hypertension have 
focused predominantly on the RAS, in the case of 
vaccines for atherosclerosis, multiple targets in 
different cells have become candidates for ath-
erosclerosis vaccine and immunomodulatory 
treatments (Fig.  27.4 ).

   One of the earliest approaches for inhibition 
of atherosclerosis was the use of immunization 
with beta-lipoprotein reported by Gero et al. in 
1959 [ 30 ]. Subsequent studies examined the 
effects of immunization with LDL and its deriva-
tives. Palinski et al. examined the effects of 

immunization of hypercholesterolemic rabbits 
with malondialdehyde-modifi ed LDL and found 
a signifi cant reduction in the extent of atheroscle-
rotic lesions [ 31 ]. Ameli et al. reported a similar 
effect using immunization with homologous 
LDL, with a smaller (nonsignifi cant) effect using 
oxidized LDL [ 32 ]. These results have been rep-
licated in other studies [ 33 ,  34 ]. 

 ApoB-100 is the main protein component of 
LDL, and oxidation of LDL results in degrada-
tion of apoB into smaller fragments which are 
further modifi ed by reactive aldehydes. It has 
been suggested by Nilsson et al. that vaccines 
based on apoB peptide antigens may be an impor-
tant candidate for the development of vaccines 
for atherosclerosis [ 35 ]. Fredrikson et al. exam-
ined the effects of immunization with apoB-
100 peptide sequences on the  development of 
atherosclerotic lesions in hypercholesterolemic 
mice and found a 60 % reduction in atheroscle-
rosis [ 36 ]. Interestingly, it was later shown that 
an antiatherogenic effect could be found in the 
absence of an increase in peptide-specifi c IgG, 
suggesting the contribution of cellular immune 
responses in the atheroprotective effect [ 37 ]. 

 Another approach has been the development 
of vaccines against cholesteryl ester transfer pro-
tein, which is involved in the regulation of the 
balance of HDL and LDL [ 38 ]. Rittershaus et al. 
immunized rabbits with a peptide containing a 
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region of CETP known to be required for neutral 
lipid transfer function. They found that HDL lev-
els were increased, and LDL levels decreased in 
the vaccinated rabbits fed with a high-cholesterol 
diet. They also found a 39.6 % reduction in the 
aortic atherosclerotic area [ 39 ]. In a phase I 
human trial, the same group found that 8 out of 
15 subjects (53 %) developed anti-CETP anti-
bodies after two injections, without major side 
effects [ 40 ]. A subsequent phase 2 clinical trial 
on patients with low HDL levels confi rmed that 
the vaccine was well tolerated and produced anti- 
CETP antibodies in greater than 90 % of patients 
and that the % increase in HDL was correlated 
with the peak antibody titer [ 38 ]. It should be 
pointed out that these results were reported 
before the data of increased morbidity and 
 mortality with the CETP inhibitor torcetrapib 
were published [ 41 ]. 

 Newer approaches for the development of 
vaccines for atherosclerosis include the use of 
DNA vaccines and dendritic cell-based strate-
gies. In the study by Mao et al., hypercholesterol-
emic rabbits were immunized intramuscularly 
with plasmids containing an epitope of CETP 
C-terminal fragment, as well as immunomodula-
tory CpG sequences, and a marked (80 %) reduc-
tion in atherosclerotic plaque lesions was found 
[ 42 ]. Benefi cial results have also been reported 
for DNA vaccination strategies targeting cyto-
kines and growth factors such as IL-15 [ 43 ], 
CD99 [ 44 ], TIE2 [ 45 ], and VEGFR-2 [ 46 ,  47 ]. 
Another experimental approach is the use of den-
dritic cells to induce a specifi c humoral immune 
response. Favorable results have been reported 
for dendritic cells pulsed with oxidized LDL [ 48 ] 
or apoB-100 [ 49 ]. (Further details of studies on 
other lipid targets, infl ammatory cytokines, and 
endothelial cell markers may be found in several 
recent reviews [ 33 ,  34 ,  50 ].) 

 In our laboratory, we have recently examined 
the effects of vaccination against the AT1 recep-
tor on the development of atherosclerosis in 
ApoE-defi cient mice fed with a high-fat and 
high-salt diet. Our preliminary results suggest 
that the use of this vaccine targeting the AT1 
receptor results not only a decrease in the Sudan 

red-positive atherosclerotic area in the aorta in 
this model but also an attenuation of albuminuria 
(Azegami et al. unpublished observations). 
Previous studies from our and other laboratories 
have suggested that RAS inhibition with drugs 
can attenuate atherosclerosis by multiple mecha-
nisms, including decreased vascular proinfl am-
matory response, decreased retention of 
atherosclerotic lipoproteins, and increased lipid 
release [ 51 ], and we are planning further studies 
to confi rm whether AT1 receptor vaccines may 
have an antiatherogenic as well as an antihyper-
tensive effect. 

 Other groups have examined the use of oral 
and nasal mucosal immunization strategies, as a 
method to induce tolerance and immune unre-
sponsiveness to proatherogenic antigens. Among 
the most studied are heat shock proteins (HSPs), 
which are thought to be involved in proathero-
genic immune-mediated responses. Harats et al. 
and Maron et al. examined the effects of oral or 
nasal immunization with HSP 65 in mouse mod-
els, and both groups found an attenuation of ath-
erosclerosis [ 52 ,  53 ]. Similarly, van Puijvelde 
et al. reported that oral administration of HSP60 
or a HSP60 peptide to atherosclerotic mice 
resulted in induction of oral tolerance and a sig-
nifi cant reduction in the atherosclerotic plaque 
size [ 54 ]. On the other hand, Yuan et al. reported 
that intranasal immunization of a DNA vaccine 
directed towards CETP resulted in a signifi cant 
anti-CETP IgG response which lasted for 28 
weeks and a signifi cant decrease in atherogenesis 
[ 55 ,  56 ]. Further studies are required to clarify 
the advantages of different approaches to athero-
sclerosis reduction. 

 In a small-scale clinical study, Bourinbaiar 
et al. examined the effects of administration of a 
tablet containing pooled antigens derived from 
pig adipose tissue to 13 volunteers over 3 
months [ 57 ]. They reported an increase in 
HDL-C levels in 12 out of 13 patients and a sig-
nifi cant reduction in waist, mid-arm, and thigh 
circumferences. Because of the small experi-
ment design, it is diffi cult to characterize the 
mechanisms and clinical implications of these 
preliminary observations.  
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27.2.4    Strengths and Weaknesses 

 The major challenge in developing a vaccine 
against atherosclerosis for widespread clinical 
use is the diffi culty of performing clinical studies 
of suffi cient length and in suffi cient numbers of 
patients to enable conclusions about the safety 
and effi cacy of the vaccine treatment. 

 In the case of hypertension, it is possible to 
design a clinical protocol with a time scale of 
weeks or months. In contrast, the development of 
atherosclerosis occurs over years or even decades, 
and accurate assessment of atherosclerosis may 
require expensive and invasive methods such as 
angiography or intravascular ultrasound. The use 
of biomarkers as surrogate markers is one way to 
circumvent this problem, but their predictive 
ability for hard endpoint markers is still limited at 
present [ 27 ]. 

 Although the diffi culty of designing and per-
forming clinical studies to test the effi cacy of ath-
erosclerosis vaccines in humans should not be 
underestimated, it should also be recognized that 
encouraging clinical results have already emerged 
that another form of vaccination, i.e., vaccination 
against infl uenza, may be associated with a 
reduction in cardiovascular events. 

 In 2005, Nichol et al. assessed the infl uence of 
infl uenza vaccination on the risk of hospitaliza-
tion for heart disease, stroke, pneumonia, infl u-
enza, and death for all causes in two cohorts of 
community-dwelling members who were at least 
65 years old [ 58 ]. In addition to the expected 
29–32 % decrease in risk for hospitalization for 
infl uenza or pneumonia, the authors also noted a 
19 % decrease in the risk of hospitalization for 
cardiac disease, a 16–23 % decrease in the risk of 
hospitalization for cerebrovascular disease, and a 
48–50 % decrease in the risk of death from all 
causes. 

 In the FLUVACS prospective study, Gurfi nkel 
et al. enrolled patients with myocardial infarction 
or planned coronary interventions and randomly 
allocated them to receive fl u vaccination or 
remain unvaccinated. The authors found a reduc-
tion in cardiovascular death and ischemic events 
in the vaccine-treated group at 1-year follow-up 

[ 59 ]. Similarly, Phrommintikul et al. examined 
the effects of infl uenza vaccine in 439 patients 
who were admitted for acute coronary syndrome. 
They found a signifi cant reduction in the major 
cardiovascular events compared to the no vaccine 
group [ 60 ]. 

 Taken together, the results of these prospec-
tive clinical studies provide encouragement for 
the notion that vaccine therapy may become a 
viable strategy for management of the complica-
tions of atherosclerotic disease in the future. 
However, it is also clear that translating the fi nd-
ings of animal experiments into clinical trials 
poses many new challenges, which need to be 
overcome in order to clarify the effi cacy and 
safety of vaccines for atherosclerosis prevention 
in humans.      
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    Abstract 
 Obesity is currently a major public health 
problem, due to the worldwide increasing rates 
of the disease and burden of the associated co-
morbilities, such as, type 2 diabetes, cardiovas-
cular disease and cancer. Despite its increasing 
clinical relevance, there are still very few tools 
to treat obesity. The cornerstones for obesity 
treatment are still diet and exercise; anti- 
obesity drugs, which cause anorexia or malab-
sorption of nutrients, can be used as adjuvant 
therapy, however achieve only a modest weight 
loss and often short-term due to weight regain. 
For severe obesity the only proven effective 
therapy is bariatric surgery, an invasive proce-
dure that carries inherent risks and is only rec-
ommended for selected patients.

Ghrelin is the only known hormone that 
stimulates food intake. In physiological condi-
tions, ghrelin levels rise with fasting and 
decrease after meals. Most obese individuals 
have low fasting ghrelin levels that rise after 
food restriction and weigh loss, an explana-
tion for the diffi culty of weight loss mainte-
nance. In contrast, in spite of major weight 
loss, the increase in ghrelin levels is prevented 
by some bariatric surgery techniques, which 
could contribute to sustain weight loss.  

As ghrelin is the only known orexigenic 
hormone, it has been hypothesized that block-
ing reactive ghrelin increase could induce a 
sustained weight control.

Previous attempts to neutralize ghrelin orex-
igenic effects included passive immunizations 
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by the inoculation of monoclonal anti-ghrelin 
antibodies and mixtures of monoclonal anti-
bodies targeting different ghrelin haptens, 
which were able to decrease ghrelin-mediated 
and deprivation-induced food intake, while 
promoted an increase in energy expenditure, 
but had the limitation of having only acute 
effects; use of ghrelin receptor antagonists that 
demonstrated to improve glucose tolerance, 
suppress appetite and promote weight loss; and 
active immunization against ghrelin using key-
hole limpet hemocyanin and bovine serum 
albumin as carrier proteins, which required the 
use of adjuvants that may be responsible for 
infl ammatory responses and have limited use in 
humans.

A novel molecular approach is the use of 
an anti-ghrelin vaccine using Virus-like 
Particles as immunogenic carrier, which 
appears to be well-tolerated, decrease food 
intake and increase energy expenditure in both 
normal weight and diet-induced obese (DIO) 
mice. Vaccinated DIO mice also display a sig-
nifi cant decrease of NPY gene expression in 
the basal hypothalamus refl ecting a decrease 
in central orexigenic drive. All together, data 
suggests that this novel therapeutic anti- 
ghrelin vaccine is safe, has a positive impact 
on energy homeostasis and may be a useful 
tool for obesity treatment.     

28.1     Introduction 

       The prevalence of overweight, obesity, and 
extreme obesity has been increasing worldwide 
in the last decades, affecting not only adults but 
starting as early as in childhood and adolescence 
[ 1 ,  2 ]. More recent estimates suggest that body 
weight gain will continue to increase, particularly 
in the younger people [ 3 ]. 

 Obesity is a well-known risk factor for many 
chronic conditions including type 2 diabetes mel-
litus, hypertension, metabolic syndrome, cardio-
vascular diseases, and cancer [ 4 ]. 

 The adverse health consequences occur not 
only in overweight individuals but start to 
increase at the upper limit of the normal body 

mass index (BMI 22–24.9 kg/m 2 ), and weight 
loss improves or resolves several comorbid 
 conditions associated with the disorder [ 4 ]. 

 The estimated economic impact of obe-
sity in health-care systems due to both direct 
(personal health care, hospital care, physician 
services, allied health services and medica-
tions) and indirect costs (lost output as a result 
of a reduction or cessation of productivity due 
to morbidity or mortality) is enormous [ 5 ,  6 ]. 
These can be attributed not only to obesity per 
se, as excess physician visits, lost of work-
days, restricted activity, and in-bed days, but 
 particularly to the associated comorbidities 
such as type 2 diabetes mellitus, coronary heart 
disease, breast, endometrial and colon cancer, 
and osteoarthritis [ 7 ]. Furthermore, obesity is 
also associated with denial of employment, 
restriction of career advancement and higher 
insurance premiums [ 7 ]. 

 Obesity and overweight are associated with 
large decreases in life expectancy, independently 
of comorbidities such as hypertension and diabe-
tes that are major, potentially preventable, causes 
of premature morbidity and death [ 8 ]. The 
decrease in life expectancy and increase in early 
mortality associated with obesity is similar to 
those seen of smokers [ 8 ]. 

 In view of the fact that obesity is a leading 
cause of preventable death worldwide, authori-
ties have now considered the disease as one of the 
most serious public health problems of the cen-
tury [ 9 ].  

28.2    Obesity: Diagnosis 
and Classical Therapy 

 Obesity is defi ned as a medical condition char-
acterized by accumulation of excess body fat to 
the extent that it may have adverse effects on 
health [ 2 ]. 

 The body mass index (BMI), calculated by 
the ratio of weight (kg) for the square of height 
(m 2 ), is a measurement tool routinely used in the 
clinic to diagnose overweight and obesity, which 
in spite of providing no information concerning 
body fat distribution, with few exceptions, 
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 correlates well with the percentage of body fat. 
Body mass index defi nes people as normal 
weight if their BMI is between 18.5 and 24.9 kg/
m 2 , overweight if their BMI is between 25 and 
29.9 kg/m 2 , and obese when it is greater than 
30 kg/m 2  [ 10 ,  11 ]. 

 Obesity is most often the result of a combina-
tion of excessive food energy intake and a lack of 
physical activity in genetically predisposed indi-
viduals. Only a limited number of cases are due 
primarily to monogenetic causes; endocrine dis-
orders, such as Cushing syndrome and hypothy-
roidism; or previous use of drugs that cause 
weight gain [ 4 ]. 

 Obesity is a chronic disease, as evidenced by 
the high likelihood of weight regain after weight 
loss attained by medical therapies, and therefore, 
there is a need for a long-term approach to the 
disease [ 12 ]. However, clinicians have few tools 
to fi ght obesity. Diet and exercise are still the cor-
nerstones for obesity treatment, and current anti-
obesity drugs achieve only relative short-term 
weight loss and are often followed by weight 
regain [ 10 ,  12 ]. 

 The available weight loss treatments include 
different combinations of diet, exercise, behav-
ioral modifi cation and pharmacotherapy.    Many 
diets with different macronutrient compositions 
have demonstrated effi cacy in weight loss; even 
though there is currently no evidence that clearly 
supports a superiority of a single dietary approach 
above the other diets used for weight loss. The 
degree of adherence to the prescribed calorie 
reduction appears to be the most important deter-
minant of success [ 12 ]. Physical activity is also a 
valuable aid for weight loss; however, it is even 
more important for weight maintenance once 
weight loss is achieved [ 12 ]. Pharmacotherapy 
for obesity includes drugs that can either sup-
press appetite or alter nutrient absorption, with 
the purpose of inducing weight loss. 

 These drugs generally are capable to induce 
5–10 % weight loss, the minimum requirement 
for a drug to be approved for weight loss by 
the regulatory authorities such as the Food and 
Drug Administration (FDA) and the European 
Medicines Agency (EMEA). In addition to 
weight reduction, these drugs should provide a 

good safety profi le and benefi cial actions on sev-
eral cardiovascular risk factors [ 13 ]. Even when 
there is only a modest weight loss and the patient 
does not reach a normal body weight, these are 
able to confer health benefi ts to the patient and 
improvement of obesity comorbidities [ 13 ]. 
Weight loss in people suffering from obesity is 
associated with a reduction in low-density lipo-
protein cholesterol, total cholesterol, and blood 
pressure, with decreased risk of development of 
type 2 diabetes and may be benefi cial for cardio-
vascular disease in the long term [ 14 ]. 

 At the present, there are two antiobesity 
drug classes available in the market approved 
by the FDA, appetite suppressors and the lipase 
inhibitor orlistat, of which the former is the 
only drug authorized by EMEA and marketed 
in Europe. Appetite suppressant drugs include 
the central nervous system stimulants, such as 
phentermine, phendimetrazine, and diethylpro-
pion. Phentermine is the most widely used drug 
for weight loss, owing to the fact of being in 
the US market for decades and to its low cost. 
Phentermine hydrochloride is a noradrenergic 
sympathetic amine approved for the short-term 
treatment of obesity. Phentermine belongs to 
a class of drugs that stimulate the central ner-
vous system and conveys a response of “fi ght 
or fl ight” which blocks the feeding drive and 
induces anorexia. The most common side effects 
associated with phentermine include insomnia, 
irritability, and increase in blood pressure [ 12 ]. 
Sibutramine and rimonabant are another two 
appetite suppressant drugs that were recently 
withdrawn from the market due to safety con-
cerns, after suspension being recommended due 
to cardiovascular and psychiatric side effects, 
respectively. 

 Orlistat is a lipase inhibitor that prevents 
hydrolysis of dietary triglycerides and conse-
quently prevents the absorption of dietary fat 
that is excreted unaltered by the gastrointestinal 
tract. The drug is widely available and approved 
for long-term use; nevertheless, it produces 
only a modest weight loss and is associated 
with high rates of gastrointestinal side effects, 
such as steatorrhea, fecal incontinence and fl at-
ulence [ 15 ]. 
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 The FDA has recently approved two new 
drugs that will be available in the market in the 
near future, which are lorcaserin, a selective 
5-hydroxytryptamine receptor 2c agonist [ 16 ], 
and a combination of phentermine and topira-
mate [ 17 ]. Topiramate is a sulfamate-substi-
tuted monosaccharide marketed since 1996 
and formerly approved by the FDA for seizure 
disorders and prevention of migraine head-
aches. Topiramate, among other drugs for 
which previous clinical trials data suggested 
that could promote weight loss as a side effect 
of their therapeutic usage, was used off-label 
as adjuvant therapy in obesity treatment, along 
with the antidepressants fl uoxetine, sertraline, 
and bupropion and the antidiabetic drug met-
formin [ 18 ]. 

 For morbid obesity, the surgical approach, 
termed bariatric surgery, is the only therapy 
that provides sustainable weight reduction 
[ 19 ]. In 1992, the National Institutes of Health 
Consensus Development Conference, in a 
Position Statement, affi rmed the superiority of 
surgical over nonsurgical approaches in this 
condition [ 20 ,  21 ]. Bariatric surgery is reserved 
for patients in whom medical weight loss treat-
ments are known to fail and have not shown 
long-term effectiveness, namely, in patients with 
BMI > 40 kg/m 2  or >35 kg/m 2  associated with 
high-risk comorbid conditions [ 22 ]. 

 In severe obesity, surgical treatments, by 
decreasing the risk for development of new obe-
sity associated comorbidities and improving the 
existing ones, are also more cost-effective at pro-
ducing and maintaining weight loss [ 23 ]. Obesity 
surgery provides a signifi cant risk reduction for 
the development of new health-related condi-
tions, namely, cardiovascular, cancer, endocrine 
(including diabetes mellitus and hypertension), 
respiratory, musculoskeletal, infectious, psychi-
atric, and mental disorders [ 24 ]. Weight loss, 
after bariatric surgery, usually results in improve-
ment or resolution of multiple medical conditions 
that eliminates the use of medications and absen-
teeism from work in patients who were previ-
ously morbidly obese. When compared to 
matched controls, the patients submitted to sur-
gery display a signifi cant reduction in health-care 

use rates and total direct health-care costs. 
Bariatric surgery also signifi cantly decreases 
overall 5-year mortality rate, with a reduction in 
the relative risk of death of 89 % compared to 
controls [ 24 ]. 

 Understandably, in response to the relative 
ineffectiveness of medical therapy in severe obe-
sity, the demand for bariatric surgery has greatly 
increased in recent years [ 25 ].  

28.3    Anti-ghrelin Therapeutic 
Vaccine 

28.3.1       Regulation of Food Intake 
and Energy Homeostasis 

 The physiological systems that regulate energy 
homeostasis include brain centers, such as the 
hypothalamus, brainstem, and reward centers in 
the limbic system, which regulate food intake and 
energy expenditure through the secretion of neu-
ropeptides. These centers are modulated by neural 
and hormonal signals coming from the periphery. 
Hormones synthesized by the adipose tissue, like 
leptin, refl ect the long-term nutritional status of 
the body and are able to infl uence long- term body 
weight regulation, while gastrointestinal hor-
mones, like ghrelin, peptide tyrosine-tyrosine 
(PYY) and glucagon-like peptide 1 (GLP-1), 
among several other hormones, modulate these 
pathways acutely and are able to regulate food 
intake and energy expenditure [ 26 ] (Fig.  28.1 ). In 
the hypothalamus are located the most important 
food intake-regulating nuclei, the arcuate (ARC) 
and the paraventricular nuclei (PVN). The ARC 
of the basal hypothalamus receives signals from 
the periphery and plays an integrative role in 
appetite regulation. The ARC projects second-
order neurons to the PVN, which is involved in 
the regulation of visceral efferent activity. In the 
ARC, there are two well- characterized neuronal 
populations involved, one appetite stimulating 
that co-expresses neuropeptide Y and Agouti-
related protein (NPY/AgRP) and another appetite 
inhibiting that co-expresses proopiomelanocortin 
and cocaine- and amphetamine- regulated tran-
script (POMC/CART) [ 27 ] (Fig.  28.2 ).
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28.3.2        Ghrelin 

 Ghrelin is a gastrointestinal hormone that 
 promotes food intake and decreases energy 
expenditure [ 28 ]. Ghrelin is produced predomi-
nantly in the gastric fundus [ 29 ] and conveys 
orexigenic signals to the hypothalamus [ 30 ]. 

 Ghrelin acts in the ARC of the basal hypo-
thalamus, stimulating the production and release 
of NPY and suppressing POMC [ 31 ]. NPY is the 
most potent signal in the central nervous system 
that stimulates food intake and decreases energy 
expenditure, while POMC is a precursor pro-
tein that through proteolytic cleavage originates 
 various peptides, among which α-MSH that 
decreases appetite and increases energy expen-
diture [ 32 ,  33 ]. 

 Ghrelin plasma levels rise before meals and 
are suppressed after food intake [ 34 ] in lean but 
not in obese patients [ 35 ]. There is a negative 
correlation between fasting ghrelin levels and 
body mass index. Fasting serum ghrelin levels 
are usually lower in obese subjects compared 
with controls [ 36 ], and fasting plasma levels rise 
after diet-induced weight loss [ 34 ,  37 ] and in 
patients with nervous anorexia [ 38 ]. Therefore, 
with the exception of patients with Prader-Willi 
syndrome [ 39 ], ghrelin does not seem to play a 
causative role in obesity in general, and its 
decreased concentrations are believed to repre-
sent a physiological adaptation to the positive 
energy balance. 

 Recent studies suggest that weight loss 
attained after bariatric surgery is also due to 
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  Fig. 28.1    The physiological systems that regulate energy 
homeostasis. Brain centers, such as the hypothalamus, 
brainstem and reward centers in the limbic system, which 
regulate food intake and energy expenditure through 
the secretion of neuropeptides. These centers are modu-
lated by neural and hormonal signals coming from the 

 periphery. Hormones synthesized by the adipose tissue, 
like leptin, and gastrointestinal hormones, like ghrelin, 
peptide tyrosine-tyrosine ( PYY ) and glucagon-like pep-
tide 1 ( GLP-1 ), modulate these pathways and are able to 
regulate food intake and energy expenditure       
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endocrine effects of the surgery, which are able to 
interfere with appetite pathways by suppressing 
the rise in ghrelin levels that is usually observed 
after caloric deprivation [ 34 ,  40 ].  

28.3.3    Rational for the Use 
of an Anti-ghrelin Vaccine 

 In view of the fact that ghrelin is the only orexi-
genic hormone identifi ed so far, it has been con-
sidered a promising target in the development of 
new treatments for obesity. 

 As a proof of this concept, it was demonstrated 
that inoculation of monoclonal  anti- ghrelin anti-
bodies in mice inhibited acute ghrelin-mediated 
orexigenic effects, but it was unable to change 

long-term food intake [ 41 ]. More recently, 
another study suggested that the use of a mix-
ture of monoclonal antibodies targeting different 
haptens, but not the antibodies individually, pro-
motes not only an increase in energy expenditure 
but also reduced deprivation-induced food intake 
[ 42 ]. Ghrelin receptor antagonists, GSH-R1, 
demonstrated improved glucose tolerance, sup-
pressed appetite and promoted weight loss [ 43 ], 
thus confi rming the potential of ghrelin block-
ing as a potential treatment target for obesity. 
The suppression of endogenous ghrelin bioac-
tivity with anti-ghrelin vaccines using keyhole 
limpet hemocyanin (KLH) as carrier protein 
[ 44 ] or bovine serum albumin (BSA) [ 45 ] was 
also tested in mice and pigs, respectively. These 
vaccines were able to induce the development 
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  Fig. 28.2    The arcuate (ARC) and the paraventricular 
nuclei (PVN) are located in the basal hypothalamus. The 
ARC receives signals from the periphery and plays an 
integrative role in appetite regulation. The ARC projects 
second-order neurons to the PVN, which is involved in the 
regulation of visceral efferent activity. In the ARC, there 

are two well- characterized neuronal populations involved, 
one appetite stimulating that co-expresses neuropeptide Y 
and Agouti- related protein (NPY/AgRP) and another 
appetite inhibiting that co-expresses proopiomelanocortin 
and cocaine- and amphetamine-regulated transcript 
(POMC/CART)       
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of antibodies against the active form of ghrelin 
[ 44 ] and also to decrease body weight gain and 
fat mass [ 45 ]. However, these vaccines required 
the use of adjuvants, such as alum and Freund 
incomplete adjuvant, which may be associated 
of infl ammatory responses or have limited use 
in humans.  

28.3.4    Anti-ghrelin Vaccine Using 
Virus-Like Particles 

    Virus-Like particles (VLPs) have been used as 
immunogenic molecules in several recombinant 
vaccines in the last few years in order to induce 
the production of specifi c antibodies against 
endogenous molecules with a preponderant role 
in chronic diseases [ 46 ], such as the anti- 
angiotensin vaccine developed for arterial hyper-
tension treatment [ 47 ]. 

 The main goal of our research work was to 
develop an effective anti-ghrelin vaccine using a 
chemical conjugate of active ghrelin with protein 
tubules of NS1 of the bluetongue virus (BTV) 
[ 48 ]. Although this protein is not part of the viral 
capsid, NS1 tubules possess the same immuno-
genic characteristics as classical VLPs [ 49 ].  

28.3.5    Animal Models and Feasibility 
Study 

    Male adult C57BL6/J mice (Charles River, 
Barcelona, Spain), normal weight mice, and diet-
induced obesity mice (DIO) ( n  = 18/group) were 
randomized into three weight-matched groups 
( n  = 6/group). Normal weight mice had unre-
stricted access to tap water and regular rat chow 
and DIO mice to a hypercaloric diet with 60 % of 
fat (Charles River, Barcelona, Spain), after wean-
ing and until a week before the fi rst immunization 
study when food was switched to regular rat chow. 

 Mice received three intraperitoneal (i.p.) injec-
tions with 2-week intervals, containing 500 μl of 
75 μg of immunoconjugate, 75 μg of NS1 protein 
alone, or PBS.    A dose was chosen after perform-
ing a dose-fi nding study in which the 75 μg dose 
of the immunoconjugate has demonstrated to be 

adequate in inducing the development of anti-
ghrelin antibodies and reducing food intake. 

 After the immunizations, energy expenditure 
was accessed by indirect calorimetry. For that 
mice were individually placed in a small grid cage 
to limit locomotor activity, which was placed into 
a sealed chamber containing a sodium hydroxide 
recipient to adsorb carbon dioxide. The lid of the 
chamber was sealed and pierced by a volumetric 
pipette to measure the volume of oxygen con-
sumed. The time elapsed until 1 ml was consumed 
was registered and repeated until fi ve concordant 
values were obtained. The energy expenditure was 
then calculated considering that 4.82 kcal is the 
average energy released per liter of O 2  consumed. 

 Anti-ghrelin antibodies titer was determined 2 
weeks after each immunization. Plasma levels of 
active ghrelin (EZRGRA-90K, Linco Research, 
St. Charles, Mo, USA, range 25–2,000 pg/ml), 
leptin (EZML-82K, Linco Research, St. Charles, 
Mo, USA, range 0.2–30 ng/ml), insulin (EZRMI- 
13K, Linco Research, St. Charles, Mo, USA, 
range 0.2–10 ng/ml), growth hormone (EZRMGH-
45K, Linco Research, St. Charles, Mo, USA, 
range 0.07–50 ng/ml), IGF-1 (E25, Mediagnost, 
Reutlingen, Germany, range 0.5–18 ng/ml), and 
TNF-α (Quantikine, R&D Systems, Abingdon, 
United Kingdom, range 15.6–1,000 pg/ml) were 
determined by ELISA using specifi c commercial 
kits according to the manufacturer instructions. 

 Two weeks after the third immunization, mice 
were sacrifi ced and the stomach fundus and the 
hypothalamus were recovered and immediately 
frozen by immersion in liquid nitrogen to evalu-
ate ghrelin, neuropeptide Y (NPY) and proopi-
omelanocortin (POMC) expression.  

28.3.6    Safety and Effi cacy 
of the Vaccine 

 Normal weight mice treated with the immunocon-
jugate displayed a signifi cant decrease in daily 
food intake (0.44 g NS1-Ghr vs. 0.14 g PBS vs. 
0.16 g NS1,  p  < 0.001) (Fig.  28.3 ). In addition, after 
the fi rst two inoculations, there was also an acute 
decrease in food intake in the group of mice that 
received the Immunoconjugate when compared to 
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the PBS control, corresponding to 95.3 and 94.8 % 
of the PBS control, respectively, although without 
reaching statistical signifi cance. There were no sig-
nifi cant differences in body weight gain between 
the different groups of mice during the study span 
(3.83 g ± 0.40 g NS1-Ghr vs. 5.00 g ± 0.26 g PBS 
vs. 5.33 g ± 0.49 g NS1,  p  = NS) [ 50 ].

   In DIO mice, after changing from the hyper-
caloric to the standard diet, there was an increase 
in daily food intake followed by rapid stabiliza-
tion. DIO mice inoculated with the immunocon-
jugate did not display a signifi cant decrease in 
cumulative food intake when compared to con-
trols (147.64 ± 2.46 g NS1-Ghr, 147.80 ± 5.89 g 
NS1, 150.37 ± 3.65 g PBS,  p  = NS), although 
there was a signifi cant decrease of food intake in 
the 24 h immediately after each inoculation of the 
immunoconjugate, corresponding to 66.16 % 
( p  = 0.036), 82.22 % ( p  = 0.008) and 50.09 % 
( p  = 0.039) of the food intake of the PBS group, 
after the three inoculations, respectively. DIO 
mice body weight decreased in response to the 
change from the hypercaloric to the standard diet 
(13.84 % compared to baseline), although after 
the inoculations, there were no signifi cant differ-
ences in body weight among the different 

 experimental groups (32.17 ± 0.872 g NS1-Ghr 
vs. 31.33 ± 1.282 g NS1 vs. 31.83 ± 0.833 g PBS, 
 p  = NS) [ 50 ]. 

 Normal weight mice inoculated with the 
immunoconjugate developed specifi c anti- 
ghrelin antibodies, with increasing titers after 
each inoculation, reaching a maximum of 
1,265 ± 492 2 weeks after the last inoculation. 
The control groups that received either NS1 pro-
tein alone or PBS presented basal titers of 
332 ± 114 and 324 ± 143,  p  = 0.035, respectively, 
which were maintained throughout the study and 
were not altered by the immunizations, which 
suggests nonspecifi c bindings related to the 
detection method. DIO mice inoculated with the 
immunoconjugate also developed specifi c anti-
ghrelin antibodies in increasing titers until reach-
ing a maximum after the third inoculation in 
contrast with control groups that maintained 
their basal titers (2,680 ± 1,197 NS1-Ghr, 
458 ± 31 NS1 and 257 ± 78 PBS group, respec-
tively,  p  = 0.03) [ 50 ]. 

 Energy expenditure was signifi cantly 
higher in normal weight mice inoculated 
with immunoconjugate when compared with 
controls (0.0146 ± 0.001 kcal/h/kg NS1-Ghr, 
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0.0138 ± 0.001 kcal/h/kg NS1, 0.0129 ± 0.001 
kcal/h/kg PBS,  p  = 0.038) (Fig.  28.4 ). DIO mice 
inoculated with the immunoconjugate also 
showed higher energy expenditure when com-
pared to the control groups (0.0207 ± 0.01 kcal/h/
kg NS1-Ghr, 0.0140 ± 0.002 kcal/h/kg NS1, 
0.0159 ± 0.002 kcal/h/kg PBS;  p  = 0,044, NS1- Ghr 
vs. PBS and  p  = 0,008, NS1-Ghr vs. NS1) [ 50 ].

   Fasting plasma levels of active ghrelin were 
signifi cantly higher in normal weight mice that 
received the immunoconjugate (361.3 ± 79.9 pg/
ml) when compared to control groups 
(186.9 ± 14.8 pg/ml NS1 and 114.1 ± 27.9 pg/
ml PBS,  p  = 0.009). DIO mice inoculated with 
the immunoconjugate also presented higher 
levels of fasting plasma ghrelin than the con-
trols (429.63 ± 179.27 pg/ml NS1-Ghr, 
147.29 ± 53.17 pg/ml NS1, 105.88 ± 27.76 pg/
ml PBS,  p  = NS) although not statistically sig-
nifi cant. There were no signifi cant differences 
in plasma levels of leptin, insulin, glucose, 
growth hormone, IGF-1 or TNF-α between the 
groups. ELISA confi rmed the presence of cir-
culating immune complexes of ghrelin-anti-
ghrelin antibodies in the plasma of normal 
weight mice inoculated with the immune con-
jugate. There was also a positive correlation 
between ghrelin plasma levels and the titer of 
circulating immune complexes ( r  = 0.846) 
(Fig.  28.5 ). Search for immunoglobulins 
deposits in the kidney by immunohistochemistry 

failed to reveal any evidence of deposited 
immune complexes on the glomerular base-
ment membranes [ 50 ].

   In normal weight mice, there was no sig-
nifi cant difference in ghrelin expression in 
the gastric fundus between the three experi-
mental groups of mice (0.94 ± 0.17 NS1-Ghr, 
1.79 ± 0.35 NS1, 1.00 ± 0.30 PBS,  p  = NS). 
There was also no signifi cant difference in 
NPY expression in the basal hypothalamus 
between the study groups (1.32 ± 0.17 NS1-
Ghr, 0.94 ± 0.10 NS1, 1.00 ± 0.20 PBS,  p  = NS). 
In contrast, POMC mRNA expression was 
signifi cantly lower in mice inoculated with 
the immunoconjugate when compared to con-
trols (0.20 ± 0.17 NS1-Ghr, 0.93 ± 0.17 NS1, 
1.00 ± 0.10 PBS,  p  < 0.05). In DIO mice the 
expression of ghrelin after normalization for 
GAPDH    expression in stomach cells was also 
not signifi cantly different among the different 
study groups (1.27 ± 0.30 NS1-Ghr, 0.38 ± 0.13 
NS1, 1.00 ± 0.12 PBS,  p  = NS). However, DIO 
mice inoculated with the Immunoconjugate 
had a lower expression of NPY in the basal 
hypothalamus when compared to control 
groups (0.59 ± 0.09 NS1-Ghr, 1.03 ± 0.12 NS1, 
1.00 ± 0.13 for PBS,  p  < 0.05). The expres-
sion of POMC in the basal hypothalamus was 
not  signifi cantly different between the dif-
ferent groups in study (1.04 ± 0.14 NS1-Ghr, 
1.32 ± 0.25 NS1, 1.00 ± 0.12 PBS,  p  = NS) [ 50 ].   
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28.4    Strengths and Weaknesses 

 Obesity is nowadays a major public health prob-
lem [ 11 ,  51 ] for which there is a lack of medical 
therapeutic resources [ 12 ,  18 ]. Since ghrelin is 
the only orexigenic hormone identifi ed so far, it 
has been pointed as a promising treatment target 
for obesity [ 52 ]. Several research groups have 
previously attempted ghrelin neutralization. 
Passive transfer of monoclonal anti-ghrelin anti-
bodies was unable to change long-term food 
intake in mice [ 41 ]. Antibodies targeted to hydro-
lyze the octanoyl moiety of ghrelin to form des- 
acyl ghrelin, which has no biological activity, 
resulted in increased metabolic rate and sup-
pressed 6 h refeeding after 24 h of food depriva-
tion in mice, but this approach would imply the 
need of periodic antibodies administration [ 53 ]. 

 More recently, another study concluded that 
an oligoclonal response is required to maintain 
increased energy expenditure during fasting and 
deprivation-induced food intake as well as to 
reduce overall food intake upon refeeding [ 42 ]. 
Ghrelin receptor antagonists have also been 
tested, and GSH-R1a decreased food intake and 
body weight and improved glucose tolerance due 
to increased glucose-dependent insulin secretion 
[ 43 ]. Anti-ghrelin vaccines using KLH or BSA as 

immunogenic substances decreased body weight 
gain by decreasing feed effi ciency in rats [ 44 ] 
and food intake and body weight in pigs [ 45 ]. 

 However, these anti-ghrelin vaccination and 
neutralization strategies present several limita-
tions when applied to humans because of the 
need to use adjuvants, the risk of exacerbated 
immune response against an endogenous sub-
stance, and, in the case of passive immunization, 
acquired tolerance and lack of long-term effec-
tiveness.    When compared with classic immuniza-
tion techniques, VLPs are safe due to the lack of 
genetic material, since VLPs consist only of viral 
proteins and induce an effi cient B cell activation. 
The highly repetitive nature of these structures 
has the advantage of allowing B cell receptor 
cross-linking due to the ordered presentation of 
epitopes in molecule surface and a high immuno-
genicity regardless of the route of the immuniza-
tion, which allows the use of a low number of 
immunizations and a lower quantity of vaccine, 
making this type of vaccination protocol more 
effi cient and cost-effective [ 54 ]. 

 The main goal of the current vaccine approach 
was to develop a safer and more effective anti- 
ghrelin vaccine that could be used for human 
treatment. For that we developed an immunocon-
jugate composed of ghrelin and NS1 protein of 
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BTV. The choice of NS1 tubules as VLP-like 
 carrier protein was driven by its previous use as a 
distribution system for molecules of prophylactic 
vaccines against common human infectious 
 diseases, such as proteins of the foot-and-mouth 
disease and infl uenza A virus [ 49 ,  55 ]. 

 The ability of the vaccine to trigger an immune 
response was tested in normal weight and DIO 
male mice that developed increasing titers of spe-
cifi c anti-ghrelin antibodies, confi rming the 
hypothesis that a vaccine consisting of immuno-
conjugate only is able to trigger an immune 
response without the need adjuvants.    Furthermore, 
antibody titers attained after the immunization 
protocol were not very high, when compared to 
antibodies titers after common infectious dis-
eases, which is also reassuring in safety concerns, 
since complete neutralization of ghrelin was not 
the purpose of an anti-ghrelin vaccination strat-
egy for obesity treatment as ghrelin also inter-
venes in several key biological processes besides 
appetite regulation, such as growth hormone 
secretion and gastrointestinal and cardiovascular 
functions [ 52 ]. 

 Vaccinated mice showed signifi cantly higher 
energy expenditure than the animals of the groups 
that received either NS1 protein alone or PBS. 
Higher energy expenditure usually translates into 
greater ease of weight loss and maintenance. 
Ghrelin is known to suppress energy metabolism, 
and ghrelin replacement partially reverses the 
reduction in body weight and body fat in gastrec-
tomized mice [ 56 ]. Ghrelin has been shown to 
have a long-term effect on energy homeostasis by 
increasing the respiratory quotient, through 
decreasing utilization of fat as energy [ 30 ]. In 
addition, ghrelin knockout mice compared to 
wild-type mice present no change in food intake 
but have a decreased respiratory quotient when 
fed with high-fat diet, suggesting that endoge-
nous ghrelin plays a more prominent role in 
determining the type of metabolic substrate that 
is used for maintenance of energy balance than in 
the regulation of food intake [ 57 ]. Although vac-
cinated animals gained less weight when com-
pared with control animals, this difference failed 
to reach statistical signifi cance, which may be 
explained by the short follow-up time or the 

 activation of compensatory mechanisms of 
energy homeostasis pathways. 

 Paradoxically, vaccinated mice had higher 
ghrelin levels compared to controls. Given that 
these increased levels of ghrelin did not appear to 
have a biological effect, we hypothesize that cir-
culating ghrelin could be in the form of immune 
complexes of ghrelin-anti-ghrelin antibodies, 
which was confi rmed. Previous reports on anti-
ghrelin vaccines have also documented an 
increase of ghrelin in immunized animals, 
although the presence of circulating immuno-
complexes has not been documented [ 58 ]. The 
presence of circulating immunocomplexes, 
which could be due to a lower rate of elimination, 
raised the concern of renal toxicity due to the 
deposition in the glomerular basement membrane 
that has been excluded. Since there was no differ-
ence in ghrelin expression in the stomach, ghrelin 
appears to be synthetized in immunized animals 
as in controls, and after neutralization of ghrelin 
biological activity, there is no upregulation of 
ghrelin expression in order to maintain the 
homeostasis. 

 In vaccinated normal weight mice, there were 
no signifi cant differences in the genetic expres-
sion of NPY gene in the basal hypothalamus in 
comparison to control mice. However, in vacci-
nated DIO mice, there was a signifi cant decrease 
of NPY gene expression in the basal hypothala-
mus compared with controls refl ecting a decrease 
in central orexigenic signals [ 59 ]. The expression 
of POMC in the basal hypothalamus was signifi -
cantly lower in vaccinated normal weight ani-
mals compared to controls that could represent a 
compensatory mechanism to the decreased 
peripheral orexigenic signals in order to prevent 
the reduction in feeding threshold of normal 
weight mice, which could also explain why these 
fi ndings only occurred in the normal weight mice 
but not in DIO mice. 

 Ghrelin is a growth hormone secretagogue 
[ 52 ] and ghrelin neutralization could induce 
alterations in GH/IGF-1 axis. Since this vaccine 
appears to have no effect in GH and IGF-1 levels, 
this suggests that our vaccine is unlikely to cause 
endocrine adverse effects on the growth hormone 
axis. 
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 The regulatory mechanisms of energy homeo-
stasis and appetite control are very complex pro-
cesses that include highly redundant signalling 
pathways [ 31 ]. Therefore, it is possible that the lack 
of signifi cant differences in some biological param-
eters, such as food intake and body weight, may be 
due to activation of compensatory mechanisms for 
the decrease in available active ghrelin similar to 
that which occurs in ghrelin knockout mice [ 57 ,  60 ].  

28.5    Concluding Remarks 

 This anti-ghrelin vaccine appears to be well 
 tolerated by the animals, and there were no 
signs of infl ammatory reaction or toxicity. 
The  production of anti-ghrelin antibodies was 
effective in decreasing acute food intake and 
increasing energy expenditure in the vaccinated 
animals compared to control animals, which are 
 important contributions to establish a negative 
energy balance and thus promote weight loss. 

 Most obese patients have low ghrelin levels; 
therefore, it is not expected for the vaccine to be 
effective in the absence of diet-induced ghrelin 
rise, so an anti-ghrelin vaccine would be benefi -
cial for patients enrolling a diet and exercise pro-
gram as adjuvant therapy for weight loss and 
prevention of weight regain [ 34 ]. Additionally, 
obese patients with high ghrelin levels could ben-
efi t from ghrelin blockade through this anti- 
ghrelin vaccine, such as individuals with 
Prader-Willi syndrome [ 39 ]. 

 In conclusion, these results suggest that this 
anti-ghrelin vaccine has a positive impact on 
energy homeostasis and may be a useful tool for 
obesity treatment.     
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  Abstract

    By primary prevention aimed at avoiding or 
averting environmental factors thought to pro-
mote disease in genetically at-risk individuals 
T1D would be eradicated ideally, but these 
factors have not been identifi ed and may be 
ubiquitous. Since the early 1980s, secondary 
prevention, after the disease process has 
started, has been the focus of considerable 
attention and with many candidate agents, 
mainly immunosuppressive drugs have been 
trialled, usually after the onset of clinical dia-
betes. Prevention is however more applicable 
to early, preclinical disease rather than to 
recent onset clinical disease, when beta cell 
destruction is more advanced. Prevention of 
the infectious disease by exposing the immune 
system to the weakened or dead infectious 
agent has been a traditional vaccination 
method. Alternate method called “inverse vac-
cination” (the inhibition of immune response) 
arrests autoimmunity through manipulation of 
the innate and adaptive arms of the immune 
system. Inverse vaccination specifi cally 
reduces a pathological adaptive autoimmune 
response. Targeted reduction of unwanted 
antibody and T-cell responses to autoantigens 
is allowed by inverse vaccination, while leav-
ing the remainder of the immune system 
intact. Varying degree of success in suppres-
sion of β-cell autoimmunity in NOD mice 
have been shown by current options for treat-
ment of autoimmunity such as immunosup-
pressive drugs (e.g. cyclosporine) and anti 
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T-cell antibodies (e.g. anti-CD3 antibodies). 
But the drawback with these methods is that it 
requires repeated administration and may lead 
to non-specifi c harmful effects such as 
 interference with normal immune system 
functions. Whereas, antigen specifi c immuno-
therapy (ASI) uses inverse vaccination for a 
specifi c auto-antigen. The advantage with the 
ASI is selective inactivation of auto-reactive T 
cells without interference in normal immune 
function. Major examples of antigen specifi c 
immunotherapy agent at various stage of clini-
cal trials are alum formulated glutamic acid 
decarboxylase and heat shock protein and 
peptide 277.  

29.1        Introduction 

 Type 1 diabetes mellitus (T1DM) is an autoim-
mune disease. There has been an overall increase 
in incidence of about 3 % yearly over the last 
decades, and it is estimated that there are approx-
imately 65,000 new cases/year in children less 
than 15 years of age [ 1 ]. The innate and adaptive 
immune cells progressively destroy insulin- 
producing β-cell in the islets of pancreas in 
T1DM [ 2 ]. 

 Not only T1DM but also latent autoimmune 
diabetes in adults (LADA) is included in autoim-
mune diabetes. Latent autoimmune diabetes in 

adults is similar to and is frequently confused 
with type 2 diabetes. But LADA is distinguished 
by the presence of autoantibodies, mainly glu-
tamic acid decarboxylase (GAD) autoantibodies 
(GADA). LADA patients usually become insulin 
dependent at much faster rates in contrast to clas-
sic type 2 diabetes. LADA has been put as a dis-
tinct entity and type of diabetes by some; others 
believe that LADA is just a mild variant of T1DM 
and should be treated as such [ 3 ]. Table  29.1  
summarizes characteristic features of type 1 DM, 
type 2 DM, and LADA.

29.2       Type 1 Diabetes: A Disorder 
of Immunoregulation 

 The selective destruction of the insulin- producing 
β-cells in the pancreatic islets of Langerhans 
leads to T1DM. An autoimmune response 
 mediated by T lymphocytes (T cells) that reacts 
specifi cally to one or more β-cell proteins (auto-
antigens) results in destruction of pancreatic islet 
β-cells. Genetic and environmental factors inter-
act and confer either susceptibility or resistance 
to disease, depending on the gene/allele pos-
sessed by the individual and the environmental 
agent to which that individual is exposed. Disease 
susceptibility leads to a pathogenic immune 
response whereas disease resistance leads to a 
protective immune response. 

   Table 29.1    Characteristic features of type 1 DM, type 2 DM, and LADA [ 4 ]   

 Type 1 DM  Type 2 DM  LADA 

 Age of onset  Youth or adult (<35 years)  Adult (>35 years)  Adult (>35 years) 
 Progression to insulin 
dependence 

 Rapid (days/weeks)  Slow (years)  Latent (months/years) 

 Presence of autoantibodies  Yes  No  Yes 
 Insulin dependence  At diagnosis  Over time, if at all  Within 6 years 
 Insulin resistance  No  Yes  Some 
 Response to lifestyle 
modifi cation or oral agents 

 Poor  Good  Initial mixed then worsening 

 Frequency of DKA  High  Low  Low 
 Family history of DM  Uncommon  Common  Uncommon 
 Body habitus  Fit or lean  Overweight to obese  Normal to overweight 
 Acanthosis nigricans  No  Yes  No 
 Metabolic syndrome  No  Yes  No 
 C-peptide level  Undetectable  Normal  Low/normal 
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 The pathogenic immune response is believed 
to be mediated by T lymphocytes (T cells) that 
are reactive to islet β-cell self-antigen(s) (autore-
active T cells), whereas a protective immune 
response may be mediated by T cells that sup-
press the autoreactive T cells (regulatory T cells). 
Dominance of the pathogenic immune response 
would lead to islet infl ammation (insulitis). This 
is characterized by infi ltration of the islet by mac-
rophages and T cells that are cytotoxic, both 
directly and indirectly by producing cytokines 
(e.g., IL-1, TNF-α, TNF-β, and IFN) and free 
radicals that damage β-cells. A major part of the 
islets is defi cient in β-cells at the time of clinical 
symptoms, and compared with control 
 individuals, the total pancreatic volume is signifi -
cantly reduced. Genetic and environmental 
 factors may also directly increase or decrease the 
ability of β-cells to repair damage and prevent 
irreversible β-cell death, insulinopenia, and 
 diabetes [ 2 ]. 

29.2.1    Role of Cytokine in Immune 
Response 

 During the process of positive and negative selec-
tion, the precursors of T cells mature in the 
 thymus. Cells with T cell receptors (TCR) that 
recognize and bind antigen presented by HLA 
molecules will survive positive selection, while 
the others will die. The T cells are supposed to 
recognize only foreign peptides presented by 
HLA [ 5 ]. 

 Surviving the selection process, T cells leave 
the thymus and circulate continually from the 
blood to peripheral lymphoid tissues (lymph 
nodes, spleen, and mucosal tissues). When 
antigen- presenting cells (APC) recognize anti-
gen in the periphery, they transport it to a lymph 
node where the antigen is presented to T cells. 
The T cells with a receptor specifi c for the anti-
gen will bind and then proliferate and differenti-
ate into an effector T cell. Cytotoxic T cells 
recognizing peptides from intracellular patho-
gens, presented by HLA class I molecules, kill 
the pathogen- infected cells. Apoptosis is 
induced by interaction between Fas receptors on 

target cells and Fas ligand on infi ltrating cells, 
but also by the cytotoxic effects of perforin and 
granzyme [ 5 ]. 

 The T cells can be further classifi ed into dif-
ferent subpopulations based on their expression 
of CD4 and CD8, which defi nes T helper (Th) 
and cytotoxic T cells (Tc), respectively. The Th 
cells can be divided into Th1 and Th2 cells based 
on their cytokine profi le. An imbalance between 
Th1- and Th2-associated cytokines has been sug-
gested to be of importance in mediating the β-cell 
destruction, seen in T1DM [ 5 ]. 

 Th1-secreted cytokines (e.g., interferon (IFN)) 
are thought to initiate and propagate the infl am-
matory process in early diabetes and Th2-secreted 
anti-infl ammatory cytokines (e.g., interleukin 
(IL)-4, IL-10) to suppress it. This has led to the 
hypothesis that diabetes can be prevented by 
using Th2-secreted cytokines. Another approach 
that can skew the cytokine cascade from a Th1 to 
a Th2 response is the use of a non-depleting anti-
 CD3 antibody [ 6 ].   

29.3    Prediction of T1DM 

 The development of T1DM can be predicted with 
the combined use of genetic, islet autoantibody 
and metabolic testing. 

29.3.1    Genetic Prediction of T1DM 

 Human leucocyte antigen (HLA) genes in the 
major histocompatibility complex (MHC), spe-
cifi cally alleles at the HLA DR and DQ loci, are 
the single most important genetic determinants of 
T1DM. Risk is highest with the HLA DR3,4-DQ 
2,8 haplotype, whereas the HLA DR2-DQ6 hap-
lotype gives protection against T1DM. HLA 
molecule shapes good or bad immune responses 
by binding specifi c antigenic peptides for recog-
nition by T-cell receptors. HLA genetics accounts 
in large measures for why most of us don’t 
develop T1DM. The non-HLA genes, environ-
mental factors such as microbes, and dietary 
components may as well promote or retard the 
development of T1DM [ 2 ,  7 ].  
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29.3.2    Autoantibodies 
for Prediction of T1DM 

 We can detect autoantibodies against β-cell 
antigens well in advance before the clinical 
onset of T1DM, but their role in human dis-
ease is not clear. By immunofl uorescence tech-
nique, islet cell autoantibodies (ICA) were the 
fi rst T1DM- associated autoantibodies detected 
in human pancreas sections. Today, the major 
autoantibodies used for prediction of T1DM 
are those directed against insulin (i.e., anti-
insulin antibodies (IAA)), the tyrosine phos-
phatases insulinoma antigen (IA)-2 and IA-2 β, 
and glutamic acid decarboxylase (GAD). More 
recently, antibodies against the zinc transporter 
(ZnT8) were discovered and are now used for 
the prediction and diagnosis of diabetes. We 
can identify individuals at high risk of devel-
oping T1DM with the presence of multiple 
antibodies [ 7 ]. 

29.3.2.1    Insulin 
 The fi rst β-cell antigen detected in newly diag-
nosed T1DM patients was insulin. The fi rst auto-
antibodies to appear in individuals developing 
T1DM are insulin autoantibodies (IAA). 40–70 % 
of newly diagnosed patients have IAA [ 5 ].  

29.3.2.2    Glutamic Acid Decarboxylase 
 GAD is found in islet cells, the central nervous 
system, and the testes. GAD was originally 
detected as a 64 kDa protein in plasma from 
T1DM patients. Further studies showed that 
antibodies in sera from newly diagnosed T1DM 
patients were directed against this pancreatic 
islet cell protein, which later was identifi ed as 
the enzyme GAD65. Early after the initiation 
of autoimmune insulitis, antibodies to GAD 
appear and are found in 70 % of patients at 
diagnosis. GAD is an enzyme involved in the 
conversion of glutamic acid to the inhibitory 
neurotransmitter gamma-aminobutyric acid 
(GABA). The physiological role of GAD in the 
pancreatic islets is unknown, but it has been 
suggested that GAD may function as a negative 
regulator of insulin secretion in response to 
glucose [ 5 ,  8 ].  

29.3.2.3    Tyrosine Phosphatase-Like 
Protein 

 Two other antigenic targets, the 40 and 37 kDa 
proteins that bound antibodies strongly associ-
ated with progression to T1DM, were revealed in 
additional analyses of the 64 kDa protein, 
 identifi ed as GAD65. The 37 kDa antigen has 
been suggested to be a different protein with 
structural similarity to IA-2, while the 40 kDa 
antigen was identifi ed as the tyrosine phospha-
tase-like protein IA-2 (ICA512). IA-2 is local-
ized in the secretory granule membranes of islets 
and other neuroendocrine cells. Autoantibodies 
against IA-2 (IA-2A) are directed to the intracel-
lular part of the protein. Table  29.2  summarizes 
autoantibodies for prediction of T1DM.

29.4         Rationale of Vaccine 
for T1DM 

 By primary prevention aimed at avoiding or 
averting environmental factors thought to pro-
mote disease in genetically at-risk individuals, 
T1DM would be eradicated ideally, but these fac-
tors have not been identifi ed and may be 

   Table 29.2    Autoantibodies for prediction of T1DM   

 Insulin 
   The fi rst autoantibodies to appear in individuals 

developing T1D are insulin autoantibodies (IAA) 
  40–70 % of newly diagnosed patients have IAA 
 Glutamic acid decarboxylase 
   GAD is found in islet cells, the central nervous 

system, and the testes 
   Early after the initiation of autoimmune insulitis, 

antibodies to GAD appear and are found in 70 % of 
patients at diagnosis 

   GAD is an enzyme involved in the conversion of 
glutamic acid to the inhibitory neurotransmitter 
gamma-aminobutyric acid (GABA) 

   The physiological role of GAD in the pancreatic 
islets is unknown, but it has been suggested that 
GAD may function as a negative regulator of insulin 
secretion in response to glucose 

 Tyrosine phosphatase-like protein 
   IA-2 is localized in the secretory granule membranes 

of islets and other neuroendocrine cells 
   Autoantibodies against IA-2 (IA-2A) are directed to 

the intracellular part of the protein 
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 ubiquitous. The prospects for primary prevention 
remain uncertain without knowing what they are 
and without being able to modify genetic suscep-
tibility. Since the early 1980s, secondary preven-
tion, after the disease process has started, has 
been the focus of considerable attention, and with 
many candidate agents, mainly immunosuppres-
sive drugs have been trialled, usually after the 
onset of clinical diabetes. Prevention is however 
more applicable to early, preclinical disease 
rather than to recent-onset clinical disease, when 
beta-cell destruction is more advanced [ 2 ]. 

 Individual in the preclinical phase of T1DM 
can be identifi ed by the presence of circulating 
autoantibodies to specifi c islet antigens: (pro) 
insulin, the molecular weight 65,000 isoform of 
glutamic acid decarboxylase (GAD65), and tyro-
sine phosphatase-like insulinoma antigen 2 
(IA2). The decision to intervene early in these 
asymptomatic, at-risk individual not only 
depends on the likelihood of greater effi cacy but 
requires careful consideration of safety. In the 
preclinical phase, vaccines to promote protective 
immune homeostasis should be relatively safe 
and effi cacious, whereas potentially toxic immu-
nosuppressive drug would require strong justifi -
cation in asymptomatic individual, especially 
children. In individuals with recent-onset disease, 
immunosuppressive drugs could be used to 
reduce the burden of pathogenic immunity and 
allow the emergence or active induction of patho-
genetic mechanisms [ 2 ,  9 ]. 

 Prevention of the infectious disease by expos-
ing the immune system to the weakened or dead 
infectious agent has been a traditional vaccina-
tion method. Alternate method called “inverse 
vaccination” (the inhibition of immune response) 
arrests autoimmunity through manipulation of 
the innate and adaptive arms of the immune sys-
tem. Inverse vaccination specifi cally reduces a 
pathological adaptive autoimmune response. 
Targeted reduction of unwanted antibody and 
T-cell responses to autoantigens is allowed by 
inverse vaccination while leaving the remainder 
of the immune system intact [ 10 ,  11 ]. 

 Varying degrees of success in suppression of 
β-cell autoimmunity in NOD mice have been 
shown by current options for treatment of 

 autoimmunity such as immunosuppressive drugs 
(e.g., cyclosporine) and anti-T-cell antibodies 
(e.g., anti-CD3 antibodies). But the drawback 
with these methods is that it requires repeated 
administration and may lead to nonspecifi c harm-
ful effects such as interference with normal 
immune system functions. Whereas, antigen- 
specifi c immunotherapy (ASI) uses inverse vac-
cination for a specifi c autoantigen. The advantage 
with the ASI is selective inactivation of autoreac-
tive T cells without interference in normal 
immune function [ 10 ,  11 ]. 

 Diabetes vaccines may work through various 
mechanisms: (1) changing the immune response 
from a destructive (e.g., Th1) to a more benign 
(e.g., Th2) response, (2) inducing antigen- 
specifi c regulatory T cells, (3) deleting autoreac-
tive T cells, or (4) preventing immune cell 
interaction [ 12 ]. The Th1–Th2 shift occurs via a 
change in the type of cytokine signaling mole-
cules being released by regulatory T cells. Instead 
of pro-infl ammatory cytokines, the regulatory T 
cells begin to release cytokines that inhibit 
infl ammation [ 13 ]. 

 A basic requirement in the drug development 
is the demonstration of effi cacy and safety in ani-
mal models. The NOD mouse is the most com-
monly used animal models of T1DM, and it has 
contributed immensely in our knowledge of dis-
ease mechanisms and prevention theory of 
T1DM. Human T1DM and autoimmune diabetes 
in the NOD mouse share features such as poly-
genic inheritance dominated by genes for 
antigen- presenting molecule in the MHC autoim-
mune responses to (pro) insulin and GAD65, 
transfer of disease by bone marrow, and pro-
tracted preclinical phase. But in contrast to 
humans, the NOD mouse is inbred and responds 
to many immune and other interventions. 
However, most interventions prevent disease in 
only a proportion of NOD mice [ 2 ]. 

 However, in recent studies, it has been 
reported that the immune pathogenesis of NOD 
mice and susceptible humans might be rather 
dissimilar, i.e., the degree of insulitis in humans 
is much milder and involve maximally about 
15–35 % of all pancreatic islets at any given 
time. Moreover, in contrast to NOD mice, it is 
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hard to imagine that infl ammation can be driven 
autonomously by neo-formation of lymphoid 
structures in human islets. Lastly, in human insu-
litis, CD8 lymphocytes predominate, whereas in 
NOD mice, CD4 T cells are mainly found. The 
lymphopenic BB rat and several antigen-driven 
mouse models have been suggested as alterna-
tive models, which can be useful in highlighting 
aspects of diabetogenesis that are not accurately 
refl ected in the NOD mouse. An attractive alter-
native can be “humanized” mice that are partly 
reconstituted with components of the human 
immune system [ 9 ].  

29.5    Whom to Vaccinate? 

 The neonatal screening for high-risk HLA class 
II susceptibility genes can identify most of those 
destined to develop T1DM. Young people with 
fi rst-degree relative positive for autoantibodies 
positive for one or more islet autoantigen, i.e., 
(pro) insulin, GAD, and IA2, are at high risk for 
T1DM. In such people, the 5-year risk of devel-
oping T1DM is of the order of ≤25 %, 26–50 %, 
and >50 % if they have autoantibodies to one, 
two, and three autoantigens, respectively. In addi-
tion, the fi rst-phase insulin response (FPIR) to 
intravenous glucose below the 10th percentile 
indicates a poor prognosis. In autoantibody- 
positive relatives with a normal FPIR, the insulin 
resistance indicates the highest risk [ 2 ].  

29.6    Various Interventions 
of Immune Prevention 

29.6.1    Antibody-Based 
Immunotherapy 

29.6.1.1    Anti-CD3 Monoclonal 
Antibody 

 The monoclonal antibody OKT3, directed against 
CD3, inhibits Tc cell-mediated lysis of target 
cells. But, OKT3 has a strong mitogenic activity 
and induces massive amounts of cytokines lead-
ing to adverse events [ 14 ]. A majority of patients 

 experienced some degree of cytokine release syn-
drome. A number of side effects are seen in most 
patients, such as chills, nausea, hypotension, 
breathing diffi culties, fever, muscle pain, throm-
bocytopenia with risk of bleedings, leukocytope-
nia with increasing frequency of infections, and 
anemia [ 3 ]. 

 Modifi ed anti-human CD3 monoclonal anti-
body was thought to be the next alternative to pre-
viously used OKT3 antibody for the prevention of 
T1DM in NOD mouse. Modifi ed non-Fc receptor 
(FcR)-binding CD3 antibodies have been tested 
in clinical trials. They have been found to be less 
mitogenic and were equally tolerogenic com-
pared to the function of Fc CD3 antibody [ 14 ]. 

 The preservation of endogenous insulin secre-
tion assessed by C-peptide response with con-
comitant reduction in hemoglobin A1c levels and 
insulin requirement in the treated group over 2 
years in new-onset T1DM have been reported in 
two phase II trials using the two different human-
ized anti-CD3 (teplizumab and otelixizumab). 
The benefi cial effects that extended over a period 
of up to 5 years after one dose have been shown 
in recent follow-up studies. The phase III trials 
are currently under way for humanized anti-CD3 
monoclonal antibody [ 1 ].  

29.6.1.2    Anti-CD20 Monoclonal 
Antibody (Rituximab) 

 Initially, B cells were considered to play an 
important role in priming T cells. But, recently it 
has been shown that B cells promote the survival 
of CD8+T cells in the islets and thus promote the 
disease. All mature B cells express a cell surface 
marker CD20. Rituximab is a humanized anti-
 CD20 monoclonal antibody. Rituximab was orig-
inally introduced for therapy of B-cell 
lymphomas, and subsequently it has been shown 
to be an effective rheumatoid arthritis treatment. 
Rituximab has been shown to successfully 
deplete human B cells from peripheral circula-
tion by mechanisms involving Fc- and 
complement- mediated cytotoxicity and via pro-
apoptotic signals. The effi cacy and safety of 
Rituximab is being tested in clinical trial in 
patients with new-onset T1DM [ 14 ]. 
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 A four-dose course of rituximab (an anti-
 CD20) partially preserved beta-cell function over 
a period of 1 year in a phase II trial in patients 
with newly diagnosed T1DM [ 1 ].   

29.6.2    Antigen-Based 
Immunotherapy 

29.6.2.1    Vaccination by Exogenous 
Antigens 

 The diabetes development can be suppressed by 
vaccination with “nonspecifi c” immunostimula-
tory agents such as BCG (Bacillus Calmette- 
Guérin) vaccination in NOD mice. These agents 
stimulate innate immune pathway and reset 
immune homeostasis. But initial human trial of 
BCG vaccination did not show benefi t to demon-
strate residual β-cell function [ 2 ]. 

 Recently, Faustman DL et al. [ 15 ] conducted a 
small, proof-of-concept study using the BCG 
vaccine in six subjects (mean age, 35 years) with 
long-standing type 1 diabetes (mean: 15.3 years). 
The BCG vaccine was chosen because it stimu-
lates innate immunity by inducing the host to 
produce tumor necrosis factor (TNF), which, in 
turn, kills disease-causing autoimmune cells and 
restores pancreatic beta-cell function through 
regeneration. The six subjects were randomly 
assigned to either injections of BCG or a placebo 
and compared to self, healthy paired controls 
( n  = 6) or reference subjects with ( n  = 57) or with-
out ( n  = 16) type 1 diabetes, depending upon the 
outcome measure. The vaccine and placebo 
injections were given on 2 occasions, 4 weeks 
apart. Blood samples were monitored weekly for 
20 weeks for insulin-autoreactive T cells, regula-
tory T cells (Tregs), glutamic acid decarboxylase 
(GAD) and other autoantibodies, and C-peptide, 
a marker of insulin secretion. It was discovered 
that subjects who received the BCG vaccine 
showed an increase in insulin-autoreactive T 
cells, increases in the number of Tregs compared 
with paired healthy controls, and an improve-
ment in insulin sensitivity as demonstrated by 
transient but signifi cant increases in C-peptide 
levels in two of the three vaccine recipients [ 15 ]. 

 Virus could lead to T1DM and if a specifi c 
virus is clearly indicated as a causative factor, 
vaccination should be done early in the life of 
children provided vaccine has got good safety 
profi le. Children suffering from congenital 
rubella born to mothers who contracted rubella 
early in pregnancy had evidence of infection in 
the brain, pancreas, and other tissues and approx-
imately 20 % developed T1DM. Approximately 
double proportion of such population of children 
with congenital rubella has been reported to 
develop islet cell antibodies. Moreover, children 
with congenital rubella who subsequently devel-
oped diabetes were reported to have higher fre-
quency of T1DM susceptibility haplotype 
HLA-A1-B8-(DR3-DQ2) [ 2 ]. 

 Children born to mothers who were infected 
during pregnancy with some enteroviruses such 
as Coxsackievirus B (CVB) and echoviruses had 
more chances of suffering from diabetes early in 
life but this has not been confi rmed in recent 
studies [ 2 ,  9 ]. 

 Mumps vaccination has not been found to be 
of value for preventing T1DM. The evidence for 
cytomegalovirus (CMV) infection in T1DM is 
weak. Rotavirus infection has been found to be 
temporally associated with increase in islet 
autoantibodies. It has been shown that rotavirus 
can infect β-cell in islets from mice, pigs, and 
monkeys [ 2 ].  

29.6.2.2    Vaccination by Endogenous 
Antigens 

   Alum-Formulated Glutamic Acid 
Decarboxylase (GAD) 
 GAD is a 65 kDa protein that is found in islet 
cells, the central nervous system, and the testes. 
GAD is a major autoantigen in autoimmune dia-
betes. The reason why GAD is a major autoanti-
gen in autoimmune diabetes is not known. 
Antibodies to GAD appear early after the initia-
tion of autoimmune insulitis and are found in 
70 % of patients at diagnosis. Autoantibodies to 
GAD (GADA) may be an early sign of the auto-
immune process of diabetes, and GADA has 
become one of the most important predictive 
markers of T1DM risk. Vaccination by glutamic 
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acid decarboxylase modulates the immune 
 system and thus prevents the destruction of beta 
cells. GAD65 isoform has been shown to prevent 
autoimmune destruction of beta cells in studies 
of nonobese mice with diabetes [ 3 ,  6 ]. 

 GAD vaccine with aluminum hydroxide 
(alum) as adjuvant to enhance the presentation of 
antigens to antigen-presenting cells has been pro-
duced. Antigen-presenting cells process the 
injected GAD65 to provide peptide fragments 
recognized by T cells. This leads to Th1/Th2 
shift consisting of induction and proliferation of 
a subset of GAD65-specifi c regulatory T cells. 
These specifi c T cells downregulate antigen- 
specifi c killer T cells that would otherwise attack 
the beta cells [ 3 ]. 

 The administration of recombinant human 
GAD with or without adjuvants did not induce 
adverse side effects or exacerbate T1DM in man 
and mice in preclinical studies and a phase I clin-
ical trial. A subsequent phase II trial in LADA 
(latent autoimmune diabetes in adults) patients 
further supported clinical development of alum- 
formulated GAD vaccine [ 8 ,  16 ]. 

 Subjects received placebo or GAD/alum (4, 
20, 100, or 500 μg) subcutaneously, twice in clin-
ical trials of GAD/alum vaccination, fi rst con-
ducted in individuals with LADA (LADA 
describes adults with a slowly progressive form 
of type 1 diabetes). The diagnosis of LADA is 
based on (1) adult onset of diabetes, (2) circulat-
ing islet autoantibodies, and (3) insulin indepen-
dence at diagnosis. About 10 % of adults with 
non-insulin-requiring diabetes have LADA. The 
CD4 + CD25 + /CD4 + CD25 −  cell ratio, as well as 
serum C-peptide levels, increased from baseline 
only in the 20 μg dose group after 6 months, and 
only the 500 μg dose boosted GAD autoantibody 
levels. Evidently, antigen-based therapy (ABT) 
can have a benefi cial immunomodulatory effect 
without changing humoral responses to the 
administered antigen, at least in LADA patients. 
No signifi cant study-related adverse effects were 
reported in a 5-year follow-up and that C-peptide 
levels were signifi cantly higher only in the 20 μg 
dose group [ 3 ,  8 ]. 

 A subsequent larger clinical trial with newly 
diabetic children has further supported the bene-
fi cial effect of the 20 μg GAD/alum dose. GAD/
alum (20 μg) vaccination preserved β-cell func-
tion in patients treated within 6 months of type 1 
diabetes onset but not in those treated >6 months 
after type 1 diabetes onset. The effectiveness of 
treatment in more recently diagnosed patients is 
likely to refl ect greater remaining β-cell mass. 
This parallels fi ndings with anti-CD3 treatment 
in which the treatment was most effective in 
those with the highest residual β-cell function at 
the time of treatment. The treatment induced 
higher levels of IL-5, IL-10, and IL-13 GAD- 
specifi c responses accompanied by higher fre-
quency of Foxp3 +  and TGF-β secreting T cells, 
even after 15 months [ 8 ]. 

 The only antigen-based vaccine candidate 
which has been shown to be effective in both 
T1DM and LADA is alum-formulated GAD [ 13 ]. 
However, in two recent phase II/III studies per-
formed independently by Diamyd and TrialNet, 
the alum-formulated GAD vaccine failed to meet 
primary effi cacy endpoint in preserving insulin 
production [ 16 ].  

   Heat Shock Protein and Peptide 277 
 Heat shock proteins (Hsp) are highly conserved 
in all prokaryotes and eukaryotes and have an 
intracellular role as chaperone molecules. 
Human Hsp60 also has a role in the regulation of 
the innate immune system. This effect is trans-
mitted through stimulation of Toll-like receptor 
4 (TLR- 4) on macrophages (a stimulatory 
infl ammatory effect) and through TLR-2 on T 
cells (an immunomodulatory anti-infl ammatory 
effect) [ 6 ]. 

 Heat shock protein (Hsp) is another important 
self-antigen in the pathogenesis of diabetes. In 
NOD mice that were developing insulitis, anti-
bodies directed against Mycobacterial Hsp65 and 
its human variant Hsp60 were found. These auto-
antibodies disappeared as diabetes developed and 
were not present in NOD mice that did not 
develop diabetes. Anti-Hsp60 T-cell clones trans-
planted into healthy mice induced insulitis. The 
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Hsp60 epitope recognized by T cells was 
 identifi ed as a 24 amino acid peptide termed 
 peptide 277 (p277) [ 6 ]. 

 Both insulitis and diabetes were prevented in 
NOD mice or mice exposed to low-dose strepto-
zotocin injected with p277 in incomplete 
Freund’s adjuvant. The splenic population of Th1 
cells shifted to the Th2 immune-modulating 
 phenotype accompanied by a decrease in leuko-
cyte numbers and Th1-produced cytokines in the 
islets following vaccination. T cells recovered 
from islets of the p277-treated mice had reduced 
capacity to transfer diabetes into NOD-recipient 
mice. Even after the onset of the disease, the 
 vaccine prevented deterioration of diabetes in 
NOD mice [ 6 ]. 

 A human p277 vaccine, DiaPep277, has 
been developed based on the protective and 
therapeutic effects of p277 in animal models as 
well as the fi ndings in the human disease. In a 
double-blind study in patients with recently 
diagnosed type 1 diabetes, the effi cacy of this 
vaccine was tested. Thirty-fi ve patients received 
a subcutaneous injection of either DiaPep277 
or placebo at 0, 1, 6, and 12 months. The pres-
ervation of beta-cell function detected by a halt 
in the loss of C-peptide production was the pri-
mary endpoint of the study. A decreased need 
for exogenous insulin, a reduced hemoglobin 
A1c (HbA1c) level, and a shift in the T-cell 
cytokine phenotype were secondary endpoints. 
C-peptide levels rapidly declined in the control 
group but were preserved in the DiaPep277 
group ( n  = 15) at 10 months’ follow-up. At 7 
and 10 months of follow-up and also after 18 
months, this difference was statistically signifi -
cant. Moreover, signifi cantly less exogenous 
insulin to achieve the same level of HbA1c 
(7 %) at the end of the trial was required in 
DiaPep277 intervention group. The cytokine 
response of T cells exposed to Hsp60 signifi -
cantly shifted from a Th1-IFN response to a 
Th2, IL-10, and IL-13 response by the end of 
the trial [ 6 ]. The results of this vaccine from 
clinical trials performed in LADA patients were 
inconclusive [ 16 ].  

   Insulin 
 Insulin was the major β-cell autoantigen 
selected for its therapeutic potential. The bio-
logically active form of insulin is processed 
from its precursor, preproinsulin (PPIns), by 
sequential enzymatic cleavages that release the 
leader peptide (to make proinsulin; PIns) and 
the C-peptide [ 16 ]. 

 Following oral administration of porcine 
insulin, protection from diabetes was fi rst 
reported in NOD mice by Zhang et al. [ 17 ]. 
Many subsequent studies reported that proinsu-
lin/insulin or epitopes from insulin could par-
tially protect NOD mice from developing 
diabetes when administered orally. The prolifer-
ation of CD4+ T regulatory cells that protect 
pre-diabetic mice from onset of diabetes can be 
induced by oral administration of human insulin 
to NOD mice. The ability of insulin to promote 
an anti- infl ammatory state in dendritic cells 
(DCs) ultimately leading to immunological sup-
pression of T cell function was thought be the 
reason behind expansion of Th2 cell population. 
Also, insulin can inhibit diabetes onset when 
administered by different routes of entry into the 
body, i.e., proinsulin inoculated intranasally or 
insulin B chain peptide B: 9–23 delivered subcu-
taneously was reported to be effective in par-
tially suppressing diabetes onset in NOD mice 
[ 10 ,  17 ]. 

 Till now, the results have been disappointing 
in human clinical trials conducted using insulin 
as a therapeutic or prophylactic immunotherapy. 
The individuals at risk of developing T1DM 
were treated with 1.6 mg of aerosolized insulin 
daily for 10 consecutive days, followed by 2 
days/week of 1.6 mg for 6 months in a safety 
assessment trial. The adverse effects or acceler-
ated β-cell loss was not seen, but decreased 
insulin- specifi c T-cell responses were seen. The 
intranasal insulin decreased serum insulin auto-
antibodies (IAAs) and, in a subset of patients, 
reduced insulin- specifi c T-cell (IFN-γ) 
responses in a study in recent-onset diabetic 
individuals; however, β-cell destruction was not 
delayed. 
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 The intranasal insulin (1 unit/kg daily) did not 
delay or prevent T1DM when given to infants 
carrying high-risk HLA haplotypes or to siblings 
positive for two or more T1DM-associated auto-
antibodies in the Finnish T1DM Prediction and 
Prevention Study (DIPP). The result of T1DM 
Prevention Trial (DPT-1) conducted to study the 
effi cacy of ultralente insulin (0.25 unit/kg/day 
subcutaneously and one annual 4-day continuous 
intravenous infusion) as a prophylactic vaccine in 
at-risk individuals presenting with a 5-year pro-
jected risk of >50 % showed that this protocol did 
not prevent or delay T1DM development over a 
median 3.7-year follow-up period. The T1DM 
was neither delayed nor prevented in another 
DPT-1 trial in which fi rst- or second-degree rela-
tives with a 5-year projected risk of 26–50 % 
(determined by metabolic, immunological, and 
genetic staging) received oral insulin (7.5 mg/
day) or placebo and followed-up for median 
period of 4.3 years. It was however revealed in 
subgroup analyses that oral insulin had benefi cial 
effects in patients with high IAA levels. TrialNet 
is conducting an 

 Oral Insulin Prevention Trial based on these 
results and enrolling subjects with similar char-
acteristics to the subgroup mentioned above—

relatives with normal glucose tolerance 
carrying at least two autoantibody specifi cities 
in serum, one of which must be anti-insulin, 
and presenting with 35 % risk of T1DM within 
5 years [ 16 ]. 

 The oral insulin (5 mg/day) was given in con-
junction with intensive subcutaneous insulin 
therapy to recent-onset diabetic patients within 
4 weeks of diagnosis for 12 months in the immu-
notherapy T1DM (IMDIAB) trial. The oral 
insulin failed to preserve C-peptide levels and 
reduce insulin requirement at 12 months of fol-
low-up. Moreover, accelerated β-cell loss was 
evident in patients younger than 15 years. Daily 
oral insulin administration (2.5 mg or 7.5 mg/
day) also failed to blunt established T1DM in 
recent-onset diabetic patients in the T1DM 
Insuline Orale study. In a phase I clinical trial, a 
single intramuscular injection of insulin B 
chain/IFA to recent-onset diabetic subjects 
showed that this approach elicits robust anti-
body and T-cell responses against insulin with-
out causing adverse events. However, no 
signifi cant differences in C-peptide level could 
be detected [ 16 ]. Table  29.3  summarizes various 
interventions of immune prevention of autoim-
mune diabetes.
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    Abstract 

 Today, type I allergies affect more than 30% 
of the population in western industrialized 
countries posing an increasing burden on 
public health systems. In this book chapter 
we provide an overview on the molecular 
characteristics of allergens and the mecha-
nisms of allergic sensitization. Risk factors 
for sensitization such as genetic predisposi-
tion or environmental factors (“hygiene 
hypothesis”) are discussed and the current 
standards of diagnosis and medication are 
summarized. As classical allergen-specifi c 
immunotherapy suffers from unwanted side-
effects, low patient compliance as well as 
insuffi cient effi cacy, this chapter focuses on 
novel therapeutic approaches to overcome 
these limitations. These include new mole-
cules, such as recombinant (hypo-) allergens 
or peptides but also advanced vector vaccines, 
and genetic  vaccines. Such vaccine types 
address specifi c receptors of the innate 
immune system, resulting in increased immu-
nogenicity and modulation of unwanted TH2 
type responses. Finally, alternative routes to 
the standard subcu taneous injection or sublin-
gual application are presented, which target 
highly immunocompetent tissues such as the 
skin or the lymph nodes.     
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30.1      Disease 

    Meanwhile, in highly developed countries up to 
one third of the population is affected by type 
I allergic diseases, placing an enormous eco-
nomic burden on public health systems. This 
 development has promoted intense research on 
elucidation of the underlying mechanisms, iden-
tifi cation of risk factors, and development of 
novel therapeutic interventions. 

 Under certain conditions, otherwise harm-
less ubiquitous proteins derived from sources 
such as tree and grass pollen, dust mites, 
cockroaches, animal dander, food, venom 
of stinging insects, molds, or latex can act as 
allergens, which elicit exaggerated T helper 2 
(TH2)-driven immune responses termed type I 
(or immediate) allergic reactions or hypersen-
sitivity. The term atopy, which is sometimes 
also used to denote this disease, should only 
be used to designate a hereditary predisposi-
tion for the development of allergic disorders. 
Characteristically, elevated levels of serum IgE 
lead to activation of mast cells and basophils in 
the blood. The resulting infl ammatory response 
causes clinical symptoms including eczema 
(atopic dermatitis), rhinoconjunctivitis (“hay 
fever”), gastrointestinal symptoms, asthma, and 
systemic anaphylaxis. 

 Frequently, atopic patients fi rst suffer from 
gastrointestinal symptoms and atopic dermatitis 
predominantly caused by food allergens from 
milk and wheat in early childhood. Later in life, 
allergic disease can either resolve or progress, the 
latter leading to a series of conditions denoted the 
“atopic march” in adulthood [ 1 ]. 

 The three major components for clinical man-
ifestation of allergy were fi rst described in 1921 
by Prausnitz and Küstner: a disease-eliciting 
antigen (allergen), a transferable serum factor 
(IgE), which allows for discrimination between 
allergic and healthy individuals, and a tissue 
component (mast cells). 

 Allergic sensitization takes place at fi rst 
encounter with an allergen entering via epithelial 
barriers (Fig.  30.1 ). Once activated, professional 
antigen-presenting cells migrate to draining 
lymph nodes and promote the development of 

naïve T lymphocytes into allergen-specifi c TH2 
cells involving the key cytokine Interleukin-4 
(IL-4) [ 2 ]. TH2 cells either migrate to B-cell 
zones in lymph nodes inducing affi nity matura-
tion as well as class switch and production of 
allergen-specifi c immunoglobulin E (IgE) by B 
cells or enter the site of allergen encounter to act 
as TH2 effector cells.

   IgE antibodies bind to the high-affi nity receptor 
FcεRI on basophils and mast cells. Upon repeated 
contact with the same allergen, IgE receptors on 
the surface of these cells can become cross-linked 
by binding of allergen to bound IgE molecules [ 3 ]. 
This cross-linking initiates a cascade of intracellu-
lar signals ultimately activating basophils, eosino-
phils, and mast cells, which release infl ammatory 
mediators including histamine, leukotrienes, and 
prostaglandins from their granules causing local-
ized or systemic symptoms of acute disease. 
These include contraction of smooth muscles, 
vasodilation, mucus secretion, edema, or even life- 
threatening anaphylactic shock. 

 Late-phase reactions, which usually occur up 
to 24 h after the acute reactions, originate from 
neutrophils, lymphocytes, eosinophils, and mac-
rophages, but also TH2 lymphocytes, migrating 
to the initial site of allergen encounter causing 
allergic infl ammation.  

30.2     Allergens 

 Though humans are exposed to a multitude of pro-
teins and compounds, only a minute fraction of them 
have the property of allergenicity, i.e., the capacity to 
induce inappropriate TH2-biased immune responses 
leading to the production of specifi c IgE – a process 
termed allergic sensitization. Intrinsic as well as 
extrinsic factors have been proposed to contribute to 
allergenicity by infl uencing the entry of allergens 
through epithelial barriers, the uptake, processing 
and presentation of allergens to T cells, and pro-
cesses regarding antigen-presenting cells such as 
maturation and induction of signaling pathways. 

 Extrinsic factors, concomitantly taken up 
with the allergen, which have impact on 
 sensitization, include substances derived from 
allergen sources such as pollen-associated lipid 
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 mediators [ 4 ],  chitin [ 5 ], but also environmental 
pollutants [ 6 ]. Air pollution, cigarette smoke, or 
ozone can infl uence the release of pollen aller-
gens [ 7 ], can lead to nitration of inhalant aller-
gens, thereby generating novel epitopes [ 8 ], or 
can directly act on antigen- presenting cells [ 9 ]. 
Lipopolysaccharide (LPS) derived from the 
outer cell membrane of Gram-negative bacteria 
represents an agent with the exceptional prop-
erty to either promote or diminish allergic sensi-
tizations, depending on its concentration upon 
allergen encounter. Whereas extremely low dose 
LPS together with the model allergen ovalbumin 
can lead to tolerance, low dose can induce TH2 
responses, and high dose even can promote TH1 
immune reactions [ 10 ,  11 ]. LPS acts via binding 
to the CD14/toll-like receptor 4/MD-2 complex 
leading to secretion of pro-infl ammatory cyto-
kines particularly from B cells and macrophages. 

The LPS sensor toll-like receptor 4 (TLR4) 
belongs to the family of toll- like receptors of the 
innate immune system, which specifi cally recog-
nize highly conserved microbial structures [ 12 ]. 
MD-2, also designated lymphocyte antigen 96, 
functions as an adapter molecule by associating 
with TLR4 on the cell surface enabling LPS-
induced signaling [ 13 ]. 

 Intrinsic properties of allergens contributing to 
sensitization include fold stability, chemical modi-
fi cations, oligomerization, molecular dynamics, 
and ligand binding. One of the protein allergen 
functions identifi ed to facilitate sensitization is 
protease activity. It has been shown that the house 
dust mite allergen Der p 1 acts as a cysteine prote-
ase, cleaving tight junction proteins at epithelial 
barriers leading to enhanced penetration of aller-
gens. Additionally, this allergen proteolytically 
degrades several receptors on T and B cells and 
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  Fig. 30.1    Allergic sensitization. Allergen is taken up via 
epithelial surfaces such as the skin or the mucosa of air-
ways and gut. Dendritic cells (DC) phagocytose and pro-
cess allergens into peptides which in turn are presented on 
MHC class II and induce generation of TH2 cells. This 
process can be inhibited by IFN-γ secreting TH1 cells or 
regulatory T cells (Treg) secreting IL-10 and/or TGF-β. 

TH2 cells produce IL-4 which promotes class switch of 
allergen-specifi c B cells to IgE. IgE antibodies bind to 
FcεRI receptors on mast cells and upon allergen 
 re-encounter induce release of infl ammatory mediators 
such as histamine. Presence of high levels of blocking IgG 
can inhibit allergen binding to mast cell surface IgE       
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dendritic cells (DC), which are associated with the 
initiation or augmentation of TH2 responses [ 14 ]. 
The allergen papain, also acting as a cysteine pro-
tease, obviously can induce TH2 responses with 
IgE production via activation of basophils [ 15 ]. 

 Serine protease activity in some house dust mite 
and mold allergens as well as cockroach extracts 
induces molecular changes in epithelial cells, 
thereby driving dendritic cells to polarize T cells 
towards a TH2 phenotype [ 16 ]. The capability of 
lipid binding and subsequent activation of TLRs 
represents another intrinsic factor responsible for 
allergic sensitization. It has been demonstrated that 
the house dust mite allergen Der p 2 substitutes 
MD-2 by binding LPS, thereby promoting TH2 
responses via TLR4 signaling [ 17 ]. C-type lectin 
receptors on dendritic cells bind carbohydrates and 
have been identifi ed to tailor immune responses to 
pathogens [ 18 ]. Uptake of allergens from house 
dust mite, dog dander, cockroach, and peanut by 
DCs has been shown to be mediated by the man-
nose receptor, leading to TH2 polarization [ 19 ]. 
Hence, the authors suggest a major role for the 
mannose receptor in recognition of glycoallergens 
and in shaping TH2 responses by DCs.  

30.3     Risk Factors for Allergic 
Sensitization 

 Atopic individuals have a genetically mediated 
predisposition to mount excessive IgE-mediated 
reactions. It has been found from hereditary 
and twin studies that with both parents being 
atopic, the risk for a progeny to develop IgE-
mediated disease increases up to 60 % com-
pared to 5–10 % for the offspring of healthy 
individuals [ 20 ]. Some genetic polymorphisms 
have already been identifi ed, which either pro-
mote or prevent the development of atopy. 
Among them, mutations in the gene encoding 
fi laggrin, leading to a weakened barrier func-
tion of the skin, have been linked with a facili-
tated transition from eczema to asthma. These 
polymorphisms can be utilized as markers for 
prediction of asthma development prior to onset 
of disease symptoms [ 21 ]. In contrast, a reduc-
tion of the prevalence to develop atopy has been 

found to be associated with certain polymor-
phisms in genes encoding receptors of the 
innate immune system such as TLR4 [ 22 ]. 

 A multitude of factors associated with  lifestyle 
in highly developed countries has been closely 
investigated for correlation with type I allergic 
diseases, including dietary habits, air pollution, 
passive smoking, and a reduction of the number 
of infectious diseases during childhood. The 
 latter, which is achieved by increased hygiene 
standards and mass vaccinations, has been found 
to be an important risk factor for atopy [ 23 ]. 

 In the late 1990s, the fi rst report about signifi -
cantly reduced risk for allergic sensitization 
among farmer’s children compared with children 
from the same areas, but growing up without 
close contact with stables and livestock was pub-
lished. Designated as the “hygiene hypothesis,” 
an explanation for the increasing prevalence of 
atopy in the last decades was established 
(Fig.  30.2 ). Accordingly, a reduction of exposure 
to microbial compounds during early childhood 
may account for a decreased stimulation of the 
innate immune system as well as a concomitant 
shift towards a TH2-biased adaptive immune 
response against allergens. Meanwhile, some key 
factors contributing to the reduced risk of aller-
gies and asthma in farm children have been 
identifi ed.

   These include contact with livestock (cattle, 
pigs, poultry), contact with animal feed (hay, 
grain, straw, silage), and the consumption of 
unprocessed cow’s milk [ 24 ]. The main routes of 
uptake are inhalation and ingestion. Best protec-
tion is conferred by exposure already in utero and 
during the fi rst years of life [ 25 ,  26 ]. On the 
molecular level, the compounds responsible for 
the protective effect are derived from bacteria 
and fungi. Among them are muramic acid, a 
component of the cell wall of Gram-positive bac-
teria and extracellular polysaccharides from fun-
gal species belonging to the genera Penicillium 
and Aspergillus [ 27 ,  28 ]. Interestingly, LPS 
seems to prevent from allergic sensitization, but 
not from childhood asthma and wheeze [ 29 ]. 

 Peripheral blood cells from farm children 
have been found to express signifi cantly higher 
levels of TLR2, TLR4, and CD14 mRNA com-
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pared to nonfarm children at school age [ 25 ,  30 ]. 
Also, signifi cantly increased seasonal allergen- 
specifi c IgE antibody levels were observed in 
cord blood of newborn babies whose mothers had 
no contact to animal sheds and fodder. IgE 
responses correlated with reduced production of 
the TH1-associated cytokines IFN-γ and TNF 
[ 31 ]. These fi ndings support the assumption that 
microbial compounds in the context of a farming 
environment are sensed by the innate immune 
system, which subsequently shapes the adaptive 
immune system. 

 It remains to be elucidated whether the “miss-
ing immune deviation” towards TH1 represents 
the only mechanism accounting for the constant 
rise in prevalence of type I allergies. Studies in 
animal models and epidemiological evidence 
suggest that also a lack of immune suppression 

caused by decreased activity of T regulatory cells 
could be involved. Most likely, a combination of 
both (and possibly other) mechanisms might be 
responsible [ 32 ].  

30.4     Diagnostic and Classical 
Therapy (Clinical “Golden 
Standard”) 

30.4.1     Diagnosis 

 Two different methods with similar specifi city 
and sensitivity are available for assessment of 
allergen-specifi c IgE, i.e., the skin prick test and 
the allergy blood test. 

 For skin testing, also designated prick or punc-
ture testing, a small metal or plastic device is 
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  Fig. 30.2    Hygiene hypothesis. Extrinsic factors leading 
to the generation of a protective TH1 immunity via stimu-
lation of innate immune receptors promoting secretion of 
IL-12. High hygiene levels resulting in insuffi cient 

immune stimulation promote the generation of TH2 reac-
tions and atopy. The role of IL-4 and its cellular source in 
this process is still highly debated       
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used to produce a series of small pricks or 
 punctures in the skin at the inside forearm or the 
back of the patient. Before, suspected allergens or 
allergen extracts are applied to areas on the skin, 
which are marked with a dye or pen. By pricking, 
the respective allergen(s) or extracts are intro-
duced into the skin. Alternatively, they can be 
intradermally injected using needle and syringe. 
In case the patient is allergic against one or more 
of the tested allergens or extracts, an infl amma-
tory reaction will usually become visible within 
30 min. The results of a skin prick test are scored 
from borderline reactivity (±) to a strong reaction 
(4+), refl ecting the skin reaction ranging from 
slight reddening to a so-called wheal and fl are 
reaction reminiscent of a mosquito bite. 

 Additionally, the diameter of the wheal and 
fl are can be determined. If the patient suffers from 
widespread skin disease, has recently taken 
 antihistamines, or has already been affl icted by a 
life-threatening anaphylactic reaction, usually a 
blood test will be the preferred method. Compared 
to skin prick testing, this test harbors several 
advantages: The patient’s age, skin condition, 
medication, symptoms, or disease severity is no 
exclusion criteria. This method is also more accept-
able for very young children and babies because a 
single needle stick for collection of one blood sam-
ple is suffi cient for testing a broad panel of aller-
gens. The patient has no contact with potentially 
sensitizing material, providing an additional safety 
feature. By blood testing, the concentration of 
allergen-specifi c IgE is determined. Originally 
developed in the 1970s to work with anti-IgE anti-
bodies labeled with radioactive isotopes and mar-
keted as RAST (radioallergosorbent test) by the 
Swedish company Pharmacia Diagnostics AB, 
today the so-called ImmunoCap test utilizing fl uo-
rescence-labeled IgE-binding antibodies has ren-
dered the term RAST (as a colloquialism for 
several in vitro allergy tests) obsolete. 

 Besides skin prick testing and the allergy 
blood test, also other methods are available. 
Challenge testing is especially useful in case of 
food and medication allergies. Small amounts of 
the suspected allergen are introduced orally or by 
inhalation and the patient is closely supervised 
by an allergist. For patch testing, a method 

employed to identify the cause of skin contact 
allergy or contact dermatitis, allergic chemicals 
or skin sensitizers are applied to the back of the 
patient using adhesive patches. Subsequently, the 
skin is examined for local reactions.  

30.4.2     Medication 

 Whereas avoidance of allergens may be a simple 
and effective management in case of food aller-
gies, which may reduce symptoms or even pre-
vent life-threatening anaphylaxis, this 
measurement is diffi cult to accomplish for 
patients suffering from airborne allergies. 

 For standard pharmacotherapy, several immu-
nosuppressive and anti-infl ammatory drugs are 
available, including antihistamines, glucocorti-
coids, and β-agonists. Antihistamines block the 
effects of mediators released by mast cells and 
basophils during degranulation. Intranasally or 
systemically applied corticosteroids including 
prednisone act as anti-infl ammatory drugs to 
treat allergic rhinitis. β-2-adrenoreceptor ago-
nists such as Salbutamol (short-acting) or 
Salmeterol (long-acting) are effective bronchodi-
lators for rapid relief of asthma symptoms. 

 Whereas all these agents alleviate the symp-
toms of allergy, they do not target the underlying 
immunological disorder. 

 Another treatment, which has been approved 
for moderate to severe asthma, is subcutaneous 
injection of humanized monoclonal anti-IgE 
 antibodies [ 33 ], such as omalizumab (marketed 
as Xolair). Due to its high costs, omalizumab is 
mainly prescribed for patients with severe per-
sistent asthma. The monoclonal antibody selec-
tively binds free IgE in the blood and interstitial 
fl uid and membrane-bound IgE on the surface 
of B lymphocytes, but not IgE bound by the 
high- affi nity IgE receptor on the surface of mast 
cells, basophils, and antigen-presenting DCs. 
Omalizumab blocks the binding of IgE to its 
high-affi nity receptor on mast cells and basophils 
by partly masking the site on IgE to which the 
receptor binds. As soon as IgE has bound to this 
receptor, omalizumab can no longer bind due to 
steric hindrance, avoiding anaphylactic effects, 
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which would occur by cross-linking of IgE mol-
ecules followed by mediator release from mast 
cells and basophils. Most importantly, omali-
zumab also depletes free IgE in patients leading 
to gradual downregulation of IgE receptors on 
basophils, mast cells, and DCs. Thereby, these 
cells become less sensitive to the stimulation by 
allergens [ 34 ].  

30.4.3     Specifi c Immunotherapy 

 Allergen-specifi c immunotherapy (SIT) has been 
introduced by Noon and Freeman more than 
100 years ago [ 35 ] and still represents the only 
causal treatment for allergic patients, which redi-
rects inappropriate and exaggerated TH2-driven 
immune responses against allergens (Fig.  30.3 ). 
The hallmarks of these immunological changes 
are the promotion of TH1 cytokines such as IFN-γ 
and the induction of IL-10/TGF-β secretion by 
T regulatory cells in blood and infl amed air-
ways. SIT is also associated with suppression of 
allergen-specifi c IgE and induction of IgG4, and 
suppression of mast cells, basophils, and eosino-
phils. Clinical practice of SIT has not been sub-
stantially changed or improved since its fi rst use. 
The therapy is mostly performed by 50–80 sub-
cutaneous injections (SCIT) of gradually increas-
ing allergen doses over 3–5 years [ 36 ]. Local 
or systemic side effects caused by this therapy 
are reported [ 37 ]. Because barely characterized 
 allergen extracts are used, there is the potential 
risk for therapy-induced new sensitizations.

   As a more patient-friendly alternative, sublin-
gual immunotherapy (SLIT) with drops or tablets 
has been approved [ 38 ]. This approach avoids the 
use of needle and syringe and offers the possibil-
ity of self-administration. SLIT requires daily 
intake of large amounts of allergen over a time 
interval comparable with SCIT and is frequently 
accompanied by oral as well as gastrointestinal 
side effects [ 39 ]. Also, SLIT is discussed to be 
less effective than SCIT due to poor allergen 
uptake caused by the relatively short contact with 
the oral mucosa [ 40 ].   

30.5     Novel Vaccines Against 
Allergy 

 The side effects associated with classical SCIT as 
well as the low compliance and lack of effi cacy 
of SLIT have fueled efforts to develop novel ther-
apeutic and – more recently – also prophylactic 
vaccination approaches (Fig.  30.4 ).

30.5.1       Recombinant 
(Hypo)-Allergens 

 Today, SIT is based on allergen extracts from 
 natural sources, which are often poorly defi ned 
and diffi cult to standardize. Additionally, the large 
number of different proteins contained within 
such an extract always poses the risk of new sen-
sitizations against components the patient had not 
been sensitized before therapy [ 41 ]. Therefore, 
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the next generation of allergy diagnostics and 
therapeutics will be based on recombinant pro-
teins allowing tailor-made treatment according 
to the patient’s sensitization profi le [ 42 ]. Besides 
the benefi ts of a highly standardized product, 
production of recombinant allergens also allows 
modifi cation of the allergen of interest. By 
changing the three-dimensional structure of the 
protein B-cell epitopes can be destroyed, reduc-
ing the binding of the allergen to preexisting IgE 
in the patient, thereby avoiding release of mast 
cell mediators, which are the major source of 
side effects during conventional SIT. Such modi-
fi ed allergens with low-IgE- binding potential are 
called hypoallergens [ 43 – 45 ]. Hypoallergens can 
also be systematically generated via so-called in 
silico mutation. Consequences of mutations on 
fold stability of an encoded molecule can be pre-
dicted by z-score calculation. We have recently 
demonstrated that novel hypoallergens based on 

decreased fold stability, which display reduced 
IgE-binding capacity, can be created by z-score 
calculation [ 45 ].  

30.5.2     Peptide Immunotherapy 

 Peptide immunotherapy takes this concept one 
step further, as it only applies synthesized  peptides. 
Because B-cell epitopes are usually  discontinuous 
(i.e., they consist of sequentially separated amino 
acid stretches brought together by folding of the 
protein), these vaccines can no longer bind to 
patients’ IgE but retain their ability to stimulate 
T-cell responses. Although this is a persuading 
concept, peptide vaccines often suffer from low 
immunogenicity, and clinical trials showed that 
although immediate reactions could be avoided, in 
the early phases of therapy  IgE- independent late 
asthmatic reactions have been described [ 46 ].  
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  Fig. 30.4    Novel vaccine types for allergen-specifi c immunotherapy and their advantages and disadvantages compared 
to classical allergen extracts       
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30.5.3     Viral and Bacterial 
Vector Vaccines 

 Besides administration of purifi ed recombinant 
allergen or allergen peptides, there is also the 
possibility to administer therapeutic protein by 
recombinant viral or bacterial vectors. These 
systems, which have only been tested in preclin-
ical studies in animals so far, offer the benefi t of 
improved delivery as well as co-stimulation 
originating from components of the microbial 
vector. For example, Modifi ed Vaccinia Virus 
Ankara (MVA)-based [ 47 ] as well as recombi-
nant Bacillus Calmette–Guérin (BCG) [ 48 ] or 
Lactobacillus plantarum [ 49 ] expressing 
(model-) allergens protect from allergic 
 sensitization by establishing TH1-biased 
immune responses through stimulation of innate 
immune receptors. Due to the safety concerns 
when using live or live- attenuated vectors and 
the problems associated with anti- vector immu-
nogenicity, a reductive approach is the use of 
virus-like particles displaying an antigen of 
interest, which has been recently demonstrated 
for Fel d 1, the major cat allergen. Blocking IgG 
antibodies were identifi ed as major effector 
mechanism in this study [ 50 ].  

30.5.4     Gene Vaccines 

 An elegant approach that became popular in the 
1990s, which combines the immune stimulatory 
properties of viral infections with the safety of 
recombinant proteins, is the use of genetic vac-
cination. Genetic vaccination applies only the 
genetic information of an antigen, either as 
 plasmid DNA containing a eukaryotic promoter 
(DNA vaccination) [ 51 ] or as synthesized mes-
senger RNA (mRNA vaccination) [ 52 ]. The 
genetic material is taken up by the host cells, 
such as keratinocytes or fi broblasts (when admin-
istered intradermally), and translated into the 
respective protein. Besides using somatic cells as 
protein factories, the introduced DNA or mRNA 
can stimulate the immune system via innate 
immune receptors, such as TLR9 (DNA) and 
TLRs 3, 7, and 8 (RNA). mRNA vaccines have 

an advantage over DNA vaccines, as they cannot 
integrate into the genome and are only expressed 
transiently [ 53 ]. As genetic vaccination repre-
sents a highly versatile platform to design 
advanced types of vaccines, various innovative 
approaches have been tested in animal models of 
allergy. By targeting the expression of a plasmid- 
encoded allergen towards the proteasome via 
covalent linkage of ubiquitin to its N-terminus, 
we have rendered the gene product hypoaller-
genic, i.e., whereas T-cell responses remain 
essentially unaffected, complete degradation of 
the native allergen prevents formation of anti-
bodies [ 43 ]. 

 Self-replicating DNA and RNA vaccines 
 represent a further class of genetic vaccines, 
which we have already employed for preven-
tion and therapy of allergic diseases in mice. 
Encoding an alphavirus-derived replicase mol-
ecule, which drives its own amplifi cation as well 
as  transcription and translation of the encoded 
allergen, self- replicating DNA and RNA vac-
cines have demonstrated equal effi cacy at doses 
100-fold lower than conventional vectors [ 52 , 
 54 ,  55 ]. Their superior immunogenicity is based 
on providing danger signals via double-stranded 
RNA intermediates, which are recognized by 
several innate antiviral sensors [ 56 ].  

30.5.5     Novel Routes for Allergen- 
Specifi c Immunotherapy 

 Although the clinical effi cacy of SCIT and SLIT 
has been proven [ 57 ], only a small percentage of 
allergic patients decide to undergo this treatment 
instead of taking medication for symptom relief. 
The main reasons for low acceptance and high 
drop-out rates of classical allergen-specifi c immu-
notherapy are the long treatment duration and 
therapy-induced side effects. Hence, approaches 
for innovative treatment of type I allergies 
(Fig.  30.5 ) aim at increased effi cacy to shorten 
schedules and at increased safety by avoiding con-
tact of the allergen with the general circulation.

   The skin represents a promising target tissue, 
which is easily accessible, rich in antigen- 
presenting cells, and non-vascularized at its 
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superfi cial layers [ 58 ]. The dermal and epidermal 
layers of the skin harbor highly immunocompe-
tent cell types such as dermal dendritic cells and 
Langerhans cells, but also other cell types such 
as mast cells, natural killer cells, and keratino-
cytes contribute to the immunological functions 
of the skin [ 59 ]. Additionally, the skin is effi -
ciently drained by local lymph nodes, another 
advantage over subcutaneous tissue. Already 
introduced in the 1950s [ 60 ], cutaneous immuno-
therapy has been recently rediscovered and 
termed transcutaneous (TCIT) or epicutaneous 
immunotherapy (EPIT). 

 Clinical studies have been performed with 
essentially two different methods to break the 
outermost layer of the skin, the stratum corneum, 
for increased uptake of allergen. One approach 
uses tape stripping with a simple adhesive tape 
for several times, followed by application of the 
allergen in solution included in a patch [ 61 ,  62 ]. 
The other method employs a patch containing the 
allergen as dry powder put on intact skin. By leav-

ing the patch attached for a prolonged period of 
time, a kind of humid chamber is created, weak-
ening the barrier function of the skin, leading to 
hydration of the powder and facilitated uptake 
[ 63 ]. An innovative approach to circumvent the 
skin barrier in a highly reproducible but also 
adaptable manner is laser-based microporation. 

 We have demonstrated that by using a device 
emitting far-infrared laser beams, aqueous micro-
pores of variable number, density, and depth can be 
generated and that transcutaneous immunization 
via these pores represents a suitable technique for 
induction of specifi c immune responses [ 64 ]. In 
a mouse model of allergic asthma, we compared 
transcutaneous immunotherapy via laser-gener-
ated micropores to standard subcutaneous immu-
notherapy and found these therapeutic approaches 
equally effective in reducing airway hyperrespon-
siveness and leukocyte  infi ltration into the lungs. 
Transcutaneous application avoided the therapy-
associated systemic increase in TH2 cytokines 
observed with subcutaneous injection [ 65 ]. 
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 Another interesting route for allergen-specifi c 
immunotherapy is intralymphatic application, 
termed ILIT, directly delivering the allergen into 
a subcutaneous lymph node by needle. Clinical 
studies with grass pollen allergic patients and 
patients reactive to cat dander have been per-
formed with promising results [ 66 ,  67 ].      
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31.1            Major Allergic Diseases 
in Japan 

    In industrial countries, 30–40 % of the popula-
tion suffers from some kind of IgE-mediated type 
I allergic disease such as asthma, allergic rhinitis, 
conjunctivitis, and atopic dermatitis [ 1 ,  2 ]. 
Japanese cedar ( Cryptomeria japonica:  Cry j) 
pollinosis is the most predominant seasonal aller-
gic disease in Japan and is caused by pollen 
spread over most areas of Japan in early spring 
from February to April. Epidemiological studies 
indicate that about 27 % of the Japanese popula-
tion is affl icted with this allergic disease [ 3 ]. 

 Furthermore, more than half of the general 
population has circulating IgE specifi c for cedar 
pollen allergens. The number of patients with 
 Cryptomeria  pollinosis and the economic cost 
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 Abstract 

 Japanese cedar pollen and house dust mite 
allergens are major causes of immunoglobu-
lin (Ig)E-mediated type I allergy. For these 
allergies allergen-specifi c immunotherapy 
using systemic immunization with crude 
allergen extracts has been achieved as an only 
curative treatment. Here, we introduce a novel 
allergen-specifi c immunotherapy using rice 
seed-based oral vaccines comprising geneti-
cally modifi ed hypoallergenic tolerogen or 
T-cell epitope peptides derived from allergens 
as a desirable alternative. 
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associated with it is expected to increase steadily, 
resulting in a strong social demand for the devel-
opment of a reliable and effective way of 
 controlling this pollinosis. 

 House dust mite (HDM) is also a major source 
of inhalant allergens which cause chronic allergic 
disease such as bronchial asthma in as much as 
10 % of the population in many parts of the world. 
About 45–80 % of patients with allergic asthma 
are sensitized to allergens in HDM, especially 
 Dermatophagoides farinae  (Der f) and  D. pteron-
yssinus  (Der p) [ 4 ]. Thus, these patients suffer 
from allergic symptoms or reactions in response to 
HDM and/or have elevated allergen- specifi c serum 
IgE, suggesting that HDM allergens are crucial for 
the development of bronchial asthma [ 5 ,  6 ].  

31.2     Allergic Pathogens 

 Two major allergens of Japanese cedar pollen, 
Cry j 1 and Cry j 2, have been isolated and char-
acterized. More than 90 % of patients with 
Japanese cedar pollinosis have IgE specifi c to 
both [ 6 ]. Cry j 1 is a basic glycoprotein pectate 
lyase with an apparent molecular mass of 
41–45 kDa and a pI of 8.9–9.2. Cry j 2 is also a 
basic protein with polygalacturonate activity and 
a molecular mass of 37 kDa and pI of 8.6–8.8; 
they are specifi cally localized in the cell walls of 
papilla and amyloplasts in cedar pollen, respec-
tively. Both Cry j 1 and Cry j 2 have several iso-
forms that differ in primary structure and result 
from posttranslational modifi cations. The nucle-
otide sequences of Cry j 1 and Cry j 2 cDNAs 
have been determined, and their amino acid 
sequences deduced [ 7 – 10 ]. 

 Those derived from HDM are some of the 
most common indoor allergens associated with 
bronchial asthma, rhinitis, and atopic dermatitis. 
HDM is responsible for more than 70 % of child-
hood bronchial asthma cases and, to date, more 
than 20 HDM allergens have been identifi ed and 
characterized [ 5 ,  11 ]. The major HDM allergens 
are classifi ed into group 1 (Der f 1 and Der p 1, 
molecular mass: 25 kDa) and group 2 (Der f 2 and 
Der p 2, molecular mass: 14 kDa). Sera from 50 
to 70 % of mite-sensitive patients are reactive to 

either or both of these allergens. Group 1 allergen 
is a heat labile acidic glycoprotein and is mainly 
found in HDM feces. This protein has papain-like 
cysteine protease activity that is involved in the 
pathogenesis of allergy through cleavage of CD23 
and CD25 from the surface of immune cells. 
Group 1 allergen is synthesized as an enzymati-
cally inactive pro-group 1 protein which is then 
processed into the more allergenic mature and 
enzymatically active proteins of 222 (Der p 1) 
and 223 (Der f 1) amino acids which share 82 % 
sequence homology [ 12 ,  13 ]. IgE binding to 
group I allergens is highly dependent on their ter-
tiary structure. Group 2 allergens comprise 129 
amino acid residues and share 87 % homology 
[ 14 – 17 ]. More than 80 % of mite-allergic patients 
are sensitized against group 2 allergens, which 
are present at high concentrations in mite 
feces [ 18 ]. Although the biological function of 
group 2 allergens is not known, they show similari-
ties in sequence, size, and distribution of cysteine 
residues to a family of epididymal proteins [ 19 ].  

31.3     Conventional Therapy 

 Allergic diseases are characterized by allergen- 
specifi c IgE production and the activation of 
effector cells including eosinophils, mast cells, 
and basophils. These events are regulated by Th2 
cells, which preferentially produce IL-4, IL-5, 
and IL-13. Therefore, allergic diseases have been 
defi ned as inadequate peripheral regulation of 
allergen-specifi c T cells. 

 Treatment strategies for these allergic diseases 
generally involve pharmacotherapy using anti-
histamines, corticosteroids, etc. However, 
although these approaches reduce clinical symp-
toms by blocking the release of critical mediators 
of allergic reactions or by inhibiting allergic 
infl ammation, they are not curative and some-
times induce impaired performance as a result of 
side effects. It is well established that allergen-
specifi c immunotherapy is the only way to modu-
late these immune reactions, bringing about 
effects that persist for many years without the 
need for further treatment and which reduce the 
risk of development of sensitization to further 
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allergens or development of asthma in children 
with rhinitis [ 20 ,  21 ]. Conventional allergen-spe-
cifi c immunotherapy has been practiced for 
almost a century [ 22 ]. Success can be achieved 
by repeated subcutaneous injections of increas-
ing doses of native allergen extracts over a period 
of at least 3–5 years for induction of immune tol-
erance (desensitization). 

 This treatment is sometimes accompanied 
by severe side effects, such as anaphylaxis 
caused by capture of the allergen together with 
specifi c anti-allergen IgE on the surface of mast 
cells and basophils. Recently, sublingual 
immunotherapy has been developed and has 
provided a safer and more benefi cial route [ 23 , 
 24 ]. The basic principle of allergen-specifi c 
immunotherapy is to induce immune tolerance 
to allergens through multiple cellular and 
molecular mechanisms [ 25 ] leading to reduc-
tion in infl ammatory cell recruitment and acti-
vation, and in mediator secretion. The induction 
of a tolerant state in peripheral T cells repre-
sents an essential step in allergen- specifi c 
immunotherapy [ 26 – 28 ]. Peripheral T-cell tol-
erance is characterized mainly by the generation 
of allergen-specifi c regulatory T cells (Tregs) 
(Foxp3 +  CD4 + CD25 + , induced Foxp3 + CD4 + , 
Tr1, and Th3), leading to suppressed T-cell 
proliferation and Th1 and Th2 cytokine 
responses against allergen. This is accompa-
nied by a signifi cant increase in allergen- 
specifi c IgG4 and IgG1 subclasses of IgG 
antibody and in IgA and a decrease in IgE in 
the late stage of disease.  

31.4     Development of Novel 
Vaccine for Allergic Disease 

 Safer and noninvasive oral immunotherapy has 
long been desired as an alternative to the conven-
tional subcutaneous application. Modifi ed aller-
gens with reduced IgE-binding activity (low 
allergenicity) represent the most promising and 
elegant approach to circumvent the risk of ana-
phylactic reactions in allergen-specifi c immuno-
therapy. To address these requirements, rice 
seed-based oral allergy vaccines have been 

recently developed, containing modifi ed recom-
binant allergens with reduced or no allergenicity, 
or allergen-derived T-cell epitope peptides. These 
oral vaccines are a simple, safe, and cost- effective 
form of immunotherapy. 

31.4.1     Expression of Recombinant 
Hypoallergenic Tolerogens 
with Reduced Allergenicity 

 To create hypoallergenic tolerogens, natural 
allergen extracts used for induction of immune 
tolerance (desensitization), which can bind to 
specifi c IgE on mast cells and basophils and 
lead to anaphylactic side effects, need to be 
replaced by recombinant proteins with reduced 
allergenicity [ 29 ]. New approaches to allergen-
specifi c immunotherapy using such modifi ed 
hypoallergenic tolerogens are therefore required 
[ 30 – 33 ]. It has been reported that binding of the 
allergen to specifi c IgE is determined by a con-
tinuous stretch of amino acids or by conforma-
tional structures; hence the quest for ideal 
hypoallergenic tolerogens with low-IgE-binding 
activity has involved investigating the reassem-
bly of allergen fragments to form various mosaic 
structures, achieved by means such as deletion, 
site-directed mutagenesis, fragmentation, oligo-
meric formation, or molecular shuffl ing [ 30 –
 33 ] .  As a result, amino acids and peptides 
involved in IgE binding would be removed and 
allergen folding would be changed by sequence 
alteration. 

 In particular, tertiary structure can be signifi -
cantly altered by mutation of cysteine residue(s) 
disrupting disulphide bond-dependent conforma-
tion. Recombinant hypoallergenic allergen deriv-
atives exhibit reduced IgE reactivity but retain 
T-cell reactivity and immunogenicity, hence they 
do not induce IgE-mediated side effects even 
when relatively high doses of tolerogen are 
administered to allergic patients. Reduced aller-
genicity enables higher doses to be administered, 
which results in greater effi cacy of the allergen- 
specifi c immunotherapy. Interestingly, recombi-
nant oligomers preserve IgE reactivity but lose 
allergenic activity because of altered presentation 

31 Rice Seed-Based Allergy Vaccines 



506

of IgE epitopes. The effi cacy of recombinant 
hypoallergenic allergen derivatives of the major 
birch pollen allergen Bet v 1 has been confi rmed 
in clinical trials (currently at Phase III) with 
 allergic patients [ 34 ,  35 ]. The production of 
allergen- specifi c IgG antibodies (especially 
IgG4) with blocking activities that inhibit not 
only allergen- induced release of infl ammatory 
mediators from mast cells and basophils, but also 
IgE-facilitated antigen presentation to T-cells, 
has been shown to be induced by subcutaneous 
and sublingual immunotherapy.  

31.4.2     T-Cell Epitope Peptide 
as a Minimum Tolerogen 

 Allergens are recognized by T-cell receptors 
(TCR) and major histocompatibility complex 
(MHC)-II through interaction with their T-cell 
epitope. Immunotherapy using T-cell epitope 
peptide is an attractive approach for safe allergen- 
specifi c immunotherapy because it does not con-
tain an IgE cross-linking epitope that could 
induce anaphylaxis [ 36 ,  37 ]. However, T-cell epi-
topes derived from allergens, which are recog-
nized by specifi c T cells, vary according to 
MHC-II class haplotypes. This is a serious obsta-
cle in the development of peptide immunother-
apy that takes advantage of T-cell epitope 
peptides. To overcome this problem, artifi cial 
hybrid epitope peptides composed of the com-
plete T-cell epitope repertoires derived from one 
or a few allergens have been created. 

 Several major T-cell epitopes from many 
allergy patients were identifi ed and chosen for 
inclusion in the artifi cial hybrid polypeptide. In 
the case of Japanese cedar pollen allergy, fi ve or 
seven candidate T-cell epitopes derived from the 
two major allergen molecules (Cry j 1 and Cry j 
2) were linked together to create hybrid epitope 
peptides [ 38 ,  39 ]. These hybrids have several 
benefi ts when used as immunotherapeutic 
tolerogens, since they exhibit little or no IgE 
reactivity due to a lack of B-cell epitopes and 
conformational changes. For example, the 
hybrid 7Crp peptide (seven linked epitopes) 
showed no binding to specifi c IgE in the sera of 

48 patients with Japanese cedar pollinosis symp-
toms [ 39 ]. It is interesting to note that the 7Crp 
peptide induced T-cell proliferation with 100-
fold higher immunogenicity than a mixture of 
the T-cell epitopes used for construction of the 
hybrid peptide. Clinical trials have been mainly 
performed with peptides from the major cat and 
bee venom allergens Fel d 1 and Api m 1, respec-
tively. It is known that peptide immunotherapy 
performed with peptides from Fel d 1 or the 
phospholipase A2 Api m 1 induced a Tr1-type 
allergen-specifi c immune response with 
decreased Th2-type cytokines and increased 
IL-10 and allergen-specifi c IgG4 production 
[ 40 ]. Low doses of peptides have also been 
shown to improve clinical symptoms without 
inducing adverse events.  

31.4.3     Seed-Based Oral Vaccine 

 Seed provides a suitable production platform for 
recombinant allergy vaccines and, when orally 
administered, acts as a delivery vehicle to gut- 
associated lymphoid tissue (GALT), including 
Peyer’s patches (PPs) and a large cluster of lym-
phoid follicles of the mucosal immune tissues. 
The production of vaccines in seed offers several 
advantages, including no requirement for cold 
transportation and storage, needle-free adminis-
tration, no risk of contamination with human 
pathogens, low cost, and a production process 
that can easily be scaled up as required [ 41 ,  42 ]. 

 For practical use of plant-made oral allergy 
vaccines, the continuous administration of high- 
dose tolerogen required for induction of immune 
tolerance (desensitization) means that high and 
consistent expression is critical for effi cacy. To 
maximize yield in this system, the transferred 
genes encoding these tolerogens will need to be 
synthesized using codons optimized for expres-
sion in seed [ 43 ,  44 ]. Furthermore, because accu-
mulation of recombinant proteins is also largely 
dependent on intracellular localization, it is 
important to target them stably and at high con-
centration to suitable locations by means of intra-
cellular targeting signals [ 45 ,  46 ]. In the case of 
seeds, a signal peptide for targeting the secretory 
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pathway and a sorting signal to target protein 
bodies (PBs) are mandatory for stable accumula-
tion of product. Strong tissue-specifi c promoters 
rather than constitutive promoters are preferable 
for high-level expression of antigens in the 
desired tissue [ 47 ]. 

 We have reported that rice seed endosperm is 
a good production platform for recombinant pro-
teins, because there is ample and stable storage 
space for foreign products [ 48 ]. For expression of 
antigens in transgenic rice seed strong endosperm- 
specifi c promoters, such as those for major stor-
age protein glutelin (GluB), 26 kDa globulin, or 
10 kDa and 16 kDa prolamin, have been used for 
expression in rice endosperm [ 49 ]. Using these 
promoters, target gene products were highly 
accumulated as distinctly detectable proteins in 
CBB-stained SDS-PAGE gels, accounting for 
4–6 % of total seed proteins (3–5 mg/g dry 
seeds). Thus far, using this system, hybrid T-cell 
epitope peptides (7Crp) from Japanese cedar pol-
len allergens Cry j 1 and Cry j 2 and their struc-
turally disrupted full length forms, subunit 
antigen from major mite allergen Der p 1 and a 
modifi ed mite allergen Der f 2, in which Cys resi-
dues implicated in disulfi de bonds were mutated 
to Ser (Ala), were all found to be highly accumu-
lated in the endosperm of transgenic rice [ 50 ,  51 ]. 
They were deposited predominantly in ER- 
derived PBs or in the unique ER-derived com-
partment, the Der f body. These recombinant 
proteins are consistently inherited over several 
subsequent generations without silencing. Further-
more, these antigens remain stable without loss 
of immunogenicity even when the seed is stored 
at ambient temperature for several years.  

31.4.4     Delivery to GALT as Oral 
Seed-Based Allergy Vaccine 

 Oral delivery of plant-based antigens induces not 
only mucosal but also systemic immune responses. 
Repeated oral administration is inclined to induce 
immune tolerance to the fed antigen rather than 
sensitization, especially when the antigen is 
deposited in particulate PBs as the storage organ-
elle of the seed. PBs of <10 nm are principally 

taken up by M cells in the follicle- associated epi-
thelium of PPs in GALT of the small intestine and 
then presented to antigen- presenting cells (APCs) 
such as dendritic cells (DCs) in adjacent mucosal 
T-cell areas [ 52 ,  53 ]. Moreover, there is a possibil-
ity that DCs in the lamina propria (LP) extend 
their dendrites into the lumen and sample PBs. 
The GALT contains an organized macro-architec-
ture of zones of B and T lymphocytes that respond 
to antigens presented by DCs, which can induce 
memory B and T cells. There are at least three 
subsets of DCs with distinct tissue distribution in 
PPs [ 54 ,  55 ]. CD11b +  DCs are present in the sub-
epithelial domain (SED) regions, CD8 +  DCs in 
the T-cell- rich interfollicular region (IFR), and 
double- negative CD4 −  CD8α −  DCs in both SED 
and IFRs (Fig.  31.1 ).

   IL-10-producing immature DCs contribute to 
immunologic tolerance through inducing Tr1- 
regulatory cells. It should be noted that GALT is 
the preferential site for peripheral induction of 
Foxp3 +  Tregs (Fig.  31.2 ). CD103 +  DCs of the LP 
of small intestine (mucosal DCs) are particularly 
competent at inducing Foxp3 +  T cells via TGF-β 
and retinoic acid (RA) (Fig.  31.2 ). Plasmacytoid 
DCs (pDCs) presenting dietary antigens are 
responsible for induction of oral tolerance and 
immune suppression (Fig.  31.2 ).

   It has been demonstrated that to achieve the 
same level of effi cacy, orally delivered mucosal 
immunotherapy requires >100–1,000-fold as 
much antigen as subcutaneous injection [ 56 ]. 
This is because the purifi ed antigen is degraded 
by digestive enzymes in the gastrointestinal tract 
and by exposure to the harsh environment in the 
stomach before arrival at the mucosal immune 
cells in the GALT. By contrast, when orally deliv-
ered via cereal seeds such as rice grains, bio- 
encapsulation of antigen by the double barrier of 
PBs and cell wall characteristic of plant cells has 
the advantage of protecting the antigen from pro-
teolysis [ 57 ]. This is not the case when the anti-
gen is delivered by other plant vegetative cells. It 
should be noted that PBs derived from the ER are 
more resistant to gastrointestinal enzyme diges-
tion than those in protein storage vacuoles 
(PSVs), as shown by comparing digestibility and 
immune tolerance-inducing capacity between 
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ER-derived PB (PB-I) and PSV (PB-II)-localized 
antigens [ 58 ]. This physical difference may be 
related to the polymerized or aggregated 
 arrangement of antigen formed with cysteine-
rich prolamins observed in ER-derived PBs. In 
fact, when transgenic rice seeds containing sev-
eral allergen derivatives deposited in ER-derived 
PB or PSV are fed to mice, PB-I-localized aller-
gen derivatives manifest greater resistance to 
enzymatic digestion than PB-II-localized or syn-
thesized naked forms. The dose of PB-I-localized 
T-cell epitope required for suppression of 
allergen- specifi c IgE levels in mice was about 
20-fold and threefold lower than the amounts 
required of synthetic peptide and PB-II-localized 
form, respectively [ 58 ]. 

 The rice-based allergy vaccine is heat-stable 
and can thus tolerate storage at room temperature 
for several years and boiling in the process of rice 
cooking. It has been confi rmed that steamed or 
cooked transgenic rice retains its effi cacy for 
inducing oral immune tolerance. In fact, extracts 
from the treated seeds can still elicit T-cell prolif-
erative activity even after autoclaving for 20 min.  

31.4.5     Induction of Immune 
Tolerance in GALT 

 The immunological mechanism implicated in tol-
erance induction is dependent on the frequency, 
duration, and dose of antigen administered. 
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  Fig. 31.1    Fed allergens are taken to the mucosal immune 
system in Peyer’s patches and intestinal lamina propria. 
Antigens fed by oral vaccination cross M cells of both 
Peyer’s patches ( PPs ) and intestinal epithelial cells in the 
lamina propria ( LP ). Antigens are processed and presented 
on MHC-II molecules by CD11b +  CD8α −  myeloid DCs in 
PPs to induce oral tolerance, but not CD11b −  CD8α +  lym-
phoid DCs. DCs/macrophage (Mϕ)-captured antigens 

in intestinal LP are also processed and presented on 
MHC-II molecules, and thereafter carried to the mesen-
teric lymph node ( MLN ) as an attending lymph node in the 
intestinal mucosa. Moreover, antigens are also processed 
and directly presented on MHC molecules by intestinal 
epithelial cells to induce oral tolerance in intestinal LP. 
 SED  subepithelial domain,  IFR  interfollicular region       
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Repeated low-dose administration of antigen 
favors tolerance driven by Tregs, whereas high 
doses favor anergy or cell deletion-driven toler-
ance, of the kind thought to be responsible for 
the induction of tolerance as a quiescent immune 
state [ 59 – 61 ]. It has been shown that for oral 
tolerance, Fas (CD95)-dependent apoptosis is 
responsible for the deletion of effector T cells 
[ 62 ] (Fig.  31.3a ). T lymphocyte anergy occurs 
through TCR ligation in the absence of co- 
stimulatory signals and is prevented by cognate 
interaction between CD80/86 (B7) on APCs and 
CD28 (CTLA-4) on effector T cells (Fig.  31.3b ). 
CTLA-4 is known to play a pivotal role in con-
trolling the suppressive functions of Tregs. The 
interactions of co-stimulatory molecules play 
a key role in the regulation of T-cell activation 

and tolerance [ 63 ]. Participation of other B7 and 
CD28 family members as co-stimulation factors 
involved in immune regulation has been also 
been  discovered (Fig.  31.3b ).

   By contrast, orally administered low-dose 
antigen can induce active suppression by induc-
tion of inhibitory immune responses mediated by 
Treg cells. These cells include naturally  occurring 
Foxp3 + CD4 +  CD25 +  Treg cells and antigen- 
inducible Tregs comprising Foxp3 +  inducible 
CD4 +  cells, IL-10 producing Tr1 cells, TGF-β 
producing Th3 cells, and regulatory CD8 +  T 
cells [ 64 ]. Naturally occurring Tregs are gener-
ated in the thymus, whereas induced Treg cells 
are generated in the periphery from naïve T cells. 

 It has been shown that peripheral conversion 
of CD4 +  T cells to Tregs occurs primarily in 
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  Fig. 31.2    Two subsets of Foxp3 +  CD25 +  CD4 +  Tregs for 
the induction of antigen-specifi c tolerance. Plasmacytoid 
dendritic cells (pDCs) derived from conventional thymic 
myeloid DCs produce IL-10 and TGF-β and induce more 
IL-10-producing natural regulatory T cells ( Tregs ), con-
tributing to the suppression of immune responses. 

The environment of the gut mucosa is particularly permis-
sive for the generation of inducible Tregs. CD103 +  DCs 
excel in converting CD4 +  naive T cells into Foxp3 +  induc-
ible Tregs in the absence of TGF-β, under the production 
of the vitamin A metabolite retinoic acid in small intesti-
nal lamina propria       
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GALT, because the gut is an entry site for 
 numerous antigens such as foods and commensal 
bacteria. Differentiation of naïve CD4 +  T cells to 
IL-10-producing Tr1 cells is mediated by IL-27 
produced by the Treg-modifi ed DCs in the pres-
ence of TGF-β and IL-6 [ 65 ]. Generation of 
Foxp3 +  inducible Treg cells is induced by TGF-β 
and RA produced by intestinal CD103 +  DCs in 
gut LP [ 65 ]. RA has been characterized as a key 
regulator of the TGF-β-dependent immune 
response. IL-6 inhibits TGF-β-induced Foxp3 

induction, resulting in Th17 cells, while RA can 
counteract this inhibition [ 66 ,  67 ]. Suppression 
of Th1- and Th17-cell response by Tregs is 
involved in prevention of infl ammation.  

31.4.6     Effi cacy of Rice-Based Allergy 
Vaccines 

 In a mouse model of Japanese cedar pollinosis, 
oral administration of the dominant T-cell epitope 

Tolerogenic APCs
(High doses of antigens)

MHC-II

TCR

Ag Ag

Fas(CD95)

FasL(CD95L)

Deletion or anergy

Tolerogenic APCs or tregs
(Low doses of antigens)

MHC-II

TCR CTLA-4

B7(CD80/CD86)
CD28

Suppression of activated cells

a b

IL-10

TGF-β

Tregs

IL-10

TGF-β

Surface
TGF-β

TGF-β
receptor

Surface

IL-10

IL-10

receptor

B7

(CD80/CD86)

  Fig. 31.3    Immunological mechanism implicated in 
immune tolerance is dependent on the dose of antigen. 
The generation of an immune response requires ligation 
of the T-cell receptor ( TCR ) with peptide-MHC-II com-
plexes whether with high dose of antigen or low dose 
without regulatory T cells ( Tregs ). ( a ) In oral tolerance 
induction by high-dose antigen, inhibitory ligations (Fas-
Fas-L) lead to immune regulatory responses such as dele-
tion and anergy of allergen-specifi c CD4 +  Th2 cells. ( b ) In 

oral tolerance induction by repeated low dose of antigen, 
Tregs and/or tolerogenic antigen- presenting cells ( APCs ) 
are elicited. Ligation of cell surface T-cell-suppressive 
cytokines IL-10 and TGF-β by Tregs suppresses immune 
responses, which are maintained by production of soluble 
forms of these cytokines. Tolerogenic APCs lead to sup-
pression of antigen-specifi c immune responses in the 
absence of B7-CD28 ligation       
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of Cry j 2 inhibited specifi c T-cell responses in 
Cry j 2 sensitized mice [ 68 ]. Sneezing frequency, 
as a measurable clinical symptom, was decreased 
not only by systemic injection, but also by oral 
administration of the dominant T-cell epitope of 
Cry j 2 [ 69 ,  70 ]. The effi cacy of oral transgenic 
rice seed that accumulated the major mouse T-cell 
epitopes derived from Cry j 1 and Cry j 2 as 
fusion proteins with soybean seed protein gly-
cinin was then examined by oral feeding [ 71 ] 
(Fig.  31.4a ). When systemically challenged with 
total protein of cedar pollens after daily adminis-
tration for 4 weeks, the production of allergen-
specifi c serum IgE and IgG antibodies was 
inhibited, when compared with mice fed with 
non-transgenic rice seeds (Fig.  31.4b ). Both aller-
gen-specifi c CD4 +  T-cell proliferative responses 
and levels of Th2 cytokines such as IL-4, IL-5, 
and IL-13 were inhibited (Fig.  31.4c ). Histamine 

release from mast cells and sneezing, as measures 
of clinical  symptoms of allergy, were also sup-
pressed (Fig.  31.4d and e ). These results showed 
that a rice-based oral vaccine expressing T-cell 
epitope peptides can induce oral tolerance against 
cedar pollen allergens and alleviate clinical symp-
toms prophylactically.

   Based on this evidence, transgenic rice seed 
accumulating 7Crp peptide composed of human 
major T-cell epitopes from Cry j 1 and Cry j 2 has 
been developed as a rice-based peptide vaccine 
for cedar pollen allergy in humans [ 72 ]. The 7Crp 
peptide was highly accumulated in transgenic 
rice seed (about 3 mg/g dry seed) and was depos-
ited in ER-derived PBs suitable for delivery to 
GALT. To examine its safety, chronic toxicity 
and reproductive toxicity were examined by 
feeding transgenic rice seeds to monkeys and 
rats; no adverse effects were detected [ 73 ]. 
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  Fig. 31.4    Transgenic rice expressing T-cell epitopes for 
Cry j 1 and Cry j 2 induces oral tolerance by inhibiting 
Th2- mediated IgE responses. Schematic representation of 
the transformation plasmid and the two selected major 
T-cell epitopes of Cry j 1 and Cry j 2 (Crp 1 and Crp 2, 
respectively) ( a ). Inhibition of allergen-specifi c serum 
IgE levels ( b ) and CD4 +  T-cell responses ( c ) by oral 

administration of transgenic ( Tg ) rice seeds. Serum hista-
mine levels ( d ) and the number of sneezes ( e ) were inhib-
ited in the group of mice fed with Tg rice seeds. Data are 
expressed as mean ± SD.  * ,  p  < 0.01 for the group of mice 
fed with Tg rice seeds ( blue ) in comparison with the 
group of mice fed with non-Tg rice seeds ( magenta )       
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 However, despite its safety, because humans 
with different genetic backgrounds respond dif-
ferently to various T-cell epitopes, peptide immu-
notherapy using T-cell epitopes is not applicable 
to all patients. To encompass a broader array of 
allergy patients an alternative strategy has 
recently been tested. Recombinant whole aller-
gen derivatives with reduced IgE binding have 
been generated for Cry j 1 and Cry j 2 by creating 
mosaic structures by molecular shuffl ing or frag-
mentation to affect the tertiary structure required 
to recognize allergen-specifi c IgE [ 74 ]. When 
transgenic rice seeds were fed daily to mice for 3 
weeks and then challenged with crude cedar pol-
len allergen, allergen-specifi c CD4 +  T-cell prolif-
eration and IgE and IgG levels were markedly 
suppressed as compared with mice fed non- 
transgenic rice seeds. Sneezing frequency, as a 
clinical symptom of pollinosis, and infi ltration of 
infl ammatory cells, such as eosinophils and neu-
trophils in the nasal tissue, were also signifi cantly 
reduced. These results imply that oral administra-
tion of transgenic rice seeds containing the struc-
turally disrupted Cry j 1 and Cry j 2 antigens is a 
promising therapeutic allergy vaccine applicable 
for all patients suffering with Japanese cedar 
pollinosis. 

 For HDM allergy, transgenic rice grains accu-
mulating mature Der p 1, Der p 1 fragment (p45-
145) which covers most human and mice major 
T-cell epitopes, and Der f 2 derivatives with reduced 
IgE reactivity resulting from disrupted intramolec-
ular disulfi de bonds have been generated [ 51 ,  75 , 
 76 ]. The plant-derived Der p 1 was posttranslation-
ally modifi ed with a high- mannose type glycan 
structure. Glycosylated Der p 1 displayed reduced 
IgE-binding capacity in comparison with its ungly-
cosylated counterpart [ 75 ] (Fig.  31.5a ).

   When mite allergen transgenic rice seeds con-
taining the Der p 1 fragment (p45-145) were fed 
to mice that were subsequently immunized with 
recombinant Der p 1, allergen-specifi c CD4 +  T 
cell proliferation (Fig.  31.5b ) and production of 
allergen-specifi c IgE and IgG (Fig.  31.5c ) were 
suppressed compared to mice fed non-transgenic 
rice seeds [ 76 ]. Production of Th2 cytokines 
IL-4, IL-5, and IL-13 were also signifi cantly 
diminished by oral vaccination of transgenic rice 

seeds (Fig.  31.5d ). As measureable clinical 
symptoms, development of allergic airway 
infl ammation by infi ltration of eosinophils and 
lymphocytes into the airway (Fig.  31.5e ) and 
bronchial hyperresponsiveness (Fig.  31.5f ) were 
also inhibited by prophylactic vaccination with 
transgenic rice seeds. 

 When transgenic rice seeds containing Der f 2 
derivatives were fed to mice, immune tolerance 
against Der f 2 antigen was induced in a similar 
way to other allergens [ 51 ]. Interestingly, the 
inhibition of Der f 2-specifi c IgE and IgG pro-
duction indicated that the effi cacy of these deriv-
atives was related to the resistance of PBs 
containing Der f 2 to digestive enzymes in the 
gastrointestinal tract.   

31.5     Practical Application 
of Rice- Based Allergy Vaccines 

 As a vaccine antigen production system, rice 
seed has several advantages over other crops, 
including established processing, greater yield, 
and low risk of transgene escape due to self- 
pollination. In addition, the rice transformation 
system has been established and the genetic 
information, regarding the full genome sequence 
and expression, is available. As a new form of 
oral allergy vaccine, rice seeds that accumulate 
hypoallergenic cedar pollen allergens and HDM 
allergen derivatives can be used as a vehicle to 
deliver to GALT. When these rice-based vac-
cines were orally administered to mice, immuno-
logical and biochemical responses associated 
with these aeroallergens including the produc-
tion of antigen- specifi c IgE antibodies, CD4 +  T 
cell proliferation, and histamine release, were all 
inhibited. Clinical symptoms of the allergy, 
including sneezing, allergic airway infl ammation 
and bronchial hyperresponsiveness were also 
alleviated in mice vaccinated with the transgenic 
rice after exposure to cedar pollen and HDM 
allergens. 

 Most vaccinations commonly administered to 
humans are formulated for parenteral delivery, 
requiring full purifi cation [ 77 ]. Production of 
vaccine antigens must conform with the specifi c 
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guidelines and regulations for pharmaceutical 
products under conditions of good manufacturing 
practice (GMP) [ 78 ]. It is, therefore, necessary to 
develop reliable processing steps (purifi cation) 
for each product. To date, plant-made vaccine 
candidates for parenteral delivery entering 
 clinical trials have been mainly developed using 
 transient expression systems by viral and Agro-
bacterium vectors. The downstream processing 
stage of production is generally expensive, 
 representing up to 80 % of overall production 
costs [ 77 ]. It is important to note that direct oral 

vaccination using products of transgenic crops 
without any further processing is highly advanta-
geous in terms of stability and effi cient delivery 
to GALT, and, as crop seeds containing antigen 
can be considered as oral formulations with a 
natural coating, they are appropriate vehicles for 
mucosal delivery. One possible obstacle will be 
validation of plant production systems for  making 
a commercial pharmaceutical reagent. In addi-
tion, there are likely to be variations in accumula-
tion of product due to physiological differences 
in biological systems. 
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  Fig. 31.5    Transgenic rice expressing T-cell epitopes for 
Der p 1 induces oral tolerance by inhibiting Der p 1 spe-
cifi c immune responses. Schematic representation of the 
transformation plasmid and the selected major T-cell epit-
ope of Der p 1 ( a ). Splenic CD4 +  T cells prepared from 
negative control mice (data not shown), mice fed non-
transgenic (Tg) rice ( magenta ), or mice fed Tg rice ( blue ) 
were cultured with irradiated normal splenocytes and 
allergen for 7 days. Oral administration of Tg rice seeds 
led to inhibition of allergen-specifi c CD4 +  T cell prolifera-
tive responses ( b ), and levels of serum IgE and IgG ( c ). 
Concentration of cytokines (IL-4, IL-5, and IL-13) 

released into the culture supernatant were assayed ( d ). 
Inhibition of allergen-induced infl ammatory cell- 
infi ltration by prophylactic oral vaccination with Der p 
1-Tg rice. The number of total cells, eosinophils, neutro-
phils, and mononuclear cells ( MNC ) in the bronchoalveo-
lar lavage fl uid ( BALF ) was measured ( e ). Bronchial 
hyperresponsiveness to aerosolized methacholine (MCh) 
was measured 24 h after the second allergen challenge ( f ). 
Data are expressed as mean ± SD.  * ,  p  < 0.01 for the group 
of mice fed with Tg rice seeds in comparison with the 
group of mice fed with non-Tg rice seeds       
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 Furthermore, in the case of fi eld cultivation of 
pharmaceutical transgenic plants, there are spe-
cial concerns about outcrossing with wild-type 
crops. Zero tolerance regarding the risk of food 
chain contamination is desired from consumers 
and environmental organizations. Thus, it has 
been proposed that pharmaceutical crops should 
be produced under the control of specifi c regula-
tions and guidelines [ 78 ]. Closed molecular 
farming facilities (closed glasshouses) with 
strictly controlled environmental conditions 
would be ideal and are recommended to reduce 
variation of product concentration in targeted tis-
sue as well as to prevent outcrossing. However, in 
the case of allergy vaccines, very large quantities 
of seeds will be required for commercialization. 
For example, daily oral consumption of cooked 
transgenic rice (about 70 g) for a minimum of 3 
months, and continuing for a number of years 
may be required for desensitization against cedar 
pollen allergens. Such transgenic rice will have to 
be produced for about 20 million patients affl icted 
with Japanese cedar pollinosis. 

 An alternative strategy must therefore be 
developed, as cultivating the required amount of 
transgenic rice in closed glasshouses, as is done 
for most plant-made pharmaceuticals, will not be 
possible. Different production systems such as 
cultivation in physically isolated fi elds or green-
houses comprising fi ne-meshed nets already in 
use in the EU for commercial crops and biologi-
cal containment will have to be considered, and 
specifi c guidelines and regulations will have to 
be developed [ 79 ]. Additionally, entry into the 
food chain during transportation and handling 
will need to be strictly avoided. Issues of GMP 
regarding product consistency and the control of 
pharmaceutical crops and produce still present 
serious challenges for the fi eld of rice-based 
allergy vaccine cultivation [ 78 ]. 

 Immunotherapy by immune tolerance induc-
tion for IgE-mediated type I allergens can be con-
trolled more easily than immune induction 
therapies with vaccines against infectious dis-
eases, because medically trained persons are not 
required to administer the therapy to avoid 
immune tolerance. However, it will be very 
important to check whether oral administration 

of rice seed-based vaccines containing hypoaller-
genic derivatives comes with any risk of causing 
new allergies (sensitization).     
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    A complete vaccine development does not stop at the antigen. Most antigens 
are poorly immunogenic and needs the support of strong adjuvants. This 
counts for recombinant vaccines based on protein antigens but also for DNA 
vaccines. Neither pure protein nor naked DNA does really work. The essen-
tial pro-infl ammatory response is triggered by adjuvants, activator and 
enhancer of the innate immune response. Adjuvant and antigen must form a 
perfect mix. Until now only two adjuvants are globally licensed for human 
vaccines. Unfortunately, research on vaccine adjuvants has so far received 
little attention. More efforts are necessary to develop innovative nontoxic 
adjuvants, especially for mucosal vaccine delivery. 

  Laser adjuvantation . Laser vaccine adjuvant (LVA) is based on a brief 
(2 min) laser illumination of the injection site prior to ID vaccination, which 
primes our body for a better response to the vaccine. 

  LPS adjuvants . The generation of new detoxifi ed LPS species with higher 
adjuvant characteristics than alum and acceptable toxicity has opened new 
perspectives to the vaccination. 

  Bacterial toxins . Endotoxins as well as exotoxins have been exploited as 
adjuvants, mainly mutated toxins with ablated or reduced enzymatic activity 
or modifi ed chemical structure to reduce their cytotoxic effects. 

  Plant heat shock proteins . The data evidence a general ability of plant 
HSPs of stimulating immune responses and shed light also on a more specifi c 
use of HSP-polypeptide complexes derived from plant tissues expressing 
recombinant antigens. 

  Functionalized nanoliposomes . It has become clear that the physicochem-
ical properties of liposomal vaccines – method of antigen attachment, lipid 
composition, bilayer fl uidity, particle charge, and other properties – exert 
strong effects on the resulting immune response. 

  Emerging nanotechnology . Development of dry powder-based vaccines 
can potentially reduce or may eliminate cold-chain requirements, promote 
sterility, and increase the overall stability of antigens and thus reduce the 
overall cost of the product. 

  Oral adjuvants . Concerning oral vaccination, a big challenge for the 
immune system is to reach the right equilibrium between tolerance and 
infl ammatory response at mucosal level. The intestine is the largest lymphoid 
organ in mammals and contains more immune cells and the largest concentra-
tion of antibodies than any other organ including the spleen and liver. 

  Chitosan.  In the search for new types of adjuvants, the carbohydrate poly-
mer chitosan has gained increasing interest, due to its demonstrated immuno-
stimulatory effect. Chitosan derives from the natural product chitin. 

  Aluminum-containing formulas.  Currently, alum is still the only licensed 
vaccine adjuvant in the USA. In Europe, however, since the 1990s of the last 
century, MF59, an oil-in-water emulsion, MPL (monophospholipid A, an 
LPS analog) + alum, and AS03 are also approved for use. 

  New polymers.  Nano-sized systems can be inorganic colloids, organic col-
loids (synthesized by emulsion polymerization or mini/nano-emulsion tech-
niques), polymeric aggregates (micelles or polymersomes), core cross-linked 
aggregates (nanohydrogels, cross-linked micelles, or polyplexes), multifunc-
tional polymer coils, dendritic polymers, or perfect dendrimers.       

VI Adjuvants and Nanotechnology
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    Abstract

    Skin has received considerable attention for 
vaccination in the past decade owing to its rich 
in antigen-presenting cells (APCs) and better 
immune responses as compared to the muscle. 
Vaccination via the skin instead of the muscle 
may also make it possible to develop safer 
adjuvants and needle-free delivery systems. In 
the past 5 years we have developed a novel 
laser-based vaccine adjuvant (LVA) in which 
the inoculation site is briefl y illuminated by a 
safe laser that enhances the motility and anti-
gen-uptake of APCs. The brief illumination 
also facilitates emigration of APCs from the 
skin to draining lymph nodes. While greatly 
enhancing vaccination effi cacies, LVA exhib-
its minimal local side effects and has no long-
term side effects since no foreign or self 
materials are administered into the body apart 
from antigen itself. This novel strategy primes 
the inoculation site for better immune 
responses, in contrast to conventional vaccine 
adjuvants that all augment the immunogenic-
ity by altering a form of the antigens. As such, 
LVA doesn’t require any formation with the 
antigen and can potentially act as a universal 
vaccine adjuvant. Indeed, this physical type 
LVA can suffi ciently boost immune responses 
induced by ovalbumin (OVA), infl uenza vac-
cine, nicotine vaccine, and so on. Besides 
LVA, we have also explored a laser-facilitated 
patch delivery system for needle-free, painless 
transcutaneous immunization. The system is 
based on ablative fractional laser (AFL) 
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 treatment to generate an array of self-renew-
able microchannels (MCs) in the skin, through 
which topically applied vaccines can enter the 
skin readily. The laser treatment also results in 
active recruitment of APCs to the vicinity of 
each MC where APCs can more effectively 
take up antigens around or within the MCs, 
leading to ~100 times higher immune response 
against OVA than tape stripping-based patch 
delivery. In this chapter, we introduce these 
technologies and their preclinical studies and 
discuss their strengths and weaknesses.  

32.1        Background 

 Most vaccines are administered intramuscularly to 
date, because of relative convenience and readily 
management, but the muscular tissue contains few 
antigen-presenting cells (APCs) and it is not an 
effective target for vaccination. In contrast, skin is 
rich in resident APCs and in lymphatic vessel net-
works. Accumulating evidence suggests that deliv-
ery of vaccines directly into the skin induces more 
potent immune responses than delivery of the vac-
cine into the muscle [ 1 – 4 ]. The effectiveness of 
cutaneous immunization is best highlighted by the 
tremendous success of smallpox vaccination that 
was delivered via scarifi cation about two centuries 
ago, eventually eradicating this highly contagious 
disease in 1979 [ 5 ]. Scarifi cation is no longer used 
in modern era since it damages the skin, produces 
scars, and poses risks of infection [ 6 ,  7 ]. Mantoux 
method is an intradermal (ID) injection technique 
used in today’s skin test of tuberculosis, but it is 
not for routine immunizations due to the need of 
special training personnel and the technical diffi -
culty for reliable skin target [ 7 ]. To improve patient 
compliance and vaccine immunogenicity, we are 
developing a laser-facilitated patch delivery 
 system for convenient, needle-free, painless skin 
immunization. 

 Apart from reliable skin delivery of vaccines, 
incorporation of adjuvants to further enhance skin 
immunization faces additional challenges owing 
to a small injection volume allowed for ID 
 injection and a high sensitivity of the skin to infl am-
mation [ 2 – 4 ]. Many chemicals and biomolecules 

are able to enhance vaccine-induced immune 
responses, but they also induce a high level of 
infl ammation in the skin and thus are not suitable 
for cutaneous immunization [ 8 ]. Here, we intro-
duce a novel, safe approach to enhance immune 
responses against vaccines skin delivered.  

32.2    Laser-Mediated Adjuvant 
and Delivery of Vaccines 

32.2.1    Laser Vaccine Adjuvant 

 Laser vaccine adjuvant (LVA) is based on a brief 
(2 min) laser illumination of the injection site prior 
to ID vaccination, which primes our body for a 
better response to the vaccine [ 9 ]. The illumination 
is conducted by a Q-switched 532-nm Nd:YAG 
laser with a pulse width 5–7 ns, a beam diameter 
7 mm, and a frequency 10 Hz (Spectra-Physics 
Inc., Mountain View, CA) [ 9 ]. This  noninvasive 
laser illumination causes little microscopic or vis-
ible skin damage, while increasing the motility 
and function of local skin APCs [ 9 ]. When injected 
into the site of laser exposure, the antigen can be 
suffi ciently taken up by the highly mobile APCs 
and transported from the skin to the draining 
lymph nodes, augmenting immune responses [ 9 ]. 

 In comparison with traditional vaccine adju-
vants, LVA is safe and easy to use for boosting 
cutaneous vaccination [ 8 ]. As can be seen in 
Fig.  32.1 , no infl ammation, skin damage, or skin 
redness occurred visibly and histologically in 
laser-treated skin [ 8 ]. In contrast, aluminum salt- 
based (alum) adjuvants, the most widely used 
adjuvant for intramuscular vaccination, remained 
in the skin for months and provoked strong and 
persistent skin reaction following ID inoculation 
(upper panel), with a great number of infl amma-
tory cells infi ltrated into the adjuvant-treated site 
(low panel) [ 8 ]. Likewise, adjuvants such as the 
water-in-oil emulsion montanide ISA 720 and the 
toll-like receptor-7 (TLR7) agonist imiquimod 
(R837) each induced severe local skin irritation, 
concurrent with skin ulceration and infl ammation 
for weeks [ 8 ]. The severe and persistent skin irri-
tation was also observed with a combination of 
the TLR4 agonist monophosphoryl lipid A 
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(MPL) with the TLR9 agonist unmethylated 
CpG oligonucleotides (CpG), R837, or alum [ 8 ]. 
These adjuvants, in particular, emulsive adju-
vants, are precluded from clinic use for cutane-
ous vaccination as persistent skin infl ammation 
can potentially breach the integrity of the skin, 
rendering it susceptible to various infections [ 8 ]. 
Among the adjuvants tested, soluble MPL or 
CpG gave rise to only mild local reaction that 
was completely resolved within 2 weeks and 
could thus be used for skin immunization [ 8 ]. 
Interestingly, a combination of LVA with MPL or 
CpG did not exaggerate local reactions, allowing 
us to explore the synergistic effects of LVA and 
MPL or CpG on skin immunization.

   The mechanism underlying the laser-mediated 
immune enhancement is not completely under-
stood. Laser illumination appears to signifi cantly 
augment the motility of APCs: their pseudopods 
moved much faster and their distribution was 
more dispersed in laser-treated skin than in con-
trol skin [ 9 ]. Apart from increased motility of skin 
APCs, transmission electron microscopy revealed 
that dermal collagen fi bers were disorganized and 
the interaction between dermal cells and the sur-
rounding tissue scaffolds was disrupted after laser 
illumination, which could presumably reduce tis-
sue resistance to APC migration [ 8 ,  10 ]. This 
loose skin connective tissue contrasts the untreated 
dermal tissue that is fi lled with dense and well-
aligned collagen fi bers in close association with 
dermal cells [ 8 ,  10 ]. Increased motility of APCs 
and diminished tissue resistance both facilitate 
traffi cking of APCs from the skin to the draining 

lymph nodes, as refl ected by formation of many 
dermal cords right after laser treatment, owing to 
migration of large amounts of APCs into the lym-
phatic vessels (Fig.  32.2 ) [ 10 ]. No dermal cords 
were seen in nontreated skin. Laser illumination 
also enhanced antigen uptake in both skin and 
draining lymph nodes by APCs as a result of an 
increase in their motility [ 9 ]. While increasing 
the motility of APCs, laser illumination did not 
induce infl ammation or signifi cantly increase 
infl ammatory cytokine production [ 8 ,  9 ]. It also 
had no effects on the expression of CD86, CD80, 
and CD40 on local dermal dendritic cells (DCs) 
[ 8 – 10 ]. As such, LVA is defi ned as a noninfl am-
matory vaccine adjuvant. In brief, laser treatment 
of the skin with a specifi c setting disorganizes the 
dense dermal connective tissue and increases the 
motility of skin APCs and antigen uptake, boost-
ing vaccine-induced immune responses.   

32.2.2    Laser-Facilitated Patch 
Vaccine Delivery 

 Superfi cial stratum corneum (SC) layer comprises 
the major barrier for effi cient transcutaneous 
delivery of vaccines [ 11 ]. Various physical (e.g., 
thermal, ultrasound), mechanical (e.g., tape strip-
ping, microneedles), and chemical methods (e.g., 
dimethyl sulfoxide, alcohol) have been explored to 
disrupt SC to facilitate transcutaneous vaccine 
delivery [ 12 ]. Yet, these methods are either ineffi -
cient or have a high risk of evoking skin irritation 
or other local or systemic reactions [ 12 ]. 

TLR agonists

Control LVA MPL CpG R837 Alum ISA LVA/MPL LVA/CPG MPL/CPG MPL/R837 MPL/Alum720

Depot adjuvants Combinatorial adjuvants

  Fig. 32.1    Reactogenicity of various adjuvants following 
ID injection. BALB/c mice were illuminated with laser or 
ID injected with indicated adjuvants in a volume of 20 μl 
each with or without laser illumination. Local skin reac-
tions were analyzed 5 days later.  Upper panel , skin photos 

(scale bar, 2 mm) and lower panel, histological examina-
tion (scale bar, 100 μm). The lesion size is outlined by a 
circle in  the upper panel  and  arrows  in the lower panel of 
montanide ISA 720-injected skin point to void bulbs pre-
occupied by the water-in-oil adjuvant       
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 Laser-mediated ablation of the SC was also 
evaluated for its potential in facilitation of trans-
cutaneous vaccine delivery, but traditional full 
surface ablation requires a relatively long period 
(weeks) of recovery time and is not safe for vac-
cine delivery [ 13 ]. In the past few years, ablative 
fractional laser (AFL) has been used to replace 
traditional skin resurfacing with a signifi cantly 
shortened downtime [ 14 ]. AFL emits a micro- 
laser beam and generates an array of 
 self- renewable microchannels in the skin surface 
with the diameter and depth about 100–300 μm 
in each microchannel depending on the energy of 
the micro-laser beam [ 12 ]. These microchannels 
prove to be transmissible to vaccines topically 
applied to [ 12 ]. AFL treatment followed by topi-
cal application of vaccine-coated gauze patch can 
deliver vaccines directly into the skin through 
these microchannels, from which the vaccine is 

further dissipated to the surrounding tissue in 
cylindrical dimensions and taken up by APCs 
recruited around the microchannels [ 12 ]. 

 It was found that topical application of oval-
bumin (OVA)-coated gauze patch to AFL-treated 
skin increased immune responses by 100-fold 
compared to the same OVA-coated gauze patch 
applied to tape-stripped skin [ 12 ]. Moreover, 
laser-treated skin gained quick reepithelialization 
within 24 h, whereas it took at least 2 days for 
tape-stripped skin to recover [ 12 ]. Quick reepi-
thelialization ensures the integrity of the skin 
affected and the safety of this needle-free tech-
nology for transcutaneous vaccine delivery. 

 To directly visualize vaccine delivery and 
APC recruitment by AFL, fl uorescently labeled 
OVA was topically applied to AFL-treated skin in 
mice engineered to express GFP in-frame infused 
with MHC-II molecule on most APCs. 

Control Laser

a

b

  Fig. 32.2    Laser enhances 
migration of dermal APCs. 
( a ) Formation of dermal cords 
( arrow ) within 1 h after 
cutaneous laser illumination 
of MHC II-EGFP transgenic 
mice. Scale bar, 50 μm. ( b ) 
Representative whole-mount 
ear images showing that 
GFP + cells enter lymphatic 
vessels of laser-illuminated 
ear within 30 min.  Red  
collagen IV,  green  MHC 
II + cells. Scale bar, 25 μm       
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 AFL- generated microchannels were found not 
only to provide free paths for OVA entry into the 
skin (Fig.  32.3 , red spots, laser) but also to attract 
large amounts of GFP-labeled APCs to the vicin-
ity of microchannels (Fig.  32.3 , 1st and 2nd pan-
els), permitting direct and effi cient antigen uptake 
occurring around each microchannel (Fig.  32.3 , 
3rd and 4th panels). Enhanced antigen uptake by 
recruited APCs functions as “built-in” adjuvant 
and is expected to enhance vaccine-induced 
immune responses. Unlike laser used for LVA 
above, which only stresses but not kills skin cells, 
AFL introduces photothermal effects, causing 
irreversible tissue damages to form microchan-
nels and microthermal zones around each micro-
channel. Material release from apoptotic or 
necrotic cells in the microthermal zones is likely 
to send “danger signals” to the immune system 
and induce secretion of chemokines by local 
macrophages or infi ltrated neutrophils [ 15 ], 
which attract a great deal of APCs. APC recruit-
ment is a unique feature of AFL technology and 
cannot be recapitulated by other SC-disruption 
methods, to the best of our knowledge.

32.3        Preclinical Development 
and Effi cacy 

 LVA can potentially enhance immune responses 
against any existing or new, protein-based vac-
cines, as laser illumination enhances general 
function of APCs. We have attained similar vac-
cine adjuvanicity by this technology with a model 
antigen OVA [ 9 ], nicotine vaccines, seasonal and 
pandemic infl uenza vaccines, or hepatitis B sur-
face antigen (HBsAg). Anti-nicotine immuno-
therapy emerges as a novel and promising therapy 
to treat nicotine addiction by inducing anti- 
nicotine antibodies (NicAb) to bind and block 
entry of nicotine into the brain  [ 16 – 18 ]. Yet, only 
30 % smokers developed a relatively high NicAb 
titer, and it was among this  subgroup who had a 
signifi cantly increased abstinence rate as com-
pared to placebo after 5–7 intramuscular (IM) 
immunizations in the presence of alum adjuvant 
[ 16 ,  17 ]. There was no signifi cant increase in the 
abstinence rate if serum NicAb titer was in a low 
or median level [ 16 ,  17 ]. The positive correlation 
between a NicAb titer and an abstinence rate 

4x

Control

Laser

10x 20x Enlarged

  Fig. 32.3    Effi cient antigen delivery and recruitment of 
APCs. Ears of MHC II-EGFP mice were treated with 
AFL or left untreated followed by topical application of 
Alexa Fluor 647 (AF647)-conjugated OVA-coated gauze 
patch for 30 min. Epidermal layer was subjected to intra-
vital confocal imaging 24 h later. Representative images 
of a low ( 1st panel , scale: 750 μm), medium ( 2nd panel , 

scale: 300 μm), and high magnifi cation ( 3rd panel , scale: 
75 μm) are shown. Antigen uptake by individual APCs 
( arrow ) is shown in  4th panel , scale: 25 μm, which is 
highlighted in the rectangle in the  3rd panel . No antigen 
uptake occurred in untreated control ear.  Green  GFP-
labeled APCs,  red  AF647-OVA, and  yellow  AF647-OVA 
uptake by APCs       
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raises the necessity of improving nicotine 
vaccine immunogenicity, which is furthered by 
the recent failure of a phase III clinical trial of 
NicVAX, a nicotine vaccine conjugated to recom-
binant exoprotein A [ 19 ]. We thus evaluated 
whether a combination of ID immunization with 
LVA could signifi cantly enhance nicotine vaccine 
immunogenicity in mice. 

 Nicotine conjugated to keyhole limpet hemo-
cyanin (Nic-KLH) was used to evaluate laser 
adjuvant effects. Mice were immunized every 2 
weeks for various times as shown in Table  32.1 . 
We found three-ID immunization induced a 60 % 
higher NicAb titer than seven-IM immunization 
and a comparable NicAb titer to four-IM immu-
nization with alum adjuvant at peaking levels 
(Table  32.1 ), confi rming that ID immunization is 
superior to IM for nicotine vaccines. Incorporation 
of LVA into the primary ID immunization further 
increased NicAb titer by 140 % over ID vaccina-
tion or 280 % over IM vaccination (Table  32.1 ). 
Moreover, LVA/ID immunization sustained the 
peak NicAb titer for more than 4.5 months or 
beyond, while the peak NicAb production dwin-
dled gradually but signifi cantly ( p  < 0.05) after ~3 
months with IM or ID immunization in the 
absence of adjuvant. In comparison with non- 
immunized controls, seven-IM immunization or 
three-ID immunization signifi cantly inhibited 
entry of nicotine into the brain by 37 and 40 %, 
respectively, after nicotine challenge, while 
incorporation of LVA in the primary immuniza-
tion of the three-ID immunization regimen 
reduced brain nicotine entry by 60 %.

   Unlike the rather weak immunogenicity of 
nicotine vaccines, infl uenza vaccines display 
strong immunogenicity, which can be also boosted 
similarly with LVA. Our investigation showed that 
a combination of LVA with ID immunization 

enhanced hemagglutination  inhibition (HAI) 
 antibody titer considerably, offering a 5–10-fold 
dose sparing effect against mouse- adapted PR8 
vaccine in adult mice over ID immunization. In 
addition, a combination of LVA with ID immuni-
zation but not ID immunization alone signifi -
cantly increased HAI antibody titer and the 
survival in old mice following lethal viral chal-
lenge. These preclinical studies demonstrate the 
ability of LVA to boost immune responses against 
vaccines with either a weak or a strong immuno-
genicity in both adult and old mice.  

32.4    Strengths and Weakness 

 Vaccine adjuvanicity of this noninfl ammatory 
laser treatment is relatively weak compared to the 
majority of the chemical or biological adjuvants. 
Yet, LVA has many advantages over traditional 
adjuvants. First, LVA doesn’t induce local reac-
tions or long-term side effects because no foreign 
materials are injected into the body besides anti-
gen itself. On the contrary, with few exceptions, 
almost all traditional adjuvants are foreign and 
can potentially cause long-term side effects by 
molecular mimicry inducing self-destructive 
immune cross-reactions. Secondly, LVA doesn’t 
need to modify the vaccine manufacture proce-
dure or to develop specifi c vaccine/adjuvant for-
mulations and can be used immediately and 
repeatedly at any time. This confers a great 
advantage over traditional adjuvants when we 
encounter vaccine shortages in an event of infl u-
enza pandemic, an outbreak of a new viral strain, 
or a bioterrorist attack. Thirdly, LVA can be 
 conveniently combined with newly developed ID 
or cutaneous immunization strategies to further 
enhance vaccine-induced immune responses. 

     Table 32.1    LVA/ID immunization is superior to IM immunization with alum adjuvant   

 Immunization times  Peak NicAb titer a  (×10 3 )  Percent increase   p  value 

  IM   7  10.1 ± 2.7  –   –  
  Alum + IM   4  20.3 ± 5.0  100   0.0352  
  ID   3  15.7 ± 3.1  60   0.283  
  LVA + ID    3    38.2 ± 5.1    280    0.0028  

  Values of NicAb titer are expressed as means ± SEM (standard error of the mean), and student  t -test is used to calculate 
the  p  value in comparison with 7-IM vaccination regimen,  p  value less than 0.05 is regarded in bold 
  a Nicotine antibody titer peaked generally 2 weeks after the last immunization  
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LVA can be also approved as a stand-alone adju-
vant for various clinical vaccines. 

 To deliver vaccines into the skin, several strat-
egies have been developed in the past decade, 
including jet injectors, microneedles, and micro-
projective array patches [ 20 – 23 ]. AFL has the 
advantages over these strategies. Firstly, it is 
needle- free and painless, and it doesn’t induce 
any wheals or skin shape change, and thus more 
patient-compliant. Secondly, AFL guides vac-
cines delivered directly to individual microchan-
nels, minimizing local reaction while increasing 
the effi ciency of vaccine delivery as compared to 
delivery of vaccines to a single big spot. Thirdly, 
AFL not only provides suffi cient vaccine deliv-
ery into the skin but also potentially enhances 
vaccine- induced immune response owing to the 
“built-in” adjuvanicity as shown by APC recruit-
ment occurring around each microchannel and 
presumably release of danger signals from micro-
thermal zones to the immune system. A small, 
handheld apparatus that integrates AFL and 
microchannel-guided vaccine delivery is being 
fabricated, which shall accelerate the broad 
application of this novel technology for vaccine 
delivery and adjuvantation.     
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    Abstract 

 Lipopolysaccharide (LPS, endotoxin) is a 
major component of the outer membrane of 
gram negative bacteria. It is an activator of 
humoral and cellular responses in humans 
with potential use as adjuvant in vaccine 
technology. Importantly, LPS has a large 
capacity to induce Th1-type responses and 
stimulate cytotoxic T lymphocytes, which 
are poorly obtained by standard adjuvants but 
required for specifi c immune stimulatory 
therapies. In contrast, LPS possess an 
extreme toxicity that limit its clinical use in 
humans. Alteration of its chemical structure 
led the generation of LPS-based derivatives 
with reduced toxicity but retaining adjuvant 
properties. Monophosphoryl lipid A (MPLA) 
has been the most successful LPS-based 
adjuvant, currently incorporated in approved 
vaccine preparations and extensively used in 
vaccine trials and preclinical studies. Novel 
designed structures, analogous to LPS and 
generated by chemical synthesis, can offer 
lower production cost and lesser heterogenic 
formulations than MPLA and, in addition, be 
even most suitable for specifi c immune thera-
pies. Thus, LPS-based structures are valuable 
contributions as adjuvants in human vaccin-
ology and open new possibilities to existing 
demands for specifi c therapies.     
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  The development of subunit vaccines has 
improved the safety of human vaccine prophy-
laxis but requires strong adjuvants. Alum (diverse 
aluminum salts) is the most used adjuvant with 
an acceptable profi le of side effects and induction 
of optimal protection against many human patho-
gens. However, alum is not suitable against 
 certain pathogens or for new vaccine therapies 
like cancer or allergy. Lipopolysaccharide is a 
component of the outer membrane of gram- 
negative bacteria largely studied as adjuvants by 
their inherent ability to stimulate immune 
responses. In contrast, LPS induces inacceptable 
toxic effects in humans. 

 The generation of new detoxifi ed LPS species 
with higher adjuvant characteristics than alum 
and acceptable toxicity has opened new perspec-
tives to the vaccination. In this book chapter, the 
basic aspects of LPS structure, toxicity, and acti-
vation of the immune system are fi rst introduced. 
Next, adjuvant characteristics of alum and corre-
sponding drawbacks are briefl y cited. Followed, 
the most promising detoxifi ed LPS molecules 
and adjuvant characteristics are further discussed 
with special emphasis in current advances. A 
fi nal overview section summarized the most 
 relevant points. 

33.1    LPS Structure 
and Biological Activity 

 Lipopolysaccharide is a component of the exter-
nal leafl et of the outer membrane of gram-nega-
tive bacteria. It is a complex glycolipid formed 
by three domains, a fatty acid- rich domain (lipid 
A), an oligosaccharide domain (core), and a 
repeating oligosaccharide domain (O-antigen) 
[ 1 ]. Figure  33.1  represents the typical LPS 
organization.

   The lipid A domain is a β-1, 6-linked  d  - 
glucosamine disaccharide linked to variable num-
ber of ester- and amide-linked 3-hydroxy fatty 
acids and phosphate groups (Fig.  33.1 ). Its archi-
tecture is highly conserved, but different microor-
ganisms may present variations in the number and 
length of the fatty acid side chains, the presence of 
terminal phosphate residues, and associated 

 modifi cations. The core domain is a branched oli-
gosaccharide region formed by nine or ten sugars, 
and its composition is more variable between spe-
cies than lipid A. Finally, the O-antigen, if pres-
ent, is the most variable of the tree domains and 
consists of up to 50 repeating oligosaccharide 
units formed of 2–8  monosaccharide moieties. 
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  Fig. 33.1    General chemical structure of LPS of gram- 
negative bacteria. The LPS structure of  Escherichia coli  
is depicted. LPS consists of three regions: lipid A, core, 
and O-antigen. The chemical structure of the lipid A of 
 E. coli  that displays the maximal immunostimulatory or 
endotoxic activities in humans (the topic of this work) 
is further detailed ( black colored ). Additionally, those 
 substituents that possess the lipid A of  Salmonella minne-
sota  used to obtain MPL are blue colored. Residues of core 
and O-antigen region are schematized and abbreviated 
as  KDO  2-keto-3-deoxyoctonoic acid,  Hep   d -glycero- 
d    -manno-heptose,  Glu   d -glucose,  Gal   d -galactose, 
 GluNAc  N-acetyl-glucosamine, and  GalNAc  N-acetyl-
galactosamine. The length of the O-antigen depends on 
the number of repeating units. Additional substituents 
or modifi cations can be found in nature, but they are not 
shown for clarity       
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In addition, certain modifying enzymes can alter 
the composition of LPS contributing to increase 
the LPS heterogeneity [ 2 – 5 ]. 

 Toll-like receptors (TLR)s belong to a family 
of receptors that recognize a broad diversity of 
specifi c but conserved structures of pathogen 
microorganisms [ 6 ]. Immediately after stimula-
tion, TLRs initiated the activation of immune 
defense mechanisms. Toll-like receptor 4 (TLR4), 
in complex with the glycoprotein MD-2, 
 constitutes the LPS receptor [ 7 ,  8 ]. TLR4 is a 
membrane- spanning protein present on antigen- 
presenting cells (APC) (macrophages and den-
dritic cells) and epithelial cells of humans. Its 
stimulation requires the cooperation of associ-
ated molecules, like the LPS-binding protein and 
CD14 that facilitate LPS transfer to the receptor. 
TLR4 stimulation induces the formation of intra-
cellular protein complexes that leads to the acti-
vation of intracellular signaling cascades [ 9 ,  10 ]. 
These reactions trigger the biosynthesis and 
secretion of diverse proinfl ammatory cytokines 
(IL-1, IL-8, IL-12, TNFα, and IFNγ) and the pro-
duction of co-stimulatory molecules [ 11 ] that 
fi nally activates humoral and cellular responses 
including activation of the complement system 
[ 12 ,  13 ], activation of macrophages [ 14 ,  15 ] B 
and T cells, and enhancement of cellular cooper-
ation [ 11 ]. Consequently, this response is benefi -
cial for the control of local infections. In contrast, 
high LPS dose, specially released to the blood 
system during sepsis, leads to large secretion of 
cytokines and infl ammatory mediators with 

severe [ 16 ,  17 ] and/or fatal consequences 
[ 18 ,  19 ]. Table  33.1  summarizes the benefi cial 
and harmful effects of LPS in humans, but for 
further details see revision [ 20 ,  21 ]. In summary, 
LPS is a strong activator of the immune system 
(adjuvant) but also a highly toxic substance 
(endotoxin).

   The lipid A region is the major responsible of 
the TLR4 stimulation. Variations in its structure, 
mainly regarding the number and length of acyl 
acid chains, and the charge are crucial in this 
regard [ 22 ]. The hexa-acylated  E. coli  lipid A 
(canonical LPS structure and depicted in 
Fig.  33.1 ) with fatty acids of 12–14 carbons and 
two phosphate residues is the maximal stimulator 
of human TLR4 (hTLR4) [ 23 ,  24 ]. In contrast, 
the tetra-acylated lipid IVa with fatty acids of 
18–16 carbons and a phosphate residue, an inter-
mediate in the biosynthetic pathway of lipid A, 
does not stimulate hTLR4 (canonical hTLR4 
antagonist) [ 25 ].  

33.2    Lipid A Analogous Structures 
and Its Role as Adjuvants 

 Vaccine based on infectious attenuated or inacti-
vated whole pathogens contains a large variety of 
target structures for TLRs and, subsequently, pro-
motes strong and long protection. However, they 
generate a large variety of side effects even with 
fatal consequences [ 26 ,  27 ]. Vaccines based on 
one or certain purifi ed components (subunit 

   Table 33.1    Relevant effects of LPS in humans   

 Benefi cial  Harmful 

 Effect  Mechanism  Effect  Mechanism 
 Antimicrobial 
immunity 

 Activation of DC, priming B and 
T cells, opsonization, stimulation 
of natural killer cells, activation 
of macrophages 

 High fever  IL-1 release 

 Antiviral 
immunity 

 Stimulating CD8(+) T-cell immunity  Strong infl ammatory 
responses 

 Large secretion of various 
infl ammatory mediators 

 Antitumor 
immunity 

 Stimulating CD8(+) T-cell immunity  Disseminated intravascular 
coagulation 

 Reduction of elements 
involved in blood 
coagulation 

 Mitigation of 
Th2 response 
to Th1 

 Enhancing Th1 phenotype  Shock, hypotension, 
lymphopenia 

 Reduced blood fl ow 
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 vaccines) show acceptable safely but a poor 
immunogenicity and require additional immune 
stimulators (adjuvants). Alum refers to several 
aluminum salts and is the most used adjuvant. It 
is safe and elicits predominantly a Th2-type anti-
body response that shows to be effective in a 
large variety of vaccines [ 28 ]. However, alum 
hardly promotes Th1-type antibody responses 
[ 29 ]. Adjuvants that favor Th1 or more balanced 
Th1/Th2 responses are required to induce opti-
mal immune protection against certain pathogens 
[ 30 ] or diseases as cancer [ 31 ] or allergy [ 32 ]. 
Apart from that, alum poorly stimulates mucosal 
immunity. Mucosa tissues are the fi rst line of 
defense against many pathogens and the ecologi-
cal niche of commensal and opportunistic micro-
organisms, for example,  Neisseria meningitidis . 

 Therefore, mucosal immunity is considered 
the gold therapy to evade pathogen colonization 
and confer herd immunity against certain particu-
lar pathogens. Vaccine adjuvants that target 
mucosal immunization must promote a large 
series of biological and complex activities as 
Th17 cell development, APC proliferation, and 
IgA production [ 33 ,  34 ]. In this regard, several 
substances have been extensively studied as bac-
terial toxins or CpG, among others [ 34 ], but, till 
date, no available approved adjuvant exists (with 
the exception of MPL, to be discussed next). 
Alternatively to alum, three additional adjuvants 
were licensed: MF59, AS03, and RC-529. MF59 
is an oil in water emulsion with low oil content, 
and it is included in an approved infl uenza 
 vaccine [ 35 ]. Although MF59 induces a more 
balanced Th1/Th2 response than alum, it shows 
partial effi cacy, often requiring the coadministra-
tion of Th1 enhancers. ASO3 and RC-529 con-
tain LPS-based substances to be discussed later. 

 LPS has attracted large attention as adjuvant 
by its high capacity to induce Th1-type responses 
against coadministrated antigens. One of the 
most relevant factors involved in the develop-
ment of this response is IL-12. Note that LPS is a 
stimulator of this interleukin. Interestingly, TLR4 
receptors are tactically present at mucosa sur-
faces; therefore, it would be expected that TLR4 
agonists can promote immune responses at local 
and distal mucosal sites. In the past decades, 

 several strategies were followed to reduce its 
extreme toxicity without altering this inherent 
capacity; variation of the LPS composition, in 
particular lipid A, by chemical treatments and 
chemical synthesis of lipid A analogues is a good 
example (see detailed revision [ 36 ]). As a result, 
a diverse lipid A species was generated, although 
only few exhibited the desirable properties. Next, 
the most relevant substances and clinical applica-
tions are further discussed. 

 The chemical hydrolysis of the LPS of  S. min-
nesota,  which contains a lipid A with seven acyl 
chains and three phosphate groups as depicted in 
Fig.  33.1  (with blue-colored substituent), gener-
ated one of the most successful LPS-based adju-
vants, the monophosphoryl lipid A (MPL). This 
derivate structure is a six-acyl side chain lipid A 
with one phosphoryl group [ 37 ] (see Fig.  33.2 ). 
MPL demonstrated to be less toxic than the par-
ent (0.1% of toxicity) [ 38 ] with a toxic side effect 
profi le comparable to alum [ 39 ,  40 ] while retain-
ing the stimulatory properties of LPS. At present, 
MPL is adjuvant of approved vaccine prepara-
tions for humans in Europe (human papillomavi-
rus (Cervarix) [ 33 ,  34 ] and pollen allergy 
(Pollinex Quattro) [ 41 ,  42 ]) and Australia (hepa-
titis B virus (Fendrix) [ 43 ]), and it has been used 
extensively in human vaccine trials for several 
infectious diseases like malaria [ 44 ], tuberculosis, 
[ 45 ,  46 ] or tumor growth [ 47 ].

   Because MPL is highly hydrophobic and gen-
erates aggregates in aqueous solution that may 
considerably affect the TLR4 activation, it is 
often formulated in combination with alum or 
other delivery systems [ 48 ]. These combinations, 
together with other factors (accompanying anti-
gen or administration route), can alter its adju-
vant action. For example, in aqueous formulations 
MPL promotes antibody production, while in oil 
in water emulsions, it better stimulates T-cell 
responses. In contrast, MPL combined with other 
delivery systems is a strong stimulator of cyto-
toxic T lymphocyte proliferation. Delivery sys-
tems can also modify their biological properties. 
Liposomes are spherical vesicles formed by 
phospholipid bilayers extensively used to deliver 
antigens in its native conformation. Incorporation 
of MPL into liposomes reduced the residual 
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 toxicity of MPL but retained intact its adjuvant 
potential [ 49 ]; this effect was also observed with 
other detoxifi ed LPS species [ 50 ]. Therefore, 

liposomal MPL formulations were extensively 
studied in human trials for different indications 
as malaria [ 49 ], pneumococcal disease, [ 51 ] or 
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genital herpes type 2 [ 52 ] and in experimental 
animals for  Streptococcus pyogenes  infections 
[ 53 ] or toxin neutralization of  E. coli  [ 54 ]. 
Finally, it is signifi cant to notice MPL’s success 
in providing mucosal immunity after mucosal 
[ 55 ] and intramuscular [ 56 ,  57 ] administration; 
MPL formulations for mucosal vaccines have 
been extensively explored for the treatment of 
different diseases; genital herpes [ 58 ] and muco-
sal leishmaniasis [ 59 ] are good examples. 

 One of the main drawbacks attributed to MPL 
is the heterogeneity of lipid A congeners gener-
ated during its production with subsequent purifi -
cation cost. A solution to this problem could be 
the generation of synthetic lipid A analogues. 
Chemical synthesis generates pure and defi ned 
structures that reduce production cost. Like natu-
ral LPS species, these structures interact with 
hTLR4. Therefore, numerous analogues with 
variation in acyl chain length and positions, phos-
phate groups, or the backbone unit were gener-
ated and their biological activity further analyzed. 
Till date, the most suitable molecules in vaccine 
development are RC-529, E6020, GLA, and 
ONO-4007 (see chemical structure in Fig.  33.2 ). 

 RC-529 is a synthetic analogue of MPL com-
posed by a monosaccharide backbone with six 
fatty acyl chains [ 38 ]. It is a very attractive adju-
vant. Like MPL, it is well tolerated and effective 
during clinical trials [ 38 ] but with a lower pro-
duction cost. In fact, its use was approved in 
Argentina in a hepatitis B vaccine. It is often in 
combination with different delivery systems to 
enhance its solubility or improve its delivery 
without affecting immune stimulatory capacities 
[ 60 ]. In addition, several studies performed in 
experimental animals indicate that RC-529 is an 
effi cient mucosal adjuvant against pathogens that 
lack effective vaccine therapy. For example, it 
elicited bactericidal antibodies after intranasal 
immunization with the  Streptococcus pneu-
moniae  protein PppA [ 61 ] and the meningogoc-
cal protein P2086, [ 60 ] and it promoted high 
antibody titers in macaques at the nasal and geni-
tal mucosa against an HIV peptide immunogen 
[ 62 ]. Similarly, it reduced nasal colonization of 
nontypable  Haemophilus infl uenzae  and 
 Moraxella catarrhalis  in mice that were immu-

nized via nasal with recombinant proteins, [ 63 ] 
and it conferred signifi cant protection against 
lethal infl uenza challenge [ 64 ]. 

 E6020 is an hexa-acylated acyclic backbone 
[ 65 ,  66 ] with higher biological activities than 
alum [ 65 ,  66 ] or MPL [ 65 ] and with a reduced 
toxicity [ 67 ]. Its simple structure allows the pro-
duction of high-purity material than other syn-
thetic TLR4 agonists [ 65 ]. Various works showed 
its high capacity to shift immune responses 
towards a Th1 profi le when combined with con-
ventional vaccines [ 65 ,  67 ,  68 ]. Generation of 
this immune profi le is especially relevant in can-
cer vaccines. Indeed, E6020 in combination with 
a monoclonal antibody (trastuzumab) enhanced 
signifi cantly protection against tumor growth in 
animal models [ 69 ]. 

 GLA is a hexa-acyl synthetic lipid A deriva-
tive composed of a disaccharide backbone with a 
single phosphate group. Results show that it has 
even more powerful adjuvant abilities than MPL 
[ 70 ,  71 ], and it exhibited a good safety profi le in 
animals and in Phase I trials [ 72 ]. MPL has a 
strong but not overwhelming ability to promote 
Th1 responses. Interestingly, GLA exhibits a 
strong ability to shift antigen-specifi c immune 
responses towards Th1 type [ 73 ,  74 ]; hence, it is 
being proposed as a better alternative to MPL to 
confer adequate protection against certain patho-
gens. In fact, signifi cant protection in animals of 
experimentation was reported against  Toxoplasma 
gondii , [ 75 ]  Mycobacterium tuberculosis , [ 76 , 
 77 ] or infl uenza virus [ 72 ]. 

 ONO-4007 is a tri-acylated acyclic sulpho-
nated backbone. This molecule induced tumor 
and metastases regression in animal models [ 78 , 
 79 ]. This property was due to its strong ability to 
stimulate secretion of tumor necrosis factor 
(TNF-α) by macrophages [ 80 ,  81 ]. Studies in 
rodents showed remarkable but selective effi cacy 
against TNF-α-sensitive tumors, which improved 
in combination with other antitumor therapies 
[ 82 ]. Unfortunately, only a primed state induc-
tion of TNF-α was detected in human cells [ 83 ]. 
Phase I clinical studies revealed a limited capac-
ity and the antitumor studies were not continued 
[ 79 ]. In contrast, the molecule exhibits anti- 
leishmanial [ 84 ] and anti-allergy activities [ 85 ].  
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   Conclusions 

 Although LPS was long known as an immune 
stimulatory substance with potential adjuvant 
use, the large variety of unacceptable toxic 
effects drastically restricted its clinical use. 
However, the fi nding that MPL was safe and 
retained the desirable adjuvant properties of 
LPS opened new possibilities to treat patho-
gen diseases.    In contrast to previous adjuvants, 
LPS-based adjuvants offer new benefi ts from 
their ability to enhance Th1-type responses 
and stimulate cytotoxic T lymphocytes. 
   This activity is essential to confer protection 
against many pathogens and to develop pro-
phylaxis therapies against other diseases as 
cancer or allergy. Indeed, this is supported 
by the effi cacy of MPL in available vaccines 
whereas standard adjuvants failed to provide 
protection. Additionally, the high adjuvant 
capacity of LPS- based adjuvants has consid-
erable and obvious benefi ts in mucosa protec-
tion, faster activation of protection, reduction 
of booster doses, functional immunization in 
elderly, or preparation of polyvalent vaccine 
formulations. Certain drawbacks were attrib-
uted to MPL, e.g., elevate production cost and 
possible activation/enhancement of TLR4-
related autoimmune diseases. Synthetic lipid 
A analogues with similar biological activity 
like MPL have demonstrated considerable 
reduction of the production cost. In regard to 
the activation TLR4 autoimmune diseases, 
accumulated data till date from immunization 
in humans provides further  evidence of safety. 
In summary, LPS-based adjuvants improve 
the current vaccination therapies and open 
possibilities to solve their existing challenges.     
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    Abstract

    Bacterial protein toxins of pathogenic bacteria 
play an important role in infectious diseases to 
hijack mammalian cells and manipulate host 
immune responses. Several bacterial toxins 
and their non-toxic mutants have been inten-
sively studied over the past decades in order to 
harness their abilities to enter host cells for 
stimulation of adaptive T cell responses, direct 
elimination of cancer cells or to boost immu-
nity as adjuvants. Moreover, another set of 
bacterial toxins called effectors, which are 
translocated into the host cells by specialized 
secretion systems, have been used to facilitate 
the delivery of heterologous antigens into 
antigen presenting cells. Some of the most 
powerful bacterial neurotoxins have found 
their application in treatment of various neu-
rological disorders as well as in cosmetic 
industry. Whereas few bacterial toxins are cur-
rently in various phases of clinical cancer tri-
als, the immunotherapeutic potential of others 
needs to be established further. This chapter 
will introduce bacterial toxins used in immu-
notherapy and present the major achievements 
in this fi eld. Similarly, the hurdles and limita-
tions of the use of bacterial toxins in human 
immunotherapy will be discussed together 
with other diagnostics applications.  
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34.1          Introduction 

    Bacterial toxins were perfected through evolu-
tion in order to enhance competitive potential 
and defense abilities of bacteria. They represent 
the principal virulence factors of pathogenic 
bacteria to hijack mammalian cells. Many bac-
terial toxins are encoded by chromosome, plas-
mids, or phages and can be broadly divided in 
two groups referred to as endotoxins and exo-
toxins. Endotoxins are cell-associated structural 
components of bacteria cell envelope repre-
sented by peptidoglycan constituent muramyl 
dipeptide (MDP) and muropeptides or lipopoly-
saccharide (LPS) or lipooligosaccharide (LOS) 
which are located in the outer membrane of 
Gram-negative bacteria. Endotoxins generally 
act in the vicinity of a bacterial cell. Exotoxins 
are mostly protein toxins which belong to the 
most powerful human poisons known. They are 
actively transported from bacteria or released 
by cell lysis induced by host defense mecha-
nisms or by the action of antibiotics. Some bac-
teria produce many toxins like Staphylococci 
or Streptococci, whereas other bacteria like 
 Corynebacterium diphtheria e produce just one. 

Some toxins, e.g., pore-forming hemolysins or 
phospholipases, exhibit broad cytotoxic activ-
ity towards various cell types, while others like 
clostridial neurotoxins act specifi cally only on 
neurons. Some bacterial toxins may serve as 
invasins; others damage the cellular integrity by 
means of enzymatic activity or pore formation 
causing the cell death. 

 Over the last decades, bacterial toxins have 
played an important role in unraveling signaling 
pathways in eukaryotic cells. The cytotoxic activ-
ity of toxins has been utilized to treat various 
neurological disorders as well as to generate 
immunotoxins to kill malignant or virus-infected 
cells. Moreover, various bacterial toxins have 
been differentially modifi ed either by single point 
mutations, insertion of specifi c sequences, or by 
a deletion of parts of the toxin molecule to alter 
their binding abilities and/or abolish their enzy-
matic activity to be used for vaccination, antigen/
drug delivery, or, most importantly, as adjuvants. 
The most studied bacterial toxins used for immu-
notherapy are listed according to the mode of 
action in Table  34.1 . The specifi c immunothera-
peutic use of bacterial toxins is listed in 
Table  34.2 .

   Table 34.1    Characteristics of the most studied bacterial toxins used in immunotherapy   

 Toxin/origin/abbreviation  Disease  Mode of action  Target 

 Activate immune responses 
 Muramyl dipeptide (MDP)/Muropeptides 
peptidoglycan components of bacterial 
cell wall 

 –  TLR ligand  NOD receptors 

 Enterotoxins A,B,C/ S. aureus  
(SEA, SEB, SEC) 

 Food poisoning b   Superantigen  TCR and MHC II 

 Inhibit protein synthesis 
 Shiga toxin/ Shigella dysenteriae  (Stx)  HC  N-glycosidase  28S rRNA 
 Shiga-like toxin/  Escherichia coli  (Stx1)  HUS  N-glycosidase  28S rRNA 
 Exotoxin A/ Pseudomonas aeruginosa  (PE)  Pneumonia b   ADP-ribosyltransferase  Elongation factor 2 
 Diphtheria toxin/ Corynebacterium 
diphtheriae  (DT) 

 Diphtheria  ADP-ribosyltransferase  Elongation factor 2 

 Protease 
 Lethal toxin/ Bacillus anthracis   Anthrax  Zinc metalloprotease  MAPKKs 
 Tetanus toxin/ Clostridium tetani  (TeNT)  Tetanus  Zinc metalloprotease  SNARE proteins 
 Neurotoxins A-G/ Clostridium botulinum  
(BoNTs) 

 Botulism  Zinc metalloprotease  SNARE proteins 
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 Toxin/origin/abbreviation  Disease  Mode of action  Target 

 Activate second messenger pathway 
 Adenylate cyclase toxin/ Bordetella 
pertussis  (CyaA) 

 Whooping cough  Adenylate cyclase  ATP 

 Pertussis toxin/ B. pertussis  (PT)  Whooping cough  Pore formation  G-proteins 
 Dermonecrotic toxin/ B. pertussis  (DNT)  Whooping cough, 

rhinitis 
 ADP-ribosyltransferase  Rho G-proteins 

 Edema toxin/ B. anthracis   Anthrax  Deamidase  ATP 
 Cholera toxin/ Vibrio cholerae  (CT)  Cholera  Adenylate cyclase  G-proteins 
 Zonula occludens toxin/ V. cholerae  (ZOT)  Cholera  ADP-ribosyltransferase  Actin 

polymerization via 
protein kinase C 
signaling 

 C2 toxin/ C. botulinum   Botulism c   Reversible disruption of 
intercellular tight junctions 

 G-actin 

 C3 toxin/ C. botulinum   Botulism c   Mimics zonulin  Rho G-protein 
 Toxin A/ C. diffi cile   Diarrhea/PC  ADP-ribosyltransferase  Rho G-proteins 
 Cytotoxic necrotizing factor 1/ E. coli  (CNF1)  UTIs c   ADP-ribosyltransferase  Cholesterol 
 Heat-labile toxin/ E. coli  (LT)  Diarrhea  UDP-Glucosyltransferase  Rho G-proteins 

 Pore formation  G-proteins 
 Deamidase 
 ADP-ribosyltransferase 

 Damage membranes 
 Hemolysin a / E. coli  (HlyA)  UTIs  Pore formation  Plasma membrane 
 Listeriolysin O/ Listeria monocytogenes  
(LLO) 

 Foodborne 
systematic 
illnesses, 
meningitis 

 Pore formation  Cholesterol 

 Perfringolysin O/ C. perfringens   Gas gangrene b,c   Pore formation  Cholesterol 
 Aerolysin/ Aeromonas hydrophila   Diarrhea  Pore formation  GPI-AP 
 Pneumolysin/ Streptococcus pneumoniae   Pneumonia b   Pore formation  Cholesterol 
 Intermedilysin/ Staphylococcus intermedius   Abscesses  Pore formation  Cholesterol 
 Crystal proteins/ Bacillus thuringiensis  (Cry)  –  Pore formation  Plasma membrane 

  Adopted according to Schmitt et al.[ 1 ] 
 Abbreviations:  TLR  Toll-like receptor,  NOD  nucleotide oligomerization domain,  TCR  T cell receptor,  MHC II  major 
histocompatibility class II,  HC  hemorrhagic colitis,  HUS  hemolytic uremic syndrome,  MAPKKs  mitogen-activated 
protein kinase kinases,  PC  antibiotic-associated pseudomembranous colitis,  UTIs  urinary tract infections,  GPI-AP  
glycosylphosphatidylinositol-anchored proteins 
  a Toxin produced also by other genera of bacteria 
  b Other diseases are also associated with the organism 
  c There is no clear causal relationship between toxin and the disease [ 1 ]  

Table 34.1 (continued)

34.2         The Structure and Mode 
of Entry of Bacterial Toxins 
into Host Cells 

 The structure of bacterial toxins and their spe-
cifi c modifi cation for immunotherapy are 
described in Table  34.3 . The majority of toxins 

are referred as AB toxins where the A moiety 
generally possesses an enzymatic activity and 
the monomeric or multimeric B moiety binds 
the toxin to cell surface receptors. The B moiety 
can play a role in the translocation of the A moi-
ety into the cytosol [ 65 ]. After receptor binding 
via B moiety, most protein toxins enter host 
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      Table 34.3    Structure of bacterial toxins and its modifi cation for immunotherapy   

 Toxin  Structure/receptor/host cell entry  Modifi cation for immunotherapy 

 Muramyl 
dipeptide/
muropeptides 

 MDP is a peptide consisting of N-acetylmuramic acid 
attached to a short amino acid chain of  l -Ala- d -isoGln/
NOD2 receptor 

 Unmodifi ed,  l -MTP-PE various 
chemical modifi cations 
reviewed [ 2 ] 

 Muropeptides are various tripeptides and disaccharide tri- 
and tetrapeptides, may contain DAP/NOD2, DAP ligand is 
NOD1 receptor 

 Enterotoxins A, 
B, C 

 27–28 kDa, Staphylococcal enterotoxin type A (SEA), type 
B (SEB), and type C (SEC) share structure and sequence 
similarities, compact two domain globular proteins, highly 
stable and protease resistant, mitogenic activity is 
postulated to be in the N-terminal domain, the emetic 
activity is located in the central and the C-terminal part of 
the molecule 

 C215Fab-SEA [ 3 ] 
 SEC2(T20L/G22E) [ 4 ] 

 Shiga toxin  Holotoxin 70 kDa, the enzymatically active A moiety 
consisting of A1 and A2 domains is non-covalently 
associated with nontoxic homopentameric B subunits/Gb3 
receptor/RME and retrograde transportation via GA and ER 
from where the enzymatic A moiety, proteolytically 
activated by protease furin, is translocated into the cytosol 
of the host cell 

 StxB or Stx1B with inserted or 
chemically coupled Ag or 
unmodifi ed reviewed [ 5 ] 

 Shiga-like toxin 

 Exotoxin A  66 kDa, the enzymatically active domain (A), the 
translocation and the binding domain (B)/CD91 receptor/
RME but also through caveosomes. PE is cleaved by 
protease furin in endosomes and transported in a retrograde 
fashion via GA to ER, where the active A moiety is 
translocated into the host cell cytosol 

 PE38 and others reviewed [ 6 – 8 ] 

 Diphtheria toxin  58 kDa, the catalytic domain C (A), the translocation 
domain T, and the C-terminal receptor-binding domain (B). 
Proteolytic cleavage by cell-associated proteases prior to 
binding to the complex of heparin-binding epidermal 
growth factor (EGF)-like precursor and CD9 receptors/
RME, the A moiety is translocated from acidic endosomes 
into the host cell cytosol 

 DT388, DAB389, and others 
reviewed [ 6 ,  7 ] 

 Tetanus toxin  ~150 kDa, posttranslational proteolytic cleavage to form a 
dichain molecule, a light chain (L, 50 kDa, catalytic) and a 
heavy chain (H, 100 kDa, translocation H N,  and binding 
H c )/polysialogangliosides/RME and/or synaptic vesicle 
reuptake, the enzymatic L chain is translocated from acidic 
endosomes into the neuronal cytoplasm 

 Nontoxic C-fragment (H C ) for 
drug delivery [ 9 ], or unmodifi ed 
[ 10 ,  11 ] 

 Neurotoxins 

 Adenylate cyclase 
toxin 

 200 kDa, N-terminal adenylate cyclase (AC) domain 
(~400 aa), hydrophobic domain, and C-terminal RTX 
domain (~1,306 aa)/CD11b receptor/translocation across 
plasma membrane into the host cell cytosol, Ca 2+  infl ux, 
cation-selective pore formation 

 Gly-Ser insertion at position 188 
of AC domain or unmodifi ed with 
inserted Ag [ 12 ] 

 Pertussis toxin  105 kDa, composes of enzymatically active A subunit (S1) 
and fi ve B subunits (S2, S3, two subunits of S4, and S5) 
which create a ring-like form and are responsible for 
binding via glycolipids or glycoproteins containing sialic 
acid/ RME, retrograde transportation via GA and ER from 
where the enzymatic A moiety is translocated into the host 
cell cytosol 

 PT9K/129G [ 13 ] alone or with 
inserted Ag or unmodifi ed 
reviewed [ 5 ] 

(continued)
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 Toxin  Structure/receptor/host cell entry  Modifi cation for immunotherapy 

 Dermonecrotic 
toxin 

 160.6 kDa, single-chain polypeptide consisting of 
N-terminal binding domain (B), and C-terminal catalytic 
domain (A)/unknown receptor/dynamin-dependent 
endocytosis, cleaved by protease furin, translocated from 
acidic endosomes into the host cell cytosol 

 Unmodifi ed [ 14 ] 

 Lethal toxin  Cleavage of the protective antigen (PA, 83 kDa) (B moiety) 
by protease furin exposes a binding site for the lethal factor 
(LF, 90 kDa) or the edema factor (EF, 89 kDa) (A moiety) 
which binds competitively. PA heptamer with LF or EF 
binds to TEM8 and CMG2 receptors/RME, LF, and EF are 
subsequently translocated from acidic endosomes into the 
host cell cytosol 

 LFn (1-255 aa), EFn (1-260 aa) 
with inserted or coupled Ag; PA 
with altered cleavage site 
unmodifi ed reviewed [ 5 ] 

 Edema toxin 

 Cholera toxin  ~85 kDa, both toxins form oligomers (AB5) composed of a 
single A subunit (27 kDa, CTA or LTA) that contains two 
domains (A1 and A2) linked together by a disulfi de bridge 
and fi ve identical B subunits (11.5 kDa each, CTB or LTB)/
GM1 ganglioside receptors/RME, retrograde transportation 
via GA and ER from where the enzymatic A moiety is 
translocated into the host cell cytosol 

 Various single point mutations, 
e.g., LTR72, R192G 
reviewed [ 15 ] 

 Heat-labile toxin 

 CTA1-DD [ 16 ] 
 CTB-CpG [ 17 ] 

 Zonula occludens 
toxin 

 A single polypeptide of 45 kDa, which undergoes cleavage. 
C-terminal fragment of 12 kDa (aa 288–293) is excreted 
from the bacteria and exerts its biological effect by 
reversibly disassembling intercellular tight junctions 
mimicking zonulin/zonulin receptor 

 Unmodifi ed [ 18 ,  19 ] 
 AT1001 [ 20 ] 
 AT1002 [ 21 ] 

 C2 toxin  The binary AB type toxin which is composed of the binding 
component C2II (80.5–100 kDa, B) and the enzyme 
component C2I (49.4 kDa, A)/asparagine-linked 
carbohydrate structure/RME, A moiety is translocated from 
acidic endosomes into the host cell cytosol 

 C2IN-streptavidin fusion for the 
drug delivery [ 22 ] 

 C3 toxin  25 kDa, single polypeptide without identifi ed translocation 
domain. The toxin reaches the host cell cytosol; however, 
the specifi c cell entry machinery is not known 

 Unmodifi ed or C 154-182  fragment 
[ 23 ,  24 ] 

 Toxin A  308 kDa, family of large clostridial toxins, single-chain 
polypeptide consisting of N-terminal catalytic domain (A), 
followed by a hydrophobic translocation domain and the 
C-terminal binding domain (B)/various types of 
carbohydrate structures/RME, A moiety is translocated 
from acidic endosomes into the host cell cytosol; 
cholesterol-dependent pore formation 

 Formalin-treated toxin [ 25 ] 

 Cytotoxic 
necrotizing 
factor 1 

 113 kDa, single-chain polypeptide consisting of N-terminal 
binding domain (B) and C-terminal catalytic domain (A)/
laminin /RME, A moiety is translocated from acidic 
endosomes into the host cell cytosol 

 Unmodifi ed [ 14 ] 

 Hemolysin  107 kDa, a single polypeptide that belongs to the RTX 
family of toxins. HlyA is synthesized as a nontoxic 
prohemolysin (proHlyA), which is further activated to a 
mature toxin by the co-synthesized fatty acid 
acyltransferase HlyC/HlyA targets endothelial cells and 
cells of the immune system/HlyA causes cell lysis by 
generating cation-selective pores in plasma membrane 

 Ag linked to HlyAs (C-terminal 
50–60 aa) as a secretion signal 
reviewed [ 5 ] 

 Listeriolysin O  58 kDa, member of the cholesterol-dependent cytolysin 
family. It is selectively activated within the acidic 
phagosome of cells that have phagocytized  L. 
monocytogenes . It lyses the phagosome and aids 
bacteria to escape into the cytosol 

 LLO fused to tumor Ag or 
unmodifi ed reviewed [ 5 ] 

Table 34.3 (continued)
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cells predominantly via receptor-mediated 
endocytosis.

   Toxins are transported via acidic endosomes or 
in a retrograde fashion through Golgi apparatus 
and endoplasmic reticulum into the host cell cyto-
sol. Here the translocated enzymatic A moiety 
interferes with components of the protein synthe-
sis machinery, various cellular signaling pathways, 
actin polymerization, and intracellular traffi cking 
of vesicles causing, in most cases, the death of 
intoxicated cells (Table  34.3 , Parts 1 and 2). On 
contrary,  Bordetella pertussis  adenylate cyclase 
toxin (CyaA) after binding to its receptor CD11b 
translocates its enzymatic adenylate cyclase 
domain directly across the cellular membrane into 
the host cell cytosol where it generates nonphysi-
ological levels of cAMP thereby paralyzing innate 
immune functions of myeloid phagocytes and 
inducing cell death. After the receptor binding, 
pore-forming toxins act directly to form pores in 
the plasma membrane without the need of endocy-
tosis causing lysis of the target cells [ 5 ]. 

 The ability of bacterial toxins to bind their spe-
cifi c cellular receptors has been exploited as a 
diagnostic tool for profi ling of human tumors in 

vivo. Toxin conjugation with a number of detect-
able moieties including fl uorochromes, radionu-
clides, fl uorescent proteins, or even magnetic 
resonance image contrast agents can provide real-
time, noninvasive imaging of specifi c cells or cell-
associated enzymatic activity [ 28 – 30 ].  

34.3     Bacterial Toxins 
Used as Adjuvants 

 Adjuvants generally enhance immunity to vac-
cines or experimental antigens. They act on cells 
of innate immune system rather than directly on 
lymphocytes with the exception of superantigens 
whose adjuvant activity has also been documented 
[ 31 ]. Mainly in antigen-presenting cells like mac-
rophages and dendritic cells, adjuvants induce 
expression of costimulatory and cell  adhesion 
molecules as well as proteins of antigen- processing 
machinery thereby increasing their antigen- 
presenting capacity to T cells. This process is called 
maturation in dendritic cells. Moreover, adjuvants 
induce the production of cytokines and chemo-
kines, which stimulates migration, proliferation, 

 Toxin  Structure/receptor/host cell entry  Modifi cation for immunotherapy 

 Perfringolysin O  53–54 kDa single-chain polypeptides, thiol-activated 
cholesterol-dependent cytolysins that form large homo-
oligomeric pores (~50 monomer subunits) in the cellular 
plasma membrane 

 Unmodifi ed, domain 4 of 
Intermedilysin, detoxifi ed 
Pneumolysin with Ag 
(C428G,W433F, ΔA146) 
reviewed [ 5 ] 

 Intermedilysin 
 Pneumolysin 

 Aerolysin  Inactive proaerolysin (52 kDa) binds GPI-AP on the cell 
surface, before or after the proteolytic removal of 
C-terminal fragment by furin and other proteases; it is 
converted to aerolysin (50 kDa). Aerolysin oligomerizes to 
form heptamers that insert into the plasma membrane to 
form channels that cause target cell death 

 PRX302 contains PSA-cleavable 
sequence [ 26 ] 
 R336A do not bind GPI-AC [ 27 ] 

 Crystal proteins  ~130 kDa, globular molecules containing three structural 
domains connected by single linkers. The N-terminal 
domain I (membrane insertion and pore formation), domain 
II (receptor-binding domain), and the C-terminal domain III 
(stability of the toxic fragment and regulation of the 
pore-forming activity). Cleaved by gut proteases yielding 
60–70 kDa proteins/a cadherin-like protein, GPI-anchored 
aminopeptidase N, a GPI-anchored alkaline phosphatase 
and a 270 kDa glycoconjugate receptors/pore formation in 
midgut epithelial cells 

 Cry1Aa8 or unmodifi ed [ 5 ] 

   Abbreviations:  aa  amino acids,  Ag  antigen,  CMG2  capillary morphogenesis protein 2,  DAP  diaminopimelic acid, 
 ER  endoplasmic reticulum,  GA  Golgi apparatus,  GPI-AP  glycosylphosphatidylinositol-anchored proteins,  RTX  repeat-

in-toxin,  TEM8  tumor endothelium marker 8,  RME  receptor-mediated endocytosis  

Table 34.3 (continued)
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and differentiation of T cells. They further induce 
phagocytic and antimicrobial activity and facilitate 
antibody-mediated cytotoxicity. Most bacterial 
toxins possess an adjuvant activity towards host 
immune cells; however, they act concomitantly as 
immunogens eliciting the immune responses to 
themselves. Endotoxins as well as exotoxins have 
been exploited as adjuvants, mainly mutated toxins 
with ablated or reduced enzymatic activity or mod-
ifi ed chemical structure to reduce their cytotoxic 
effects (Tables  34.2  and  34.3 ). 

 The most studied bacterial endotoxins for their 
adjuvanticity are LPS (Chap.   33    ), muramyl dipep-
tide (MDP), and muropeptides. MDP was discov-
ered to be the minimal structure (Table  34.3 ) 
retaining adjuvant activity in Freund’s complete 
adjuvant (FCA), however, not as effi cient lacking 
the antigens present in the FCA [ 32 ]. Muropeptides 
are other breakdown products of peptidoglycan of 
Gram-negative and Gram-positive bacteria which 
as well as MDP express strong synergy with other 
Toll-like receptor (TLR) ligands like LPS. 
Numerous muropeptides and derivatives have been 
synthesized chemically to explore their adjuvant 
activity and found a variety of clinical uses. 
Murabutide, a synthetic immunomodulator derived 
from MDP, has been shown to enhance resistance to 
bacterial and viral infections as well as displayed 
antitumor effects in mice [ 2 ]. Other MDP-derived 
drugs like PolyG (a 10-mer polyguanylic acid) or 
paclitaxel (Taxol ® ) conjugated to MDP have shown 
antitumor activity as well as immunoenhancement 
effects [ 33 ,  34 ]. Most importantly, mifamurtide, a 
liposomal muramyl tripeptide phosphatidylethanol-
amine (L-MTP-PE) activating macrophages and 
monocytes, has been recently approved in Europe 
for the treatment of nonmetastatic osteosarcoma 
with chemotherapy [ 35 ]. Interestingly, a novel anti-
infl ammatory MDP derivative has been recently 
prepared [ 2 ] .  

 From bacterial exotoxins,  V. cholerae  cholera 
toxin (CT) and  Escherichia coli  heat-labile toxin 
(LT) represent the most potent oral-mucosal 
immunogens and adjuvants for a variety of coad-
ministered antigens. Their inherent immunomod-
ulatory properties depend on the ADP-ribosylating 
activity and structural properties of the A subunit 
together with the activity of the pentameric B 
subunit to bind to widely expressed GM1 gan-

gliosides. Because of their toxicity, mainly the 
nontoxic B subunits have been extensively used 
as mucosal immunogens in humans, e.g., cholera 
vaccine. As the B subunits alone were poor 
mucosal adjuvant, CT and LT mutants were 
introduced where the enzymatically A subunit 
was mutated. These mutants behaved as strong 
mucosal adjuvants for all antigens tested when 
given orally, intranasally, or vaginally, inducing 
strong systemic and mucosal antigen-specifi c 
antibody response [ 15 ,  36 ]. Several of these 
mutants like LTK63 or LTR192G were tested as 
adjuvants in phase I clinical trials [ 37 ]. Some 
other modifi ed adjuvant based on CT have been 
also described like CTA1-DD, where fully active 
CTA1 and an  S. aureus  protein A derivative 
named DD are genetically fused [ 16 ] or CTB 
coupled with CpG oligonucleotide [ 17 ]. 

 On the other hand, CTB and LTB with conju-
gated antigens were shown to effi ciently induce 
oral tolerance [ 38 ]. In experimental models CTB- 
antigen conjugate was shown to suppress the 
development of several autoimmune diseases, 
type I allergies, and allograft rejection [ 5 ,  36 ]. 
The therapeutic tolerizing properties of CTB have 
been extended to patients with Behcet’s disease in 
a proof-of-concept clinical trial [ 39 ]. An interest-
ing alternative to CT and LT might be Cry pro-
teins of entomopathogenic  B. thuringiensis  which 
exhibits similar potent mucosal and systemic 
immunogenicity and adjuvanticity to coadminis-
tered antigens [ 5 ,  40 ]. Although Cry proteins 
seems to be innocuous to mammalian cells, mani-
fest stable properties, and can be cheaply pro-
duced in a large scale, detailed evaluation of their 
effects on mammalian cells is lacking. 

 Another group of toxins, which were exploited 
as adjuvants, is represented by pyrogenic toxin 
superantigens like enterotoxins A, B, and C of 
 S. aureus  (SEA, SEB, and SEC). These toxins 
bind to distinct regions outside the peptide-bind-
ing cleft of the major histocompatibility class II 
(MHC II) molecules expressed on antigen- 
presenting cells and to specifi c Vβ elements on 
the T cell receptor which induces massive T cell 
proliferation and cytokine release. Modifi ed 
enterotoxins have been exploited for cancer 
immunotherapy. Enterotoxins were genetically 
engineered to reduce MHC II binding and were 
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than fused to Fab parts of tumor-directed mono-
clonal antibodies. These tumor-targeted superan-
tigens were able to mediate lysis of various tumor 
cells in vitro and in an animal model [ 4 ,  31 ]. 
Moreover, immunotherapy with C215Fab-SEA 
in combination with docetaxel resulted in syner-
gistic antitumor effects [ 3 ]. 

 Many other bacterial toxins have been shown to 
enhance an antibody response to fused or coadmin-
istered antigens and/or to exert adjuvant activity 
towards the immune cells potentiating T cell adap-
tive responses [ 5 ] (Table  34.2 ). However, their ther-
apeutic potential as adjuvants has to be carefully 
evaluated, as, e.g.,  B. pertussis  pertussis toxin exac-
erbated an experimental autoimmune encephalo-
myelitis in mouse model of multiple sclerosis [ 41 ].  

34.4     Immunotoxins 

 Besides protein toxins used as adjuvants, also 
immunotoxins play an important role in cancer 
immunotherapy [ 6 ]. Immunotoxins are molecules 
consisting of a protein toxin and a ligand which 
is usually an antibody or its derivative, growth 
factor, or cytokine. On the surface of the target 
cell, the ligand binds to a tumor-associated anti-
gen which then delivers the toxin into the cell 
cytosol, thereby causing the cell death. The most 
studied immunotoxins for cancer immunotherapy 
are based on  P. aeruginosa  exotoxin A (PE) and 
 C. diphtheriae  diphtheria toxin (DT). Interestingly, 
novel immunotoxins based on modifi ed aeroly-
sin of  A. hydrophila  have been recently described 
[ 26 ,  27 ]. Besides bacteria- derived immunotoxins 
(Table  34.2 ), plant- derived toxins like ricin, sapo-
rin, and pokeweed antiviral protein were used for 
immunotoxin preparation [ 6 ]. 

  P. aeruginosa  exotoxin A (PE) and  C. diphthe-
riae  diphtheria toxin (DT)-based immunotoxins 
[ 42 ] ,  were shown to be effective mainly in hemato-
logical malignancies than in solid tumors and 
 displayed major effects on immune responses after 
the failure of standard chemotherapy suggesting 
that they can be a useful tool for the treatment of 
minimal residual disease. A large number of PE- 
and DT-based immunotoxins directed against vari-
ous tumor-associated antigens were constructed 
and tested in preclinical and/or phase I/II clinical 

trials [ 6 – 8 ]. The success of immunotoxins is 
emphasized by the FDA approval of a recombinant 
DT-based immunotoxin DAB(389)IL-2 (denileu-
kin diftitox; ONTAK) for cutaneous T cell lym-
phoma. However, further improvement of 
immunotoxins is necessary to limit their side 
effects like vascular leak syndrome and hepatotox-
icity, to increase their molecular specifi city and 
transport through physiological barriers, and to 
enhance their capacity to withstand inactivation by 
the immune system [ 7 ,  8 ]. 

 The generation of protease-activated toxins and 
the toxin-based suicide gene therapy represents 
additional approaches to toxin-based cancer 
immunotherapy [ 6 ]. Protease-activated toxins are 
engineered to be activated by cleavage of 
 disease- related proteases after delivery to the tar-
get cells. Mainly modifi ed protective antigen of 
anthrax toxin combined with lethal factor, PE or 
DT, has been shown to target matrix metallopro-
teinases or the urokinase plasminogen activator 
system overexpressing tumor cells in preclinical 
studies [ 6 ,  43 ,  44 ]. Similarly, prostate-specifi c 
antigen- cleavable sequence was introduced into 
proaerolysin to mediate its toxicity specifi cally 
against prostate cancer cells [ 26 ]. The toxin-based 
suicide gene therapy involves a DNA construct, 
encoding for the toxic moiety, whose expression is 
under the control of cancer-specifi c promoter. 
Many therapeutic vectors carrying DT subunit 
A were successfully tested in mice for treatment of 
various cancer types; however, only DTA-H19 
[ 45 ] is currently tested in phase I/II study [ 6 ].  

34.5     Bacterial Toxins Used 
as Antiviral Agents 

 Few bacterial toxins have shown a potential to be 
used as antiviral agents mainly against HIV 
infection [ 42 ] (Table  34.2 ).  S. dysenteriae  Shiga 
toxin,  P. aeruginosa  PE, and  C. diphtheriae  
DT-based immunotoxins [ 42 ,  46 ] were shown to 
act directly by killing the infected cells. 
Especially, PE-based Env-targeting immunotox-
ins as a complementation of HAART might be 
reconsidered for clinical studies to deplete per-
sisting HIV-infected reservoirs [ 46 ]. Pertussis 
toxin as well as its receptor-binding pentameric B 
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subunits alone inhibited HIV infection in vitro 
and mediated a partial antiviral effect against 
other viruses in experimental animals [ 5 ,  42 ]. 
Similarly,  E. coli  producing Shiga-like toxin 
were shown to mitigate bovine leukemia virus 
infection in experimentally infected sheep [ 47 ]. 
The inherent ability of intermedilysin of  S. inter-
medius  to increase host cell susceptibility to a 
complement-mediated lysis has been exploited 
for an enhancement of HIV opsonization [ 48 ].  

34.6     Bacterial Toxins Used 
as Antigen and Drug 
Delivery Agents 

 Several toxins and their derivatives were shown 
to serve as vectors for antigen delivery for treat-
ment of viral, bacterial, and malignant diseases. 
Antigenic epitopes or polyepitopes can be geneti-
cally engineered or chemically coupled to the 
toxin molecule. Similarly, protein toxins can 
served also as drug or DNA delivery agents 
(Table  34.2 ). The most studied toxin is  B. pertus-
sis  CyaA, specifi cally its genetically detoxifi ed 
variant CyaA-AC −  where the ability to catalyze 
conversion of cytosolic ATP to cAMP is dis-
rupted [ 49 ,  50 ]. Similarly to modifi ed  B. anthra-
cis  anthrax toxins, CyaA-AC −  was shown to 
accommodate large multiepitopes and stimulate 
antigen-specifi c T cell responses at very low con-
centrations in vivo without the need of adjuvant 
[ 12 ,  51 – 53 ]. Most importantly, CyaA-AC −  tox-
oids have been demonstrated to elicit protective 
and therapeutic immunity against HPV-16- 
induced tumors and melanoma in mice [ 54 ,  55 ]. 
CyaA-AC − -based vaccines for immunotherapy of 
cervical tumors and metastatic melanoma have 
entered phase I/II clinical trials [ 5 ]. CyaA-AC −  
carrying  M. tuberculosis  antigens was further 
proven to be a useful diagnostic tool for the diag-
nosis of latent tuberculosis [ 56 ]. In addition, 
 E. coli  α-hemolysin,  L. monocytogenes  Listerio-
lysin O (LLO), or effector proteins of  Yersinia  and 
 Salmonella  secreted by the type III secretion sys-
tems were used to facilitate the delivery of fused 
heterologous proteins or peptides for antigen pre-
sentation [ 5 ,  57 – 60 ]. Phase I study has shown that 

attenuated  L. monocytogenes  vaccine utilizing the 
LLO-based antigen delivery system is safe and 
well tolerated with an effi cacy signal observed in 
terminal stage cancer patients [ 61 ].  

34.7     Bacterial Toxins Used in 
Treatment of Neurological 
Disorders and Spinal Cord 
Injuries 

  C. botulinum  neurotoxins represent a therapeutic 
paradigm as BoNT/A and BoNT/B are commer-
cially used in the treatment of various  neurological 
and muscle tone disorders or in the cosmetic 
industry [ 10 ]. However, there are some limitation 
in the use of botulinum neurotoxin like formation 
of antibodies and obliteration of response to type 
A toxin, diffusion of the toxin to neighboring 
muscles, or the need for repeated injection of 
toxin in chronic disorders [ 10 ,  11 ]. The therapeu-
tic use has also been proposed for  C. tetani  teta-
nus toxin (TeNT) and its derivative nontoxic 
C-fragment as a carrier molecule to peripheral 
nerves [ 9 ].  C. botulinum  C3 toxin, termed 
BA-210 (Centhrin ® ), reached phase IIb of clini-
cal studies for the treatment of spinal cord inju-
ries [ 62 ]. Interestingly, enzymatically inactive 
C3 154–182  peptide has recently been shown to be 
effi cacious in posttraumatic neuro-regeneration 
in vivo [ 23 ,  24 ]. Furthermore, cytotoxic necrotiz-
ing factor 1 (CNF1) of  E. coli  has been reported 
to improve learning and memory [ 63 ].  

34.8     Bacterial Toxins 
Commercially Used 
for Vaccination 

 Scientifi c advances in molecular engineering 
enabled the development of vaccines based on 
mutated bacterial toxins; however, only few are 
nowadays used for treatment and/or prevention 
of human diseases. Detoxifi ed  C. diphtheriae  
diphtheria toxoid or  C. tetani  tetanus toxoid are 
used for the universal vaccination against diph-
theria or tetanus, respectively. The    nontoxic B 
subunit of  V. cholerae  cholera toxin (CTB) is 
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used as a protective antigen together with 
killed vibrios in a widely licensed oral cholera 
vaccine. Similarly,  B. pertussis  pertussis toxoid 
(PT9K/129G) [ 13 ] has been approved for human 
use as a component of a vaccine against  B. per-
tussis  infection [ 64 ]. Although diphtheria toxoid 
is successfully used as a carrier in glycoconjugate 
vaccines against variety of bacterial pathogens, 
four clinical trials failed to prove the benefi t of  P. 
aeruginosa  exotoxin A in such vaccines.  

    Conclusion 

  C. botulinum  neurotoxins, MDP-derivatives 
represented by mifamurtide used as adjuvant, 
and immunotoxins represented by denileukin 
diftitox used in treatment of cutaneous T cell 
lymphoma depict the most successful achieve-
ment in the fi eld of bacterial toxin immuno-
therapy. Many other bacterial toxins being 
evaluated in preclinical and/or in early phases 
of clinical studies have shown promising 
results. However, further research is required 
to improve not only their effi ciency and safety 
but also to deepen our knowledge on bacterial 
toxin modes of action to harness their great 
potential for our own benefi t.     
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    Abstract

    Subunit vaccines are based on isolated pure 
or semi-pure microorganism components 
 (antigens). As compared to traditional formu-
lations based on whole pathogens (killed or 
attenuated), these vaccines are safer even if 
unable per se to boost immune responses 
unless supplemented by adjuvants. Nowadays, 
thanks to the development of high- performance 
gene engineering and biochemical procedures, 
subunit-based vaccines emerging on the mar-
ket are formulated with recombinant antigens 
produced in bacterial, yeast or animal cells. 
Plant-based expression systems are turning out 
to be very attractive “biofactories” of recombi-
nant antigens as well, since they ensure low-
cost, rapid and easy manufacturing scaling up 
and intrinsic biosafety of the fi nal product. 

 Nevertheless, also plant-produced recom-
binant antigens are per se poorly immuno-
genic. A few attempts to set-up strategies to 
obtain self-adjuvanted immunogens from 
plants have been made. This chapter will be 
mainly focused on the possibility to exploit to 
this aim plant heat-shock proteins.  

35.1         Introduction 

 Vaccines should be ideally able to mimic, as 
much as possible, pathogen infections resulting 
in the activation of long-lasting protective 
immune responses but without inducing adverse 
side effects [ 1 ]. Traditional vaccine formulations 

        S.   Baschieri ,  PhD       
  Biotechnology Laboratory ENEA , 
 Casaccia Research Center ,   Rome ,  Italy   
 e-mail: selene.baschieri@enea.it  

 35      Plant Heat-Shock Protein-Based 
Self-Adjuvanted Immunogens    

           Selene     Baschieri     

Contents

35.1  Introduction ................................................... 551

35.2  Plants as “Biofactories” ................................ 552

35.3  Plants for the Production 
of Recombinant Antigens ............................. 554

35.4  Plants as “Biofactories” 
of Self-Adjuvanted Antigens ........................ 555

35.5  HSPs and Vaccine Development .................. 555

35.6  Plant HSPs and Their Immune Properties .....  556

 Conclusions ............................................................... 558

References ................................................................. 559



552

based on whole killed or attenuated pathogens, 
albeit extremely effi cient, are occasionally asso-
ciated to undesired reactions [ 2 ]. To overcome 
these problems, the attempt to defi ne safer for-
mulations based only on those pathogen compo-
nents (antigens) identifi ed as able to initiate 
protective immune responses has been under-
taken. In the near past, these subunit-based vac-
cines were prepared by purifying key antigens 
directly from the pathogens. Nowadays antigens 
start to be produced in their recombinant version 
using bacterial, yeast or animal cells [ 3 ]. 

 The use of plants to this aim represents an 
opportunity that is growing out of advances in 
stable and transient cell transformation methods 
to over-express foreign genes [ 4 ]. Nonetheless, 
similarly to all recombinant antigens, after purifi -
cation also plant-derived proteins require the cold 
chain to be preserved and adjuvants and injec-
tions to be delivered. Some attempts have been 
made to obtain intrinsically immunogenic anti-
gens from plants thus exploiting the benefi ts of 
these expression systems at their best. To this 
aim, the immunogens to be expressed have been 
rationally designed to achieve direct delivery to 
antigen-presenting cells (APCs), dendritic cells 
(DCs) in particular, and to get the activation of 
both innate and pathogen-specifi c adaptive 
immune responses [ 5 ]. After a brief introduction 
to the methods commonly used to turn the plant 
into a “biofactory” of antigens, the possibility of 
using heat-shock proteins (HSPs) from plants as 
vaccine components will be herein considered.  

35.2     Plants as “Biofactories” 

 Gene transfer aimed to the expression of recom-
binant proteins in plants can be obtained through 
stable or transient transformation methods [ 6 ]. 

 To get stable transformation (and expression), 
a DNA fragment encoding the protein of interest 
and a selectable marker needs to be inserted into 
the nuclear or chloroplast genome in cells of leaf 
explants in culture [ 7 ]. The transfer of the heter-
ologous sequence into the nuclear genome is effi -
ciently obtained using the plant pathogen 
 Agrobacterium tumefaciens  transformed with 

binary vectors (i.e. artifi cial vectors including 
elements derived from naturally occurring 
tumour-inducing plasmids originally found in 
 A. tumefaciens  and required to transfer heterolo-
gous DNA into plant cells) [ 8 ] (Fig.  35.1 ), while 
the transfer into the plastid genome needs the use 
of direct DNA delivery methods, such as particle 
bombardment or treatment with polyethylene 
glycol [ 9 ].

   In both cases, after transformation, the 
explants are used to regenerate whole plants, 
relying on the totipotency properties of plant 
cells, by growth on a selective medium that 
allows the survival (and plants regeneration) only 
to cells expressing the selectable marker gene. In 
order to obtain homozygosity and stable inheri-
tance of the gene, plants transformed into the 
nuclear genome (and the seeds they produce 
through self-fertilization) are grown under selec-
tive conditions for a couple of generations, while, 
in the case of plastid transformation, the selection 
process necessary to achieve homoplasmy (the 
condition in which the transgene is integrated in 
every plastid genome, i.e. up to 10,000 per leaf 
cell) takes a longer time [ 10 ]. Despite this and the 
fact that recombinant proteins produced in chlo-
roplasts may have “defects” similar to those pro-
duced in bacteria in terms of post-translational 
modifi cation (such as differences in the glycosyl-
ation pattern), plastid transformation has some 
interesting features. Indeed, the foreign gene is 
inserted into a specifi c site of the genome by 
homologous recombination, an opportunity that 
eliminates problems typical of random gene 
insertion into the nuclear genome (“position 
effects”). For this reason and because gene silenc-
ing does not occur in chloroplasts, very high 
expression levels can be obtained by this trans-
formation method. Moreover transplastomic 
plants are “naturally contained” because plastids 
are not transmitted through the pollen [ 11 ]. 

 As compared to stable transformation meth-
ods, transient transformation is a much more 
rapid and easy high-throughput procedure to pro-
duce large quantities of recombinant proteins in 
plants but, as suggested by the name, the heter-
ologous sequence is only temporary expressed 
and cannot be transmitted to the plant progeny as 
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expressing plants
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conditions with transformed
bacteria (agroinfiltration)

  Fig. 35.1    A schematic diagram illustrating the main 
steps to be followed to stably or transiently transform 
plants exploiting  A. tumefaciens . In the upper box, initial 

genetic engineering and bacteria transformation steps 
common to both plant transformation procedures       

 

35 Plant Heat-Shock Protein-Based Self-Adjuvanted Immunogens   



554

transformation is performed in vivo on fully 
developed plants [ 12 ]. 

 One of the methods that can be used to get 
transient transformation has the same initial step 
of stable nuclear transformation, i.e. the insertion 
of the sequence to be expressed into a binary vec-
tor that is then used to transform  A. tumefaciens  
cells [ 13 ] (Fig.  35.1 ). In transient transformation 
however, a suspension of the transformed bacte-
ria is then infi ltrated onto the abaxial (i.e. under-
side) surface of leaves attached to the plant using 
a syringe deprived of the needle. This procedure, 
called agroinfi ltration, allows the penetration of 
the suspension into the leaf airspaces through the 
stomata or through a tiny incision made on the 
leaf. Alternatively, the whole plant can be sub-
merged upside down into a beaker containing the 
bacterial suspension and placed in a vacuum 
chamber. When the vacuum is applied, air is 
forced out of the mesophyll to be substituted by 
the bacterial suspension when vacuum is released. 
 Agrobacterium -mediated transient expression is 
restricted to infi ltrated plant tissues. 

 Instead of agroinfi ltration, transient expres-
sion can be gained by inserting the heterologous 
sequence into the genome of a plant virus (or into 
an expression vector encoding a complete viral 
genome) and using the genetically modifi ed plant 
pathogen to infect plants [ 14 ]. To this aim, few 
microliters of a solution containing recombinant 
plant virus particles or the expression vector 
encoding the recombinant viral genome are dis-
tributed on the adaxial (i.e. upper) surface of the 
leaf, and the expression of the heterologous pro-
tein proceeds throughout the plant together with 
viral infection. 

 Recently, several transient over-expression 
systems have been developed that conjugate the 
effi ciency of  Agrobacterium -mediated transfor-
mation with viral rate of expression [ 15 ]. These 
vectors encode for those few elements of the 
genome of a plant virus important in controlling 
gene expression and are vehiculated into plant 
cells by recombinant Agrobacteria. These modu-
lar vector systems besides ending up with very 
high expression levels in plant tissues are also 
intrinsically safe because plant viruses never 
assemble.  

35.3     Plants for the Production 
of Recombinant Antigens 

 All the presented strategies have been extensively 
used to express recombinant antigens in plants 
[ 16 ]. Even if stable transformation approaches 
have the main disadvantage of being extremely 
time-consuming as compared to transient trans-
formation, they are the methods of choice to pro-
duce recombinant antigens when the aim is to use 
the plant itself as a (edible) vaccine [ 17 ]. The 
enormous potentialities of this kind of application 
of plant “biofactories” have been demonstrated 
through several clinical trials in which a wide 
range of plant species expressing different anti-
gens were orally delivered to humans [ 18 ]. Plant 
scientists are working hard to improve this tech-
nology, for example, by trying to target the inser-
tion of the heterologous genes into specifi c sites 
of the nuclear genome through homologous 
recombination to obtain higher and reproducible 
expression levels of the encoded antigen in plant 
tissues and to guarantee that a dose of antigen suf-
fi cient to confer protection is ingested in a single 
serving [ 19 ]. The aim is to strengthen a technol-
ogy that by reducing the production and preserva-
tion costs could represent a real breakthrough 
towards the elimination of still existing disparities 
between western and developing countries thus 
improving global health equity [ 20 ]. 

 If the use of the plants as mere “biofactories” 
is intended, the adoption of transient transforma-
tion methods is probably more appropriate 
because these methods ensure higher expression 
levels in shorter times. A critical point concerns 
in this case the purifi cation phase as the effi -
ciency of this production step can be extremely 
variable [ 21 ]. The problem is less evident if 
plants are used to express self-assembling anti-
gens for the production of virus-like particles 
(VLPs) [ 22 ]. This approach has been success-
fully implemented to produce infl uenza VLPs by 
transiently expressing hemagglutinin in  Nicotiana 
benthamiana  plants [ 23 ]. The use of this platform 
to produce infl uenza vaccines offers signifi cant 
advantages in terms of time of production, safety 
and scale up. In particular plant “biofactories” 
can ensure the achievement of 1,500 doses from 
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about 1 kg of agroinfi ltrated leaves within 3 
weeks from the release of a novel viral sequence 
while the egg-based supply of the global seasonal 
infl uenza vaccine requires 4–6 months [ 24 ].  

35.4     Plants as “Biofactories” 
of Self-Adjuvanted Antigens 

 A major limitation of subunit-based vaccines is 
that purifi ed antigens are per se unable to elicit 
protective wide-spectrum immune responses and 
to result in the stimulation of both innate 
and adaptive immune systems, activating both 
B- and T-lymphocytes [ 25 ]. For this reason these 
vaccines must be potentiated by immune-stimula-
tory molecules (adjuvants). Adjuvants currently 
accepted for human and veterinary use are very 
few, in that potent immune-stimulation can result 
in adverse reactions [ 26 ]. Studies are underway in 
an effort to identify novel delivery strategies or 
molecules working as real boosters of the immune 
response to antigens and devoid of unwanted side 
effects [ 27 ]. This effort is brought about also by 
plant biotechnologists that are trying to identify 
plant products/structures that could be used to 
vehicle recombinant antigens. Among the 
attempts made in this direction are the construc-
tion of chimeric plant viruses [ 28 ] or of chimeric 
plant organelles [ 29 ] displaying peptides or pro-
teins and the production in plants of immune 
complexes made of antigens and antibodies [ 30 ]. 
Another approach has considered the possible use 
in vaccine formulations of plant HSPs.  

35.5     HSPs and Vaccine 
Development 

 HSPs are a heterogeneous group of ubiquitous 
proteins classifi ed into six major families, named 
in accordance to the molecular weight (with the 
exception of calreticulin, calmodulin and 
 ubiquitin) [ 31 ]. Apart from small HSPs, they are 
among the most phylogenetically conserved pro-
teins of living organisms [ 32 ].    Originally, HSP 
expression has been considered as strictly related 
to stress because it is strongly evident under 

 stressful conditions (such as temperature shift), 
but it is now clear that HSPs are constitutively 
expressed housekeeping proteins. Indeed, they 
are essential in the control of cellular proteome 
homeostasis as involved in protein folding and 
unfolding, intra- and extracellular targeting, deg-
radation and multimer assembly [ 33 ]. Each HSP 
family includes several highly homologous iso-
forms, associated to particular cell compartments 
and/or tissues and expressed in normal or stress 
conditions [ 34 ]. HSP90 and HSP70 are the most 
extensively studied HSP families [ 35 ]. 

 HSP90 is the core component of a dynamic set 
of proteins (co-chaperones) whose number and 
roles have not yet been fully clarifi ed. In 
 eukaryotes it is involved in the maturation and 
activation of key signalling proteins such as hor-
mone receptors, transcription factors and protein 
kinases. It works as a dimer and is structurally 
characterized by three domains [ 36 ]. The 
N-terminal domain is endowed of ATPase activ-
ity and fundamental for the biological function of 
the chaperone. The middle domain is involved in 
the interaction with client proteins. The 
C-terminal domain is essential for dimerization. 
Proteins associate to HSP90 dimers in the 
absence of ATP. Upon ATP binding, the 
N-terminal domains of the two HSP90 compo-
nents rotate, come in contact with each other and 
produce the activation, stabilization or assembly 
of the client protein through a still undefi ned 
mechanism. 

 HSP70 controls the conformational states of 
proteins and is essential in protein biogenesis, 
transport and degradation [ 37 ]. The analysis of 
the structure of HSP70 isoforms from different 
organisms has revealed that the folding of this 
chaperone is similar due to the high degree of 
homology in the primary structure [ 38 – 40 ]. All 
the isoforms are characterized by two main 
domains. The N-terminal domain is endowed 
with ATPase activity (nucleotide-binding 
domain, NBD), binds ATP and hydrolyzes it to 
ADP. The C-terminal domain can be divided into 
two subdomains: (1) a pocket-shaped substrate- 
binding domain (SBD) formed by two β-sheets 
and involved in polypeptide binding [ 41 ] and (2) 
a “lid domain” formed by a pair of α-helices 
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whose conformation infl uences substrate binding 
[ 42 ]. The communication between the two 
domains is bidirectional and HSP70 exists in two 
defi ned and stable molecular conformations. 
When the NBD is occupied by ATP the “lid” is open 
and the SBD is free, while when the NBD is 
occupied by ADP the lid is closed and the SBD 
is occupied by a polypeptide (unfolded, natively 
folded or aggregated) [ 43 ]. 

 HSP90 and HSP70 besides being involved in 
controlling protein shaping are also endowed of 
immune-stimulating properties [ 44 ]. This feature 
has been revealed the fi rst time by a study demon-
strating that selected protein components isolated 
from murine sarcomas and later identifi ed as HSP 
were able to confer protection to tumour chal-
lenge when injected systemically. The protection 
resulted by the activation of an adaptive immune 
response specifi c to the tumour [ 45 ]. Cancer vac-
cines based on tumour-derived HSPs are currently 
under evaluation in clinical trials [ 46 ,  47 ]. 

 It has been reported that also HSPs extracted 
from virus-infected cells are able to activate 
CD8+ T-cell clones specifi c for viral peptides 
[ 48 ] and that HSPs purifi ed from mammalian 
P815 cells expressing a heterologous protein are 
able to activate major histocompatibility complex 
(MHC) class I-restricted T-lymphocytes specifi c 
for the recombinant protein in H-2 d  mice (i.e. the 
same haplotype of P815 cells) as well as in mice 
of different haplotypes [ 49 ]. 

 Once purifi ed, HSPs can be also in vitro 
unloaded of naturally bound peptides, to be subse-
quently loaded with a peptide of choice. These 
complexes, delivered to mice without adjuvant, are 
able to elicit both antibody and cell-mediated 
immune responses specifi c to the carried peptide 
[ 50 ]. Peptide-loaded mycobacterial HSP70 are far 
more effi cient in the generation of peptide- specifi c 
cytotoxic T-cell responses than peptide alone [ 51 ]. 

 The main reasons why HSPs are endowed of 
immunological properties [ 52 ] are that (1) the 
peptides chaperoned by HSP are the fi ngerprint-
ing of the proteins expressed within a cell at a 
given time, (2) the complexes formed by HSP 
and peptides are stable and can be purifi ed, (3) 
HSP-peptide complexes can be up-taken by 
APCs through the interaction with specifi c receptors 

(such as CD91, expressed on DCs) [ 53 ,  54 ], and 
(4) inside APCs, the peptides are transferred 
from HSPs to MHC molecules to be transported 
to the cell membrane for presentation. 

 Beside their ability to deliver antigens to APCs 
(specifi cally DCs) via receptor binding and inter-
nalization, HSPs have been demonstrated to be 
endowed of adjuvant properties as they are active 
alone in inducing the release by DCs of pro-
infl ammatory cytokines [ 55 ].    The two functions 
(antigen delivery vs. DCs’ stimulation) are struc-
turally separated since a single mutation, able to 
prevent peptide binding to SBD, do not affect the 
ability to stimulate innate immunity [ 51 ]. 

 Overall, these observations together with the 
evidence that HSPs derived from phylogeneti-
cally distant organisms are able to activate 
immune responses in mice [ 56 ] suggested that 
also plant HSPs could fi nd an application in vac-
cinology as simple adjuvants or as carriers for 
antigen delivery.  

35.6     Plant HSPs and Their 
Immune Properties 

 Plants are sessile organisms and environmental 
and biological stresses are a major challenge for 
their protein homeostasis. They respond to differ-
ent abiotic stresses, such as low and high tempera-
tures, drought, salinity or fl ooding, by producing 
HSPs. Also infection by plant viruses and agroin-
fi ltration are strong HSP inducers [ 57 ] as these 
biological stresses result in the massive accumu-
lation of misfolded proteins with severe conse-
quences for cellular metabolism [ 58 ]. Moreover, 
HSPs have been demonstrated to actively partici-
pate in viral protein maturation and turnover dur-
ing replication and/or movement [ 59 ]. 

 Specifi c HSP90 and HSP70 proteins are found 
in different plant cell compartments (chloroplasts, 
mitochondria, endoplasmic reticulum). These 
plant chaperones are expected to be highly similar 
to those present in animal cells both structurally 
and functionally. Primarily, this hypothesis gains 
support from the evidence that amino acid 
sequence identities between HSPs from plants 
and from other eukaryotes are signifi cantly high. 
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The percent identity among  Nicotiana tabacum  
cytosolic HSP70 and the corresponding protein 
expressed in  Homo sapiens ,  Bos taurus  and  Mus 
musculus  exceed in average 75 %. The alignment 
of the sequences evidences that the motifs critical 
for ATP/ADP or peptide binding are perfectly 
conserved. The structural superimposability is 
defi nitely confi rmed by the comparison of the 
solved structure of a mammalian HSP70 with 
the model of a plant HSP70 (designed adopting 
the homology modelling method) [ 57 ]. 

 As it concerns functional aspects, it has been 
shown that similarly to what happens in mamma-
lian cells, the downregulation of cytosolic HSP70 
in  Arabidopsis thaliana  plants reduces thermo-
tolerance [ 60 ]. Moreover geldanamycin, a drug 
that acts specifi cally on animal HSP90, is effec-
tive also on plant HSP90, while a complex 
formed by plant HSP90 and HSP70 is able to cor-
rectly assemble animal steroid receptors and 
oncogenic protein kinases [ 61 ]. 

 On this basis, the possibility that the similari-
ties between plant and mammalian HSPs could 
be extended also to immune properties has been 
explored. 

 One study was intended to determine if HSP90 
from plants have the same adjuvant properties of 
their mammalian counterpart. In this study, the 
sequences encoding HSP90 in  A. thaliana  and 
 N. benthamiana  were cloned, independently 
expressed in  Escherichia coli  as fusion to a histi-
dine tag and purifi ed through nickel affi nity chro-
matography. The purifi ed proteins (that have 
around 68 % amino acid sequence identity with 
those in  H. sapiens  HSP90) were tested for their 
ability to stimulate in vitro the proliferation of 
murine splenocytes. The results of these experi-
ments indicated that plant-derived HSP90 is able 
to bind to toll-like receptor 4 expressed on the 
plasma membrane of B-lymphocytes and is 
selectively mitogenic for these cells suggesting 
that this plant chaperone is endowed of immune- 
stimulatory properties [ 62 ]. 

 Two more studies were intended to establish if 
plant HSP70 could be used to effi ciently deliver 
plant-expressed proteins/antigens [ 57 ,  63 ]. To this 
aim,  N. benthamiana  plants were used to tran-
siently express a reporter protein (the coat protein 

(CP) of the plant virus potato virus X (PVX)) or 
the highly conserved infl uenza A virus nucleopro-
tein (NP). This antigen was selected to take 
advantage of data available on the fi ne character-
ization of T-lymphocyte-mediated immune 
responses it triggers in genetically different strains 
of mice [ 64 ,  65 ]. NP was also intriguing for vac-
cine design as it is known to induce the activation 
of cross-protective immune responses against dif-
ferent viral variants, therefore  potentially useful 
in the case of the outbreak of “new” infl uenza 
viruses against whom pre-existing humoral 
immunity is not (or poorly) effective [ 66 ]. 

 Transient expression of the CP of PVX was 
induced by inoculating the plants with an expres-
sion vector encoding the complete viral genome 
while the transient expression of NP was obtained 
by infi ltrating plant leaves with  A. tumefaciens  
cells carrying a binary vector including an 
NP-encoding cassette. Seven days after viral 
infection or agroinfi ltration (the time interval 
necessary to get in both cases maximal expres-
sion levels of the heterologous protein and also of 
endogenous plant HSP70),  N. benthamiana  leaves 
were sampled and used to purify plant HSP70. 
The chromatographic method used to this aim 
was essentially the same developed to purify 
mammalian HSP70 and was based on the affi nity 
of this chaperone to ATP/ADP. To preserve 
pHSP70 binding to polypeptides, the purifi cation 
was performed using an ADP-agarose resin as 
this approach prevents the release from the SBD 
of the chaperoned peptides. 

 The obtained recovery of highly pure plant 
HSP70 chaperoning polypeptides of approxi-
mately 23 μg plant HSP70 per gram of fresh 
leaves was reproducible. The purifi ed plant 
HSP70-polypeptide complexes were tested for 
their ability to activate immune responses spe-
cifi c for the heterologous proteins expressed in 
plant tissues. The results of these experiments 
clearly evidenced that mice immunization with-
out adjuvant was able to induce CP- and 
NP-specifi c antibody responses. 

    As predicted, the antibodies present in the sera 
were able to react also against a wild-type plant 
crude extract (depleted of plant HSP70). This 
was expected as plant HSP70 is likely to carry 
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peptides derived not only from the recombinant 
proteins but also from endogenous plant cell pro-
teins. Even so, the antibody responses against 
these plant targets were lower if compared to CP- 
or NP-specifi c responses probably because, at the 
sampling time, CP and NP were overrepresented 
in plant cells as compared to endogenous pro-
teins. The antibody response induced in mice was 
directed also against plant HSP70. Also this 
result was expected. Nonetheless it was demon-
strated that, despite the high similarity between 
mammalian and plant HSP70, anti-plant HSP70 
antibodies are unable to cross-react with murine 
or human HSP70, thus are unable to work as pos-
sible trigger of autoimmune responses, an issue 
that cannot be excluded for HSP-based cancer 
vaccines prepared from autologous tumour cells 
that could induce the activation of undesired 
immune responses against self-antigens. 

 The ability of the purifi ed plant HSP70- 
polypeptide complexes to prime T-lymphocyte- 
mediated immune responses specifi c to the NP 
antigen was also verifi ed. In this case the immune 
response was evaluated by interferon-γ enzyme- 
linked immunosorbent spot (IFNγ ELISPOT) 
assay. This method allows to detect and enumer-
ate antigen-specifi c CD8+ T-cells within ex vivo 
cultures of splenocytes, because these cells 
secrete IFNγ when stimulated with MHC class 
I-restricted synthetic peptides, whose sequences 
are extrapolated from the antigen. Briefl y, 
C57BL/6 mice were immunized with pHSP70- 
polypeptide complexes purifi ed from plant tis-
sues expressing NP and their splenocytes 
stimulated ex vivo with fi ve different NP-derived 
peptides (singly or in different combinations). 
All the peptides were known to specifi cally acti-
vate H-2D b -restricted CD8+ T-cell responses. 
The sequence of one of the peptides was that of 
the NP immune-dominant epitope in C57BL/6 J 
mice [ 64 ] while the others were epitopes that are 
subdominant in this strain [ 65 ]. 

 Overall the results clearly showed that plant 
HSP70-polypeptide complexes were able to prime 
T-cell-mediated immune responses to NP without 
the need of adjuvant co-delivery and that the 
response was polyclonal and directed against both 
dominant and subdominant epitopes. The higher 

response was obtained when stimulating the sple-
nocytes with the complete pool of peptides 
(immune-dominant + subdominants). The poly-
clonality of the response was confi rmed by experi-
ments demonstrating that the same plant HSP70 
preparation used to immunize C57BL/6 J mice was 
effective in inducing the activation of CD8+ T-cells 
also in Balb/c mice that have a different genetic 
background (H-2K d ), but in this case the T-cell 
response was directed against a different peptide. 
In both strains of mice, the effi cacy of the pHSP70 
preparation in inducing CD8+ T-cell activation was 
maintained even after endotoxin removal. 

 These data evidence a general ability of plant 
HSPs of stimulating immune responses and shed 
light also on a more specifi c use of HSP- 
polypeptide complexes derived from plant tissues 
expressing recombinant antigens. Plant HSP70- 
carrying peptides appear to induce both antibody 
production and CD8+ T-cell activation. The 
responses are in both cases polyclonal and, 
intriguingly, do not need adjuvant delivery. These 
data indicate that HSP70 derived from plants 
expressing recombinant antigens could be used 
as multiepitope vaccines to stimulate immune 
responses specifi c to the antigen in individuals of 
any given MHC type. The immunization strategy 
based on plant HSP70 complexes could be par-
ticularly attractive also for the development of 
vaccines against complex pathogens in which the 
protective antigens are either diffi cult to achieve 
or unknown. The fact that the expressed foreign 
polypeptide does not represent the fi nal target of 
the extraction procedure is one of the major tech-
nological strong points of this approach as, in this 
way, all the benefi ts of plant-based expression 
systems are maintained by overcoming the often 
limiting steps of purifi cation whose effi ciency 
usually depends on intrinsic features of the 
recombinant protein.  

    Conclusions 

 The use of plants in the fi eld of vaccine devel-
opment have been envisaged and could repre-
sent an opportunity to face some of still open 
issues such as effi cacy, safety and, last but not 
least, ethical and social aspects of the research 
in vaccinology. 
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 As it concerns specifi cally the possible use 
of plant HSPs, the results obtained till now are 
very promising and indicate that further explo-
ration is desirable to refi ne the characteriza-
tion of the immune properties of these natural 
plant products. An opportunity would be to 
test their effi cacy in the veterinarian fi eld by 
developing vaccines for one of the innumera-
ble animal infections requiring appropriate 
and low-cost protective vaccinations. 

 The unconventional exploitation of plants 
in immunology is the demonstration that a 
multidisciplinary “cross-fertilizing” approach 
to current relevant issues related to vaccina-
tion can be the direct path to innovation.     
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    Abstract  

  Liposomes (phospholipid bilayer vesicles) 
represent an almost ideal carrier system for 
the preparation of synthetic vaccines due to 
their biodegradability and capacity to protect 
and transport molecules of different physico-
chemical properties (including size, hydrophi-
licity, hydrophobicity, and charge). Liposomal 
carriers can be applied by invasive (e.g.  i.m ., 
 s.c .,  i.d .) as well as non-invasive (transdermal 
and mucosal) routes. In the last 15 years, lipo-
some vaccine technology has matured and 
several vaccines containing liposome- based 
adjuvants have been approved for human and 
veterinary use or have reached late stages of 
clinical evaluation. 

 Given the intensifying interest in liposome- 
based vaccines, it is important to understand pre-
cisely how liposomes interact with the immune 
system and how they stimulate immunity. It has 
become clear that the physicochemical properties 
of liposomal vaccines – method of antigen attach-
ment, lipid composition, bilayer fl uidity, particle 
charge, and other properties – exert strong effects 
on the resulting immune response. In this chapter 
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we will discuss some aspects of liposomal vac-
cines including the effect of novel and emerging 
immunomodulator incorporation. The application 
of metallochelating nanoliposomes for develop-
ment of recombinant vaccine against Lyme dis-
ease will be presented as a suitable example.  

36.1         Introduction 

 Vaccinology as a scientifi c fi eld is undergoing 
dramatic development. Sophisticated techniques 
and rapidly growing in-depth knowledge of 
immunological mechanisms are at hand to exploit 
fully the potential for protecting from, as well as 
curing of diseases through vaccination. In spite 
of great successes like eradication of smallpox in 
the 1970s and in a lesser extent poliomyelitis 
(two important milestones in medical history), 
new challenges have arisen to be faced. Rapidly 
changing ecosystems and human behaviour, an 
ever-increasing density of human and farmed 
animal populations, a high degree of mobility 
resulting in rapid spreading of pathogens in 
infected people and animals, poverty and war 
confl icts in the third world, and many other fac-
tors contribute to the more frequent occurrence 
and rapid dissemination of new as well as some 
old infectious disease. 

 The three infections that most heavily affl ict 
global health are AIDS, tuberculosis, and malaria. 
   As an example of new viral pathogens, Ebola virus, 
SARS coronavirus, or new strains of infl uenza 
virus can be mentioned [ 1 ]. Rapid sequencing of 
the genome of pathogens leads to development of 
sensitive molecular diagnostic tools and augments 
identifi cation and expression of recombinant anti-
genic targets for future vaccines [ 2 ]. Special fi eld 
represents immunotherapy of cancer, where anti-
cancer vaccines could be a powerful weapon for 
long-term effective treatment. 

 The progress in vaccine development is 
tightly connected not only with new fi ndings in 
immunology but also in molecular biology and 
biotechnology. The new term “reverse vaccinol-
ogy” was proposed by Rappuoli to describe a 
complex genome-based approach toward vac-
cine design [ 3 ]. In comparison with conventional 

approaches which require a laborious process of 
attenuation or inactivation of pathogens, or 
selection of individual components important for 
induction of immune response, reverse vaccinol-
ogy offers the possibility of using genomic 
information derived from in silico analyses for 
direct design and production of protective anti-
gen using recombinant technology. 

 This approach can signifi cantly reduce the 
time necessary for the identifi cation of antigens 
for development of candidate vaccine and 
enables systematic identifi cation of all potential 
antigens even from pathogens which are diffi cult 
or currently impossible to culture. Of course, this 
approach is limited to identifi cation of protein or 
glycoprotein antigens, omitting such important 
vaccine components such as polysaccharides and 
glycolipids. The principal question for reverse 
vaccinology consists in identifi cation of protec-
tive antigen, which presents the main hurdle of 
this approach. Nevertheless, once the protective 
antigen is identifi ed it enables scientists to sys-
temically classify such antigens, and develop effi -
cient preparations virtually against any pathogen 
that has had its genome sequence determined. 

 Subunit vaccines offer superior safety profi les 
and can be manufactured with minimal risk of con-
tamination [ 4 ,  5 ]. When coupled with appropriate 
adjuvants, they can also focus the immune response 
on protective or highly conserved antigenic deter-
minants that may not elicit a potent response during 
natural infection or after vaccination with an inacti-
vated or attenuated pathogen [ 6 ,  7 ]. 

    A common observation from the process of 
elicitation of the adaptive immune response is 
that the antigen by itself is not a stimulating 
agent. In other words, administration of abso-
lutely pure recombinant protein antigens and 
synthetic peptide antigens generally does not 
induce specifi c immune response. Therefore 
there is a need for potent co-stimulation by co- 
administration of appropriate adjuvants, biocom-
patible carrier systems and application devices 
for vaccines consisting of highly purifi ed anti-
gens. These particulate systems are supposed to 
mediate effi cient delivery to antigen-presenting 
cells and may induce infl ammation through acti-
vation of innate immunity [ 8 – 10 ].  
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36.2     Lyme Diseases 

 Lyme disease is the most frequent zoonosis both 
in Europe and the United States. Disease may 
progress into a chronic form and cause damage of 
the nervous or cardiovascular system, joints, skin, 
or eyes. Infected patients can be affected by pro-
long work disability or even permanent invalidity. 
Prevention and treatment of disease thus becomes 
a long-term priority for medical research.  

36.3     History 

 Some symptoms typical for Lyme disease have 
been known since the beginning of the twentieth 
century – acrodermatitis chronica atrophicans, 
erythema migrans, lymphocytoma, and meningo- 
polyradiculoneuritis [ 11 ]. Nevertheless, the aetio-
logical agent  Borrelia burgdorferi  was described 
quite recently on the basis of endemic juvenile 
arthritis accompanied with erythema migrans 
[ 12 ,  13 ]. 

 Later it was shown that  B. burgdorferi  sensu 
lato is a complex of several sibling species. 
Currently, 12 species are distinguished and new 
variants are identifi ed continuously, so the num-
ber of  Borrelia  species is probably not fi nal. At 
least three species are known to be pathogenic for 
human –  B. burgdorferi sensu stricto, B. afzelii  
and  B. garinii . The number of annually reported 
Lyme disease cases continually increases in 
many geographical areas. This may be due to the 
actual spread of the disease or alternatively, to 
improved diagnostic methods [ 14 ].  

36.4     Aetiological Agents 

 The genus  Borrelia  Swellengrebel 1907 is a mem-
ber of the family Spirochaetaceae together with 
genera  Leptospira  and  Treponema . In the USA, 
the only one causative agent –  B. burgdorferi  
s.s. – was described. In Europe, two species –  B. 
afzelii  and  B. garinii –  are the most common. 

  Borreliae  are typical for their spiral-shaped 
cells, 10–30 μm in length and 0.2–0.3 μm in 
diameter. This shape is caused by periplasmatic 

fl agella responsible for the high motility in vis-
cous environment like connective tissue.  Borrelia  
lacks the rigid cell wall and the surface is com-
posed mainly of lipoproteins with strictly con-
trolled expression pattern, essential for adaptation 
for external conditions [ 15 ].  

36.5     Epidemiology, Clinical 
Disease, and Treatment 

 The disease has a vector character. Most of the 
time, it is transmitted to humans by infected ticks of 
the genus  Ixodes , but  Borrelia  has also been found 
in the midgut of the mosquitoes and other blood 
sucking insect. The role of haematophagous insect 
in disease transmission is still unclear [ 16 ,  17 ]. 
Reservoir competence has been described in the 
broad spectrum of wildlife animals, e.g. rodents 
(genera  Apodemus, Clethrionomys, Microtus, 
Rattus , etc.), squirrels ( Sciurus sp. ), hares ( Lepus 
sp. ), and birds (genera  Turdus, Phasianus, Carduelis 
and Fringilla , etc.). Human is a terminal host, inca-
pable of further spreading of infection [ 18 ]. 

 Lyme disease can have three stages – early 
localised infection, early disseminated infection, 
and late persistent infection, but not all stages 
develop in every infected individual. It appears 
that a signifi cant portion of infections has asymp-
tomatic course without clinical symptoms, but 
with elevated levels of anti- Borrelia- specifi c anti-
bodies.    The fi rst stage is characterized by non-
specifi c symptoms including fever, chills, 
headache, lethargy, and/or muscle and joints pain, 
about 70 % is accompanied by erythema migrans 
at the site of bacterial entry. If the infection is not 
eliminated by the host immune system or antibiot-
ics treatment, it may disseminate and affect cen-
tral nervous system (meningitis, radiculopathy, 
seventh cranial nerve palsy) or cardiovascular 
system (atrioventricular heart block, myopericar-
ditis). The late persistent infection may develop 
months to years after the transmission and com-
monly affects the nervous system, skin, joints, or 
less frequently heart, eyes, or other organs [ 15 ]. 

 Treatment of Lyme disease is based on the 
application of antibiotics. For adults administra-
tion of doxycycline is recommended. For children 
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mainly beta-lactam antibiotics are prescribed. For 
the treatment of advanced forms, cephalosporins 
or penicillin G are recommended. Long-term 
usage of antibiotics in persistent forms of Lyme 
disease has only limited effect [ 19 ]. 

 The fi rst effort to design vaccine against Lyme 
disease followed shortly after the discovery of 
 Borrelia  as the aetiological agent causing this 
disease. First experiments demonstrated the 
immunogenicity of bacterial whole cell lysates. 
Later, specifi c proteins were identifi ed to be rec-
ognised by the host immune system [ 20 ].  

36.6     Antigens and Immune 
Response 

 Expression of surface antigens by  Borrelia  is 
highly variable. In the tick host,  Borrelia  expresses 
outer surface proteins A (OspA) and B (OspB). 
Genes coding both proteins are located within one 
operon and expression of these proteins is depen-
dent on housekeeping sigma factor RpoD (σ70). 
Presumed function of OspA and OspB is the adhe-
sion to tick gut epithelium. When tick starts blood 
feeding on the vertebrate host, both proteins are 
downregulated. At the same time the expression of 
proteins dependent on alternative sigma factor 
RpoS (σ38) is induced, e.g. (OspC) and OspF and 
decorin- binding proteins DbpA and DbpB. These 
proteins are required for  Borrelia  transmission to 
vertebrate and for initial stages of vertebrate infec-
tion. In later stages, OspC is downregulated and 
the expression of VlsE protein (Vmp-like 
sequence, expressed) is induced. It enables 
 Borrelia  escape from specifi c humoral response 
due to high VlsE variability. 

 Early humoral response to  Borrelia  is charac-
terised by production of IgM antibodies specifi c 
to OspC, fl agellins (p39 and p41), and BmpA 
(p39). Later IgG antibodies against p39, p41, 
p83/100, DbpA and VlsE arise. In some cases, 
antibodies against OspA and OspB can be 
detected in later stages of the disease [ 15 ]. 

  Subunit vaccines of fi rst generation  were based 
on OspA antigen, which is highly expressed during 
cultivation of Lyme disease spirochetes in vitro. 
Preclinical trials with vaccines based on OspA 

 antigen demonstrated protection in animal models. 
OspA antigen was produced either as a recombi-
nant protein or lipoprotein, or it was expressed on 
the surface of  Escherichia coli ,  Salmonella 
typhimurium , or  Mycobacterium bovis . 

 Two OspA-based vaccine candidates were 
developed and tested. The ImuLyme vaccine 
(Pasteur Merieux-Connaught) based on purifi ed 
recombinant OspA antigen expressed in  E. coli  
and LYMErix (GlaxoSmithKline) containing 
purifi ed recombinant OspA from  B. burgdorferi  
s.s. [ 21 ]. In both vaccines protein was adsorbed 
on aluminium hydroxide. In clinical trials involv-
ing more than 10,000 people, LYMErix vaccine 
was found to confer protective immunity to 
 Borrelia  in 76 % of adults and 100 % of children 
with only mild or moderate and transient adverse 
effects [ 20 ]. Based on these results, LYMErix 
was approved by the Food and Drug 
Administration (FDA) on December 21, 1998. 

 Subsequently, hundreds of vaccinee reported 
the development of autoimmune side effects. 
Supported by some patient advocacy groups, a 
number of class-action lawsuits were fi led against 
GlaxoSmithKline, alleging the vaccine had 
caused these health problems. These claims were 
investigated by the FDA and the US Centers for 
Disease Control (CDC), who found no connec-
tion between the vaccine and the autoimmune 
complaints [ 22 ,  23 ]. Despite the lack of evidence, 
sales plummeted and LYMErix was withdrawn 
from the US market by GlaxoSmithKline in 
February 2002 in the setting of negative media 
coverage and fears of vaccine side effects. 

 There are a number of reasons for the slow 
development of a Lyme disease vaccine, includ-
ing reluctance by pharmaceutical companies to 
get burned in a similar way to LYMErix manu-
facturers. Others argue that it is simply more 
profi table for drug manufacturers to ‘treat’ the 
symptoms of Lyme palliatively, giving anti- 
infl ammatory medications, pain relievers, and 
other medications where antibiotics fail to 
address a patient’s ailments. The continued avail-
ability of a Lyme disease vaccine for dogs has 
made many people question the motives of drug 
companies and the psychological component of 
many symptoms often blamed on Lyme disease.  

J. Turánek et al.



565

36.7     Licensed Veterinary Lyme 
Disease Vaccines 

 Unlike humane medicine, several licensed veteri-
nary Lyme disease vaccines are available for 
companion pets. Three are formulations of  B. 
burgdorferi  bacterin (Merilym, Merial, Germany; 
Galaxy Lyme, Schering Plough, USA; LymeVax, 
Fort Dodge, USA). A European vaccine based on 
combination of bacterins from  B. garinii  and  B. 
afzelii  is produced for dogs (Biocan, Bioveta, 
Czech Republic) [ 24 ]. There are also available 
veterinary subunit vaccines based on recombi-
nant OspC antigen (ProLyme, Intervet, USA; 
Recombitek Lyme, Merial, USA). All of the vet-
erinary vaccines are applied in two-dose immuni-
sation scheme with boosters recommended 
yearly. Safety data are limited and minor cross- 
reactivity between heterologous  Borrelia  species 
has been reported [ 25 ]. Thus, the poor cross- 
protective coverage is a problem of currently 
available vaccines. 

  Second generation of OspA subunit vaccines  
is based on recombinant OspA with genetically 
removed potentially cross-reactive T-cell epit-
opes, formerly suspected for the induction of 
autoimmunity [ 26 ]. Development of broadly 
cross-protective rOspA vaccine must address 
issues pertaining to sequence variation, because 
at least seven serotypes of OspA do exist. 
Multivalent-chimeric OspA proteins have been 
developed by molecular cloning incorporating 
the protective epitopes from several OspA sero-
types [ 27 ]. Nevertheless, OspA antigen-based 
vaccines require repeated vaccination to keep 
high titre of specifi c antibodies in vaccinee serum 
to prevent transfer of bacteria from tick into 
human host.  

36.8     Ferritin 

 New interesting antigen for vaccine develop-
ment is tick ferritin 2, which is responsible for 
maintaining iron homeostasis. Iron is an essen-
tial but potentially toxic element; therefore, dur-
ing feeding, ticks must deal with the challenge 
of an enormous iron supply in the blood meal. 

Ferritins, the iron storage proteins, play a piv-
otal role in this process. It was shown that vac-
cination with recombinant FER2 signifi cantly 
reduces tick infestations in vaccinated rabbits 
infected with  Ixodes ricinus  and in cattle infected 
with  Rhipicephalus microplus  and  Rhipicephalus 
annulatus . These results support the inclusion of 
FER2 as a promising candidate antigen for devel-
opment of new anti-tick vaccines [ 28 ]. In spite of 
the fact that ferritin 2 is not the antigen derived 
from  Borrelia , the vaccination with this antigen 
prevents long-term feeding of tick and transmis-
sion of  Borrelia  as well as other tick-transmitted 
pathogens into host. In this aspect ferritin 2 could 
be superior to OspA and is of interest to include 
it in development of combined multiantigen 
vaccine.  

36.9     OspC Antigen 

 As mentioned above, several new antigens were 
discovered and studied as possible targets for 
new vaccines. We focus on OspC antigen, which 
received considerable attention in the effort to 
develop a broadly protective Lyme disease vac-
cine. OspC is an essential virulence factor that is 
critical for the establishment of early infection in 
mammals [ 29 ] and the sequence of the protein is 
not undergoing mutation during infection [ 30 ]. 
OspC is a 22 kDa immunodominant lipoprotein 
that is anchored in the spirochete outer mem-
brane by an  N -terminal tripalmitoyl- S -glyceryl- 
cysteine [ 31 ]. 

 The factor complicating the exploitation of 
OspC as a vaccine candidate is the existence 
of OspC variation. Molecular phylogenetic anal-
yses have revealed that OspC sequences form at 
least 38 distinct OspC types. This OspC variation 
arises primarily through genetic exchange and 
recombination and not by hypermutation with 
concomitant immune selection [ 32 ]. Owing to 
this sequence variation the protective range of 
single OspC-based vaccine is narrow. A potential 
approach to solve the high variability of the OspC 
is to prepare (a) polyvalent vaccine containing 
several OspC variants [ 33 ]; (b) generation of 
recombinant chimeric protein that consists of 
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protective epitopes from those OspC types asso-
ciated with disease [ 34 ]; and (c) combination of 
two or more different recombinant immunogens 
like OspC, DbpA, and fi bronectin-binding pro-
tein (BBK32) [ 35 ]. 

 From the biotechnological point of view the 
full-length OspC is diffi cult to express in a high 
yield and purity as a recombinant protein [ 36 ]. 
The removal of the lipidisation signal substan-
tially increases both the yield (28 mg/1 of the 
bacterial culture) and purity (93 %) of the recom-
binant OspC protein [ 37 ]. On the other side deli-
pidised rOspC exerted very low immunogenicity 
[ 38 ,  39 ] and strong adjuvanticity of vaccine for-
mulation is necessary to induce specifi c antibody 
response especially in IgG2 subclass (in experi-
mental mice) important for effective complement 
activation and opsonisation. 

 In effort to adhere to all above requirements 
for OspC vaccine, we developed experimental 
vaccine based on functionalised metallochelating 
nanoliposomes and synthetic non-pyrogenic 
adjuvants derived from muramyl dipeptide. This 
formulation induced strong immune response in 
experimental mice, which was superior to alu-
minium hydroxide formulation. Owing to the 
versatility and safety as an adjuvant, liposomes 
thus represent promising platform for developing 
the clinically acceptable vaccine against Lyme 
disease. Next part of the chapter is focused on 
liposomal-based vaccines.  

36.10     Liposomes as Biocompatible 
and Versatile Carriers 
for Construction 
of Recombinant Vaccines 

 Of the numerous particulate delivery systems that 
have been developed until now, phospholipid 
bilayer vesicles (liposomes) are among the most 
promising. Gregoriadis and Allison fi rst reported 
the use of liposomes as immunological adjuvants 
in 1974 [ 40 ,  41 ]. Since that time, liposomes and 
related vesicular carriers have been established as 
robust systems for induction of humoral and cell- 
mediated immunity to a broad spectrum of infec-
tious diseases and cancers [ 42 ]. 

 Liposomes represent the oldest nanoparticle 
systems described for applications in biological 
studies as model membranes and in medicine. 
Over 44 years, liposomes have been shown to be 
suitable drug delivery systems for applications 
ranging from cosmetics and dermatology to medi-
cal applications such as therapy of infections, anti-
cancer therapy, and veterinary vaccination [ 43 ]. 

 Liposome-based vaccines have been around for 
approximately 30 years, and numerous liposome 
variants have been developed, some with evident 
immune-stimulatory properties and attractive 
safety profi les, resulting in registration of several 
products on the market and progressing of others 
to advanced stage of clinical testing. Epaxal ®  
(Crucell, hepatitis A, formalin- inactivated hepati-
tis A virus adsorbed to virosomes) and Infl exal ®  V 
(Crucell, infl uenza, virosomes – reconstituted 
infl uenza viral membranes) are two examples of 
marketed liposome- based vaccines for human 
application. Infl exal ®  V is licensed in 43 countries 
with over 60 million doses applied [ 44 ,  45 ]. 

 Furthermore, at least eight liposome-based adju-
vant systems are currently approved for human use 
or undergoing clinical evaluation [ 46 ].  

36.11     Chemical, Physicochemical, 
and Structural Parameters 
Affecting Activity of 
Liposome-Based Vaccine 

 Liposomes represent almost ideal carrier/
delivery systems for the components of syn-
thetic vaccines due to their biodegradability 
and their ability to retain/incorporate a variety 
of essential vaccine components simultane-
ously, even components possessing quite differ-
ent physicochemical properties (different size, 
hydrophobicity, charge, etc.). Different syn-
thetic vaccine components can be encapsulated 
within the aqueous cavities of liposomes (if 
hydrophilic) or associated with liposome bilay-
ers (if at least partially hydrophobic in char-
acter). Furthermore, essential components can 
be attached to either internal or external outer 
leafl et membrane by electrostatic, covalent, or 
metallochelation interactions. Biochemically the 
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most diverse  vaccine components are adjuvants 
required for effi cacious activation of innate 
immunity cells including antigen-presenting 
cells (APC) (e.g. monophosphoryl lipid A, CpG 
oligonucleotides, muramyl dipeptide, and ana-
logues). In addition, adjuvants can be combined 
with antigens such as soluble or membrane 
proteins to provoke strong specifi c immune 
response. Finally, the liposomes may present 
carrier for targeting of antigens and adjuvants 
to antigen-presenting cells [ 47 ]. The laboratory 
and industrial procedures for the liposome prep-
aration have been established, and liposomes 
have been approved by the US Food and Drug 
Administration for biomedical applications. The 
potential for the participation of liposome-based 
recombinant vaccines in the human and veteri-
nary vaccine market is very promising [ 48 ]. 

 The benefi cial effect of liposomal carriers 
consists in their ability to ensure (1) protection 
and stabilisation of the antigen, including recon-
stitution of its native conformation, (2) enhanced 
uptake by APC by passive or active targeting and 
(3) enhanced or controlled antigen processing 
after uptake. 

 Interaction of liposomal vaccine and liposomal 
immunomodulators with immune cells and coop-
eration between innate and adaptive branches of 
immune system is schematically represented in 
Fig.  36.1 .

   Liposome-based nanoparticle formulations 
used for vaccination can be broadly grouped into 
several classes: 

  Conventional liposomes  composed of neutral 
lipids and cholesterol have been the most widely 
studied due to their greatest versatility – desired 
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  Fig. 36.1    Interaction of liposome-based immunomodu-
lators and proteoliposomal vaccines with immune cells. 
Functionalised nanoliposomes facilitate co-delivery of 
antigen to immune cells (dendritic cells, macrophages 
and B-cells). Highly oriented protein antigen on the lipo-
somal surface is able to interact with membrane-bound 
immunoglobulins on B-cells followed by internalisation 
of whole complex liposomal antigen. Synthetic lipophilic 

derivative of muramyl dipeptide (norAbuMDP) provides 
the danger signal via intracellular receptors like NOD2 
and NALP-3 to induce innate and adaptive immune 
responses. Moreover, glycopeptide part of the molecule 
exposed on the liposomal surface forms molecular pat-
tern recognised by immune cells and enhancing internali-
sation of liposomes (Liposomes and immune cells are not 
in scale)       
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formulation parameters can be achieved through 
modifi cation of the lipid composition or vesicle 
preparation method. These liposomes were used 
for steric entrapment of protein antigens in early 
stage of liposome-based vaccine research. 

 These classical liposomes are relatively inef-
fective at enhancing the immunogenicity of anti-
gens because the phospholipids do not act as 
adjuvants. Adjuvant effect of these liposomes is 
based on multimeric presentation of antigen, and 
their adjuvant effect can be optimised by  variation 
of lipid composition, co-incorporation of various 
adjuvant molecules (e.g. MLP-A, MDP, CpG oli-
gonucleotides, trehalose dibehenate), and attach-
ment of antigen. 

  Transferosomes  are ultradeformable lipo-
somes with enhanced skin penetration properties. 
They are composed of phosphatidylcholine and 
cholate (9:2 M ratio). Presence of cholate 
endowed these vesicles with high elasticity 
enables them to squeeze through pores in the 
stratum corneum. As a result of high elasticity of 
the bilayer, vesicles of the size of 200–300 nm 
can pass the highly compact stratum corneum 
and deliver their content into deep parts of the 
skin. Transferosomes are utilised as carrier sys-
tem for topical application of vaccines [ 49 ]. 
Cationic transferosomes were also tested for non- 
invasive topical vaccination with pDNA vaccine 
against hepatitis B [ 50 ].  

36.12     Cationic Liposomes 

 Surface adsorption on the cationic liposomes, via 
electrostatic interactions, is another useful method 
for attachment of antigens (primarily proteins) on 
liposomes. The recent work of Christensen, Perrie, 
and others with protein antigens adsorbed to cat-
ionic DDA/TDB (dimethyldioctadecylammonium/
trehalose-6,6-dibehenate) liposomes has demon-
strated that formulations with surface-adsorbed 
antigens can be highly stable and elicit robust anti-
body and cell-mediated immune responses in mice 
and ferrets [ 42 ,  51 – 53 ]. Incorporation of synthetic 
immunostimulatory molecules like lipophilic 
TDB into cationic liposomes is able to potentiate 
signifi cantly their adjuvant effect [ 52 ]. It was also 

observed that certain cationic lipids, originally 
synthesised as transfection reagents, induce robust 
IFN-γ and TNF-α response in serum and antitu-
mour immunity in murine models of pulmonary 
metastasis and fi brosarcoma [ 54 ]. DOTAP is an 
example of such a cationic lipid used for many 
years as component of liposomal gene delivery 
system exerted an enantiospecifi c adjuvant effect 
in dendritic cells [ 55 ]. 

  Virosomes  are a special class proteoliposomes 
prepared from reconstituted infl uenza virus 
membranes supplemented with PC [ 56 ]. The 
physicochemical features of virosomes are 
 constrained by their well-defi ned composition 
and method of preparation, but these vesicles 
benefi t greatly from the inherent delivery proper-
ties (effi cient cell binding, internalisation, and 
cytosolic release) and immunogenicity of the 
infl uenza virus. 

  Archaeosomes  are liposomes prepared from 
special lipids isolated from archaebacteria, which 
are extremophiles, and their cell membranes con-
tain lipids and proteins resistant to extreme tem-
peratures, pH, and salt concentration. These 
lipids are less sensitive to oxidation and the mem-
brane of archaeosomes is resistant to action of 
bile acid salts. Therefore they are suitable for 
enteral application. Immune responses induced 
by archaeosomes are comparable to those induced 
by complete Freund’s adjuvants [ 57 ]. 

  Functionalised liposomes in general  represent 
various liposomal structures having their surface 
modifi ed by various ligands (biotin, oligosaccha-
rides, peptides), lipids with reactive head groups, 
pH or temperatures sensitive polymers, monoclo-
nal antibodies or their fragments, lectins, etc. to 
tailor their functions with respect to selective 
interaction with targeted extra or intracellular 
structures (e.g. pathogenic microorganisms, 
tumour cells, immune cells, blood clothes). 
Targeting of antigen to antigen-presenting cells is 
of great importance for enhancement of effi cacy 
of subunit recombinant vaccines. In this chapter 
we will introduce a new system for construction 
of liposomal-based vaccines. This system 
employs metallochelating lipids for binding of 
HIS-tagged recombinant antigens onto the 
 surface of liposomes.  
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36.13     Binding of Antigen 
to Liposomes 

 One of the most critical parameters infl uencing 
the immunogenicity of liposomal vaccines is 
the method by which the antigen is physically 
or chemically associated with the formulation. 
The most common modes of association 
include covalent lipid conjugation (either pre- 
or post- vesicle formation), non-covalent sur-
face attachment (via biotin, NTA-Ni-His, or 

antibody–epitope interactions), encapsulation, 
and surface adsorption (Fig.  36.2 ). Many of the 
early studies of  liposomal peptide and protein 
antigenicity in mice compared encapsulated 
antigens to those conjugated to the surface of 
preformed liposomes. Early studies by Alving, 
Gregoriadis, Therien, and others confi rmed 
that both methods are generally effective for 
inducing antibody and T-cell responses to 
associated protein antigens such as albumin 
and tetanus toxoid [ 58 – 60 ].

  Fig. 36.2    ( a ) Association    of protein antigen with lipo-
some. Protein antigen can be associated with liposome by 
various ways. Membrane protein can be reconstituted in 
their natural conformation in liposome membrane ( yel-
low ); lipophilised protein (e.g. palmitoylated protein) can 
be anchored in lipid membrane by lipidic residue ( red ). 
Functionalised liposomes can be prepared to facilitate 
covalent or non-covalent binding of protein onto the sur-
face of liposomes. Selective metallochelating bond is 
applicable for His-tagged recombinant proteins ( green ) 
and this non-covalent bond can be transformed to a cova-
lent one via carbodiimide conjugation. All above- 
mentioned examples represent highly oriented binding of 
protein onto liposomal surface.    Covalent coupling of pro-
tein onto liposomal surface functionalised by, e.g. reactive 
maleiimide phospholipid headgroup, leads to random ori-
entation of bound protein. Electrostatic interaction repre-

sents another way for association of proteins with 
liposomes. This association is non-specifi c and relatively 
labile in biological milieu ( pink ). Molecule of soluble pro-
tein can be also sterically entrapped in water compartment 
of liposome ( blue ). This is of importance especially for 
peptide antigens and protein antigens intended for direct 
delivery into the cytoplasm of immune cells to mimic 
virus-like pathways for antigen processing. ( b ) Binding of 
protein onto liposomal surface.  A . Oriented non-covalent 
binding of HIS-tagged GFP (green fl uorescent protein) 
onto liposomal surface.  B . Transformation of metalloche-
lating bond into covalent amide bond via carbodiimide 
chemistry preserving oriented binding of GFP. Ni + 2 ions 
are removed by EDTA as a metallochelation agent.  C . 
Example of random orientation of GFP bound onto lipo-
somal surface by application of carbodiimide chemistry 
without pre-orientation via metallochelating bond         

a
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   In some cases, covalent antigen conjugation 
results in superior antibody induction, which is 
not surprising because B-cell receptors can recog-
nise intact antigen on the liposome surface [ 61 ]. 
As the size and complexity of the antigen 
decreases, the benefi t of their surface conjugation 
for antibody induction becomes more pro-
nounced, as found for the synthetic peptides for 
which surface conjugation provides immune 
responses superior to encapsulation [ 61 ,  62 ].  

36.14     Metallochelating Bond 
and Metallochelating 
Liposomes 

 With respect to potential application of metallo-
chelating liposomes for the construction of vac-
cines, the question of in vitro and especially in 
vivo stability is of great importance. This problem 
could be divided into two fi elds: fi rst, the stability 
of the liposomes themselves and second, the effect 
of the components presented in  biological fl uids 
(e.g. proteins and ions) on the stability of the 
metallochelating bond. In the example of OspC 
proteoliposomes, the gel permeation chromatog-
raphy data indicated a good in vitro stability of the 
OspC proteoliposomes during the chromato-
graphic process, within which they experience a 
shear stress and dilution. Also after incubating 
OspC proteoliposomes in serum at 37 °C, we dem-
onstrated the stability of the metallochelating bond 
linking the protein to the liposomal surface [ 37 ]. 
In fact, in vivo  fate  of liposomes after the intrader-
mal application is different from the situation after 
intravenous injection. First, dilution of proteolipo-
somes after intradermal application is not so rapid 
and second, the ratio of tissue fl uid proteins to pro-
teoliposomes is more favourable to proteolipo-
somes owing to their relatively high concentration 
at the site of application. In the case of another 
route of application – intradermal – the fl ow rate 
of tissue fl uid within intradermal extracellular 
matrix is even lower in comparison with muscle 
tissue or blood vessels. This fact is often over-
looked. The stability of metallochelating bond 
probably depends also on the character of the par-
ticular protein. It was shown that Ni-NTA3–DTDA 

liposomes (containing three functional chelating 
lipid) with single- chain Fv fragments (anti CD11c) 
bound onto the liposomal surface were able to tar-
get dendritic cells in vitro as well as in vivo. The 
application of Ni-NTA3–DTDA probably endows 
the metallochelating bond with a higher in vivo 
stability [ 63 ], but this improved stability did not 
infl uence higher immunogenicity [ 64 ]. Generally, 
metal ions, physicochemical character of the 
metallochelating lipids, and their surface density 
belong to the factors that could be optimised to get 
a required in vivo stability and therefore strong 
immune response. 

 Binding of recombinant OspC (rOspC) onto 
metallochelating liposomes was confi rmed by 
TEM, GPC, SDS PAGE and dynamic light 
scattering methods. Stability of the metallo-
chelating bond in model biological fl uids was 
studied by the incubation of rOspC liposomes 
with human serum. This study showed that 
after 1 h incubation at 37 °C, more than 60 % 
of rOspC was still associated with liposomes. 
Based on this data, therefore, the half-life of 
rOspC proteoliposomes in serum was esti-
mated to be at least 1 h. Increase in stability 
of surface-exposed antigens on the liposomes 
can be achieved by chemical binding onto the 
outer liposomal surface that is appropriately 
functionalised. With respect to a potential 
application for the construction of vaccines, 
the question of in vitro and especially in vivo 
stability is of great importance. 

 There are only few references reporting the 
metallochelating bond implemented in the con-
struction of supramolecular structures as vaccine 
carriers [ 65 – 69 ]. Various ways for association 
of protein antigen with liposome is depicted in 
Fig  36.2a . Real structures revealed by various 
microscopy methods are presented in Fig.  36.3 .

36.15        Adjuvants for Liposomal- 
Based Vaccines 

 The interaction between the innate and the adap-
tive immune responses is paramount in generat-
ing an antigen-specifi c immune response. The 
initiation of innate immune responses begins 
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with the interaction of pathogen-associated 
molecular patterns (PAMPs) on the pathogen 
side with pattern-recognising receptors (PRR) 
such as Toll-like receptors (TLRs) on the host 
cells involved in the innate immunity (e.g. den-
dritic cells). A major functional criterion com-
monly used for the evaluation of various new 
adjuvants involves their ability to stimulate the 
innate immunity cells.    This would include 
engaging other PRRs and the co-receptors and 
intracellular adaptor signalling proteins with 
which they are associated. PAMPs and their 
derivatives are utilised by adjuvant developers to 
harness the power of innate immunity to channel 
the immune response in a desired direction. 

 Based on the identifi cation of several TLRs and 
PAMPs recognised by them, various PAMP ago-
nists were tested as adjuvants. Examples of TLR–
PAMP-specifi c interaction include bacterial or 
viral unmethylated immunostimulating CpG oli-
gonucleotides interacting with TLR9 and liposac-
charide and its component monophosphoryl lipid 
A (MPLA) interacting with TRL4. These two 
types of adjuvants are in advanced stage of testing 
in clinical trials and some already licensed vac-
cines contain MPLA in liposomal form [ 70 ,  71 ]. 

 New lipophilic adjuvant (see Fig.  36.4 ) suit-
able for construction of liposome-based vaccines 
is the mycobacterial cord factor trehalose-6,6-di-
mycolate (TDM), and its synthetic analogue 
trehalose- 6,6- dibehenate (TDB) are potent adju-
vants for Th1/Th17 vaccination that activate Syk-
Card9 signalling in APCs [ 72 ]. 

 The last group of potent synthetic or semisyn-
thetic adjuvants is derived from muramyl dipep-
tide (MDP). 

     Muramyl dipeptide and other muropeptides  are 
derived from very specifi c group of PAMPs repre-
sented by peptidoglycans (PGN). Both Gram-
positive and Gram-negative bacteria contain PGN 
which consists of numerous glycan chains that are 
cross-linked by oligopeptides. These glycan chains 
are composed of alternating N-acetylglucosamine 
(GlcNAc) and N-acetylmuramic acid (MurNAc) 
with the amino acids coupled to the muramic acid. 
Muropeptides are breakdown products of PGN 
that bear at least the MurNAc moiety and one 
amino acid [ 73 ]. One of the prominent muropep-
tides is muramyl dipeptide (MDP), which is 
known since the 1970s. We will deal with this 
compound in more detail. 

 Recently, the molecular bases for MDP recog-
nition and subsequent stimulation of the host 
immune system have been uncovered. Myeloid 
immune cells (monocytes, granulocytes, neutro-
phils, and also DCs) possess two types of intracel-
lular receptor for MDP/MDP analogues, namely, 
NOD2 and cryopyrin (infl ammasome-NALP- 3 
complex) [ 74 – 76 ]. These two receptors recognise 
MDP/MDP analogues minimal recognition motifs 
for bacterial cell wall peptidoglycans [ 77 ]. Another 
recently reported sensor of MDP is cryopyrin (also 
known as CIAS1 and NALP3), which is a member 
of the NOD–LRR family [ 74 ]. Cryopyrin is a part 
of the infl ammasome complex that is responsible 
for processing caspase-1 to its active form. 
Caspase-1 cleaves the precursors of interleukin 
IL-1β and IL-18, thereby activating these proin-
fl ammatory cytokines and promoting their secre-
tion. IL-1β is known to be a strong endogenous 
pyrogen induced by MDP. We showed that 
norAbu-MDP and that norAbu-GMDP analogues 

  Fig. 36.3    Structure of metallochelating liposomes 
and proteoliposomes revealed by TEM, SEM and 
AFM. Recombinant heat shock protein derived from 
 Candida albicans  was used as illustrative example.  A1 . 
Schematic presentation of a metallochelating liposome 
with metallochelating lipids and incorporated lipidized 
norAbuMDP molecules . A2.  TEM photograph of a 
metallochelating liposome with metallochelating lip-
ids and incorporated lipidized norAbuMDP molecules. 
 A3.  SEM photograph of a metallochelating liposome 
with metallochelating lipids and incorporated lipidized 

norAbuMDP molecules.  A4.  AFM photograph of a 
metallochelating liposome with metallochelating lip-
ids and incorporated lipidized norAbuMDP molecules. 
 B1.  Schematic presentation of a metallochelating lipo-
some (A1) with rHsp90 bound via metallochelating 
bond.  B2.  TEM photograph of a metallochelating lipo-
some with rHsp90 bound via metallochelating bond. 
 B3.  SEM photograph of a metallochelating liposome 
with rHsp90 bound via metallochelating bond.  B4.  
AFM photograph of a metallochelating liposome with 
rHsp90 bound via metallochelating bond       

 

36 Functionalised Nanoliposomes for Construction of Recombinant Vaccines



574

were not pyrogenic even at a high concentration, 
much higher than the concentrations used for vac-
cination [ 15 ,  65 ,  66 ]. 

 The expression of NOD2 in dendritic cells 
is of importance with respect to the application 
of MDP analogues as adjuvants. Nanoparticles 
like liposomes are able to provide a direct co-
delivery of a danger signal (e.g., MDP) 
together with the recombinant antigen and 
therefore to induce an immune response 
instead of an immune tolerance. This is espe-
cially important for weak recombinant anti-
gens or peptide antigens. Clearly, the 
recognition of MDP by DCs is crucial for the 
application of MDP analogues as adjuvants. 
Within the cell, MDP/MDP analogues trigger 
intracellular signalling cascades that culminate 
in the transcriptional activation of inflamma-
tory mediators such as the nuclear  transcription 

factor NF-κB. Liposomes probably play the 
role of efficient carriers for MDP and its ana-
logues on the pathway from extracellular 
milieu into the cytosol, where they trigger 
intracellular signalling cascades that culminate 
in transcriptional activation of inflammatory 
mediators such as the nuclear transcription 
factor NF-κB pathway. Since the discovery 
and first synthesis of MDP, about one thousand 
various derivatives of MDP have been 
designed, synthesised, and tested to develop an 
appropriate drug for an immunotherapeutic 
application that would be free of the side effect 
exerted by MDP. The main side effects of MDP 
are pyrogenicity, rigor, headache, flue-like 
symptoms, hypertension, etc. Only several 
preparations reached the stage of clinical test-
ing and only mifamurtide was approved for the 
treatment of osteosarcoma [ 77 ]   .

O

O

O

O

O

O

HO
HO

HO

HO
HO

HO

O

O

O

O

nor-AbuMDP
(lipophilised in peptide part)

OH

OH
HO O

AcHN

L-Abu–D-iGln–L-Lys-OH

O

O
O

OH

OH

NH

NH

O O

O

O

1414

14

14

14
14

O

O O

HO

HO

HO

O

O
O O

O

O

nor-AbuGMDP
(lipophilised in peptide part)

AcHN AcHN

L-Abu–D-iGln–L-Lys-OH

OH OH

OH
HO

HO

O
O

O

-O
NH4

+HO
P

Monophosphoryl Lipid A (MPL A)
(TDB)

D-(+)-trehalose 6,6’-dibehenate

  Fig. 36.4    New lipophilic adjuvants for liposomal vaccines       

 

J. Turánek et al.



575

        Acknowledgements   This work was supported by grants: 
GAČR P304/10/1951 to J.T. and M.R. GAP503/12/G147 
and the Ministry of Education, Youth and Sports of the 
Czech Republic (CZ.1.07/2.3.00/20.0164) to J.T. and M.R.  

   References 

    1.    Wack, A., Rappuoli, R.: Vaccinology at the beginning 
of the 21st century. Curr. Opin. Immunol.  17 , 411–
418 (2005)  

    2.    Stadler, K., et al.: SARS – beginning to understand a 
new virus. Nat. Rev. Microbiol.  1 , 209–218 (2003)  

    3.    Rappuoli, R.: Reverse vaccinology. Curr. Opin. 
Microbiol.  3 , 445–450 (2000)  

    4.    Zanetti, A.R., Van Damme, P., Shouval, D.: The 
global impact of vaccination against hepatitis B: a his-
torical overview. Vaccine  26 , 6266–6273 (2008)  

    5.    Munoz, N., et al.: Safety, immunogenicity, and effi -
cacy of quadrivalent human papillomavirus (types 6, 
11, 16, 18) recombinant vaccine in women aged 
24–45 years: a randomised, double-blind trial. Lancet 
 373 , 1949–1957 (2009)  

    6.    O’Hagan, D.T., Valiante, N.M.: Recent advances in 
the discovery and delivery of vaccine adjuvants. Nat. 
Rev. Drug Discov.  2 , 727–735 (2003)  

    7.    Perrie, Y., Mohammed, A.R., Kirby, D.J., McNeil, 
S.E., Bramwell, V.W.: Vaccine adjuvant systems: 
enhancing the effi cacy of sub-unit protein antigens. 
Int. J. Pharm.  364 , 272–280 (2008)  

    8.    Storni, T., Kundig, T.M., Senti, G., Johansen, P.: 
Immunity in response to particulate antigen-delivery 
systems. Adv. Drug Deliv. Rev.  57 , 333–355 (2005)  

   9.    Harris, J., Sharp, F.A., Lavelle, E.C.: The role of 
infl ammasomes in the immunostimulatory effects of 
particulate vaccine adjuvants. Eur. J. Immunol.  40 , 
634–638 (2010)  

    10.    Marrack, P., McKee, A.S., Munks, M.W.: Towards an 
understanding of the adjuvant action of aluminium. 
Nat. Rev. Immunol.  9 , 287–293 (2009)  

    11.      Stanek, G., Strle, F., Gray, J., Wormser, G. P.: History 
and characteristics of Lyme borreliosis. In: Gray, J.S., 
Kahl, O., Lane, R.S., Stanek, G. (eds.) Lyme 
Borreliosis – Biology, Epidemiology and Control, vol. 1, 
Ch. 1, pp. 1–28. CABI Publishing, Oxford (2002)  

    12.    Steere, A.C., et al.: Erythema chronicum migrans and 
Lyme arthritis. The enlarging clinical spectrum. Ann. 
Intern. Med.  86 , 685–698 (1977)  

    13.    Burgdorfer, W., et al.: Lyme disease-a tick-borne spi-
rochetosis? Science  216 , 1317–1319 (1982)  

    14.    Krupka, M., et al.: Biological aspects of Lyme disease 
spirochetes: Unique bacteria of the Borrelia burgdor-
feri species group. Biomed. Pap. Med. Fac. Univ. 
Palacky Olomouc Czech Repub.  151 , 175–186 (2007)  

       15.    Krupka, M., Zachova, K., Weigl, E., Raska, M.: 
Prevention of lyme disease: promising research or 
sisyphean task? Arch. Immunol. Ther. Exp. (Warsz.) 
 59 , 261–275 (2011)  

    16.    Zakovska, A., Nejedla, P., Holikova, A., Dendis, M.: 
Positive fi ndings of Borrelia burgdorferi in Culex 
(Culex) pipiens pipiens larvae in the surrounding of 
Brno city determined by the PCR method. Ann. 
Agric. Environ. Med.  9 , 257–259 (2002)  

    17.    Nejedla, P., Norek, A., Vostal, K., Zakovska, A.: What 
is the percentage of pathogenic borreliae in spiro-
chaetal fi ndings of mosquito larvae? Ann. Agric. 
Environ. Med.  16 , 273–276 (2009)  

    18.   Gern, L., Humair, P.F.: Ecology of Borrelia burgdor-
feri sensu lato in Europe. In: Gray, J.S., Kahl, O., 
Lane, R.S., Stanek, G. (eds.) Lyme Borreliosis – 
Biology, Epidemiology and Control, vol. 1, Ch. 1, pp 
149–174. CABI Publishing, Oxford (2002)  

    19.    Klempner, M.S., et al.: Two controlled trials of antibi-
otic treatment in patients with persistent symptoms 
and a history of Lyme disease. N. Engl. J. Med.  345 , 
85–92 (2001)  

     20.    Poland, G.A., Jacobson, R.M.: The prevention of 
Lyme disease with vaccine. Vaccine  19 , 2303–2308 
(2001)  

    21.    Sigal, L.H., et al.: A vaccine consisting of recombi-
nant Borrelia burgdorferi outer-surface protein A to 
prevent Lyme disease. Recombinant Outer-Surface 
Protein A Lyme Disease Vaccine Study Consortium. 
N. Engl. J. Med.  339 , 216–222 (1998)  

    22.    Abbott, A.: Lyme disease: uphill struggle. Nature  439 , 
524–525 (2006)  

    23.    Nigrovic, L.E., Thompson, K.M.: The Lyme vaccine: 
a cautionary tale. Epidemiol. Infect.  135 , 1–8 (2007)  

    24.    Tuhackova, J., et al.: Testing of the Biocan B inj. ad 
us. vet. vaccine and development of the new recombi-
nant vaccine against canine borreliosis. Biomed. Pap. 
Med. Fac. Univ. Palacky Olomouc Czech Repub.  149 , 
297–302 (2005)  

    25.    Topfer, K.H., Straubinger, R.K.: Characterization of 
the humoral immune response in dogs after vaccina-
tion against the Lyme borreliosis agent A study with 
fi ve commercial vaccines using two different vaccina-
tion schedules. Vaccine  25 , 314–326 (2007)  

    26.    Trollmo, C., Meyer, A.L., Steere, A.C., Hafl er, D.A., 
Huber, B.T.: Molecular mimicry in Lyme arthritis 
demonstrated at the single cell level: LFA-1 alpha L is 
a partial agonist for outer surface protein A-reactive T 
cells. J. Immunol.  166 , 5286–5291 (2001)  

    27.    Gern, L., Hu, C.M., Voet, P., Hauser, P., Lobet, Y.: 
Immunization with a polyvalent OspA vaccine pro-
tects mice against Ixodes ricinus tick bites infected by 
Borrelia burgdorferi ss, Borrelia garinii and Borrelia 
afzelii. Vaccine  15 , 1551–1557 (1997)  

    28.    Hajdusek, O., et al.: Characterization of ferritin 2 for 
the control of tick infestations. Vaccine  28 , 2993–2998 
(2010)  

    29.    Stewart, P.E., et al.: Delineating the requirement for the 
Borrelia burgdorferi virulence factor OspC in the mam-
malian host. Infect. Immun.  74 , 3547–3553 (2006)  

    30.    Hodzic, E., Feng, S., Barthold, S.W.: Stability of Borrelia 
burgdorferi outer surface protein C under immune 
 selection pressure. J. Infect. Dis.  181 , 750–753 (2000)  

36 Functionalised Nanoliposomes for Construction of Recombinant Vaccines



576

    31.    Brooks, C.S., Vuppala, S.R., Jett, A.M., Akins, D.R.: 
Identifi cation of Borrelia burgdorferi outer surface 
proteins. Infect. Immun.  74 , 296–304 (2006)  

    32.    Earnhart, C.G., Marconi, R.T.: OspC phylogenetic 
analyses support the feasibility of a broadly protective 
polyvalent chimeric Lyme disease vaccine. Clin. 
Vaccine Immunol.  14 , 628–634 (2007)  

    33.    Earnhart, C.G., Marconi, R.T.: An octavalent lyme 
disease vaccine induces antibodies that recognize all 
incorporated OspC type-specifi c sequences. Hum. 
Vaccin.  3 , 281–289 (2007)  

    34.    Buckles, E.L., Earnhart, C.G., Marconi, R.T.: 
Analysis of antibody response in humans to the type 
A OspC loop 5 domain and assessment of the poten-
tial utility of the loop 5 epitope in Lyme disease vac-
cine development. Clin. Vaccine Immunol.  13 , 
1162–1165 (2006)  

    35.    Brown, E.L., Kim, J.H., Reisenbichler, E.S., Hook, 
M.: Multicomponent Lyme vaccine: three is not a 
crowd. Vaccine  23 , 3687–3696 (2005)  

    36.    Krupka, M., et al.: Isolation and purifi cation of recom-
binant outer surface protein C (rOspC) of Borrelia 
burgdorferi sensu lato. Biomed. Pap. Med. Fac. Univ. 
Palacky Olomouc Czech Repub.  149 , 261–264 (2005)  

     37.    Krupka, M., et al.: Enhancement of immune response 
towards non-lipidized Borrelia burgdorferi recombi-
nant OspC antigen by binding onto the surface of 
metallochelating nanoliposomes with entrapped lipo-
philic derivatives of norAbuMDP. J. Control. Release 
 160 , 374–381 (2012)  

    38.    Weis, J.J., Ma, Y., Erdile, L.F.: Biological activities of 
native and recombinant Borrelia burgdorferi outer 
surface protein A: dependence on lipid modifi cation. 
Infect. Immun.  62 , 4632–4636 (1994)  

    39.    Gilmore Jr., R.D., et al.: Inability of outer-surface pro-
tein C (OspC)-primed mice to elicit a protective 
anamnestic immune response to a tick-transmitted 
challenge of Borrelia burgdorferi. J. Med. Microbiol. 
 52 , 551–556 (2003)  

    40.    Allison, A.G., Gregoriadis, G.: Liposomes as immu-
nological adjuvants. Nature  252 , 252 (1974)  

    41.    Gregoriadis, G., Allison, A.C.: Entrapment of proteins in 
liposomes prevents allergic reactions in pre- immunised 
mice. FEBS Lett.  45 , 71–74 (1974)  

     42.    Henriksen-Lacey, M., Korsholm, K.S., Andersen, P., 
Perrie, Y., Christensen, D.: Liposomal vaccine delivery 
systems. Expert Opin. Drug Deliv.  8 , 505–519 (2011)  

    43.    Gregoriadis, G.: Engineering liposomes for drug 
delivery: progress and problems. Trends Biotechnol. 
 13 , 527–537 (1995)  

    44.    Bovier, P.A.: Epaxal: a virosomal vaccine to prevent 
hepatitis A infection. Expert Rev. Vaccines  7 , 1141–
1150 (2008)  

    45.    Herzog, C., et al.: Eleven years of Infl exal V-a viro-
somal adjuvanted infl uenza vaccine. Vaccine  27 , 
4381–4387 (2009)  

    46.    Watson, D.S., Endsley, A.N., Huang, L.: Design con-
siderations for liposomal vaccines: infl uence of for-
mulation parameters on antibody and cell-mediated 
immune responses to liposome associated antigens. 
Vaccine  30 , 2256–2272 (2012)  

    47.    Altin, J.G., Parish, C.R.: Liposomal vaccines – target-
ing the delivery of antigen. Methods  40 , 39–52 (2006)  

    48.    Adu-Bobie, J., Capecchi, B., Serruto, D., Rappuoli, 
R., Pizza, M.: Two years into reverse vaccinology. 
Vaccine  21 , 605–610 (2003)  

    49.    Gupta, P.N., et al.: Non-invasive vaccine delivery in 
transfersomes, niosomes and liposomes: a compara-
tive study. Int. J. Pharm.  293 , 73–82 (2005)  

    50.    Mahor, S., et al.: Cationic transfersomes based topical 
genetic vaccine against hepatitis B. Int. J. Pharm.  340 , 
13–19 (2007)  

    51.    Henriksen-Lacey, M., et al.: Comparison of the depot 
effect and immunogenicity of liposomes based on 
dimethyldioctadecylammonium (DDA), 3beta-[N-
(N′, N′-Dimethylaminoethane)carbomyl] cholesterol 
(DC-Chol), and 1,2-Dioleoyl-3-trimethylammonium 
propane (DOTAP): prolonged liposome retention 
mediates stronger Th1 responses. Mol. Pharm.  8 , 
153–161 (2011)  

    52.    Henriksen-Lacey, M., Devitt, A., Perrie, Y.: The vesi-
cle size of DDA:TDB liposomal adjuvants plays a 
role in the cell-mediated immune response but has no 
signifi cant effect on antibody production. J. Control. 
Release  154 , 131–137 (2011)  

    53.    Henriksen-Lacey, M., et al.: Liposomal cationic 
charge and antigen adsorption are important proper-
ties for the effi cient deposition of antigen at the injec-
tion site and ability of the vaccine to induce a CMI 
response. J. Control. Release  145 , 102–108 (2010)  

    54.    Whitmore, M., Li, S., Huang, L.: LPD lipopolyplex 
initiates a potent cytokine response and inhibits tumor 
growth. Gene Ther.  6 , 1867–1875 (1999)  

    55.    Vasievich, E.A., Chen, W., Huang, L.: Enantiospecifi c 
adjuvant activity of cationic lipid DOTAP in cancer vac-
cine. Cancer Immunol. Immunother.  60 , 629–638 (2011)  

    56.    Daemen, T., et al.: Virosomes for antigen and DNA 
delivery. Adv. Drug Deliv. Rev.  57 , 451–463 (2005)  

    57.    Conlan, J.W., Krishnan, L., Willick, G.E., Patel, G.B., 
Sprott, G.D.: Immunization of mice with lipopeptide 
antigens encapsulated in novel liposomes prepared from 
the polar lipids of various Archaeobacteria elicits rapid 
and prolonged specifi c protective immunity against 
infection with the facultative intracellular pathogen. 
Listeria monocytogenes. Vaccine  19 , 3509–3517 (2001)  

    58.    Davis, D., Gregoriadis, G.: Liposomes as adjuvants 
with immunopurifi ed tetanus toxoid: infl uence of lipo-
somal characteristics. Immunology  61 , 229–234 (1987)  

   59.    Shahum, E., Therien, H.M.: Liposomal adjuvanticity: 
effect of encapsulation and surface-linkage on anti-
body production and proliferative response. Int. J. 
Immunopharmacol.  17 , 9–20 (1995)  

    60.    Shahum, E., Therien, H.M.: Immunopotentiation of the 
humoral response by liposomes: encapsulation versus 
covalent linkage. Immunology  65 , 315–317 (1988)  

     61.    White, W.I., et al.: Antibody and cytotoxic T-lymphocyte 
responses to a single liposome- associated peptide anti-
gen. Vaccine  13 , 1111–1122 (1995)  

    62.    Frisch, B., Muller, S., Briand, J.P., Van Regenmortel, 
M.H., Schuber, F.: Parameters affecting the immuno-
genicity of a liposome-associated synthetic hexapep-
tide antigen. Eur. J. Immunol.  21 , 185–193 (1991)  

J. Turánek et al.



577

    63.    van Broekhoven, C.L., Parish, C.R., Demangel, C., 
Britton, W.J., Altin, J.G.: Targeting dendritic cells 
with antigen-containing liposomes: a highly effective 
procedure for induction of antitumor immunity and 
for tumor immunotherapy. Cancer Res.  64 , 4357–
4365 (2004)  

    64.    Watson, D.S., Platt, V.M., Cao, L., Venditto, V.J., 
Szoka Jr., F.C.: Antibody response to polyhistidine- 
tagged peptide and protein antigens attached to lipo-
somes via lipid-linked nitrilotriacetic acid in mice. 
Clin. Vaccine Immunol.  18 , 289–297 (2011)  

     65.    Masek, J., et al.: Metallochelating liposomes with 
associated lipophilised norAbuMDP as biocompatible 
platform for construction of vaccines with recombi-
nant His-tagged antigens: preparation, structural 
study and immune response towards rHsp90. 
J. Control. Release  151 , 193–201 (2011)  

    66.    Masek, J., et al.: Immobilization of histidine-tagged 
proteins on monodisperse metallochelation lipo-
somes: preparation and study of their structure. Anal. 
Biochem.  408 , 95–104 (2011)  

   67.    Chikh, G.G., Li, W.M., Schutze-Redelmeier, M.P., 
Meunier, J.C., Bally, M.B.: Attaching histidine- 
tagged peptides and proteins to lipid-based carriers 
through use of metal-ion-chelating lipids. Biochim. 
Biophys. Acta  1567 , 204–212 (2002)  

   68.    Malliaros, J., et al.: Association of antigens to 
ISCOMATRIX adjuvant using metal chelation leads 
to improved CTL responses. Vaccine  22 , 3968–3975 
(2004)  

    69.    Patel, J.D., O’Carra, R., Jones, J., Woodward, J.G., 
Mumper, R.J.: Preparation and characterization of 

nickel nanoparticles for binding to his-tag proteins 
and antigens. Pharm. Res.  24 , 343–352 (2007)  

    70.    Alving, C.R., Rao, M., Steers, N.J., Matyas, G.R., 
Mayorov, A.V.: Liposomes containing lipid A: an 
effective, safe, generic adjuvant system for synthetic 
vaccines. Expert Rev. Vaccines  11 , 733–744 (2012)  

    71.    Kim, D., Kwon, H.J., Lee, Y.: Activation of Toll-like 
receptor 9 and production of epitope specifi c antibody 
by liposome-encapsulated CpG-DNA. BMB Rep.  44 , 
607–612 (2011)  

    72.    Schoenen, H., et al.: Cutting edge: Mincle is essential 
for recognition and adjuvanticity of the mycobacterial 
cord factor and its synthetic analog trehalose- 
dibehenate. J. Immunol.  184 , 2756–2760 (2010)  

    73.    Traub, S., von Aulock, S., Hartung, T., Hermann, C.: 
MDP and other muropeptides – direct and synergistic 
effects on the immune system. J. Endotoxin Res.  12 , 
69–85 (2006)  

     74.    Agostini, L., et al.: NALP3 forms an IL-1beta- 
processing infl ammasome with increased activity in 
Muckle-Wells autoinfl ammatory disorder. Immunity 
 20 , 319–325 (2004)  

   75.    Girardin, S.E., Philpott, D.J.: Mini-review: the role of 
peptidoglycan recognition in innate immunity. Eur. J. 
Immunol.  34 , 1777–1782 (2004)  

    76.    McDonald, C., Inohara, N., Nunez, G.: Peptido glycan 
signaling in innate immunity and infl am matory dis-
ease. J. Biol. Chem.  280 , 20177–20180 (2005)  

     77.    Ando, K., Mori, K., Corradini, N., Redini, F., 
Heymann, D.: Mifamurtide for the treatment of non-
metastatic osteosarcoma. Expert Opin. Pharmacother. 
 12 , 285–292 (2011)    

36 Functionalised Nanoliposomes for Construction of Recombinant Vaccines



579M. Giese (ed.), Molecular Vaccines Volume 2, 
DOI 10.1007/978-3-319-00978-0_11, © Springer International Publishing Switzerland 2014

        A.  K.   Goyal     (*) •     G.   Rath   •      B.   Malik    
  Department of Pharmaceutics , 
 ISF College of Pharmacy ,   Ghal Kalan , 
 Moga ,  Punjab ,  India   
 e-mail: amitkumargoyal1979@yahoo.com  

 37      Emerging Nanotechnology 
Approaches for Pulmonary 
Delivery of Vaccines    

           Amit     K.     Goyal     ,     Goutam     Rath    , and     Basant     Malik   

Contents

37.1  Introduction .............................................. 580

37.2  Mucosal Immune Response ..................... 580

37.3  Vaccine Delivery via Pulmonary 
Route ......................................................... 582

37.4  Lymphoid Tissue and Immune 
Response in the Respiratory Tract ......... 583

37.5  Pulmonary Immunization ....................... 584

37.6  Challenges Against Pulmonary 
Immunization ........................................... 584

37.7  Particle Deposition in Respiratory 
Tract .................................................................  585

37.7.1  Impaction ................................................... 585
37.7.2  Sedimentation ............................................ 585
37.7.3  Interception ................................................ 586
37.7.4  Diffusion .................................................... 586

37.8  Implication of Nanotechnology 
for Pulmonary Vaccine Delivery ............. 586

37.8.1  Nebulized Dispersions ............................... 587
37.8.2  Nanoscale Powders for Redispersion ......... 588
37.8.3  Dry Powders for Inhalation ........................ 588
37.8.4  Nanodisperse Microspheres ....................... 588
37.8.5  Nanoaggregates .......................................... 589

37.9  Selection of Suitable Polymers 
for Pulmonary Delivery ........................... 589

37.10  Lipid-Based Carrier Systems .................. 589
37.10.1  Liposomes .................................................. 590
37.10.2  Solid Lipid Nanoparticles .......................... 591
37.10.3  ISCOMs ..................................................... 591

37.11  Polymer-Based Nanoparticulate 
Delivery Systems ...................................... 591

37.12  Chitosan .................................................... 592

37.13  Alginates .................................................... 593

37.14  Hyaluronic Acid ....................................... 593

37.15  Carboxymethyl Cellulose ........................ 594

37.16  Cyclodextrin ............................................. 594

37.17  Carbopol ................................................... 594

37.18  Poly (ε-Caprolactone) (PCL) ................... 594

37.19  Polylactic Acid (PLA) .............................. 595

37.20  Poly Lactic-co-Glycolic Acid (PLGA) .... 595

37.21  Metal-Based Nanoparticle Delivery ....... 595
37.21.1  Iron ............................................................. 595
37.21.2  Gold ............................................................ 596
37.21.3  Zinc ............................................................ 596
37.21.4  Silica .......................................................... 597

 Conclusion ................................................................ 597

References ................................................................. 597

 Abstract 

 Pulmonary immunization has been recently 
explored as a suitable substitute for parenteral 
vaccination. Vaccine administered via pulmo-
nary route can induce both systemic and local 
mucosal immune responses. The extensive 
population of dendritic cells (DC) in the 
respiratory epithelial lining and hub of mac-
rophages (interstitium and the alveoli) plays 
important roles in the induction of strong 
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37.1            Introduction 

    Situation is changing day-by-day with the 
advancement in the fi eld of antibiotics, vaccina-
tion programs, improved sanitation, and public 
awareness about the health. Now public is more 
health conscious and mortalities rate caused by 
infectious diseases throughout the world is reduc-
ing signifi cantly. In developed countries, wide-
spread immunization programs for a number of 
infectious diseases such as smallpox, diphtheria, 
pertussis, tetanus, poliomyelitis, measles, mumps, 
rubella, and H. infl uenza type B have signifi cantly 
reduced the morbidity caused by these infectious 
diseases [ 1 ]. However, an alarming number of 
deadly infections are still severely prevalent in the 
world and some mutant strains are resistant even 
to new generation antibiotics. This is a major 
challenge in front of scientifi c society. These dis-

eases are generally those against which we are not 
having any effective vaccine; moreover, they can-
not be treated with antibiotics. 

 Most of such diseases follow the path through 
mucosal barrier itself to invade the body [ 1 ,  2 ]. A 
number of infectious microorganisms including 
Vibrio cholerae, enterotoxigenic and enteropatho-
genic  E. coli , Salmonella, and various strains of 
Shigella, as well as viruses involved in sexually 
transmitted diseases, e.g., HIV, breach mucosal bar-
rier to infect our body. The situation is more critical 
in developing countries or in the areas where the 
public is not much concerned about hygiene [ 3 ]. 

 To tackle these mucosal breaches, strong 
mucosal barrier is essential to prevent the prob-
lem at the initial phases. This is the strong back-
ground behind a huge research on the development 
of successful mucosal vaccines. But unfortu-
nately only a few mucosal vaccines are at com-
mercial level; however, some of them are doing 
wonders, e.g., polio vaccine. In this chapter, we 
will discuss about the various sites for mucosal 
immunization in brief and signifi cance of pulmo-
nary immunization in detail. Furthermore, we 
will discuss about the role of nanotechnology for 
targeted antigen delivery via pulmonary route for 
optimum immune response.  

37.2     Mucosal Immune Response 

 All the mucosal compartments are interconnected 
and this is called as common mucosal immune 
system (CIMS) (Fig.  37.1 ). Therefore, immuni-
zation at one mucosal site protects the other 
mucosal compartments as well. Every mucosal 
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  Fig. 37.1    Sites of common 
mucosal immune systems       

immune response. There are several factors 
which have restricted the effectiveness of pul-
monary immunization including poor deposi-
tion of the antigen at the alveolar region, low 
absorption from the epithelial barriers in the 
peripheral airways and the central lungs and 
the presence of a mucociliary escalator in the 
central and upper lung, which rapidly removes 
antigens or particles from the central respira-
tory tract. In past few years a number of 
highly effective novel nanocarriers have been 
developed for safe and effective vaccine 
delivery via pulmonary route. This chapter 
gives an overview of every aspects of pulmo-
nary delivery of vaccines. 
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compartment shares some common features and 
can be subdivided in two general compartments 
commonly termed as inductive and effector sites 
which play special roles in immunity. Immune 
inductive sites are the primary sites for antigen 
sampling to activate immune cells. It includes 
organized mucosa-associated lymphoid tissue 
(MALT) and the regional mucosa-draining lymph 
nodes (LNs) (Fig.  37.1 ).

   The effector sites are the venue where anti-
bodies and cells of the immune system actually 
perform their real function in body’s defense sys-
tem. The effector sites include the lamina propria 
(LP) of various mucosa-associated lymphoid tis-
sues, stroma of exocrine glands, surface epithe-

lia, and the Peyer’s patches (PPs) in the small 
intestine (Table  37.1 ) [ 4 – 6 ]. Moreover, MALT 
structures are enriched with T-cell zones, the 
B-cell follicles, and various kinds of antigen- 
presenting cells, including DCs and macro-
phages, continuously traffi c these areas. All 
MALT structures are covered by a characteristic 
follicle-associated epithelium (FAE) containing 
microfold (M) cells which are actively involved 
in the sampling of exogenous antigens directly 
from the mucosal surfaces [ 7 ]. These specialized 
thin epithelial cells are also effectively involved 
in the transport of any particulate matter to the 
immune inductive sites. [ 8 ,  9 ] This is deeply 
explained in our previous articles that, why an 

   Table 37.1    Various parts of MALT   

 Anatomical system 
of the body  Inductive sites  Effector sites  Lymphoid structures 

 Respiratory tract  Nasopharynx-associated 
lymphoid tissue (NALT) 

 Nasopharyngeal mucosa  Waldeyer’s pharyngeal ring 
 Adenoids (pharyngeal tonsils) 
 Palatine tonsils 
 Lingual tonsils 
 Tubal tonsils 

 Bronchus-associated 
lymphoid tissue (BALT) 

 Bronchial mucosa  Peyer’s patches 
 Lower respiratory tract  Isolated lymphoid follicles 

 Larynx-associated lymphoid 
tissue (LALT) 

 Larynx  Laryngeal tonsils 
 Lymphoid follicles 
 Lymphoid follicles with 
germinal centers 

 Digestive system  Salivary duct-associated 
lymphoid tissue (DALT) 

 Salivary glands  Lymphoid follicles 

 Gut-associated lymphoid 
tissue (GALT) 

 Gastrointestinal mucosa  Peyer’s patches 
 Lymphoglandular complexes 
 Isolated lymphoid follicles 
 Cryptopatches 
 Appendix 

 Skin  Skin-associated lymphoid 
tissue (SALT) 

 Keratinocytes  Skin trophic T cells 
 Langerhans cells  Lymphatic endothelial cells 

 Ocular system  Conjunctiva-associated 
lymphoid tissue (CALT) 

 Conjunctiva  Lymphoepithelium 
 Lymphoid follicles with B- and 
T-cell zones 
 Adjacent blood vessels that 
have thickened endothelia 
 Lymphoid vessels 

 Lacrimal duct-associated 
lymphoid tissue (LDALT) 

 Ocular Tissues  Lymphoid follicles 

 Reproductive system  Vulvovaginal-associated 
lymphoid tissue (VALT) 

 Urogenital tract  Lymphoid follicles 

 Excretory system  Rectal lymphoepithelial 
tissue 

 Gastrointestinal mucosa  Lymphoid follicles 

37 Emerging Nanotechnology Approaches for Pulmonary Delivery of Vaccines   



582

advanced research is going on targeted antigen 
delivery to these specifi c cells viz. M cells and 
dendritic cells [ 2 ,  9 ].

37.3        Vaccine Delivery via 
Pulmonary Route 

 Today most of the commercial vaccines are 
administered by needles and syringes which are 
often accompanied with low patient compliance 
due to associated pain, chances of needle-based 
infections, requirement of trained personal, and 
signifi cantly low mucosal immune response. 
To avoid these limitations, noninvasive immuni-
zation strategies have been extensively explored 
in the past few years with limited success rate. In 
the past few years, mucosal immunization has 
gained remarkable scientifi c attention. This may 
be due to a number of reasons such as awareness 
regarding the scientifi c advantages of the muco-
sal vaccines, advancement in the knowledge 
about the involvement of mucosa in pathogenesis 
of various diseases, the easy scalable production, 

and ease in vaccine delivery. Among the various 
routes, pulmonary immunization has received a 
special attention due to some special features of 
respiratory tract. 

 The respiratory epithelium is highly permeable 
and easily accessed by the inhaled particles. 
Respiratory epithelium contains a highly active 
immune system which is contentiously exposed to 
thousands of pathogens in our day-to-day life. It 
presents a strong innate immunity which includes 
mucociliary escalator, secretions with antimicrobial 
properties, chemokines, cytokines, and the mucus 
covering. Moreover, it also contains huge popula-
tion of pulmonary macrophages and dendritic cells 
which are involved in both innate as well as adap-
tive immunity. Billions of macrophages are present 
in the lung periphery and interstitium, while DCs 
are located in the epithelial linings of conducting 
airways, submucosa below epithelial lining, within 
alveolar septum, and on the alveolar surface. These 
cells processed and presented the antigen to activate 
the immune system (Fig.  37.2 ) [ 10 – 12 ]. These spe-
cial characteristics make the pulmonary route a 
potential site for vaccine administration.
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  Fig. 37.2    Induction of mucosal S–IgA response       
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37.4        Lymphoid Tissue and 
Immune Response in the 
Respiratory Tract 

 Depending upon the locations, the whole respira-
tory tract is divided into two parts, upper respira-
tory tract (URT) and lower respiratory tract 
(LRT). The immune system in the upper respira-
tory tract is architectured by the adenoids (naso-
pharyngeal tonsil) which are attached to the 
upper pharynx, the paired tubal tonsils at the 
opening of the Eustachian tube, the paired pala-
tine tonsils at the oropharynx, and the lingual 
tonsil at the back of the tongue. Collectively, 
these structures constitute Waldeyer’s ring which 
is also known as the nasal-associated lymphoid 
tissues (NALT). 

 Efferent lymphatics drain from NALT into the 
superfi cial cervical lymph nodes of the upper 
thorax, and these in turn are drained by the poste-
rior cervical lymph nodes the involvement of 
afferent lymphatics. NALT also involves the 
aggregates of lymphoid follicles (B-cell areas), 
interfollicular areas (T-cell areas), macrophages, 
and dendritic cells (DCs). However, contrast to 
the NALT, the lymphoid tissue in the lower respi-
ratory tract (LRT), also known as bronchus- 
associated lymphoid tissue (BALT), is not so 
organized. The architecture of BALT immune 
system is entirely different before and after stim-
ulation by an external stimulus. Before stimula-
tion, BALT is populated with undifferentiated 
lymphocytes and macrophages in a loose stromal 
network protected by a unique “lymphoepithe-
lium” which is devoid of the goblet cells and cilia 
which are otherwise characteristic of the adjoin-
ing respiratory mucosal epithelium [ 13 ]. The 
lymphoepithelium contains specialized cells, 
similar to the “M” or microfold cells in Peyer’s 
patches, which are trait in sampling antigen or 
particulate matter from the lumen of the airway 
(Fig.  37.2 ). 

 After stimulation, BALT changes its organiza-
tion and completely converts to a dome shape, 
bulging slightly into the lumen of the airway 
beneath the epithelium to facilitate the encounter 
of the invading pathogen with immune cells [ 13 ]. 
Since most respiratory tract infections are initiated 

in the URT, it seems logical that the NALT should 
act as the fi rst site of antigen recognition. There is 
also strong evidence that it is an important induc-
tive site for immune responses which operate to 
clear infection from the URT. But the mucociliary 
escalator in the URT quickly removes particulate 
antigens from the mucosa to the exterior and elim-
inates the antigen without immune induction. This 
is the reason, why we are more concerned about 
the antigen targeting to deeper airways. 

 The particles with mucoadhesive property 
may be taken up by the microfold (M) cells pres-
ent in the epithelium overlying the NALT. The 
basolateral surface of M cells is folded and invag-
inated to give pockets fi lled with lymphocytes 
and macrophages. After a long processing in the 
cytoplasm, the antigen is presented by antigen- 
presenting cells (APCs) [ 14 ]. The soluble anti-
gens are taken up by the nasal epithelium and 
drain directly by means of the efferent  lymphatics 
to the lymph nodes. The viral antigens and par-
ticulate carriers are taken up by macrophages and 
(DCs) in the area of the pockets, results in prim-
ing of IgA precursors which leave the NALT and 
enter the cervical lymph nodes for further ampli-
fi cation and differentiation into immunoglobulin 
producing cells. These cells then migrate to 
mucosal effector sites and to the respiratory 
mucosa. 

 The secretary IgA (sIgA) is actively trans-
ported to the mucosal surface by means poly-
meric Ig receptor (pIgR) [ 15 – 17 ]. It may be the 
reason why the infection at the mucosal surface 
results in systemic (serum IgG) and mucosal 
(IgA) antibody responses. Primed T and B cells 
also migrate to effector sites via lymph nodes and 
provide a long-term B- and T-cell memory which 
will differentiate into antibody-producing cells 
quickly after secondary infection. Various studies 
have reported that both natural viral infection and 
pulmonary vaccination result in the generation of 
antiviral cytotoxic T lymphocytes (CTL) [ 18 ]. It 
has been shown that NALT is a potent inductive 
site for virus-specifi c CTLs after intranasal infec-
tion [ 19 ]. The induction of a strong antiviral CTL 
response in addition to virus-specifi c IgA is a 
major goal for vaccination via pulmonary route. 
Mucosal responses in the LRT are induced in the 
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BALT by similar mechanisms. Therefore, we can 
target both URT and LRT, but targeting to LRT 
may skip the mucociliary escalator, and the par-
ticles can stay for a longer time period for a pro-
longed antigen delivery.  

37.5     Pulmonary Immunization 

 Pulmonary delivery presents an attractive alter-
native to injection for the vaccination of children 
and adults due to some unique characteristics. 
Pulmonary immunization eliminates the use of 
syringe and needle which simplifi es administra-
tion, reduces pain and suffering associated with 
injections, improves regimen compliance, 
reduces the risk of contaminated needle-based 
infections, and trims down a serious waste dis-
posal problem [ 20 ]. As nearly all respiratory 
pathogens gain entry through mucosal mem-
branes, establishing immunity at the port of entry 
might result in better fi rst-line defenses [ 21 ,  22 ]. 

 As explained above the respiratory tract has a 
large interrelated network of associated lymphoid 
tissues that readily share antigenic information 
and initiate quick immune response [ 1 ,  23 ]. Some 
unique features of the deep lungs, e.g., physio-
logical pH and reduced mucociliary action, may 
circumvent many problems that exist with other 
noninvasive routes such as rapid clearance, poor 
absorption, exposure to digestive enzymes, and 
the antigenic tolerance [ 2 ,  24 ]. The extensive sur-
face area which is almost equivalent to the sur-
face of a single’s tennis court for inhaled particles 
deposition is available. Therefore, an effi cient 
system might induce good immune response at 
lower antigenic doses than conventional paren-
teral administration. It is not only a choice for 
only a few respiratory diseases and can be 
explored for greater diversity of antigens [ 12 ]. 

 Aerosol-based vaccines have the additional 
benefi t of being easily formulated as dry pow-
ders, using material science which has its own 
advantages [ 25 ,  26 ]. Development of dry powder- 
based vaccines can potentially reduce or may 
eliminate cold chain requirements, promote ste-
rility, and increase the overall stability of anti-
gens and thus reduce the overall cost of the 
product [ 27 ,  28 ]. For these reasons pulmonary 

vaccination has generated a great research inter-
est, and furthermore, successful delivery of dry 
powder vaccines against infl uenza [ 29 ] and mea-
sles [ 30 ] generated new hopes.  

37.6     Challenges Against 
Pulmonary Immunization 

 Several antigens have induced immunity after 
pulmonary administration and despite of the 
demonstrated effi cacy, there are no commercial 
pulmonary vaccine [ 31 ,  32 ]. According to the lit-
erature the major challenge in the development 
of successful pulmonary vaccines is the develop-
ment of appropriate tool to deliver the antigen 
to the deeper airways effectively. However, the 
thin epithelium barrier in the  respiratory tract 
 provides good permeability to the macromole-
cules. The conventional parenteral vaccines can-
not be administered via respiratory route because 
the safety profi le of these formulations has been 
established for other routes and approved for oral 
administration only. The use of excipients like 
permeability enhancers including surfactants and 
bile salts might improve penetration and uptake 
of the delivered antigen, but may lead to irrevers-
ible damage to the epithelium. Even more, it can 
cause short-term loss of integrity of the pulmo-
nary epithelium that can initiate serious impli-
cations which are more diffi cult to treat [ 33 ]. 
Long-term toxicity studies are required to clearly 
identify the toxicity of novel molecules delivered 
to the lung which is not yet established. Although 
some recent studies using ISCOMATRIX TM , a 
saponin-based adjuvant and chitosan, a nontoxic 
biodegradable polymer for pulmonary delivery, 
appears to be promising, but a lot of work is 
pending till date [ 34 – 36 ]. 

 Toxicity associated with the use of saponins 
is still a matter of healthy debate. Muramyl 
dipeptide (MDP) and trehalose dibehenate 
(TDB) have also been screened in in vitro stud-
ies for potential use in pulmonary tuberculosis 
vaccines [ 37 ]. The optimal region in the respira-
tory tract for vaccine delivery remains to be 
defi ned. Recent studies in mice suggest that tar-
geted antigen delivery to the lower airways is 
required to produce a strong immune response, 
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but results may vary in clinical phase [ 34 ,  38 ]. 
There are lots of dissimilarities in the structures 
of respiratory system of humans and rodents. 
Moreover, till date the exact mechanism of 
immune induction after antigen delivery via pul-
monary route is not accurately clear.  

37.7     Particle Deposition 
in Respiratory Tract 

 The deposition of inhaled particles in the differ-
ent regions of the respiratory system is very com-
plex, and may vary based upon number of factors. 
Some of the factors infl uencing respiratory depo-
sition include:
•    Breathing rate  
•   Mouth or nose breathing  
•   Lung volume  
•   Respiration volume  
•   Health of the individual  
•   Bifurcations in the airways result in a con-

stantly changing hydrodynamic fl ow fi eld.    
 Type of formulation may also impart signifi -

cant effect on the biological activity of the deliv-
ered molecules by pulmonary route. Furthermore, 
the factors such as the particle size, particle den-
sity, morphology, and airfl ow are also effects in 
the effi ciency of drug delivery by inhalation. 
There are several mechanisms such as impaction, 
sedimentation, interception, and diffusion 
(Fig.  37.3 ) that involved particle settling in the 
respiratory route.

37.7.1       Impaction 

 Impaction accounts for the majority of particle 
deposition on a mass basis. Impaction most com-
monly occurs in case of larger particles which are 
very close to airway walls and mainly near the 
fi rst airway bifurcations. Impaction is highly 
dependent on aerodynamic diameter, and particle 
deposition by impaction is highest in the bron-
chial region [ 39 ]. Therefore, the larger particles 
(MMAD > 10 μm) are not suitable for pulmonary 
immunization, more specifi cally in case of dis-
eases where antigen should be presented in 
deeper airways, e.g., tuberculosis. With the larger 
particles, antigen will be presented by the 
immune cells in the upper respiratory tract 
including immune cells in cervical lymph nodes, 
tonsils, pharynx, and larynx.  

37.7.2     Sedimentation 

 Sedimentation is the settling out of particles in the 
smaller airways of the bronchioles and alveoli, 
where the airway dimensions are small and the 
inspired air fl ow is quite low. The mechanism of 
particle deposition via sedimentation depends 
upon the terminal settling velocity of the particles 
whose aerodynamic diameter is larger [ 40 ]. 
Hygroscopic particles may grow in size as they 
pass through the warm, humid air passages, thus 
gradually increasing the probability of deposition 
by sedimentation. Therefore, hygroscopic particles 
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  Fig. 37.3    Particle deposition 
in respiratory tract and 
mechanisms involved       
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are not suitable for pulmonary antigen delivery 
even if they have initial very small particle size as 
it is prone to aggregation during inhalation.  

37.7.3     Interception 

 Interception occurs when a particle contacts an 
airway surface. Interception plays its role in the 
particle deposition when the air streamline comes 
closer to reparatory wall and it is most likely to 
occur in smaller airways. The particles that are 
deposited by interception do not deviate from 
their air streamlines as in case of impaction. 
However, it is also reported that the role of inter-
ception in particle deposition is very less, but 
interception plays signifi cantly for particles with 
irregular shape (elongated particles) like fi bers, 
which easily contact airway surfaces due to their 
length [ 41 ]. Furthermore, fi bers have small aero-
dynamic diameters relative to their size, so they 
can often reach the smallest airways.  

37.7.4     Diffusion 

 Diffusion is the primary mechanism of deposi-
tion for particles in the nano-range (diameter 
<0.5 μm). This is mainly governed by geometric 
size rather than aerodynamic diameter. Diffusion 
is the movement of particles from a region of 
high concentration to a section of lower concen-
tration by Brownian motion. This is the random 
motion of a particle due to the constant bombard-
ment of air molecules. Diffusional deposition 
takes place when the particles just enters the 
nasopharynx, and most likely to occur in the 
smaller airways of the pulmonary (alveolar) 
region, where air fl ow is low. Nanocarriers can 
play important role in the delivery of vaccines via 
diffusion within the deeper airways [ 40 ]. 

 Depending upon the above discussed factors 
and the principles behind the particle deposition 
in the respiratory tract, we can design the deliv-
ery tool according to the requirement. We can’t 
even imagine any alteration in the patient anat-
omy and physiology, but can develop a formula-
tion in accordance with the requirements.   

37.8     Implication of 
Nanotechnology 
for Pulmonary Vaccine 
Delivery 

 Although nanoparticle-based formulations for 
other routes have gained success and reached up to 
the commercial scale, the use of inhaled nanopar-
ticles is limited. Currently, no inhaled nanoparticle 
vaccine formulation has been approved for human 
use despite of some successful clinical studies and 
novel technologies. Studies demonstrated that 
deposition of nanoparticles within lungs is very 
ineffi cient and unpredictable [ 42 ]. During aerosol-
ization, interparticulate interaction predominates 
over inertial separation leading to aggregation in 
unpredictable manner. Uniform fi lling of dry 
nanomaterial is itself a challenging task due to par-
ticle cohesion resulting in poor fl ow properties. 

 Moreover, these cohesive aggregates are dif-
fi cult to redisperse with normal fl ow rates gener-
ated in passive dry powder inhalers. Additionally, 
up to 80 % of inhaled nanomaterial with particle 
size below 1 μm is exhaled due to the lack of 
inertial and gravitational forces needed for depo-
sition [ 42 ]. Deposition of nanoparticles in the 
lungs is based upon the diffusive forces associ-
ated with Brownian motion which is a time- 
dependent process. In contrast to the inertia and 
sedimentation, diffusion is a very ineffi cient 
mean of lung deposition. Several studies have 
reported that decrease in particle size below 
1 μm, the effi ciency of lung deposition increases 
due to more rapid diffusion [ 42 ]. 

 Studies using computer modeling shows that 
deposition in the lower airway begins to rise and 
more than 50 % of inhaled ultrafi ne(less than 
100 nm) particles deposited in the alveolar region 
[ 43 ,  44 ]. Interestingly, the same results were 
achieved in clinical trials also, and 40–60 % of 
inhaled particles with a mean particle size of 40 nm 
were deposited in the lungs. These studies indicated 
that Brownian motion may be a possible mechanism 
of diffusion for very small-sized particles. However, 
some limitations are associated with nanoparticles 
like deposition variability due to deviation in breath-
ing pattern, expensive production processes, and dif-
fi culties during handling of ultrafi ne material. 

A.K. Goyal et al.



587

 Furthermore, in vivo fate of the nanoparticles 
would also be variable. The biodegradable 
nanoparticles with entrapped antigens such as 
proteins, peptides, or DNA releases and repre-
sents the antigen in a controlled manner. Further, 
developed nanoparticles can be selectively tar-
geted to antigen-presenting cells (APCs), e.g., 
dendritic cells (DCs) for desired immune 
response. These cells play an important role in 
body’s defense system. The key steps in the 
induction of immune responses include capture, 
processing, and loading of exogenous antigen 
onto MHC class I and class II molecules by 
antigen- presenting cells (APCs) [ 45 ]. Studies 
have shown that soluble antigen rarely undergo 
cross-presentation, while the antigen in particu-
late form is considered critical for inducing 
robust CD 4+  and CD 8+  T-cell activation following 
vaccination [ 46 ]. Therefore, delivery of antigenic 
nanoparticulate carriers will result in the induc-
tion of both humoral and cellular immune 
responses, while soluble antigens result in the 
induction of dominant humoral response only. 

 Along with the effective results, it is also a bit-
ter experience that the nanoparticles smaller than 
1 μm do not effi ciently deposit on the pulmonary 
epithelium and are extremely diffi cult to develop 
into a full-scale manufacturing process. 

 To overcome the problems associated with the 
nanoparticles, the pharmaceutical scientists have 
investigated a number of approaches including 
the use of both liquid and solid carriers, particle 
engineering to improve aerosolization (Fig.  37.4 ). 
As discrete nanoparticles are not well suitable for 
inhalation, much advancement has been done to 
tailor inhalable nanoparticles based formulation 
retaining the benefi ts of nanoparticles for effec-
tive delivery to lungs.

37.8.1       Nebulized Dispersions 

 Nebulization of an aqueous colloidal dispersion or 
suspension is an effective delivery strategy to 
enable the deposition of nanoparticles in the deep 
lungs. The drugs that cannot be delivered as an 
aqueous solution, nebulization of disperse 
nanoparticulates offers many advantages over 

micronized drug dispersions. Nanoparticles can be 
distributed more uniformly throughout 1–5 μm 
droplets resulting in greater dose uniformity and 
more effective deep lung deposition [ 47 ,  48 ]. 
Moreover, due to their rheology almost identical to 
solutions, nebulized particles dispersions possess 
minimum negative infl uence on nebulizer function 
and aerosol droplet size compared to the micropar-
ticles [ 49 ]. The choice of stabilizing material for 
the delivery of an aqueous dispersion of therapeutic 
nanoparticles especially containing the protein 
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  Fig. 37.4    Nanotechnological approaches for pulmonary 
delivery       
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drugs to the lungs is critical. Many synthetic sur-
factants and stabilizers that are normally used in 
oral and intravenous applications are not well 
suited for vaccine delivery, particularly in high 
concentrations. Along with, the disadvantages like 
associated toxicity, their tendency to foam during 
nebulization, and these surfactants can also alter 
the structural integrity of the proteins. 
Advancements in the dry powder-based formula-
tions have limited the use of liquid formulations.  

37.8.2     Nanoscale Powders 
for Redispersion 

 Most of the dispersions are likely to experience 
chemical and physical instability due to hydroly-
sis, particle settling, or aggregation or require the 
use of stabilizers that must be proven safe and 
nontoxic in the lungs before human use. On the 
other hand, nanoparticles for redispersion offer 
greater stability, but typically require a clinician 
for administration, and consequently would not 
be convenient for mass immunization. 

 The dispersion of nanoparticles into aqueous 
media has proven to be a suitable carrier in a 
range of preclinical and animal studies but failed 
at clinical phase. Most antigens are macromole-
cules, such as polysaccharides, proteins, and pep-
tides, which are prone to chemical and physical 
degradation in liquid formulations [ 50 ]. Due to 
the stability problem associated with the protein 
in the liquid phase, some researchers used dry 
formulations which are intended for dispersion 
before administration. Nanoscale dry powder for-
mulation eliminates the need of stabilizing sur-
factants and also reduces the contact time of the 
protein with the aqueous phase. A number of 
studies have reported the utility of lyoprotective 
agents such as lactose, mannitol, glucose, and 
sucrose to prolong the protein stability without 
signifi cantly altering the particle size [ 51 ].  

37.8.3     Dry Powders for Inhalation 

 Dry powder inhalers (DPIs) are available as sim-
ple, cheap, highly compact, and disposable 
devices in a single-use format, which are highly 

effective for vaccine delivery via pulmonary 
route. Delivery of macromolecules in the form of 
dry powder aerosols to the pulmonary system is 
the most successful alternate to parenteral immu-
nization that provides improved stability and bet-
ter immune response when compared with 
conventional liquid formulations [ 52 ]. Stability of 
proteins can be further increased by formulating 
them in a dry, solid state with additives such as 
mannitol, trehalose, sucrose, and inulin [ 53 ,  54 ]. 
The recent reports on dry powder measles vaccine 
formulations showed better stability even without 
refrigeration [ 53 ,  55 ]. The utility of dry powder 
aerosol vaccines has been demonstrated in several 
studies, e.g., dry powder infl uenza subunit vac-
cines prepared by spray-freeze-drying were 
shown to induce superior systemic and mucosal 
humoral and cell-mediated immune responses in 
mice after pulmonary delivery when compared 
with liquid vaccines administered via either the 
pulmonary or the intramuscular (IM) route [ 56 ]. 
Moreover, spray-dried nanoparticles of Bacille 
Calmette-Guerin (BCG) have shown better 
immune response [ 57 ]. It is also approved that 
dry particulate antigens are more effi cientially 
taken up by the APCs, leading to a more powerful 
immune response [ 58 ]. The development of inhal-
able dry powder vaccines therefore appears to be 
a highly effective for pulmonary vaccination.  

37.8.4     Nanodisperse Microspheres 

 For pulmonary delivery, microencapsulation may 
be used to form particles with the appropriate 
aerodynamic diameter for deep lung deposition. A 
common approach to produce powders  suitable for 
inhalation is spray drying. This production method 
is often used to make respirable particles. Some 
studies have also explored microencapsulation to 
produce nanoparticles dispersed within carrier 
microparticles [ 59 ]. In a study investigating the 
feasibility of spray drying as a technique to incor-
porate nanoparticles into carrier microparticles, 
gelatin and polycyanoacrylate nanoparticles were 
dispersed in lactose matrix microparticles. After 
redispersion in aqueous media, nanoparticles 
remained unaggregated and the benefi ts of nano-
sized particles would likely be present in vivo. 
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 Additionally, impaction studies using cascade 
impactor showed that respirable lactose matrix 
particles could produce fi ne particle fractions rang-
ing from 38 to 42 %. This approach is more benefi -
cial for peptide and protein-based pharmaceuticals 
due to very low moisture content in the fi nal for-
mulation and the relatively low processing tem-
peratures (40–45 °C). Nanoencapsulation offers a 
solution to in vivo degradation by the lung macro-
phage, esterases, proteases, and various  epithelial 
metabolic pathways. Furthermore, dispersion of 
these nanoparticles in a solid microparticles matrix 
may provide a more suitable alternative to nebuli-
zation of an aqueous dispersion which imparts 
additional stability due to absence of water. In a 
study microspheres containing lipid/chitosan 
nanoparticles complexes were used for pulmonary 
administration of macromolecules. For spray dry-
ing, mannitol was chosen as microencapsulation 
excipient and insulin as the model protein. They 
reported that the developed systems can be suc-
cessfully used for the delivery of therapeutic mac-
romolecules by the pulmonary route [ 60 ].  

37.8.5     Nanoaggregates 

 As mentioned previously, deposition of discrete 
aerosolized nanoparticles in the lower airways 
can be diffi cult due to the negligible effect of 
inertial and sedimentation forces needed for 
impaction. One of the very effective strategies to 
form low density aggregates of multiple nanopar-
ticles. These nanoaggregates have low densities 
(<0.1 g/cm 3 ) and can have variable shapes such 
as hollow spheres [ 61 ,  62 ], spherical agglomer-
ates [ 63 ], and nonspherical fl occulates [ 64 ,  65 ], 
or aggregated plates [ 66 ]. A variety of techniques 
such as spray drying, salt fl occulation, and rapid 
freezing processes have been invented for the 
production of nanoaggregates. Spray drying is 
oftenly used for the production of inhalable nano-
aggregates as both hollow and solid spheres. 
Formation of hollow spheres composed of aggre-
gated nanoparticles was initially proposed for 
pulmonary delivery by Tsapis et al. [ 61 ]. Kho 
et al., developed hollow spherical aggregates of 
biocompatible silica nanoparticles using spray 
drying technique to facilitate effective lung depo-

sition. The large geometric size and the low 
density of the nanoaggregates imparted high 
aerosolization effi ciency and an effective lung 
deposition. Based upon the promising results, 
they concluded that hollow spherical silica nano-
aggregates are the potential candidates for 
inhaled drug delivery [ 67 ].   

37.9     Selection of Suitable 
Polymers for Pulmonary 
Delivery 

 Different strategies have been developed and pat-
ented to facilitate and enhance the pulmonary 
drug delivery. Different lipid-based delivery sys-
tems, i.e., liposomes, immune stimulating com-
plexes, solid lipid nanoparticles, as well as 
polymeric nanoparticles using diverse range of 
polymers, have been successfully developed. 
Several factors affect the performance of the 
developed formulations such as rate and mecha-
nism of degradation, by-products, ease of antigen 
attachment or encapsulation, thermal stability, 
cost and availability, and safety profi le. The ideal 
attributes of polymers are summarized in 
Table  37.2 .

   Each of these factors is an important criterion 
for the preparation of nanoparticles that are safe, 
capable of stimulating the immune system, and 
suitable for formulation into aerosols. A wide 
variety of polymers have been explored for use in 
drug delivery [ 68 ,  69 ].  

37.10     Lipid-Based Carrier 
Systems 

 Despite a number of available more advanced 
drug delivery systems such as polymeric mic-
roparticles and nanoparticles and metallic 
nanoparticles, lipidic carriers are still considered 
to be promising candidates for pulmonary drug 
delivery due to numerous impressive characteris-
tics (Fig.  37.5 ) [ 70 ]. Some earlier studies have 
demonstrated the safety and effi cacy of lipidic 
carriers such as liposome, solid lipid nanoparti-
cles, and ISCOMs for drug delivery to deeper 
lungs [ 71 ,  72 ].
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37.10.1       Liposomes 

 Liposomes are vesicular carriers having one or 
more closed, concentric lipid bilayers alternating 
with aqueous compartments and the encapsulated 
drugs which provides an extended therapeutic 
response due to the depot action. It is well 
approved fact that the size and charge of lipo-
somes have a critical infl uence on macrophage 
uptake. Chono et al. studied the infl uence of par-
ticle size on AM uptake. They prepared lipo-
somes with varying particle size ranging from 0.1 
to 2 μm using hydrogenated soya phosphatidyl-

choline (HSPC), cholesterol, and dicetyl 
 phosphate (DCP). Delivery effi ciency of the lipo-
somes to AM increased with increase in particle 
size up to 1 μm, over which there was no signifi -
cant change, and they provided a prolonged 
release of the drug for more than 24 h with the 
particles in nano-range [ 73 ]. 

 Moreover, surface of liposomes can be 
anchored with a number of path navigating mol-
ecules for targeted drug delivery. It is reported 
that the mannose modifi ed liposomes are better 
taken up by AM than non modifi ed ones [ 74 ]. 
Similarly, our group also observed better AM 

Mimic lung surfactant composition

Better uptake by alvelolar macrophages (AM)

Avoidance of local irritation of lung tissue

Possibility of surface engineering for specific cell targeting

Ability to load hydrophilic as well as hydrophobic proteins

Biodegradable and bicompatible

Controlled antigen delivery

  Fig. 37.5    Advantages of 
lipidic carrier systems       

   Table 37.2    Ideal characteristics for the selection of suitable polymer for pulmonary immunization   

 S. No.  Properties  Ideal requirements 

 1.  Physical 
properties 

 Safety  The polymer should be nontoxic, biodegradable, and biocompatible in nature 
 Particle size  Particles with small aerodynamic diameter (optimally 2–5 μm) for 

alveolar localization 
 Particles in nano-range can be suitable designed to facilitate the uptake by 
specifi c cells 

 Versatility  The carrier system and the polymer could be utilized for a wide range of 
antigens without altering their structural integrity 

 Moisture content  The fi nal formulation should not be hygroscopic (moisture content 
(<5 %)) and should be stable for longer time period 

 2.  Administration  Should be patient compatible, should be easy to inhale, must not irritate 
respiratory mucosa 

 3.  Immune response  Must be capable of inducing both mucosal and systemic immune responses 
 Should be devoid of tolerance 
 Should eradicate the requirement of booster dose (controlled antigen delivery) 
 Effective at low antigen dose 

 4.  Manufacturing  Should be cost-effective, able to sterilize, available in bulk, technique 
should be scalable, must eliminate cold chain requirement, and must 
match with regulatory requirements 
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disposition of mannosylated liposomes than non-
modifi ed liposomes [ 75 ]. These studies approved 
the potential of liposomes as a tool for targeted 
drug delivery to lung macrophages which actively 
participates in the lung immunity. Therefore, 
liposomes can be a better tool for pulmonary 
immunization.  

37.10.2     Solid Lipid Nanoparticles 

 Solid lipid nanoparticles are submicron-sized 
lipidic nanocarriers. They are structurally differ-
ent from other lipid-based vesicles due to the 
presence of a solid hydrophobic core coated with 
phospholipid monolayer. SLNs have also proved 
their potential for effective delivery of therapeu-
tic agents via pulmonary route for systemic or 
localized action. Many studies such as human 
alveolar epithelial cell line (A549) and murine 
precision-cut lung slices (PCLS) cell lines have 
demonstrated a controlled release of a protein 
(lactose dehydrogenase, LDH) and proved the 
suitability of SLNs for drug delivery to lungs 
[ 76 ]. Liu et al. evaluated the potential of SLNs as 
a delivery tool for effective delivery of proteins 
via pulmonary route using fl uorescent-labelled 
insulin. Studies revealed that SLNs were effec-
tively and homogeneously distributed in the lung 
alveoli [ 77 ]. Moreover, surface modifi cations are 
also possible with SLNs to improve the stability, 
selective uptake, and bioavailability of encapsu-
lated drugs, e.g., PEGylation of SLN can modify 
surface properties very easily and exhibited 
enhanced bioavailability to specifi c alveolar 
sites.  

37.10.3     ISCOMs 

 Typically, ISCOMs are spherical, hollow, rigid, 
cage-like structures with particle size approxi-
mately 40 nm with a strong negative charge 
[ 78 ,  79 ]. ISCOMs are composed of phospho-
lipid, cholesterol, saponin, and immunogen 
(antigen), usually a protein. These systems are 
actually designed for effective vaccine delivery. 
They mimic the virus particles in various 

aspects such as their size, orientation of surface 
proteins associated with a powerful immunos-
timulatory activity due to saponins [ 80 ]. These 
characteristics of ISCOMs furnish them with an 
ability to induce strong immune responses to a 
variety of antigens in a number of species. In 
contrast to many other carrier systems, ISCOMs 
promote a broad immune response by simulta-
neously inducting both high levels of antibody 
titer and strong T-cell response, including 
enhanced cytokine secretion and activation of 
cytotoxic T lymphocyte (CTL) responses [ 81 ]. 

 The ability to stimulate CTL may be impor-
tant in generating effective immune responses to 
virus-infected cells where strong T-cell response 
is desired. A further attraction of ISCOMs is their 
reduced toxicity and reactogenicity compared 
with other saponin-based formulations. Presently, 
ISCOM-based vaccine for veterinary use is avail-
able in the market against equine infl uenza. A 
critical question concerning the use of ISCOMs 
as a general vaccine adjuvant is whether the 
results in animal models such as the effi cient 
induction of CTL responses can be reproduced in 
humans. The potential for ISCOMs to induce sig-
nifi cant and sustained levels of CTL activity in 
humans may be of particular importance to viral 
vaccines [ 82 ]. Hopefully, the ongoing clinical tri-
als of ISCOMs-based vaccines will provide supe-
rior results in forthcoming years.   

37.11     Polymer-Based 
Nanoparticulate Delivery 
Systems 

 Polymeric nanoparticles are colloidal carriers 
ranging in size from 10 to 1,000 nm. The smaller 
size helps in targeting and maintaining the encap-
sulated particles. It represents an attractive means 
of delivering the proteins. The broad choice of 
polymeric materials is available which will affect 
the various physicochemical characteristics of 
the carrier constructs such as the drug release 
behavior, zeta potential, and hydrophobicity. The 
selected polymer must be safe, biocompatible, 
and biodegradable for use. The biodegradability 
is necessary for the release of the antigen and to 
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avoid the surgical step for the recovery of the 
depleted system. Various types of the polymers 
used for the formulation of the nanoparticles are 
chitosan, alginates, PLGA, and PLA etc. The 
natural polymers like chitosan, gelatin, albumin, 
and sodium alginate (Fig.  37.6 ) seem to be safer 
than the synthetic polymers. A number of poly-
mers which are in continuous use for pulmonary 
delivery are briefl y explained below.

37.12        Chitosan 

 Chitosan is a biocompatible biomaterial with a 
huge number of applications in the fi elds of bio-

medical engineering and drug/vaccine delivery. 
Chitosan is a copolymer of the alpha glucosamine 
and N-acetyl- d -glucosamine with mucoadhesive 
property due to its polycationic nature. Since chi-
tosan easily forms microparticles and nanoparti-
cles that can encapsulate a large amount of 
number of antigens, therefore it can be better uti-
lized for controlled vaccine delivery to induce 
immunological response including both humoral 
as well as cellular immunity responses [ 9 ]. The 
cationic nature of chitosan imparts intrinsic 
immune stimulating activity and bioadhesive 
properties which improves the cellular uptake 
and permeation of the antigen. It also protects the 
antigen both in vitro and in vivo [ 83 ,  84 ]. 

a

b

  Fig. 37.6    Commonly used polymers for pulmonary drug delivery ( a ) natural sources ( b ) synthetic sources (a) Polymers 
from natural sources (b) Polymers from synthetic sources       
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 The use of chitosan for the administration of 
proteins to the lungs has received great attention 
in past few years. The chitosan particles can be 
produced in a broad size range from 50 nm up to 
several microns depending upon diverse process 
variables [ 85 ]. In a study using whole inactivated 
infl uenza virus (WIV) coated with N, N, 
N-trimethyl chitosan (TMC) improved the deliv-
ery and immunogenicity of pulmonary vaccina-
tion against infl uenza [ 86 ]. The potential of 
chitosan nanoparticles for pulmonary immuniza-
tion has been also approved by a study conducted 
by Benita et al. They found that pulmonary 
administration of the DNA plasmid loaded in chi-
tosan nanoparticles resulted in increased levels of 
IFN-γ secretion compared to pulmonary delivery 
of plasmid in solution form or the more fre-
quently used intramuscular immunization [ 36 ].  

37.13     Alginates 

 Alginate is a nature gifted polymer derived from 
brown algae. It is a linear unbranched polysac-
charide containing alternating residues of 1, 
4′-linked β- d -mannuronic acid (M) and α-l - 
guluronic acid (G). The characteristics of the 
alginate-like molecular weight and chemical con-
stitution depend upon the source from which the 
alginate is isolated and the proportion and 
sequence of M and G residues. Like chitosan 
alginates also possess strong mucoadhesive prop-
erty which makes it a suitable choice for pulmo-
nary vaccination. It quickly forms a gel in the 
presence of counterions such as Ca ++ , which is 
generally used for cell immobilization, delivering 
drugs and antigens due to its nontoxic biodegrad-
able nature [ 87 ]. Alginate nanoparticles have 
been prepared for effi cient delivery of antituber-
cular drugs via pulmonary route. The relative 
bioavailability of the drugs in alginate was sig-
nifi cantly higher compared with oral free drugs, 
and the results demonstrated that effi cacy of 3 
doses of alginates loaded nanoparticles nebuliz-
ers in 15 days was comparable to 45 daily doses 
of oral free drugs. These studies clearly indicated 
the potential of alginate nanoparticles for tar-
geted drug delivery to the lungs [ 88 ].  

37.14     Hyaluronic Acid 

 Hyaluronic acid (HA) is an excellent polymer for 
pulmonary immunization as it is endogenous to 
the pulmonary environment, it plays a function in 
various infl ammatory mediators and agglutina-
tion of alveolar macrophages, and it inhibits 
phagocytosis. Moreover, it is a high molecular 
weight bioadhesive polymer which provides pro-
longed drug release and not actively taken up by 
mucociliary escalator [ 89 ]. Hyaluronic acid is a 
polyanionic non-sulfated polysaccharide that 
consists of N-acetyl- d -glucosamine and beta 
glucuronic acid. HA is an important component 
of the cell coat of many strains of bacteria. 
Hyaluronan is gaining great attention of the 
researchers due to its high biocompatibility and 
mucoadhesive nature. Lowest molecular weight 
(202 kD) hyaluronic acid exhibited better pene-
tration enhancement properties compared with 
chitosan hydrochloride [ 90 ,  91 ]. HA particles 
have been prepared by spray drying techniques 
for targeted drug delivery to the lung and more 
specifi cally to alveolar macrophages. 

 Studies have suggested that HA particles 
were effi ciently taken up by air-surface cultured 
alveolar macrophages (RAW 264.7) [ 92 ]. 
Spray-dried particles of hyaluronic acid have 
also been used for the lung delivery of macro-
molecules. Studies demonstrate the potential of 
HA-based dry powder drug delivery systems for 
controlled pulmonary delivery of insulin [ 93 , 
 94 ]. Moreover, novel hybrid nanoparticles com-
prised of hyaluronic acid and iron oxide showed 
that iron complex hyaluronic acid particles can 
be effi ciently utilized for delivery of peptides 
[ 95 ]. Low-density porous microparticles of 
hyaluronate were also prepared using positively 
charged lysozyme, negative- charged hyaluro-
nate, and cyclodextrin derivative as a porogen, 
and the interaction of lysozyme and hyaluronate 
resulted in high protein encapsulation effi ciency 
and also stabilized lysozyme against a denatur-
ing organic solvent. Results suggested that 
porous microparticles may be applied in long-
term pulmonary administration of protein or 
peptide drugs, especially in deeper lung epithe-
lium [ 96 ].  
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37.15     Carboxymethyl Cellulose 

 Carboxymethyl cellulose (CMC) is anionic, bio-
degradable, and linear polymer cellulose ether. It 
has a number of fascinating characteristics 
including permeation-enhancing property, better 
transfection, and internalization of therapeutics 
within the mucosal cells and retarded release of 
loaded drugs/biomolecules. Therefore, CMC is 
widely used for drug delivery via mucosal route 
and also extensively used as a spray drying excip-
ient in the preparation of inhalable formulations 
of proteins. Spray-dried particles of NaCMC 
with proteins and peptides may offer an alterna-
tive method for the preparation of stable formula-
tion meant for pulmonary delivery [ 97 ]. Recently, 
studies indicated that spray drying of proteins 
with sodium carboxymethyl cellulose protects 
the structural integrity of proteins [ 97 ]. The stud-
ies indicated that the resultant spray-dried pow-
ders can be utilized for developing an aerosol 
formulation that exhibits high stability of encap-
sulated protein and high respirable fractions [ 98 ]. 
Moreover, some studies indicated that CMC also 
inhibits the mucociliary clearance; therefore, 
more and more antigen will be available for 
immune induction [ 99 ].  

37.16     Cyclodextrin 

 Cyclodextrins are cyclic polymers of alpha-d   - 
glucopyranose made up of sugar molecules bound 
together in a ring that are able to form host-guest 
complexes with hydrophobic molecules. By 
forming inclusion complexes, cyclodextrins have 
an ability to alter physical, chemical, and biologi-
cal properties of guest molecules. Cyclodextrin 
possess high permeation- enhancing property 
which makes cyclodextrins ideal penetration 
enhancers. Furthermore, cyclodextrins can stabi-
lize delicate drugs molecules by reducing expo-
sure with external environment. Studies revealed 
that cyclodextrin-based porous particles can be 
explored to deliver insulin to deeper airways with-
out altering its activity [ 100 ]. An inhalable dry 
powder of recombinant human growth hormone 
has been prepared using dimethyl-beta-cyclodex-
trin for systemic delivery of the protein, and the 

results showed improved aerosol performance of 
the spray-dried powders [ 101 ].  

37.17     Carbopol 

 Carbopol are polymers of acrylic acid cross- linked 
with polyalkenyl ethers or divinyl glycol. Some 
studies strongly indicated that carbopols have 
excellent adjuvant property and is a part of some 
marketed animal vaccine [ 102 ,  103 ].  Suvaxyn® 

M. Hyo Vaccine  for pigs contains carbopol as 
an adjuvant. More interestingly, this vaccine is 
against a respiratory infection. It is designed for 
the vaccination of healthy pigs against clinical 
signs caused by Mycoplasma hyopneumoniae 
and it aids in the reduction of mycoplasma-
induced respiratory disease and growth suppres-
sion. This is also documented that due to some 
important characteristics including the three-
dimensional structure that allows for biological 
inertness, insolubility in water and their ability to 
swell in water can control the release of antigen 
and will prolong the immune response. A lot of 
research is going on for the development of suc-
cessful vaccine not only for the pulmonary route 
but for the rest of mucosal routes also, viz. nasal, 
ophthalmic, vaginal, and rectal.  

37.18     Poly (ε-Caprolactone) (PCL) 

 The synthetic biodegradable PCL, which is lin-
ear, hydrophobic, and partially crystalline poly-
ester, can be utilized slowly by microorganisms 
with the enzyme production [ 104 ]. It has been 
reported that degradation of this aliphatic polyes-
ter in a living environment can result either from 
enzymatic attack or from chemical hydrolysis of 
ester bonds or both [ 105 ]. PCL is cost-effective, 
commonly available, synthetic polyester that 
has been employed in therapeutic delivery car-
rier [ 106 ]. The favorable characteristics which 
made it a suitable choice include prolonged sta-
bility in physiological fl uids, negligible toxic-
ity, and slow degradation in vivo compared to 
poly (lactic acid) and poly (lactic-co-glycolide 
acid) copolymers [ 107 ]. The hydrophobicity of 
PCL also makes it an ideal selection for mucosal 
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vaccine delivery [ 108 ]. Spray drying of PCL has 
been explored in several studies [ 108 ,  109 ].  

37.19     Polylactic Acid (PLA) 

 PLA is a biocompatible and biodegradable poly-
mer which converts to monomeric units of lactic 
acid. Lactic acid is a natural intermediate/by prod-
uct of anaerobic respiration which further results 
in the generation of glucose by the liver during the 
Cori cycle. Glucose is used as an energy source in 
the body. Therefore, use of the PLA nanoparticles 
is safe and devoid of any severe toxicity. PLA has 
broad biomedical applications, such as sutures, 
stents, dialysis media, and drug delivery devices. 
Anionic PEG-PLA nanoparticles produce low 
toxicity and proved highly effective drug carriers 
for therapeutics to lungs [ 110 ]. A spray-dried for-
mulation of PLA has demonstrated satisfactory 
aerosol characteristics [ 111 ]. The solution upon 
inhalation was found to have 20 times higher drug 
concentration in macrophages than others. Due to 
better uptake by lung macrophages, PLA nanopar-
ticles seem to be a suitable option for pulmonary 
immunization.  

37.20     Poly Lactic-co-Glycolic Acid 
(PLGA) 

 PLGA has been used extensively in the past few 
years due to its excellent biocompatibility, biode-
gradability, and nontoxicity. Inhalation of the 
nanoparticles containing PLGA with mannitol 
has shown good aerosol performance. Moreover, 
the developed nanoparticles were easily recog-
nized by the alveolar macrophages and exhibited 
increased uptake at alveolar region of lungs 
[ 112 ]. PLGA nanoparticles containing lactose 
and dipalmitoylphosphatidylcholine (DPPC) 
loaded with antibodies (human IgG, model anti-
body) resulted in prolonged release (>35 days) of 
protein [ 113 ]. The released antibody was stable 
and active without any structural alteration, 
which was confi rmed by gel electrophoresis 
(SDS-PAGE), fi eld-fl ow fractionation (FFF), and 
enzyme-linked immunosorbent assay (ELISA). 
Similarly, insulin-loaded large porous PLGA 

particles were prepared for pulmonary delivery, 
and in vivo data has shown that large porous 
PLGA particles reached up to alveoli and the 
released insulin was in its bioactive form [ 100 ]. 
Furthermore, surface-modifi ed PLGA nano-
spheres showed slow elimination from the lungs 
than plane PLGA nanospheres. It may be attrib-
uted due to their adherence to the bronchial 
mucus and lung tissue and sustained drug release 
at the adherence site [ 114 ].  

37.21     Metal-Based Nanoparticle 
Delivery 

 Metallic nanoparticles have received great atten-
tion in the past few years for pulmonary vaccine 
delivery. They have some unique characteristics 
(Fig.  37.7 ) which distinguish these carriers from 
other systems explored for pulmonary drug deliv-
ery. However, mixed reports are available in lit-
erature regarding the safety of the metallic 
nanoparticles can be explored in future for better 
results that ascertain the safety.

37.21.1       Iron 

 Iron nanoparticles are widely used in medical, 
diagnostic, and laboratory applications. They are 
highly reactive because of their large surface area 
and they oxidize in the presence of oxygen and 
water. It is still a prediction that iron may have 
high toxicity due to highly redox-active nature. 
However, in vitro cell line studies ensured the 
iron nanoparticles did not affect cell viability or 
the morphologic parameters of cell lines, while 
they potentiate the internalization of nanoparti-
cles into cells through a macropinocytosis pro-
cess [ 115 ]. Superparamagnetic iron oxide 
nanoparticles resulted in magnetic targeting of 
inhaled aerosols within the lungs. These particles 
are also used as contrast agents in magnetic reso-
nance imaging (MRI), and these studies have 
shown better localization of superparamagnetic 
iron oxide nanoparticles into the lungs [ 116 ]. 
Based upon the cell membrane injury induced by 
nanoparticles studied using the lactate dehydro-
genase assay, some studies also reported that 
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supermagnetic iron nanoparticles showed both 
concentration and time-dependent damage [ 117 ]. 
There is no doubt about the potential of iron 
nanoparticles for drug delivery to lungs, but their 
safety is still a matter of healthy debate and a 
huge research is pending in this area.  

37.21.2     Gold 

 Gold nanoparticles are widely used in the areas 
of medicine due to some unique optical, elec-
tronic, and molecular recognition properties. 
Gold NPs have properties such as chemical 

stability, high electron density, and affi nity to 
biomolecules, making them drug carriers and a 
tool for diagnosis. Along with the associated ben-
efi ts, these properties of nano-sized gold particles 
have also raised substantial questions about the 
safety of gold nanoparticles in the body. During 
the past decades, the mechanism involved in the 
interaction between gold nanoparticles and pul-
monary structures has been investigated. 
Preliminary cytotoxic studies on the alveolar type 
II cell lines A549 and NCIH441 using gold 
nanoparticles reported that gold nanoparticles are 
internalized by the cells in a size-independent 
manner and can cause mild cytotoxicity [ 118 ]. In 
a study Sadauskas et al. studied the biodistribu-
tion of gold nanoparticles in mouse lung follow-
ing intratracheal instillation and found that the 
inert gold nanoparticles were phagocytosed by 
lung macrophages and only a small fraction of 
the gold particles was translocated into systemic 
circulation depending on the particle size and 
greatest translocation was with the smallest par-
ticles (2 nm) included in the study. The study 
found that the instilled nanoparticles were inter-
nalized by the lung macrophages within 1 h after 
a single instillation [ 119 ]. Thus, it was demon-
strated that the inert gold nanoparticles, adminis-
tered intratracheally, are phagocytosed by lung 
macrophages. Therefore, gold nanoparticles can 
be suitable delivery tool for pulmonary immuni-
zation, but the complete evaluation of the safety 
related issues is necessary.  

37.21.3     Zinc 

 Zinc nanoparticles also seem to be a suitable 
choice for pulmonary drug delivery. Studies have 
been conducted to develop in vitro screening 
assays to determine lung hazard potential of 
nanoscale (NZO) as well as the fi ne-sized zinc 
oxide (FZO). The effect of instillation vs. inhala-
tion was also evaluated in rats. Lung infl amma-
tion, cytotoxicity, and histopathological endpoints 
were assessed at several time points postexposure 
using cultures of rat lung epithelial cells (L2), 
primary alveolar macrophages (AM), and alveo-
lar macrophages-lung epithelial cells coculture 
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(AM-L2) based upon cytotoxicity biomarkers 
(LDH) and proinfl ammatory cytokines (MIP-2 
and TNF-alpha). NZO or FZO particles produced 
potent but reversible infl ammation which was 
resolved by 1-month postinstillation exposure. 
Moreover, as per the LDH results, L2 cells were 
found to be sensitive to the exposures of nano- or 
fi ne-sized ZnO. However, macrophages were 
resistant in dose-dependent manner [ 120 ]. The 
results of different studies involved in this experi-
ment were not interrelated and variable results 
were achieved. Therefore, before concluding 
anything about the safety of zinc, nanoparticles 
extensive work would be required in this area to 
explore this tool for pulmonary drug delivery.  

37.21.4     Silica 

 Exposure to silica as such has been demonstrated 
to cause pulmonary infl ammation and damage to 
the lung tissue. Studies indicated that reactive 
oxygen and nitrogen species play a role in the 
acute phase pulmonary response from silica 
[ 121 ]. But in the past few years, mesoporous 
silica nanoparticles (MSNs) have gained increas-
ing interest for use in vaccines. MSNs have 
become uniquely attractive because of some 
unique characteristics as follows such as non-
toxic and biocompatible nature, adjustable pore 
size, large surface area, and a hexagonally 
ordered and well- defi ned internal structure and 
high thermal and chemical stability and control-
lable degradation rates [ 122 ,  123 ]. Due to the 
hollow nature, large surface area and low density 
mesoporous silica nanoparticles have ideal aero-
dynamic property. These characteristics made 
MSNs as ideal carrier system for pulmonary vac-
cine delivery. Moreover, in a study by our group, 
protocell of silica nanoparticles was prepared, 
and the spray-dried particles showed better aero-
dynamic behavior and can be utilized for pulmo-
nary immunization [ 124 ].   

    Conclusion 

 Pulmonary immunization seems to be highly 
effective due to the presence of highly respon-
sive immune response. However, delivery of 

the macromolecules/antigen to the deeper air-
ways is a challenging task. A number of hur-
dles including presence of proteolytic enzymes, 
presence of mucociliary escalator, and particle 
deposition in upper airways make our path 
more diffi cult. Introduction of nanocarriers for 
pulmonary vaccine delivery imparted new 
hopes. A number of lipidic, polymeric, and 
metallic nanocarriers have been invented for 
the development of strong immune response 
after pulmonary immunization. These systems 
improved the immune response due to con-
trolled antigen delivery to specifi c immune 
cells viz. dendritic cells and lung macrophages. 
However, a lot of research is required to justify 
the utility of nanocarriers more specifi cally the 
metallic nanoparticles at clinical stages.     
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    Abstract  

  Animals, including humans, have evolved a 
sophisticated mucosal immune system. By 
understanding mucosal immune activation, 
we can rationally design adjuvants to elicit a 
long-lasting protective immune response. In 
this chapter we will discuss about what is 
known about mucosal immunity and oral 
adjuvants. In particular, we will specially 
focus on polymeric nanoparticles as muco-
sal adjuvants that have been developed to 
stimulate lifelong memory for vaccination 
purposes.  

38.1        Introduction 

    Typically, vaccines containing live microorgan-
isms are effective and low cost, but they carry the 
risk of reversion to virulence and the induction of 
disease in immunocompromised individuals; in 
contrast, vaccines based on subunit pathogens are 
safer but require the use of adjuvants to induce 
protection. Under this disjunctive position, the 
industry, especially veterinary and pharmaceuti-
cal companies, prefers to bet for easiness and 
profi ts more than for safety. However, this is the 
big motivation for many researchers, to fi nd the 
right antigen complex adjuvant binomial with 
convincing costs and even more, susceptible to 
be used by the oral route, a terrifi c challenge [ 1 ]. 

 In the eyes of most vaccinologists, the key is 
in the adjuvant. This chapter deals with adjuvants 
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ready to be used orally. If we take a look to the 
current market situation, very few adjuvants fulfi l 
this requirement in spite that the history of adju-
vants is almost centennial. In 1925–1926, Ramon, 
Glenny and col. published their observations 
where demonstrated that the immunisation with 
toxoids could be improved by adsorption to 
“inert” substances, such as charcoal, collodion 
particles, dextran or aluminium potassium 
 sulphate [ 2 ,  3 ]. 

 These substances were called adjuvants (lat., 
adjuvare: “to help”). Following Glenny’s discov-
ery, aluminium salts were used in vaccine prepa-
rations with tetanus and diphtheria toxoids. In 
general, adjuvants have been used empirically 
since then, and, despite the many adjuvants being 
developed, insoluble aluminium salts are still the 
most used worldwide. Besides, if we add to the 
challenge the oral route, the goal is rather diffi -
cult to get. The induction of mucosal immunity 
through vaccination is a hard task. To illustrate 
the complexity of mucosal vaccine development, 
we can just take a look on the very limited num-
ber of oral vaccines has been approved for human 
use: attenuated polio vaccine; attenuated cholera 
vaccine; attenuated typhoid vaccine; attenuated 
 Mycobacterium tuberculosis  (BCG); attenuated 
rotavirus vaccine; and, the only nonliving oral 
vaccine, a  Vibrio cholerae  bacterin containing the 
cholera toxin B subunit. It appears clear that 
living- attenuated vaccines which replicate in the 
host are the light to follow; in fact, the current 
tendency is to prepare adjuvants that help nonliv-
ing vaccine to mimic the live attenuated ones, but 
without the intrinsic dangerous nature of the live 
ones. Potent mucosal adjuvants including special 
delivery systems are required for successful oral 
vaccination to face the peculiar nature of the 
mucosal immune system [ 4 ].  

38.2    The Mucosal Immune System 

 The host is open to the outer world with an exten-
sive internal coating, the so-called mucosae. 
Consequently, the immune defence is centralised 
on it, and so, about 60 % of total body lympho-
cytes are in organised follicles along mucosae 

called broadly the mucosa-associated lymphoid 
tissue (MALT) [ 5 ]. Following its physical situa-
tion is designated as gut-associated lymphoid tis-
sue (GALT), nasopharynx-associated lymphoid 
tissue (NALT), bronchus-associated lymphoid 
tissue (BALT) or conjunctiva-associated lym-
phoid tissue (CALT), among other major sys-
tems. Regardless of anatomical location, MALT 
sites are functionally connected being recognised 
as a “common mucosal immune system”. In con-
sequence, after the administration of a vaccine 
through the oral route, we can expect to fi nd spe-
cifi c memory cells and effector responses, such 
as specifi c IgA at the intestinal, vaginal and other 
mucosal tracts. 

 Concerning oral vaccination, a big challenge 
for the immune system is to reach the right equi-
librium between tolerance and infl ammatory 
response at mucosal level. This is the result of 
multifactorial processes, dependent in fi rst 
instance of the peculiar anatomy of GALT. The 
intestine is the largest lymphoid organ in mam-
mals, contains more immune cells and the larg-
est concentration of antibodies than any other 
organ including the spleen and liver [ 6 ]. 
Antigens may follow different routes to cross 
the epithelial cell barrier. In any case, dendritic 
cells (DCs) act as sentinels, uptaking the anti-
gens and then migrating to the subepithelial 
dome (SED) in Peyer’s patches (PP) or to the 
mesenteric lymph nodes (MLN) to activate 
naive T cells (Fig.  38.1 ). In fact, intestinal DCs 
have been recognised as the critical cells 
involved in the decision of tolerance vs. infl am-
mation [ 7 ]. There are a large variety of subsets 
of DCs that differ in their degree of “natural” or 
inducible predisposition to express and release 
determined repertoire of cytokines and, subse-
quently, to mount a specifi c immune response. 
We can fi nd DCs at lamina propria (LP) and PP 
in different degrees of maturation. Some are 
“resident”, whereas others are “immigrant”. In 
general terms, resident mucosal DCs are micro-
environmentally conditioned to favour tolero-
genic responses, whereas newly recruited 
infl ammatory DCs may avoid it and drive 
infl ammatory responses (Fig.  38.2 ). This is a 
main item to consider in mucosal vaccination.
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    Basically, immature DCs are present in 
peripheral tissues and are mainly phagocytic 
cells; mature DCs are found in PP and MLN, and 
are specialised in antigen presentation, as they 
are characterised by the high surface expression 
of co-stimulatory molecules that are required for 
T-cell activation. Mature DCs derive from imma-
ture cells after a maturation process that is initi-
ated by infl ammatory stimuli and that leads to a 
massive migration of these DCs to the draining 
lymph nodes. In this case, an infl ammatory 
response is induced. However, when immature or 
semimature DCs arrive from peripheral tissues to 

draining lymph nodes, tolerance induction is 
expected (Figs.  38.2  and  38.3 ).

   Apart of the maturation effect on tolerogenic 
or infl ammatory response, different subsets of 
DCs have been described in mouse PPs with spe-
cialised functions [ 8 ,  9 ]. For instance, the pheno-
type CD11b + CD8α − CCR6 +  found primarily in 
the follicle-associated epithelium in the SED, 
and therefore are the fi rst to uptake luminal anti-
gens transported by M cells, preferentially 
induces a Th2 differentiation and IgA plasma-
blasts [ 10 ]. Mucosal CXCR1 + CD11b +  DCs are 
the most important initiators of adaptive immune 
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responses and vaccine-induced protective immu-
nity. However, CD103 +  DCs in the lamina pro-
pria induce regulatory T cells, which are 
important for the induction and maintenance of 
immunological tolerance [ 11 ]. Antigen sampling 
in the mucosal surfaces are performed both by 
professional APCs like CXCR1 + CD11b +  DCs 
and through a specifi c microfold (M). 

 It may be inferred that a different repertoire of 
conditioned or not conditioned DC subsets will 
process the antigens depending on the route used 
to cross the intestinal epithelium, eliciting a dif-
ferent immune response [ 12 ]. The adjuvant used 
plays a major role in the trailed route as we will 
discuss in the following section. 

 The inductive sites of GALT comprise the 
appendix, isolated lymphoid follicles, Peyer’s 
patches (PP) (in the small intestine) and the 
 lymphoglandular complexes (large intestine). 
Isolated lymphoid follicles and lymphoglandular 
complexes are similar to PP (depicted in the fi g-
ure) although smaller. Overall, they are histologi-
cally organised like the well-known lymph nodes, 
containing a network of APCs, B-cell and T-cell 
zones and connexions with the host system 
through efferent lymphatic vessels. The success-
ful initiation of the specifi c immune responses 
depends on this strategic organisation being 
evolved to regulate the activation of T and B 
cells. 

 The follicle-associated epithelium (FAE) is a 
monolayer containing enterocytes and the micro-
fold cells (M cells). The M cells comprise 10 % 
of FAE in mice and 1 % in human, evolving from 
normal enterocytes for the capture and transport 
of unmodifi ed antigens. Thus, M cells contain 
low microvilli, few lysosomes, lack membrane- 
associated hydrolytic enzymes and conform like 
an open pocket where B and T cells, and APCs 
are located in order to facilitate the capture of the 
transcytosed antigens. Underneath is positioned a 
net of resident DC and also the subepithelial 
dome (SED) containing B-cell follicles separated 
by T-cell areas, known as interfollicular regions, 
also enriched in APCs. The T area also includes 
high endothelial venules (HEV) for the circula-
tion of the immune cells. B-cell follicles are fi ve 
times more extensive than T-cell areas, which is 

in agreement to the importance of the IgA 
response at mucosal sites. 

 The lamina propria, as a highly vascular layer 
of loose connective tissue underlying the muco-
sal epithelium, is considered the effector site 
within the GALT. 

 In the fi gure are represented the three known 
routes by which inert particles may gain access 
into the lamina propria from the lumen: (1) 
through M cells, (2) by DCs expanding dendrites 
to the lumen and (3) through disrupted or injured 
epithelium. 

 A main route is through the M cells in the 
FAE. Receptors (PRR and pIgR) are important 
for antigen recognition and transport. After trans-
fer to DCs, antigen may be either presented 
directly to T cells in the Peyer’s patch (A), or, 
alternatively, antigen or antigen-loaded DCs gain 
access to mesenteric lymph node (MLN) with the 
subsequent T-cell recognition (B). In both cases, 
DCs enter the interfollicular T-cell rich zone via 
the afferent lymphatic zones where DC fi nds 
lymphocytes that arrived via HEV. DC prime 
specifi c T cells that then either leave the area to 
become effector cells or memory T cells or they 
can migrate to the marginal zone and provide 
help to naïve and memory B cells. Then, B cells 
migrate to the germinal centres where a process 
of somatic hypermutation and switch class is 
activated. Finally B cells differentiate into mem-
ory B cells or plasma cells and leave the germinal 
centre through HEV. In turn, the activated T cells 
acquire expression of integrins and chemokine 
receptors in order to leave the MLN and after 
entering the bloodstream exit into the lamina pro-
pria of villi and to the different MALT effector 
sites. A similar process of antigen or antigen- 
loaded DC transport to MLNs might occur if 
antigen enters through the effector site (villi). 

 Currently, we assume (to simplify) that CD4 +  
T cells are subdivided into T-helper cells (Th1, 
Th2, Th17) and regulatory T cells (including, Tr1 
and Th3). It has been shown that the presence of 
signature cytokines during T-cell activation 
directs the resulting response. Thus, Th1 cells are 
infl ammatory cells that release IFN-γ as a key 
signature and are mainly involved in infl amma-
tion and protective immunity against intracellular 
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pathogens. Th2 cells are primarily involved in 
B-cell help as they release B-cell growth factors 
like IL-4. Th17 cells may exacerbate infl amma-
tion and play a critical role in host defence against 
a variety of bacteria and fungi. On the other hand, 
there are several subsets of T regulatory cells that 
suppress the function of effector T cells and are 
then prominent in the maintenance of mucosal 
immunity and to control infl ammatory diseases.  

38.3    Oral Adjuvants 

 The default responses in the gut after mucosal 
immunisation are to drive a tolerogenic or a non-
infl ammatory response (Fig.  38.2 ); however, 
through the use of appropriate adjuvants, it is 
possible to abrogate it, eliciting the often desired 
balance Th1/Th2/Th17 responses. In few words, 
under mucosal tolerogenic pressure, oral adju-
vants activate DCs in the proper manner. 
However, before that encounter takes places, oral 
adjuvants have a dramatic tour de force, facing 
with acidic conditions, hydrophobic environ-
ment, a huge diversity of hydrolytic enzymes, a 
network of mucoproteins and a dense microbiota 
covering their targets, as well as peristaltic forces 
that push forward (see Box  38.1 ).    It is not sur-
prising then the low number of oral adjuvants are 
currently in the market. 

 Basically, intestinal epithelial mucosa may be 
found in two main states: steady state- conditioned 
and infl ammatory condition. Both situations are 
dependent mainly of the microenvironment dic-
tated by the enterocytes and the type of subset 
and activation state of the DCs. In a steady state, 
nonactivated mucosa, the uptake of luminal anti-
gens is mediated by immature DCs located 
largely in the lamina propria (see Fig.  38.1 ). DCs 
regulate the activation and differentiation of these 
T-cell subsets through the pattern of cytokines 
secreted. For example, IL-12 (p70) promotes Th1 
cells; IL-10 favours Th2 or Treg responses and 
stimuli that induce DC to release TGF-β; IL-6 
and IL-23 promote Th17 differentiation. 

 In addition, several important cytokines are 
secreted by enterocytes (see Fig.  38.3 ) that “push” 
intestinal DCs to induce Treg  differentiation. 

Enterocytes may inhibit the generation of infl am-
matory responses through the release of these so-
called “conditioning factors” that drive the 
differentiation to tolerogenic immature DCs. Thus, 
retinoic acid (RA), the thymic stromal lymphopoi-
etin (TSLP), PGE-2 and TGF-β, promote tolero-
genic DCs and favour the release of a pattern of 
cytokines [including, BAFF (B-cell activating fac-
tor) and APRIL (cytokine proliferation- inducing 
ligand)], driving a Treg or Th2 response and IgA-
producing cells.    In addition, the own regulatory 
cytokines released either from the enterocytes or 
from these tolerogenic DCs may promote the 
switch from IgA to IgB cells in a T-independent 
“archaic” manner. In the presence of challenging 
stimuli or disruption of the epithelial barrier, epi-
thelial cells and newly recruited DCs release IL-1 
and IL-8 to recruit DCs and macrophages in order 
to contain the challenge. The characteristic recruit-
ment of immune cells to damaged areas is in part 
dependent of the chemotactic IL-8 released by epi-
thelial cells. Antigens are then transported by DCs 
to the MLN where they induce an infl ammatory 
immune response. 

 When teaching microbiology, we often use 
analogue terms to describe the harsh conditions 
that need to face the enteropathogens during its 
travel after being ingested. Evolution has modu-
lated pathogen tools to successfully operate, win-
ning in the face of the fences that are encountering 
centimetre after centimetre. So, it is no surpris-
ing, even it is obvious, that most successful oral 
adjuvants are those mimicking enteropathogens. 
Exotoxins, lectins and other structural compo-
nents from microorganisms are being studied as 
oral adjuvants: 

38.3.1    Exotoxins 

 Exotoxins are proteins, many of them with cata-
lytic activity, secreted by some bacteria to gain 
access through the host. The enterotoxins, exotox-
ins that affect cells lining the gastrointestinal tract, 
secreted by  Vibrio cholerae  (cholera toxin, CT) 
and  Escherichia coli  (heat-labile toxin, LT) are 
the best studied mucosal adjuvants [ 13 ]. CT and 
LT have two subunits forming a complex with the 
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formula A-5B: subunit A, with enzymatic ADP-
ribosyltransferase active and subunit B, the one 
that binds to the GM1 ganglioside receptor on 
mammalian cells, including APCs [ 14 ]. They can 
be administered via mucosal or systemic routes 
with effects on antibody and cellular immune 
responses, including cytotoxic CD8 T-cell 
responses. Specifi cally, CT exposure of APCs has 
an augmenting effect on IL-1, IL-6 and IL-10 pro-
duction and downregulation of IL-12 and TNF-α, 
indicating both pro- and anti- infl ammatory func-
tions [ 15 ,  16 ]. Besides, CT-adjuvanted antigens 
generated long-term- specifi c memory B cells 
after oral immunisation [ 17 – 19 ] since it has a 
potent ability to promote large numbers of germi-
nal centre and CD86 upregulation. This is impor-
tant considering that the formation of GCs after 
immunisation is correlated with the differentia-
tion to B memory cells and maturation to high-
affi nity and switch-class antibodies [ 20 ]. 

 However, a main drawback of exotoxins is, 
evidently, toxicity. CT and LT induce diarrhoea 
and neurological disorders since GM1 ganglio-
side receptor for subunit B is found on all nucle-
ated cells, including epithelial cells and nerve 
cells [ 21 ]. 

 An essential feature for the host is the discrimi-
nation between potential pathogens from the non-
pathogenic, symbiotic microbiota. This property 
resides in a series of pattern recognition receptors 
(PRR), proteins able to recognise conserved 
molecular markers that are shared by pathogens 
but absent in the host. These signatures of danger 
may reside in the pathogen as pathogen-associated 
molecular pattern (PAMP) or may be a product of 
its action as damage- associated molecular patterns 
(DAMP). PAMPs and DAMPs are detected 
directly by the PRRs expressed by dendritic cells 
(DCs) and enterocytes which then release either 
tolerogenic or pro-infl ammatory cytokines (see 
Fig.  38.2 ). .  Thus, microorganisms that express 
virulence factors that disrupt the host homeostasis 
trigger the rapid mobilisation of multiple PRR sys-
tems leading to infl ammatory responses. In con-
trast, normal microbiota leads to tolerogenic 
responses [ 22 ]. The outcome of antigen presenta-
tion by the DCs is, therefore, a function of the level 
of maturation: less mature DCs will more likely 

result in tolerance, whereas fully mature DCs will 
prime strong T-cell immunity [ 23 ]. 

 Toll-like receptors (TLRs) are transmembrane 
PRRs, whereas Nods, Naips, Nalps, RIG-I, MDA-5 
and DAI-1 are in the cytosol. Ligation of TLR initi-
ates a signalling cascade that results in the activation 
of the transcription factor NF-κB and subsequent 
upregulation of co-stimulatory molecules as well as 
infl ammatory cytokines and chemokines and hor-
monal factors. On the other hand, members of Nalp 
and Naip PRRs control activation of the infl amma-
some, a multiprotein complex responsible for the 
processing and secretion of IL-1b. 

 Currently, there have been described 13 TLRs 
in mammals, with different capacities involved in 
the elicited immune responses [ 24 ]. Thus, the 
specifi c recognition of the corresponding PAMPs 
will direct differential innate and, further, adap-
tive immune responses. TLR3 (recognises 
double- stranded RNA from virus), TLR4 (bacte-
rial lipopolysaccharide), TLR5 (bacterial fl agel-
lin), TLR7 (single-stranded RNA from virus) and 
TLR9 (bacterial CpG-containing DNA) are 
related with a preferential Th1 response. In con-
trast, TLR2 (recognises bacterial peptidoglycan 
and lipopeptides) elicits a Th2 response, although 
in combination with TLR6 elicit a regulatory 
response (Th3/Treg) [ 25 ]. 

 Enterocytes transcribe mRNA for all types of 
TLRs [ 26 ]. Actually, the expression of TLRs in 
the intestinal epithelium is greater than that of 
other major organs, like the liver. However, to 
avoid a permanent infl ammation, several mecha-
nisms operate to maintain tolerance towards nor-
mal microbiota. Thus, the number and location of 
TLR in the enterocytes have a great impact. For 
example, TLR-4 is expressed internally, only in 
the Golgi apparatus, meaning that LPS will acti-
vate enterocytes only if it can penetrate in these 
cells. In addition, most TLRs are expressed baso-
laterally and only in limited number on the apical 
region. Cytoplasmic PRRs, such as NOD-like 
receptors (NLR), also play an important role in 
the intestinal epithelium. M cells express also 
several PRRs, such as TLR-4, PAF-R (platelet- 
activating factor receptor) and the α5β1 integrin 
[ 27 ]. Both TLR and NLR are expressed 
 differentially along the intestine. This is again a 
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critical- evolving consequence to cover the 
expected pathogen signals along the epithelial 
intestinal surfaces and has a direct effect in vac-
cinology since each intestinal section may respond 
differently to the same antigenic stimulus [ 7 ]. 

 Both, binding and enzymatic subunits, con-
tribute to immunomodulation, although the enzy-
matic activity appears to be key one [ 28 ]. 
CTA1-DD is a nontoxic mutant that lacks the B 
subunit, and the enzymatic A subunit is linked to 
the protein A of  Staphylococcus aureus  (antibody- 
binding domains) [ 29 ], maintaining adjuvant 
activity after nasal administration [ 30 ,  31 ] but 
being inactive orally. Other CT and LT mutants in 
the A1 subunit have been proposed (LTK63, 
LT196/211, LTR72 or the CT112 [ 32 ] retains 
adjuvant function by oral route, although LTK63 
and LTR196/211 are still able to bind GM1 gan-
glioside and therefore may be toxic) [ 33 ].    

38.4      Microbial Colonisation 
Factors 

 Another strategy is based on mimicking microor-
ganism colonisation processes. Enteropathogens 
use diverse structures for attachment and inva-
sion through M cells and enterocytes, resulting in 
their transcytosis across the intestinal epithelium 
[ 41 ]. This biomimetic approach have led to the 
use of reovirus capsid protein [ 42 ]; fi mbriae from 
different bacteria [ 43 – 45 ] or outer membrane 
proteins from  Yersinia  [ 46 ]. The main limitations 
of this approach are that the effi cacy depends on 
the host expression of the specifi c receptors, and 
that microbial adhesins are immunogenics, and 
so, pre-existing antibodies may neutralise them. 

38.4.1    Microbial-Associated 
Molecular Patterns 

 A similar mimetic approach leads the use of other 
structures known as microbial-associated 
molecular patterns (MAMPs) that include 
PAMPs (pathogen-associated molecular pat-
terns). These markers that may be microbial 

    Box 38.1 Tips for a Good Oral Vaccination 

   To Avoid 
   Tolerance : Dose and dose regimes are 
major dilemma during oral vaccination. 
The oral administration of a single high 
dose or repeated low doses of antigens 
induces tolerance characterised by regula-
tory Tr1 and Th3 subsets. On the other 
hand, after a big challenge, such as the one 
produced by virulent pathogens that make 
a breach in the  epithelium, or by using 
potent adjuvants, a high infl ammatory 
response may be induced (Th1/Th2/Th17) 
(Fig.  38.1 ) [ 7 ].  
   Micronutrient defi ciency states in the host : 
such as retinoic acid (vitamin A) or zinc, 
particularly found in developing countries, 
can reduce the immune response by affect-
ing discrete subpopulations of intestinal 
DCs and T cells [ 34 ].   

  To Succeed 
   Vaccine fi nal product : safe, nontoxic and 
contaminant free.  
   Vaccine preparation process : standardised 
and reproducible, relatively inexpensive 
and easy to scale up.  

   Vaccine administration : simple to increase 
drug effi cacy and ensure patient 
compliance.  
   Resistance to low gastric pH and hydro-
lytic digestive enzymes.   
   Protection against maternal neutralising 
antibodies  [ 35 ].  
   Increase uptake by enterocytes , i.e. decorat-
ing with ligands for specifi c receptors, since 
it has been observed that the poor transport 
of antigens across the intestinal epithelium 
to reach the GALT renders immune unre-
sponsiveness [ 36 ,  37 ].  
   Induce long-term protective immunity : by 
helping cross-presentation of antigens by 
APC, via both MHC class I and II path-
ways [ 38 ], to lead the development of Th1, 
Th2, Th17, T FH  or T reg  cells [ 39 ,  40 ].    
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structures or metabolites are sensed as danger 
molecules to the host, eliciting the release of 
cytokines and chemokines that initiate an infl am-
matory defensive response. The special receptors 
for MAMPs on the cells, immune and epithelial 
cells, are known as PRRs, including TLR and 
NLR (non-TLR receptors). Therefore, modifying 
vaccines with adjuvants that carry PRR agonists 
may be a way out to face the natural mucosal 
tolerogenic tendency [ 47 ]. 

 A main PAMP is the lipopolysaccharide 
(LPS) from Gram-negative bacteria [ 48 ]. The 
heterodimer TLR4/MD-2 recognises LPS, medi-
ating bacterial translocation through enterocytes 
and M cells [ 49 ] making it suitable as oral adju-
vant. However, LPS, known as endotoxin, may 
have potent biological activity with deleterious 
side effects. Natural or synthetic derivatives of 
LPS with reduced toxicity are being searched 
[ 48 ]. The LPS from  Brucella ovis  has been used 
due to its low toxicity but maintained capacity to 
induce Th1 responses to the carried antigens 
[ 50 ]. Monophosphoryl lipid A (MPL) from 
 Salmonella enterica  serovar. Minnesota is 
included in the FDA-approved AS04 adjuvant 
used in human papillomavirus vaccine, 
Cervarix TM , combined with alum [ 51 ]. The AS02 
adjuvant also contains MPL but combined with 
QS-21 in an oil-in-water emulsion. AS01, which 
contains MPL and saponin in liposomes, has 
demonstrated to enhance systemic and mucosal 
immunity in an HIV vaccine study with non-
human primates [ 52 ]. 

 The fl agellin is a main danger molecule as it is 
exclusive of bacteria. Flagellin is the monomeric 
protein that conforms the bacterial fl agellum, and 
so, it is being extensively investigated as a PAMP, 
since fl agellin binds TLR5 [ 53 ] expressed by 
enterocytes is suitable to be used in oral adju-
vants [ 54 ,  55 ]. Flagellin induces the maturation 
of intestinal DC, activates CD4 +  T cells in vivo 
and promotes the development of mixed effector 
Th cell responses [ 56 ]. As a mucosal adjuvant, 
fl agellin is almost as potent as CT or LT but much 
safer [ 53 ]. 

 Microorganisms are enriched in unmethyl-
ated CpG oligodeoxynucleotides (CpG) and so 
are recognised as danger signatures by the host. 

CpG domains interact with TLR9, inducing 
strong Th1 responses. They have shown to be 
effective in animal vaccine studies when deliv-
ered mucosally [ 57 ]. Human clinical trials dem-
onstrate CpG domains and have a good safety 
profi le, which provides a scientifi c ground to 
expand the CpG application towards mucosal 
vaccines [ 58 ]. 

 Other PRR agonists effi cacious as oral adju-
vants include α-Galactosylceramide, a CD1d 
ligand and NKT cell activator [ 59 ] and fungal or 
bacterial structures that bind non-TLR PRRs on 
APCs, such as dectin-1 [ 60 ], mannose [ 61 – 63 ] or 
the bacterial second messenger 3 ,5 -Cyclic 
diguanylic acid recognised as a danger signal to 
the host as a PAMP and effective mucosal 
 adjuvant [ 64 ].   

38.5    Nonmicrobial Ligands 

  Lectins  are proteins which bind to specifi c carbo-
hydrate. Plant lectins are the most used since they 
are more resistant to intestinal degradation and, 
therefore, are also susceptible to be used as 
ligands for targeting to M cells and enterocytes, 
covered by glycoproteins and glycolipids. 
Among several binomial plants lectin carbohy-
drate, the most investigated lectin is  Ulex euro-
paeus  agglutinin 1 (UEA-1) that binds to 
α- l -fucose on M cells, goblet and Paneth cells 
[ 65 ,  66 ]. However, toxicity and anti-nutritional 
properties are major drawbacks that limit its use 
for oral vaccination [ 67 ]. 

  Antibodies  directed against cell surface anti-
gens, for example, monoclonal antibodies to M 
cells [ 68 ]. 

 Several  cytokines  have been exploited for their 
immunostimulatory properties. These include the 
recombinant IL-1 family cytokines (IL-1α/β, 
IL-18 and IL-33) or the thymic stromal lympho-
poietin (TSLP) [ 69 ,  70 ]. However, cost/effect 
ratio is not convincing. 

 The above strategies present advantages and 
inconvenience that needs to be solved. Antigen 
delivery systems are ready to overcome all the 
barriers that still challenge oral vaccination as we 
discuss next.  
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38.6    Nanoparticulate Systems 
for Oral Delivery 

 Pharmaceutical technocrats are developing 
numerous particle systems for antigen delivery to 
the host. As main characteristic properties it can 
be highlighted by the following: protect antigens 
from digestive enzymes; facilitated uptake by 
enterocytes specially if decorated with ligands 
specifi c for epithelial receptors [ 11 ]; facilitate the 
antigen uptake by APCs or by increasing the 
infl ux of professional APCs into the injection site 
and further, the antigenic cross-presentation by 
APC via both MHC class I and II pathways [ 38 ]. 
Among the different types of particulate delivery 
systems are liposomes, archaeoliposomes, pro-
duced with lipids from prokaryotic  Archaea  [ 71 ]. 
Iscomatrix comprising Quil A, cholesterol and 
phospholipids, but it is not for hydrophilic anti-
gens; VLP prepared from the capsid proteins of 
mucosal infecting virus, liposomes, immune- 
stimulating complexes (ISCOMs), yeast ghosts 
and polymeric micro- or nanoparticles, cochle-
ates and polymeric particulate delivery systems 
[ 72 – 78 ]. 

38.6.1    Nanoparticles 

 Oral vaccination using antigens loaded or encap-
sulated in particles and specifi cally nanoparticles 
appears to have a sound scientifi c rationale based 
on the protection of an antigen from exposure to 
extreme pH conditions, bile and pancreatic secre-
tions [ 79 ,  80 ] and provides a depot effect [ 81 ]. At 
the same time, advantage is taken of the inherent 
inclination of particulate to be naturally captured 
by mucosal APCs as part of its duty as a sentinel 
in triggering of mucosal immunity against patho-
gens [ 82 – 85 ]. In fact, it has been clearly demon-
strated that nanoparticles can interact with 
different components of the mucosa.  

38.6.2    Bioadhesion 

 In order to increase the residence of nanoparti-
cles in close contact with the epithelial surface of 

the mucosa and, then, improve their capability to 
reach specifi c immunocompetent cells and the 
GALT, different strategies have been developed. 
One of these strategies may be to potentiate the 
bioadhesive properties of these carriers by modi-
fying or decorating their surface with ligands 
capable to (1) cross the mucus layer protecting 
the mucosal surface and/or (2) target specifi c 
receptors on the immunocompetent cells located 
in the mucosa. 

 One of the most popular techniques for modi-
fi cation of the nanoparticle’s surface is 
PEGylation. The adequate coating of nanoparti-
cles with poly(ethylene glycol) (PEG) permits to 
decrease the interaction of nanoparticles with the 
mucins and cross through the mucus layer on the 
road to the mucosal epithelium [ 86 ,  87 ]. In 
 addition it was demonstrated that pegylation of 
poly(anhydride) nanoparticles yielded carriers 
with a high ability to minimise adhesive interac-
tions within the stomach mucosa and to concen-
trate them in the small intestine mucosa of 
animals [ 88 ]. 

 Another possibility can be the use of biomi-
metic approaches such us the decoration of 
nanoparticle compounds or molecules involved 
in either the colonisation process of microor-
ganisms or the activation of the host immune 
system. Microorganisms can invade and colo-
nise the host tissue by using a number of dif-
ferent specifi c adherence factors including 
outer membrane proteins [ 89 ], fl agella [ 90 ], 
fi mbriae and pili [ 91 ], lectins [ 92 ] and glyco-
proteins [ 55 ]. Most of these adhesive factors 
are also considered as immunomodulators, and 
they are included in the generic denomination 
of PAMPs (pathogen-associated molecular 
patterns). 

 In the recent past, our group of research dem-
onstrated that the association of either fl agellin 
from  Salmonella  Enteritidis fl agella or man-
nosamine to Gantrez AN nanoparticles could 
enhance the bioadhesive capabilities of the 
resulted decorated nanoparticles. These nanopar-
ticles demonstrated a high ability to colonise the 
gut of animals with a characterised ileum tropism 
and high affi nity to Peyer’s patches [ 62 ,  93 ] 
(Fig.  38.4 ).
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38.6.3       Direct Interactions 
on the Immune Cells 

 In addition, the use of nanoparticles offers 
another advantage such as the possibility to load 
oral adjuvants, such as those described above (i.e. 
CT, lectins, PRR agonists) with the antigen in 
order to increase and induce the more appropriate 
immune response [ 94 ,  95 ]. CTA1-DD, the 
already mentioned nontoxic mutant that renders a 
cholera toxin that lacks the B subunit, is not sta-
ble for oral administration, but protected when 
incorporated in particulate delivery systems 
[ 96 – 98 ]. 

 “ Salmonella -like” nanoparticles have been 
obtained by the association with the fl agellin of 
 Salmonella  Enteritidis to PVM/MA nanoparti-
cles [ 99 ]. These carriers displayed an important 
tropism for the ileum, and their distribution 

within the gut correlated well with the described 
colonisation profi le for the bacteria, including a 
broad concentration in Peyer’s patches [ 62 ]. 
Using ovalbumin as model antigen, “ Salmonella -
like” nanoparticles induced a strong and balanced 
secretion of both IgG2a- (Th1) and IgG1 (Th2)-
specifi c antibodies. In addition, these nanoparti-
cles were able to induce a much more strong 
mucosal IgA response than control nanoparticles 
[ 99 – 103 ]. 

 Table  38.1  summarises some other examples 
related with the development of nanoparticles as 
adjuvants for mucosal vaccination. Several fac-
tors contribute to the effi cacy of particulates as 
oral adjuvants. The adequate combination 
between the polymer and the antigens as well as 
the preparative method employed for antigen 
loading have a great infl uence on the physico- 
chemical properties of the resulting particulates, 

Flagellin

Blank nanoparticles or
Antigen-loaded
nanoparticles

S. enterica
flagellin enriched extract

Flagellin-coated
nanoparticles

100 nm EHT = 2.00 kV

Mag = 140.85 KX

  Fig. 38.4    Scheme on fl agellin-containing nanoparticles       
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determining their size and surface characteristics 
[ 113 ]. Although the correlation between particle 
size and their adjuvant activity has been contro-
versial [ 111 ,  114 – 121 ], particles in the nanoscale 
size rather than microscale size appear to be more 
adapted for cellular uptake and immune stimula-
tion in the GI tract [ 122 – 124 ].

   On the other hand, the polymer used not only 
determines the antigen loading in the resulting 
nanoparticles, but also the stability of the result-
ing particles in the gastrointestinal tract as well 
their interaction with components of the mucosa. 
It is important to note that the stability may be an 
important factor infl uencing the release of the 
loaded antigen. 

 Bacterial fl agellin in addition to being a ratio-
nal target of the specifi c immune system can 

directly activate innate immune cells that, as a 
consequence, secrete infl ammatory cytokines. 
This immunostimulatory capacity is mediated by 
surface receptor TLR-5 expressed by monocyte/
macrophages and dendritic cells, but also by the 
enterocytes in the gut. This innate ability makes 
fl agellin as an effective adjuvant. Furthermore, 
fl agellin is an adhesive factor used by mucosal 
bacterial pathogens for invasion of host surfaces 
and hence colonises the gut. Considering both 
properties, fl agellin may be used as a great syner-
gistic mucosal adjuvant. The fi gure shows a sche-
matic representation of the preparative process of 
fl agellin-coated poly(anhydride) nanoparticles. 
Poly(anhydride) nanoparticles were prepared by a 
desolvation method followed by a drying step by 
lyophilisation. Briefl y, fl agellin from  Salmonella 

   Table 38.1    Examples of oral immunisations using antigen-loaded biodegradable a  nanoparticles   

 Antigen  Polymer  Observations  Refs 

 BSA  Hydrophobic carbon 
nanoparticles 

 Serum IgG titre close to that observed for 
BSA emulsifi ed in FCA and i.m. 
administered 

 [ 104 ] 

  Eimeria  recombinant profi lin  Montanide IMS nanoparticles  Decreased faecal parasite excretion  [ 105 ] 
 Reduced intestinal lesions in infected 
animals (chickens) 

 F4 fi mbriae  Escherichia coli   Gantrez AN nanoparticles  Increased levels of F4-specifi c antibody- 
secreting cells in the spleen 

 [ 106 ] 

 Ovalbumin  PLGA nanoparticles containing 
MPLA 

 Strong IgG immune response  [ 107 ] 
 Strong IgA titres 

 DNA encoding for the major 
capsid protein of LCDV 

 PLGA nanoparticles  Reduced fi sh infection rate  [ 108 ] 

 HBsAg   Lotus tetragonolobus  lectin- 
coated PLGA nanoparticles 

 Strong mucosal and systemic immune 
responses 

 [ 109 ] 

 HBsAg  Pegylated PLA nanoparticles  Effective levels of cellular Th-1 response 
and mucosal humoral immunity (IgA) 

 [ 110 ] 

 Infl uenza A antigen  Bilosomes (lipid vesicles)  Higher antibody production when 
administered orally than by the i.m. route 

 [ 111 ] 

 DNA-encoding house dust 
mite allergen Der p2 

 Chitosan nanoparticles  Induction of Th-1 responses with high 
serum levels of IFN-g 

 [ 112 ] 

   BSA  bovine serum albumin,  FCA  Freund’s complete adjuvant,  MPLA  monophosphoryl lipid A,  LCDV  Lymphocystis 
disease virus,  HBsAg  Hepatitis B surface antigen,  PLGA  poly( d , l -lactide-co-glycolide),  PLA  poly(d,l-lactic acid) 
  a Under physiological conditions, nanoparticles derived from PLGA, chitosan, lipids or Gantrez AN suffer from biodeg-
radation or bioerosion. Concerning hydrophobic carbon nanoparticles, which are derived from silica, there are is no 
information about their degradability, and we think that they are not degraded under physiological conditions. In any 
case, it would be necessary also to take also into account that the proposed route of administration for all of these 
nanoparticles is the oral/mucosal route. In the oral, physiological process such as peristaltism, enterocytes/mucosa and 
mucus turnover are very important and plays an important role in the elimination of the gut contents. Thus, the degrada-
tion of nanoparticles will be less important than the adequate release of the loaded antigen  
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enteritidis  was incubated with the polymer (copo-
lymer of methyl vinyl ether and maleic anhydride, 
Gantrez AN) in acetone. Then, nanoparticles were 
obtained by the addition of a mixture of ethanol 
and water. The organic solvents were eliminated 
under reduced pressure and the resulting nanopar-
ticles cross-linked by incubation with 100 μg 
1,3-Diaminopropane for 5 min. Then, the suspen-
sions were purifi ed by centrifugation, and, fi nally, 
the nanoparticles were lyophilised using sucrose 
(5 %) as cryoprotector. The SEM microphoto-
graph shows the morphology and shape of the 
resulting nanoparticles where fl agellin proteins 
are on their surface for direct presentation to the 
enterocytes and after to the immunocompetent 
cells. 

 Among others, poly( d , l -lactide-co-glycolide) 
(PLGA), chitosan, lipids, starch, phosphazene, 
poly(epsilon-caprolactone), poly(anhydride) and 
cationic cross-linked polysaccharides have also 
been proposed as antigen delivery nanoparticles 
for oral vaccination. 

 In this way, a great number of antigens have 
been successfully encapsulated in PLGA parti-
cles with a full maintenance of structural, anti-
genic integrity and immunogenicity after oral 
administration [ 125 ,  126 ], even in clinical trials 
[ 127 ]. 

 Chitosan may also have an immunomodula-
tory effect as it has been shown to stimulate 
 production of cytokines from immune cells in 
vitro [ 128 ] and enhance a naturally Th2/Th3-
biassed microenvironment at the mucosal level in 
absence of antigen [ 129 ]. 

 Poly(anhydride) nanoparticulate systems 
made by the copolymers of sebacic acid, 
1,6-bis-( p -carboxyphenoxy)hexane, and 
1,8-bis-( p -carboxyphenoxy)-3,6-dioxaocatane 
have demonstrated biocompatibility both in vivo 
and in vitro at concentrations expected for human 
use [ 63 ,  130 – 133 ]. 

 Some amphiphilic polyanhydrides have also 
been reported to exhibit adjuvant characteristics 
[ 134 ]. In particular, poly(anhydride) nanoparticu-
late systems made by the copolymer of methyl 
vinyl ether and maleic anhydride (PVM/MA) have 
demonstrated their effi cacy as adjuvants to induce 

Th1 immune responses [ 50 ,  135 – 138 ]. Furthermore, 
PVM/MA nanoparticles may be exploited as oral 
adjuvants since they can enhance the delivery of the 
loaded antigen to the gut lymphoid cells due to 
their special bioadhesive  properties [ 79 ]. 

 Interactions between particles and DCs depend 
on particle characteristics such as size and shape, 
charge and hydrophobicity, but the mechanisms 
responsible for DC maturation may be mostly 
related to TLR recognition in DCs. Many reports 
show how the stimulation with TLR agonists 
induces the surface expression of co-stimulatory 
molecules and hence the phenotypic modulation 
to the typical feature of a mature DC. It has been 
shown that poly(anhydride) nanoparticles of 
PMVA induced innate immune responses medi-
ated by a TLR-2 and TLR-4 dependent manner 
[ 128 ,  138 ]. These nanoparticles induced matura-
tion of DC with a signifi cant upregulation of 
CD40, CD80 and CD86 and a biassed Th1-
present response in animal models. This is an 
important fi nding since it has been recently shown 
that the use of multiple TLR agonists carried by 
nanoparticles infl uences the induction of long-
term memory cells, being the ultimate goal for 
any vaccine the stimulation of long-lasting pro-
tective immunological memory [ 139 ,  140 ]. 

 Little information is available on adjuvant 
effects and memory development in general, and 
even less is known about mucosal adjuvant 
effects and memory responses. Long-term mem-
ory paradigm is offered by key successful exam-
ples including smallpox, measles, mumps, polio, 
rubella and the paradigmatic yellow fever [ 141 , 
 142 ]. Cell-mediated immunity may be main-
tained in immunised people with live attenuated 
vaccines for decades. This last vaccine (YF-17D) 
contains agonists for several Toll-like receptors. 
The impact on the activation of innate immunity 
could explain why this vaccine effectively stimu-
lated long-term memory. In fact, a new approach 
for successful vaccine adjuvant development is 
based on the use of TLR agonist [ 143 ]. 

 Other polymers differ in their potential capac-
ity to be modifi ed with chemicals and ligands 
(see above). For instance, Poly(lactic-co-glycolic 
acid) and polystyrene microparticles were found 
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to activate caspase-1 through NLRP3 in vitro as 
effi ciently as alum [ 144 ]. Other experimental 
adjuvants have also been shown to mediate an 
NLRP-dependent IL-1 release, including Quil A, 
a saponin extracted from the bark of the  Quillaja 
saponaria  tree, and chitosan [ 145 ].   

   Conclusion 

 Vaccination coverage, especially in develop-
ing countries, is a main challenge for our soci-
ety [ 146 ]. Several key issues related with 
vaccine development should be considered as 
follows: safety, low-cost production, mass 
vaccination and convenient mucosal adminis-
tration, among others. Mucosal administration 
of subunit vaccines offers security and conve-
nience, but they require potent adjuvants to 
overcome the epithelial barriers. Nanoparticles 
upsurge as a group of delivery systems with 
interesting abilities as adjuvants. However, a 
better knowledge of human mucosal immune 
responsiveness is required to establish the use-
fulness of these adjuvants regardless of the 
optimistic presages on nanotechnology-based 
antigen delivery (see Box  38.1 ). Currently, 
there are no pure subunit vaccines formulated 
and licensed for mucosal administration. This 
is mainly due to the regrettable fact that few 
adjuvants have been approved for human use 
[ 147 ,  148 ]. Major drawbacks on toxins as 
mucosal adjuvants have induced to a major 
research on the development of new mucosal 
adjuvants [ 149 ,  150 ] .  Therefore, this is our 
major challenge, the development of adju-
vants that enhance the potency of future sub-
unit vaccines administered by different 
mucosal routes. 

 Subunit vaccine’s main challenge is to 
induce lifelong memory are live attenuated 
does, such as vaccinia virus vaccine, measles, 
mumps, polio, rubella or yellow fever. 
Therefore, future adjuvant design may pay 
attention to the attenuated live vaccine’s 
mechanisms of action. The default response in 
the gut after mucosal immunisation is to drive 
a tolerogenic or a noninfl ammatory response. 
This is an evolving consequence of food 
ingestion. The continuous sampling of the 

intestinal contents by immature DCs, which 
do not have many co-stimulatory molecules, 
will render an anti-infl ammatory response. 
However, pathogens and attenuated vaccines 
activate multiple pathways and present “dan-
ger molecules” (PAMPs) that include toll-like 
receptors, C-type lectin receptors, RIG-1-like 
receptors and NOD- like receptors [ 151 ] that 
bind mucosal epithelium and cause epithelial 
cells to release cytokines and chemokines that 
attract immune cells for induction of an 
infl ammatory response. Therefore, modifying 
the vaccines with immunological adjuvants 
that carry PAMPs or other PRR agonists may 
be a way out to face the natural mucosal 
tolerogenic tendency. Taken together, the 
identifi cation of ways to modulate Th1, Th2, 
Th17, T FH  or T reg  will most certainly be key to 
the successful development of novel vaccine 
adjuvants. 

 Thus, nanoparticles have revealed as good 
oral adjuvants, being able to induce simulta-
neously a peripheral and a mucosal immunity. 
Through the use of nanoparticulated delivery 
systems, it is possible to abrogate tolerance 
and elicit the desired balance Th1/Th2/Th17-
type responses in both mucosal and systemic 
sites, opening new dimensions in the adjuvant 
fi eld for mucosal vaccination.     
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 Abstract 

 Safe and effi cient prophylactic and therapeutic 
vaccines are lacking for a number of infectious 
diseases and immunologically related disorders. 
Novel adjuvants, able to enhance and modify 
immune responses, thus have the potential to 
improve both prophylactic and therapeutic vac-
cines. In the search for new types of adjuvants 
the carbohydrate polymer chitosan has gained 
increasing interest. Chitosan derives from the 
natural product chitin and chemically consists 
of N-acetyl-glucosamine and glucosamine. 
Attractive characteristics of chitosan as an adju-
vant candidate include its natural origin, full 
biodegradability, non-toxicity and low cost of 
goods. Chitosan has the ability to stimulate 
innate immunity but the mechanism of action is 
not fully understood. The adjuvant effect may 
also be mediated by improved antigen presenta-
tion to immune cells and by enhancing the anti-
gen uptake. Because of its cationic character 
chitosan adheres to mucosal surfaces. Various 
chemical derivatives and particulate variants of 
chitosan have been explored for mucosal admin-
istration of vaccines. Available data from clini-
cal trials support chitosan as being a useful 
adjuvant- and delivery system for intranasal vac-
cines. In order to develop chitosan based adju-
vants for different vaccine applications and 
administration routes it is crucial to provide 
high-quality medical grade chitosan. In this 
chapter we present published data on chitosan as 
an adjuvant and specifi cally focus on a recently 
developed chitosan based adjuvant, ViscoGel. 
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39.1            Disease/Application Area 

 The    undisputable success of vaccines and vac-
cine programs in the battle against a number of 
infectious diseases has highlighted novel vaccine 
strategies as a solution to a wide range of immu-
nologically related conditions. However, several 
challenges remain, both for the development of 
therapeutic vaccines to, e.g., cancer, autoimmune 
diseases, and allergy, as well as for infectious dis-
eases. Examples of diseases in which effi cient 
vaccines are urgently needed include malaria, 
tuberculosis, and HIV infection/AIDS, collec-
tively responsible for millions of deaths every 
year [ 1 ,  2 ]. A group of patients with a particular 
need of effi cient vaccines is the worldwide grow-
ing elderly population. Individuals over the age 
of 65 often get insuffi cient protection from cur-
rent vaccination to, e.g., seasonal infl uenza and 
pneumococcal infections [ 2 – 4 ]. Thus there is a 
need for vaccines able to elicit effi cient and 
appropriate immune responses. 

 One way to improve suboptimal vaccines is to 
employ more effi cient adjuvants, i.e., enhancers of 
the immune response. Adjuvants also provide 
means to direct the response into a specifi c direc-
tion, e.g., a humoral or a cellular immune response. 
The route of administration is known to affect the 
immune response stimulated and, in addition, adju-
vants can be designed to act as vehicles or delivery 
systems for vaccine administration. 

 The most widely used, and until recently the 
only adjuvant approved for human use, are alu-
minum salts (alum). Alum mainly enhances the 
humoral arm of the immune system, and particu-
larly in mice it strongly promotes Th2-type 
immune responses [ 5 ]. To meet the extensive 
demand for vaccines able to elicit cellular 
responses, several new types of adjuvants have 
been developed or are currently investigated [ 6 , 
 7 ]. There is also a need for novel adjuvants in 
vaccines designed for non-parenteral administra-
tion routes. 

 In the search for new types of adjuvants, the 
carbohydrate polymer chitosan has gained 
increasing interest, due to its demonstrated 
immunostimulatory effect [ 8 ,  9 ]. Chitosan 
derives from the natural product chitin. Chitin, 

being one of the most abundant polymers in 
nature, is found as a structural element in crusta-
cean shells, exoskeletons of insects, and cell 
walls of microorganisms. Chemically, chitosan 
consists of  N -acetylglucosamine and glucos-
amine. Because of its cationic character, it effi -
ciently adheres to mucosal surfaces [ 10 ]. 
Additional attractive characteristics of chitosan 
as an adjuvant candidate include its natural ori-
gin, full biodegradability, nontoxicity, and low 
cost of goods. Here we will describe chitosan as 
an adjuvant and specifi cally focus on a recently 
developed chitosan-based adjuvant, ViscoGel.  

39.2     Vaccine Delivery 

39.2.1     Formulation/Chemistry 

 Chitosan is commercially manufactured from the 
exoskeletons of crustaceans, recovered as a side 
product from the seafood industry. The manufac-
turing process involves strong alkaline treatment of 
chitin, a homopolymer consisting of 1-4-β-linked-
 N -acetyl glucosamine units, to remove acetyl 
groups and form water-soluble chitosan. Chitosan 
is thus composed of  N -acetylglucosamine and glu-
cosamine (Fig.  39.1 ) at various ratios. The percent-
age of glucosamines in the chitosan is termed 
degree of deacetylation (DD). Standard manufac-
turing processes typically lead to a DD of 80–95 %, 
but the DD may vary considerably. The quality of 
chitosans applied in published studies is often 
inadequately defi ned, making it diffi cult to link 
physical and chemical composition of chitosans to 
stimulation of certain immune responses. Existing 
data mostly refer to chitosan in the 80–95 % DD 
range, since commercially available chitosans are 
generally highly deacetylated.

   Due to its high content of glucosamines, chi-
tosan is cationic [ 11 ] and muco-adherent [ 10 , 
 12 ]. Moreover, chitosan possesses permeation- 
enhancing properties [ 10 ,  13 ]. These character-
istics are of importance for formulation of 
mucosal vaccines. However, one limitation for 
the medical application of chitosan is that it is 
only  soluble in its protonated form, at pH below 
6–6.5. 
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 In order to keep chitosans in solutions at 
physiological conditions (neutral pH, salts, etc.), 
various chemical modifi cations have been 
attempted [ 10 ,  14 ]. The most common soluble 
chitosan derivatives for mucosal applications are 
N-trimethylated and carboxymethylated chito-
sans [ 15 ,  16 ]. Chitosan and its derivatives have 
been produced in a number of different physical 
forms to match the various demands on vaccine 
delivery systems, e.g., as gels, powders, and 
nanoparticles [ 16 ,  17 ]. 

 A chitosan that is soluble at physiological con-
ditions has been developed and is manufactured 
under the name Viscosan. The water solubility is 
promoted by a random distribution of acetyl 
groups and a DD close to 50 %. In addition, 
Viscosan is rapidly degraded in a biological envi-
ronment, and it has a high purity. Viscosan can be 
processed into a viscoelastic hydrogel, ViscoGel, 
which possesses useful properties for adjuvant 
and vaccine delivery applications. The gel is 
formed by cross-linking of chitosan chains to 
achieve a physically stable hydrogel consisting of 
99 % water and 1 % Viscosan. ViscoGel is further 
processed into particles of defi ned sizes. Finally, 
ViscoGel can be mixed or covalently linked with 
different antigens or immunomodulators to gener-
ate vaccine-adjuvant formulations. Formulations 
with covalently linked antigens may be very 
advantageous, since it has been shown that anti-
gens physically linked to the adjuvant generate 
superior immune responses compared to non-
associated antigen/adjuvants [ 18 ,  19 ].  

39.2.2     Microtechnology/
Nanotechnology 

 Particulate systems offer several benefi ts to vaccine 
technology. The particulate form enables exposure 
of a large surface area and effi cient display of anti-
gen. Microparticles exhibit similar sizes as micro-
organisms, which the immune system has evolved 
to combat. Thus, they are effi ciently phagocytosed 
and activate antigen-presenting cells (APC) [ 20 ]. 
ViscoGel provides a microparticulate system and 
can be processed into gel particles in the size range 
from a few micrometers up to 200 μm. Notably, 
ViscoGel does not precipitate but remains in the 
form of clear transparent gel particles when sub-
jected to physiological pH. 

 Nanoparticulate chitosan systems have espe-
cially been studied for mucosal vaccine applica-
tions. For example, chitosan nanospheres (approx 
350 nm) have been applied as vaccine carriers in 
preclinical testing of nasal delivery of a tetanus 
toxoid [ 21 ,  22 ]. Superior systemic and local 
immune responses were induced by the chitosan-
nanoparticle- formulated tetanus toxoid compared 
to fl uid vaccine. Chitosan nanoparticles (350 nm) 
loaded with fl uorescently labelled albumin (OVA) 
have been shown to be internalized by nasal epi-
thelial cells and transported to the submucosal 
layer after intranasal administration to rats [ 23 ]. 
In a mouse model for sublingual allergen-specifi c 
immunotherapy, it was on the other hand shown 
that treatment with the model allergen OVA for-
mulated with chitosan microparticles (1–3 μm) 
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  Fig. 39.1    Chitosan is a 
carbohydrate polymer 
composed of 
 N -acetylglucosamine and 
glucosamine units. The 
polymer length, as well as 
the distribution and overall 
composition of 
 N -acetylglucosamine and 
glucosamine units, varies 
between chitosans. The 
percentage of glucosamine 
units in the polymer 
denotes the degree of 
deacetylation (DD)       

 

39 Chitosan-Based Adjuvants



626

was superior to a nanoparticle (300–800 nm)-for-
mulated vaccine. The uptake of OVA by sublin-
gual APCs and the activation of OVA-specifi c 
T-cell responses were increased for the micropar-
ticle-formulated OVA, and, furthermore, the air-
way hyperresponsiveness and infl ammation in the 
lung was reduced after treatment with the mic-
roparticulate vaccine [ 24 ].  

39.2.3     Working Mechanism 

 Immune activation by chitosan has been demon-
strated after intranasal [ 8 ,  21 ], oral [ 25 ], subcutane-
ous [ 9 ,  26 ], and intramuscular antigen admini stration 
[ 9 ,  27 ]. The oral route is expected to induce tolero-
genic immune responses. Chitosan given perorally 
without any protein antigen stimulated a Th2/reg-
ulatory T-cell- promoting milieu in the intestinal 
mucosa, characterized by secretion of IL-10 and 
expression of IL-4 and TGF-β [ 25 ]. When given 
by the subcutaneous or intramuscular route, chito-
san stimulates both strong humoral and cellular 
responses to coadministered antigens. A mixed 
Th1/Th2 type of response as well as CTL activa-
tion has been demonstrated in mice [ 9 ,  27 ]. It has 
been proposed that chitin, the precursor to chito-
san, activates innate immune responses through 
two main mechanisms: activation of pathogen pat-
tern recognition receptors (PRRs) and activation 
of chitinases [ 28 ]. The PRRs suggested to be acti-
vated by chitin include the mannose receptor, 
TLR-2, and dectin-1 [ 29 – 32 ]. 

 Chitosan is defi ned as partially deacetylated 
chitin and may share some of the immune- 
activating mechanisms demonstrated for chitin. 
There are, however, few reports on how chitosan 
acts as an adjuvant. In an early study chitosan 
was shown to activate macrophages [ 33 ]. 
Chitosan has later been demonstrated to provide 
an antigen depot effect, which has been sug-
gested to enhance adjuvant activity [ 9 ]. It has 
also been reported that chitosan induces infl am-
masome activation in an NLRP3-dependent fash-
ion, a mechanism that may be shared among 
particulate adjuvants, including alum [ 34 ]. 
Interestingly, in an  in vitro  study performed on 
murine bone marrow-derived dendritic cells 

(DC), it was shown that chitosan, in contrast to 
alum, did not inhibit stimulated production of the 
Th1-polarizing cytokine IL-12 from activated 
DCs, providing a possible explanation to why 
chitosan stimulates Th1 responses more readily 
than alum [ 35 ]. These and other studies suggest 
that chitosan activates innate immune signaling, 
but so far no candidate PRR specifi cally interact-
ing with chitosan has been identifi ed. 

 ViscoGel contains low-deacetylated chitosan 
with a random distribution of acetyl groups [ 26 ]. 
Its specifi c characteristics suggest that even 
though some mechanisms of immune activation 
will be common to other chitosans, ViscoGel will 
activate the immune system in a unique way. The 
ViscoGel-stimulated immune response will 
depend on the nature of the ViscoGel prepara-
tion, e.g., its particle size, DD, and means to mix 
or link an antigen to the ViscoGel. These factors 
should be evaluated for each vaccine formulation 
in order to obtain an optimal response towards 
any given disease. Importantly, the versatility of 
the ViscoGel system provides a possibility to 
design vaccines with tailored properties for spe-
cifi c applications.  

39.2.4     Preclinical Development, 
Safety, and Effi cacy 

 A number of chitosan-based candidate adjuvants 
have been preclinically evaluated with various 
vaccines and administration routes, although 
mostly for mucosal vaccine applications [ 16 ]. 
Here we describe the preclinical development of 
ViscoGel from proof-of-concept in mice to a 
product approved for use in a clinical trial in 
man. Initially a study was performed in mice to 
show proof-of-concept for ViscoGel as an adju-
vant. A glycoconjugate vaccine to  Haemophilus 
infl uenzae  type b (Act-HIB) was used as model 
antigen [ 26 ]. The model vaccine was chosen 
because it is approved for human use, and the 
outcome of vaccination can be measured as anti-
body titers in standardized assays [ 36 ]. The vac-
cine was formulated as a mixture of Act-HIB 
with 200 μm ViscoGel particles. Groups of mice 
were immunized with the adjuvant-formulated 
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vaccine and compared to non-adjuvanted Act- 
HIB [ 26 ]. Signifi cantly enhanced IgG1 and 
IgG2a titers were found in sera from mice immu-
nized with ViscoGel-formulated Act-HIB. In 
fact, the antigen dose could be reduced tenfold 
when ViscoGel was used as an adjuvant. 
Furthermore, the Act-HIB-specifi c cellular 
response was signifi cantly stronger and of a 
mixed Th1/Th2/Th17 type, based on the cytokine 
profi le. Similar effects were seen when the adju-
vant was administered either subcutaneously or 
intramuscularly. The successful demonstration of 
adjuvant properties in mice led to preparations 
for clinical proof-of-concept. Medical grade 
ViscoGel mixed with Act-HIB was produced in a 
validated process. A number of quality control 
analyses were then performed to record physical 
and chemical characteristics and to evaluate 
purity and stability. 

 The safety profi le is of vital importance for an 
adjuvant to be applied in human vaccines. The 
adjuvant should enhance antigen-specifi c 
responses without promoting strong nonspecifi c 
infl ammation or immune responses to the adju-
vant. The toxicity of ViscoGel, as well as for the 
formulated vaccine consisting of Act-HIB mixed 
with ViscoGel, was evaluated in mice and rab-
bits. Local and systemic toxic effects were care-
fully investigated after three intramuscular 
administrations of ViscoGel. No systemic toxic 
effects were recorded. The local reactions 
observed were mild and associated with the 
immune-stimulating effect, which was confi rmed 
by measurement of antibodies raised to Act-HIB 
by the vaccination. The possibility to develop an 
immune response to chitosan, and possibly an 
allergic, IgE-mediated response, has been 
addressed earlier [ 27 ]. In mice given intramuscu-
lar injections with chitosan alone or in combina-
tion either with an infl uenza vaccine or an added 
adjuvant (Freunds incomplete adjuvant), no sig-
nifi cant anti-chitosan antibody responses were 
detected. Moreover, no increase of IgE to chito-
san or to infl uenza antigen was recorded in sera 
from rats injected with chitosan or chitosan vac-
cine [ 27 ]. The question if seafood allergic indi-
viduals can react to chitosan has been raised [ 37 ]. 
This concern applies to the possible presence of 

trace amounts of allergenic proteins in chitosan 
preparations. Well-characterized chitosans of 
high purity, e.g., ViscoGel, are not associated 
with this risk.  

39.2.5     Clinical Development 

 Even though several chitosan-based adjuvants 
have been developed and tested preclinically [ 15 , 
 16 ], few studies have evaluated chitosan as an 
adjuvant in man (Table  39.1 ). So far, the clinical 
trials where the immunostimulatory effect has 
been studied involve mucosal vaccinations. A 
couple of studies have been designed to compare 
the adjuvant effect of chitosan to vaccination 
without adjuvant or with another adjuvant. 
Intranasal administration of a detoxifi ed diphthe-
ria toxin vaccine (CRM 197 ) formulated with chi-
tosan glutamate generated signifi cantly higher 
levels of neutralizing antitoxin serum antibodies 
compared to the non-adjuvanted intranasal vac-
cine and to intramuscular alum-formulated 
CRM 197  [ 38 ]. Only the chitosan-formulated vac-
cine induced an antitoxin IgA response [ 38 ], and 
the nasal CRM 197 /chitosan vaccine also generated 
a stronger Th2 type of cell response to diphtheria 
toxin than the vaccine given alone or by the intra-
muscular route with alum [ 39 ]. In another study, 
intranasal vaccination with a trivalent infl uenza 
vaccine formulated with chitosan glutamate was 
compared to vaccination by the conventional 
intramuscular route [ 40 ]. The intranasal immuni-
zation resulted in satisfactory protective 
responses that were not signifi cantly different 
from those generated by the intramuscular 
 vaccine. A third study investigated a  Neisseria 
meningitidis  glycoconjugate vaccine adminis-
tered intranasally with chitosan in comparison to 
the same vaccine formulated with alum and 
administered intramuscular [ 41 ]. The intranasal 
chitosan- formulated vaccine was well tolerated 
and generated protective antibody responses 
comparable to the parenteral vaccine. In addition, 
trials employing chitosan as adjuvant and vaccine 
vehicle, but without comparison to other admin-
istration routes or non-adjuvanted vaccines, have 
been conducted with a Norwalk viruslike particle 
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vaccine formulated with the adjuvant monophos-
phoryl lipid A (MLP) and chitosan for intranasal 
delivery. This vaccine was evaluated in a safety 
and dose-fi nding study [ 42 ], followed by a ran-
domized, double-blind, placebo-controlled, mul-
ticenter study [ 43 ]. It was concluded that the 
nasal vaccine was well tolerated, highly immuno-
genic, and provided increased protection to 
experimentally induced Norwalk virus gastroen-
teritis. Chitosan has also been applied for intrana-
sal vaccination in a Phase I trial (MUCOVAC2), 
evaluating an HIV viral coat vaccine adminis-
tered via the intranasal, intramuscular, and vagi-
nal routes [ 44 ]. Finally, chitosan has been 
employed as an immunoactivator in cancer 
immunotherapy. In a safety-effi cacy study on 
late-stage metastatic breast cancer patients, gly-
cated chitosan was applied in combination with 

laser immunotherapy [ 45 ]. The clinical outcome 
of this study was promising, exhibiting systemic 
antitumor responses with milder side effects than 
conventional treatments.  

 In conclusion, available clinical data support 
chitosan as being a useful adjuvant and delivery 
system, in particular for intranasal vaccines. 
Clinical trials using chitosan-based adjuvants, 
including ViscoGel, for additional vaccines and 
administration routes are under way.  

39.2.6     Strength and Weakness 

 Chitosan possesses many benefi ts as adju-
vant and vaccine vehicle, but some limitations 
remain to be solved. Table  39.2  lists advantages 
and restrains associated with the application 

   Table 39.1    Clinical trials where chitosan has been applied as adjuvant   

 Antigen  Vaccination route  Subjects  Study description  Reference 

 Inactivated 
mutant diphtheria 
toxoid CRM 197  

 Intranasal 
(intramuscular 
control group) 

 Healthy adults  Two i.n. admin of 
CRM 197  with or without 
chitosan ( n  = 10/group), 
one i.m. admin of 
CRM 197  + alum ( n  = 5) 

 Mills et al. [ 38 ] 
 McNeela et al. [ 39 ] 

 Trivalent subunit 
infl uenza vaccine 

 Intranasal 
(intramuscular 
control group) 

 Healthy adults  Two i.n. admin with 
chitosan, two dose 
groups ( n  = 23), vaccine 
i.m ( n  = 22) 

 Read et al. [ 40 ] 

 CRM 197− based 
meningococcal C 
oligosaccharide 
conjugate 

 Intranasal 
(intramuscular 
control group) 

 Healthy adults  Two i.n. admin with 
chitosan (divided into 
subgroups, total  n  = 30), 
one i.m. admin of conj. 
vaccine + alum ( n  = 6) 

 Huo et al. [ 41 ] 

 Norwalk viruslike 
particle vaccine, 
coformulated 
with MPL and 
chitosan 

 Intranasal  Healthy adults  Randomized, placebo 
controlled in two steps: 
 1. Three vaccine doses 
( n  = 5 + 5 + 10, 2 + 2 + 4 
adjuvant controls), two 
i.n. admin 
 2. Two vaccine doses 
( n  = 20 + 20, 10 adjuvant 
control, 11 placebo), two 
i.n. admin 

 El-Kamary et al. [ 42 ] 
 Atmar et al. [ 43 ] 

 HIV virus coat 
protein 

 Intranasal, 
intramuscular, and 
intravaginal admin 

 Healthy adult 
women 

 Three vaccine admin, 
i.n. vaccine formulated 
with chitosan ( n  = 36) 

 MUCOVAC2 [ 44 ] 

 Laser 
immunotherapy 
of metastatic 
breast cancer 

 Local intratumoral  Adult late-stage 
breast cancer 
patients 

 Chitosan admin post 
laser immunotherapy 
( n  = 10), three treatments 

 Li et al. [ 45 ] 
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of chitosan in vaccine development. Access to 
high- quality chitosan is crucial for the elucida-
tion of immunostimulatory mechanisms and for 
the progress of clinical applications. Obstacles 
linked to problems to provide highly purifi ed, 
well- characterized, medical grade chitosan can 
be solved, as shown by the ViscoGel system. 
Thus the development of new chitosan forms and 
derivatives, produced by controlled manufactur-
ing processes, opens for designed vaccines for 
various disease targets and administration routes.
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    Abstract

    For well over 80 years, alum is the most widely 
used adjuvant.The use of alternative adjuvants 
has been explored, however, aluminum adju-
vants will continue to be used for many years. 
This is due to their good track record of safety, 
low cost, and adjuvanticity with a variety of 
antigens. Surprisingly, itsmechanism of action 
remains largely unknown. 

 In this book chapter we will describe the dif-
ferent alum formulations and our current under-
standingof its working mechanism, although 
alum’s fi nal mode of action is not defi nite yet.  

40.1          Introduction 

 Vaccinations have been given for well over a 
100 years at the moment. The fi rst reported vacci-
nation was done by Edward Jenner in 1796 [ 1 ,  2 ]. 
He inoculated a young boy with cowpox virus and 
thereby rendered him resistant to a subsequent 
challenge with smallpox virus, an experiment that 
today would most certainly not be approved by 
regulatory agencies. Protection by vaccination can 
be achieved by giving inactivated microbes of virus 
particles, live attenuated virus, or subunit vaccine. 
However, subunit vaccination does not induce a 
strong immune response, which can be achieved by 
the administration of an adjuvant (Latin verb  adju-
vare  means to help/aid). In immunology, an adju-
vant is an agent that may stimulate the immune 
system and increase the response to a vaccine, 
without having any specifi c antigenic effect in it. 
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 In 1926, Alexander Glenny and colleagues 
reported that toxoid precipitated with aluminum 
potassium sulfate, referred to as alum, induced a 
stronger antibody production when injected into 
guinea pigs than soluble toxoid alone [ 3 ,  4 ]. 
Today, alum is the most common adjuvant used 
in approved prophylactic vaccines because of its 
excellent safety profi le and ability to enhance 
protective humoral immune responses. However, 
the long history behind the use of alum as an 
adjuvant contrasts with our poor understanding 
of its mechanism of action, which has only 
recently begun to unravel. 

 Currently, alum is still the only licensed 
vaccine adjuvant in the USA. In Europe, how-
ever, since the 1990s of the last century, MF59, 
AS03 (both oil-in-water emulsions), and MPL 
(monophospholipid A; an LPS analog) formu-
lated in alum are also approved for use [ 5 – 7 ]. 
Besides being used in human vaccinations, alu-
minum adjuvants are used in both experimental 
immunology [ 8 ,  9 ] and to produce murine 
monoclonal antibodies as well as polyclonal 
antisera. In veterinary medicine aluminum 
adjuvants have been used in a large number of 
vaccine formulations against viral and bacte-
rial diseases [ 10 ,  11 ]. 

 Because vaccines are administered to healthy 
individuals including infants and children and 
there are potential safety concerns with novel 
adjuvants, extensive preclinical safety studies, 
including local reactogenicity and systemic tox-
icity testing, are required. While a signifi cant 
number of adjuvants are noticeably more potent 
than alum, they have largely had a higher toxicity 
level, which has been the main reason to exclude 
them as adjuvants for human vaccine 
formulations.  

40.2    Vaccine Delivery 

40.2.1    Formulation of Aluminum- 
Containing Adjuvants 

 Numerous inaccuracies are found in literature 
when referred to the term “alum.” The most 
used term “alum” only applies to aluminum 
potassium sulfate [ 12 – 15 ] (Table  40.1 ). Since 
problems have occurred during manufacturing, 
alum is not used anymore in vaccines. Instead, 
several other insoluble aluminum salts are used, 
such as  aluminum hydroxide and aluminum 
phosphate as they can be prepared in a more 
standardized manner and capture antigen by 
direct adsorption. Two different adsorption 
forces prevail adsorptive interaction between 
the antigen and the adjuvant [ 8 ,  13 ,  16 ,  17 ].    First 
is electrostatic interactions, which occur most 
strongly between negatively charged proteins 
and aluminum hydroxide and between posi-
tively charged proteins and aluminum phos-
phate. Anions present at time of preparation 
may coprecipitate and change the characteris-
tics of “pure” aluminum hydroxide. One very 
critical example of an anion having such infl u-
ence is phosphate. Exposure of aluminum 
hydroxide adjuvant and phosphorylated anti-
gens to phosphate ions in the formulation should 
be minimized to produce maximum adsorption 
of the antigen [ 7 ,  18 ,  19 ]. The second adsorption 
force, anionic ligand exchange, is a covalent 
interaction that occurs when an antigen contains 
a phosphate group that can displace a hydroxyl 
group on the adjuvant surface. This forms an 
inner-sphere surface complex with aluminum 
that is the inorganic equivalent of a covalent bond. 
Ligand exchange is the strongest adsorption 

   Table 40.1    Overview of different aluminum-containing adjuvant formulations   

 Commercial name  Chem. formulation  Chemical name  Used as adjuvant in 

 Alum  AIK (SO 4 ) 2  · 12H 2 O  Aluminum potassium sulfate  Not used anymore 
 Imject-alum  Al(OH) 3  + Mg(OH) 2   Aluminum hydroxide and magnesium 

hydroxide 
 Experimental immunology 

 Alhydrogel  Al(OH) 3   Aluminum hydroxide  Human and veterinary 
vaccines 

 Adju-Phos  Al(PO 4 ) 3   Aluminum phosphate  Human and veterinary 
vaccines 
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force and can occur even when an electrostatic 
repulsive force is present [ 7 ,  20 ,  21 ]. Importantly, 
in mice the strength of the adsorption force is 
inversely related to antibody titer and T cell 
activation [ 1 ,  22 – 24 ]. Antigens that adsorb to 
aluminum-containing adjuvants by electrostatic 
attraction are more likely to elute upon intra-
muscular or subcutaneous administration than 
antigens that adsorb by ligand exchange [ 3 ]. 
   Antigen released from the adjuvant, antigen 
trapped in void spaces within the adjuvant, and 
antigen adsorbed to aluminum-containing adju-
vants are all present for proper uptake of antigen 
by dendritic cells (DCs) [ 5 ,  7 ]. Of note, absorbed 
antigen to either aluminum hydroxide or alumi-
num phosphate adjuvant can be completely 
eluted within 4 h or 15 min, respectively [ 8 ].   

40.2.2    Working Mechanism 

    Three potential mechanisms are frequently cited 
to explain how adjuvants increase humoral 
immunity, although scarce experimental evi-
dence is publicly available: fi rstly, the formation 
of a depot by which the antigen is slowly released 
to enhance the antibody production [ 10 ]; sec-
ondly, the induction of infl ammation, thus 
recruiting and activating antigen-presenting cells 
that capture the antigen [ 12 ,  14 ,  15 ]; and thirdly, 
the conversion of soluble antigen into a particu-
late form so that it is phagocytosed by antigen-
presenting cells such as macrophages, DCs, and 
B cells. The main theory has been that depot for-
mation and the associated slow release of antigen 
[ 8 ,  16 ] are responsible for alum enhancement of 
antigen presentation and subsequent T and B cell 
responses. However, recently several papers 
show that the depot formation is dispensable for 
the adjuvanticity of alum [ 18 ,  19 ]. Although alu-
minum precipitates from the peritoneal cavity 
could transfer the adjuvant effect for as long as 
1 month after injection when transplanted from 
one mouse to another, this is not the predominant 
working mechanism of alum. It was observed 
that around alum nodules, an accumulation of 
neutrophils, CD11c +  DCs, and antigen-specifi c T 
cells was present, suggesting that depot forma-

tion could be involved in the maintenance of a 
memory pool (MK and BNL 2008, [ 20 ,  21 ]). 

40.2.2.1    Cellular Pathways Activated 
by Aluminum-Containing 
Adjuvants 

 Our immune system is composed of two major 
subdivisions, the innate or nonspecifi c immune 
system and the adaptive or specifi c immune sys-
tem. The innate immune system is our fi rst line of 
defense against invading organisms, while the 
adaptive immune system acts as a second line of 
defense and also provides protection against 
reexposure to the same pathogen. The fast-acting 
innate immune responses provide a necessary 
fi rst-line defense. In contrast, the adaptive immu-
nity uses selection and clonal expansion of 
immune cells recognizing antigens from the 
pathogen, thereby providing specifi city and long- 
lasting immunological memory. Although these 
two arms of the immune system have distinct 
functions, there is interplay between these sys-
tems (i.e., components of the innate immune sys-
tem infl uence the adaptive immune system and 
vice versa). DCs form a bridge between innate 
and adaptive immune response [ 22 – 24 ] and DCs 
play a signifi cant role in adjuvant-mediated 
increases in vaccine-antigen immunogenicity. 

 The effi cacy of different adjuvants can be 
explained by differences in signaling in DCs to 
undergo complex maturation events that are 
required for initiation of T cell differentiation and 
activation [ 22 ]. Injection of alum induces infl am-
mation at the injection site, being it subcutane-
ous, intramuscular, or in an experimental setting, 
intraperitoneally (Fig.  40.1 ).    Within several hours 
after injection, there is a signifi cant increase in 
the number of conventional and plasmacytoid 
DCs, neutrophils, NK cells, eosinophils, and 
infl ammatory monocytes, and a disappearance of 
mast cells and macrophages [ 25 – 28 ]. The recruit-
ment of these innate cells was accompanied by 
the secretion of several necessary chemokines, 
such as monocyte chemotactic MCP1 (CCL2)¸ 
MIP-1α (CCL2), MIP-1β (CCL4), the neutrophil 
chemotaxin KC/IL-8 (CXCL8), the eosinophil 
chemotaxin1 (CCL11), IL-5, and RANTES 
(CCL5) [ 25 ,  27 ,  29 ].
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   It has been less clear if and how aluminum- 
containing adjuvants can induce DC mobilization 
and maturation. Most likely the mode of action of 
alum in vivo is upstream of the direct activation of 
DCs, as confi rmed by in vitro data [ 30 ]. At least in 
vitro, alum did not enhance costimulatory mole-
cule expression and DC maturation, leading to the 
proposal that they might induce activation of DCs 
only in vitro, upon release of endogenous danger 
signals by structural cells or infl ammatory cells 
[ 31 – 33 ]. It has been demonstrated that both uric 
acid and dsDNA are released upon alum injection 
acting as danger signals [ 25 ,  34 ]. In view of the 
crucial role of DCs in activation of adaptive 
immunity, several studies focused on the effects 
of alum on DCs and their monocytic precursors in 
vivo following intraperitoneal and intramuscular 
injection of antigen in alum [ 25 ,  35 ].    Monocytes 
consequently took up antigen and migrated to the 

draining lymph nodes where they became mono-
cytes-derived DCs that expressed high levels of 
MHC class II and CD86 and induced vigorous 
proliferation of antigen- specifi c T cells. 

 Importantly, all the adjuvant effects of alum 
on T cell responses and humoral immunity were 
abolished in mice conditionally depleted of 
CD11c high  DCs, yet adoptive transfer of sorted 
Ly6C high  monocytes restored these effects. In 
humans, it also appears that alum-formulated 
vaccines mainly act at the levels of the mono-
cytes, inducing phenotypic and functional 
 maturation [ 36 ,  37 ]. Together, these experiments 
demonstrate that monocyte-derived DCs are nec-
essary and suffi cient to mediate the adjuvant 
effects of alum. Furthermore, alum also enhances 
the magnitude and duration of expression of 
 peptide-to- MHCII complexes on the DC surface, 
with an accompanying increase in MHCII 
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  Fig. 40.1    Overview of cellular immune response induced 
by alum adjuvant. ( 1 ) After an alum-formulated antigen is 
injected intramuscularly, there is an immediate response 
of muscle cells to release chemokines and cytokines, like 
CCL2, CCL5, IL-5, and CXCL8 that attract cells of the 
innate immune system, like monocytes, eosinophils, and 
neutrophils to the site of injection. ( 2 ) In addition, there is 
the local release of uric acid (UA) and dsDNA (at least in 
some models) by local tissue damage or active production 
by macrophages. ( 3 ) Recruited monocytes differentiate 
into dendritic cells (DCs), take up antigen, and process it 
on MHCI and MHCII molecules on their way to the drain-

ing nodes. ( 4 ) In the nodes, mature DCs select antigen-
specifi c T cells that differentiate into Th effector cells. 
Particularly in the mouse, this response is Th2 biased due 
to PGE2    and IL1β production and the expression of 
ICAM-1 and LFA-1. ( 5 ) In the spleen, and possibly in the 
draining nodes, there is also recruitment of Gr1 + , IL-4 +  
eosinophils that stimulate B cell responses. Alum mainly 
induces long-lived B cell responses   . ( 6 ) Effector T cells 
are recruited back to the site of injection and found around 
the depot of alum and antigen, where also DCs, neutro-
phils, and eosinophils reside. Possibly, depot formation 
could be involved in stimulating long-lasting memory       
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 expression [ 38 ]. This together with increased 
ICAM-1 expression will lead to an enhance con-
tact time with T cells, resulting in a strong CD4 +  
T cell response [ 39 ]. 

 Exposure of DCs to alum with antigen does not 
result in the phagocytosis of the particulate anti-
gen; DCs acquire only soluble antigen via endocy-
tosis [ 39 ]. This pathway of antigen uptake does not 
lead to cross-presentation (e.g. presentation of 
exogenous antigens in MHC I) [ 40 ]. It is a com-
mon knowledge that aluminum-containing adju-
vants predominantly induce humoral immunity 
while sparing cellular immunity. This is  further 
supported by the fact that alum induces B cell 
priming via a splenic Gr-1 +  myeloid IL-4- 
producing cell type, most likely representing 
eosinophils [ 41 – 43 ]. Classical cell-mediated 
immunity measured by DTH responses and induc-
tion of CD8 +  CTL responses to a range of polypep-
tide and protein antigens is poorly induced by 
alum, because of a lack of cross- priming [ 13 ,  44 , 
 45 ]. Nonetheless, proliferative response of CD4 +  T 
cells and Th2 cytokine production have been 
found to be enhanced in a number of murine and 
human studies, suggesting that alum boosts 
humoral immunity by providing Th2 help to fol-
licular B cells [ 12 ,  46 – 48 ]. 

 While animal studies have been extremely 
important to unravel the fundamental mecha-
nisms that govern the immune response, we are 
still facing the challenge of understanding the 
human immune system in its complexity and 
genetic heterogeneity and unraveling the sophis-
ticated escape mechanism used by human patho-
gens. This knowledge will help to design new 
vaccine strategies.  

40.2.2.2    Molecular Pathways Activated 
in DCs by Aluminum-
Containing Adjuvants 

 How exactly aluminum-containing adjuvants are 
recognized by antigen-presenting cells has been – 
and continues to be – a puzzle (Fig.  40.2 ). Several 
high-profi le papers published over the last years 
have shown that Toll-like receptors (TLR) and 
TLR signaling through the MyD88 or TRIF 
adaptor pathway, classical activators of innate 
immunity, and the DC network in vivo were not 

always necessary for alum to act as an adjuvant 
for humoral immunity [ 49 – 52 ]. However, the 
innate immune response depended on MyD88 as 
a crucial adaptor molecule [ 25 ]. It is imperative 
in this context to annotate that both TLR signal-
ing and interleukin-1 receptor (IL-1R) signaling 
depend on MyD88 for effi cient intracellular 
signaling.

   Additionally, it has become clear that an alter-
native pathogen detection system exists, which 
relies on a family of intracellular receptors, called 
NOD-like receptors (NLRs) [ 53 ,  54 ]. NLRs have 
a variety of functions in regulating infl ammatory 
and apoptotic responses. Whereas TLRs sense 
extracellular nonself-motifs of infectious organ-
isms, NLRs sense stimuli of microbial origin as 
well as endogenous signals (DAMPs) rather than 
microbial patterns [ 55 ]. They can recognize 
stress, abnormal self, or danger signals such as 
DNA, RNA, and uric acid [ 31 ]. NLRP3 (NALP3), 
a member of the NLR family, along with ASC 
and caspase-1 forms a molecular platform called 
the infl ammasome [ 56 ]. NLRP3 can be activated 
by several agonists, like endogenous ATP, uric 
acid, silica, and alum adjuvant, leading to the 
processing and release of IL-1β and IL-18 [ 57 ]. 

 The release of these proinfl ammatory cyto-
kines requires two signals.    The fi rst signal is 
derived from TLR agonist such as lipopolysac-
charide (LPS) and infl ammatory cytokines, acti-
vating the NF-κB pathway [ 58 ], thereby initiating 
the transcription and accumulation of the precur-
sor proteins. And secondly, cleavage and secre-
tion of the cytokines is mediated by the 
infl ammasome. IL-1β, in turn, triggers another 
cascade of molecular events that result in infl am-
mation [ 59 ]. IL-1β is a potent infl ammatory cyto-
kine, which is implicated in acute and chronic 
infl ammatory disorders. 

 Pioneering was the paper of Fabio Re’s group 
showing that human DCs and macrophages in 
vitro produce IL-1β and IL-18 by a combination 
stimulus of alum and a TLR agonist. This cyto-
kine production was dependent on caspase-1 and 
NLRP3 [ 33 ]. It was later shown that also mouse 
DCs behaved similar upon alum stimulation 
(Fig.  40.2 ) [ 27 ,  60 – 63 ]. In contrast to the in vitro 
data showing that alum activates the NLRP3 
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infl ammasome, there is considerable controversy 
if the infl ammasome-IL-1β pathway is necessary 
for the humoral immune response induced by 
alum. In vitro, there appears to be a discrepancy 
between the innate and adaptive immune response 
in the necessity of the NLRP3 infl ammasome. 
Antigen uptake, recruitment of immune cells to 
the injection site, migration of DCs to the drain-
ing lymph nodes, and CD4 +  T cells proliferation 
are decreased, but still present, in NLRP3 defi -
cient mice [ 60 ]. The results on the requirement of 
NLRP3 for alum adjuvanticity and humoral 
response are confl icting. It was shown to be either 
abrogated in the absence of NLRP3 [ 61 ,  62 ], no 
need for NLRP3 [ 27 ,  63 ], whereas our studies 
[ 60 ] only showed a need for the NLRP3 infl am-

masome for IgE production. The difference in 
results obtained by the different groups is unex-
plained at the moment; however, different types 
of alum and immunization protocols are used 
which could contribute to the different pheno-
types seen. To add to the confusion, the need for 
NLRP3 is challenged as the adaptor molecules 
MyD88 and TRIF of the TLR4 and IL-1R path-
way are not required for the alum-induced 
humoral response [ 49 ,  51 ]. 

 Recently it has been shown that alum can 
activate DCs through lipid raft formation due to 
its interaction with membrane lipids, such as 
sphingomyelin and cholesterol [ 39 ]. Through 
lipid sorting,    immune-receptor signaling motif 
(ITAM)-containing receptors are aggregated 
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  Fig. 40.2    The molecular pathways induced by alum in 
DCs and macrophages. ( 1 ) Alum binds to the cell mem-
brane and thereby induces lipid raft formation. ( 2 ) In the 
lipid raft, ITAM-containing receptors cluster and activate 
the Syk- PI3Kδ pathway. ( 3 ) This pathway in turn activates 
cytosolic phospholipase A2 ( cPLA2 ), probably via p38 
MAP kinase, resulting in the release of arachidonic acid 
from membrane lipids. COX-2 and membrane-associated 
PGE synthase-1 ( mPGES-1 ) converts arachidonic acid to 
prostaglandin E2 ( PGE   2  ). ( 4 ) PGE 2  is released from the 
cell and instructs the Th2 response. ( 5 ) Furthermore, alum 

induces the release of uric acid via the induction XOR. ( 6 ) 
Upon phagocytosis of alum or uric acid crystals lysosomal 
damage is induced. ( 7 ) This activates the NLRP3 infl am-
masome resulting from the release of enzymes like cathep-
sin B into the cytoplasm. ( 8 ) Activated caspase-1 mediates 
the proteolytic cleavage of pro-IL1β in biologically active 
IL1β. ( 9 ) Besides the release of uric acid, alum also 
induces the release of dsDNA, probably through cell 
death. ( 10 ) dsDNA activates the immune system and more 
specifi cally monocytes through  Irf3  which is critical for 
the migration of infl ammatory monocytes       
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which leads to ITAM phosphorylation. 
Phosphorylated ITAM motifs recruit Syk and 
subsequently activate PI3 kinase. This pathway 
will fi nally lead to phagocytosis and cytokine 
production [ 64 – 66 ]. In contrast to uric acid 
crystals, which also induce the lipid raft forma-
tion and activation of Syk [ 67 ], alum is not 
phagocytosed by DCs. However, DCs that have 
been primed with alum interact stronger with 
CD4 +  T cells, which are antigen independent, 
but were dependent on ICAM-1 and LFA-1 
expression [ 39 ,  65 ]. Also, alum-induced prosta-
glandin E2 (PGE 2 ) release by  macrophages was 
crucial for the Th2 polarization [ 68 ]. PGE 2 , a 
well-characterized proinfl ammatory lipid medi-
ator, is an arachidonic acid metabolite that sup-
presses Th1 responses by elevating intracellular 
cAMP concentrations in DCs, macrophages, 
and Th1 cells. The PGE 2  production was inde-
pendent of infl ammasome activation but depen-
dent on the Syk and P38 MAP kinase pathway. 
Likewise, Syk and PI3 kinase signaling played 
an important role in the activation and Th2 
polarization in DCs [ 69 ]. Finally, alum is a 
potent inhibitor of LPS-induced IL-12 produc-
tion by DC, which results from alum-induced 
PI3 kinase signaling [ 70 ].  

40.2.2.3    The Involvement of 
Endogenous Danger Signals 

 Besides direct effects, alum adjuvant exerts some 
level of cytotoxicity [ 15 ]. In humans an increase 
in necrotic cells, a potential source of endoge-
nous danger signals, or damage-associated 
molecular patterns (DAMPs) can be found at the 
injection site [ 71 ]. Dying cells release numerous 
molecules that act as DAMPs and which can 
alert the innate immune system through the acti-
vation of various PRR signaling pathways. 
Aluminum- containing adjuvants induce the 
endogenous release of uric acid (UA) and host 
dsDNA that will activate the immune system 
indirectly [ 25 ,  34 ]. UA is a danger signal pro-
duced during the catabolism of purines and is the 
end product in ureotelic mammals. Additionally, 
UA can be released from injured cells, after deg-
radation of RNA and DNA and permutation of 
the liberated purines into UA. 

 Host dsDNA is exposed to the immune system 
through the release from necrotic cells. Both 
DAMPs alert the immune system for cell death. 
After administration of alum in mice, both UA 
and dsDNA levels are rapidly increased at the site 
of injection [ 25 ,  34 ]. Both UA and dsDNA are 
able to act as an adjuvant and boost Th2-
associated humoral responses [ 25 ,  34 ,  69 ]. UA 
crystals induce Th2 immunity by activating the 
Syk/PI3 kinase pathway [ 69 ], whereas dsDNA 
signals via Tbk1 and Irf3 [ 34 ]. Research on how 
these two pathways interact is needed to fully 
understand the mechanism of alum adjuvant in 
future.    

40.3    Concluding Remark 

 As this chapter shows, there are complex interac-
tions between multiple large systems; immunol-
ogy is all about complexity and control. However, 
vaccine development is all about coordinated 
leverage of complexity. Modern vaccine develop-
ment endeavors to render complexity into sim-
plicity, and practical realization of immunological 
leverage for optimal vaccine development can 
often be infl uenced by vaccine adjuvants [ 72 ]. 
Therefore, our understanding on the working 
mechanism of the oldest and most often used 
adjuvant alum is crucial for the development of 
new adjuvants.     
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Abstract

Nanomedicine is the medical application of 
nanotechnology and therefore covers various 
kinds of nanoparticles. In this chapter, we 
would like to provide a brief introduction and 
overview of nanoparticles for the modulation 
of the immune system. In general, these nano-
sized objects can be inorganic colloids, organic 
colloids (synthesized by emulsion polymeriza-
tion or mini-/nanoemulsion techniques), poly-
meric aggregates (micelles or polymersomes), 
core cross-linked aggregates (nanohydrogels, 
crosslinked micelles, or polyplexes), multi-
functional polymer coils, dendritic polymers 
or perfect dendrimers. A special focus is set on 
polymeric materials, because the chemical 
composition of the particle corona will shape 
particle properties by providing steric stabili-
zation, avoiding protein adsorption and parti-
cle aggregation in vivo. Besides synthesis of 
new materials, particle characterization is 
equally important and might be the key to a 
more detailed understanding of the behavior of 
nano-sized systems. In addition, we would like 
to highlight approaches towards nanoparticle-
based immunotherapies.
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41.1  Introduction

Nanoparticles – as the name suggests – are objects 
in a size range typically from 1 to a few hundred 
nanometers [1]. They can be made from a variety 
of materials and, because of their large surface 
to volume ratio, often possess different proper-
ties from the bulk material they are made of. 
Nanoparticles can be synthesized by bottom up 
or top down approaches. In general, these nano-
sized systems can be inorganic colloids, organic 
colloids (synthesized by emulsion polymeriza-
tion or mini-/nanoemulsion techniques), poly-
meric aggregates (micelles or polymersomes), 
core cross-linked aggregates (nanohydrogels, 
cross-linked micelles, or polyplexes), multifunc-
tional polymer coils, dendritic polymers, or per-
fect dendrimers.

For example, a paramagnetic iron oxide core 
can be used for magnetic resonance imaging 
(MRI) or a biodegradable core to release a bioac-
tive by diffusion while degrading. Due to their 
size, nanoparticle can be used to combine differ-
ent functionalities among one object leading to 
multifunctionality or multivalency. Additionally, 

those systems are able to encapsulate bioactive 
compounds. Shielding the cargo requires core- 
shell structures; while the core encapsulates the 
cargo, the shell needs to provide solubility and 
suppresses protein adsorption or aggregation.

When nano-sized objects are applied to diag-
nose or treatment of diseases, they become so-
called nanomedicines, an umbrella term 
encompassing nanopharmaceuticals, nanoimag-
ing agents, and theranostics [2].

Already at the beginning of this article, we 
would like to mention a point of great importance, 
which is – much to our surprise – quite often over-
looked. The interaction of a nanoparticle with its 
environment takes place at the interface of parti-
cle and surrounding media – the particle surface. 
Thus, the molecules stabilizing the particle sur-
face towards its surroundings determine the inter-
action with biological matter and therefore the in 
vivo fate of the particle. In many cases the charac-
terization of nanoparticles is difficult as described 
later. In respect to this fact, we feel that it is neces-
sary to  carefully consider, understand, and design 
nanoparticles – in particular when they are uti-
lized for complex in vivo applications.

Terminology in Nanoparticle Synthesis

Polymers: Chemical compounds consisting of 
basic structural repeating units called 
monomers. A polymer may be formed from 
one or multiple kinds of monomers during a 
process called polymerization. The material 
properties are determined not only by the 
chemical composition of the monomer(s) 
but also by the number of monomer mole-
cules connected to each other to form the 
macromolecule (degree of polymerization) 
and the structural alignment.

Dispersity: Apart from a few examples (pro-
teins, DNA, or perfect dendrimers), poly-
mers often consist of a mixture of 
macromolecules differing in molecular 
weight/degree of polymerization due to a 
variance in the number of monomers the 
individual polymer molecule consists of. 

The dispersity Ɖ (formally known as poly-
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A low dispersity (near 1) means that a large 
fraction of molecules have similar degrees 
of polymerization.

Block Copolymers: Block copolymers are an 
important type of copolymers (polymers con-
sisting of more than one monomeric species). 
This term is applied when a sequence of a 
single type of monomer (homopolymer) is 
followed by a sequence formed from another 
species. Block copolymers may consist of 
two (diblock copolymer), three (triblock 

P. Heller et al.



645

copolymer), or more blocks (multiblock 
copolymer). The chemical nature of the dif-
ferent blocks in a covalent macromolecule 
can lead to unique properties (such as ten-
side-like amphiphilicity in the case of hydro-
philic/hydrophobic block copolymers) or can 
enable the block-specific functionalization 
(e.g., with dyes, receptor molecules).

Colloids: Colloids are particles ranging from 
1 to 1,000 nm which are microscopically 
dispersed in a continuous medium. 
Colloidal solutions are an interstage 
between true solutions and suspensions 
and exhibit no colligative properties. 
Colloidal systems can be made of organic 
as well as inorganic particles. To prevent 
colloids from coagulation – which is ther-
modynamically favored – particles must be 
kept separate from each other by electro-
static or steric repulsion.

Amphiphiles: Amphiphiles are molecules hav-
ing both hydrophilic (polar) and hydropho-
bic (nonpolar) properties. When in contact 
with water, amphiphiles will self-assemble 
into different superstructures in order to 
minimize the interphase energy. In this 
way, various aggregates such as micelles, 
polymersomes (polymer- based liposome-
like structures), or double-layer mem-
branes can be formed. The precise structure 
depends on the ratio of hydrophilic versus 
hydrophobic domains as well as environ-
mental conditions during preparation and 
storage.

Dendrimers/Dendrons: Dendrimers are poly-
meric molecules which are repetitively 
branched and exhibit a highly symmetrical 
and well-defined structure. They are synthe-
sized in repeated cycles where new genera-
tions of monomers are added to a core 
exhibiting two or more reactive sites. The 
reactive groups (again, more than one per 
unit) of the newly added outer sphere then 
act as a basis for the addition of the next gen-
eration. Alternatively, in a convergent 
approach, dendrons (branched molecules 

with a single reactive group, the so-called 
focal point) are synthesized which are then 
coupled to the multifunctional core in a final 
step. In both cases, monodisperse den-
drimers can be synthesized, providing a large 
number of functional peripheral groups.

Micelles: Micelles are an important type of 
colloidal aggregate formed from amphiphi-
lic molecules such as low molecular weight 
surfactants or amphiphilic polymers. 
Above the critical micelle concentration 
(CMC), the surfactant molecules will spon-
taneously arrange in an order where the 
polar head groups are directed towards the 
water phase (or other polar solvent) and the 
tails form the hydrophobic inner core 
which can be employed to encapsulate 
hydrophobic cargo.

Surfactants: Surfactants (surface active 
agents) are molecules lowering the surface 
tension of a liquid or the interfacial tension 
between two immiscible phases. They are 
amphiphilic compounds which will adsorb 
at the interface between hydrophilic and 
hydrophobic phase with the polar head 
group arranged in the hydrophilic environ-
ment and the nonpolar part extending into 
the hydrophobic phase, respectively. 
Surfactants are widely applied in inter-
phase science and technology, serving as 
detergents or dispersants, wetting agents, 
and as stabilizers for emulsification.

Apart from both natural and synthetic 
small- molecule surfactants, polymer-based 
surfactants have attracted huge interest. 
Due to the variability of block materials 
and the possibility for post-polymerization 
modification, such amphiphiles can  
be specifically tailored for the intended 
application. Their high molecular weights 
result in stronger adsorption and superior 
stabilization properties since – in contrast 
to small-molecule amphiphiles – steric sta-
bilization becomes an important aspect.

Emulsions: Emulsions are disperse systems 
which consist of droplets of one liquid 
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41.2  Favorable Properties  
of Nanoparticles

During the last decades, nanoparticles have 
shown great potential for the application in drug 
delivery and vaccination [3], and they are 
expected to provide solutions to various current 
issues in this field. The first one is the fundamen-
tal problem of solubility: according to Torchilin 
[4], about half of potentially valuable drug candi-
dates identified by high throughput screening 
technologies including those with the highest 
activities demonstrate poor solubility in water 
and – for this reason – never enter further devel-
opment. By encapsulation or binding to a 
nanoparticulate carrier, this problem can be 
overcome.

Additionally, encapsulation of sensitive agents 
such as DNA, RNA, or peptides protects them 
against premature enzymatic or proteolytic 
degradation.

In combination with a “stealth” surface of the 
carrier, which prevents opsonization through ste-
ric repulsion [5], a prolonged circulation can be 
achieved. Moreover, through chemical modifica-
tion, defined recognition and site-specific release 
are possible.

One main objective in using nanocarriers is to 
increase the specificity towards certain cells or 
tissues. This can be achieved either by passive 
targeting as in the accumulation in well- 
vascularized tumors driven by the EPR (enhanced 
permeability and retention) effect [6] or actively 
by binding of the particles to specific receptors 
presented by certain cells. Such targeted localiza-
tion is enabled by functionalizing the particle 

surface with ligand molecules binding to those 
receptors, as has been carried out using antibod-
ies [7], sugar moieties [8], transferrin [9], or 
folates [10], for instance.

In combination, encapsulation and targeting 
can improve the bioavailability of the respective 
therapeutic agent. Furthermore, the toxic side 
effects associated with many drugs are mini-
mized if the active component is shielded from 
the environment and only released at the desig-
nated site of action. As an example, by employ-
ing doxorubicin as HPMA copolymer conjugates 
PK1/PK2, the maximum tolerated dose (MTD) 
of the drug was increased threefold [11]. 
Controlled release can be triggered by factors 
such as pH [12], redox potential [13], enzyme 
activity [14], temperature [15], or magnetic [16], 
electric, and ultrasonic signals [17, 18].

As pointed out by Little, another promising 
aspect of nanoparticles in vaccine development is 
the multiple presentation of subunit antigens 
[19]. Synthetic particles can be designed to 
exhibit a repetitive orientation of the antigen on 
the surface, giving the potential of generating B 
cell receptor cross-linking and enhanced activa-
tion [20].

41.2.1  Stabilization of Nanoparticles

In employing nanoparticles as carriers in drug 
delivery, several aspects need to be taken into 
consideration: not only must the carrier itself 
remain in a colloidal form, but nonspecific aggre-
gation in the body has to be avoided or at least 
controlled [21].

phase (dispersed phase) which are dis-
persed in a second, immiscible liquid phase. 
Typically, a stable emulsion requires the 
addition of surfactants and a co- stabilizer 
which is dissolved in the dispersed phase. 
Via different methods, droplet sizes in the 
order of around 30 to a few hundred nano-

meters can be achieved. This so-called 
miniemulsion fabrication has become an 
interesting tool in nanoparticle synthesis. 
Such particles can either be obtained by 
miniemulsion polymerization or by (poly-
mer) coating and stabilization of pre-
formed droplets (miniemulsion technique).
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The two main mechanisms concerning the sta-
bilization of dispersed or emulsified systems are 
electrostatic and steric stabilization. The electro-
static interaction is described by the DLVO the-
ory named after Derjaguin, Landau, Verwey, and 
Overbeek. Steric stabilization results from poly-
mers adsorbed or covalently linked to the particle 
surface, which is mostly due to entropic effects 
together with a minor enthalpic contribution via 
solvation energies [21].

For in vivo applications, electrostatic stabili-
zation appears difficult to achieve, since serum 
proteins include polycationic as well as –anionic 
macromolecules, which can adsorp onto oppo-
sitely charged colloids. The human body has 
developed a series of protective mechanisms 
against foreign material far beyond the scope of 
this article. One of them is the removal of for-
eign particles larger than the renal threshold 
from the bloodstream. However, this includes 
the removal of nano-sized drug carriers, a pro-
cess initiated by opsonization by the mononu-
clear phagocyte system (MPS). Macrophages of 
the MPS can remove particles within seconds of 
intravenous administration which impedes their 
application as drug carriers due to premature 
clearance [22, 23].

Even though the exact mechanism of this 
complicated process is not fully understood yet, 
it is widely accepted that opsonization starts with 
absorption of a series of proteins including 
immunoglobulins and components of the com-
plement system and other serum proteins. The 
(incomplete) list of relevant proteins identified so 
far contains C3, C4, C5, laminin, fibronectin, 
C-reactive protein, type I collagen, and many 
more [24, 25]. Those proteins approach the nano-
carrier by random Brownian motion and, once 
close enough to the surface, may bind to the par-
ticle via different forces; van der Waals or ionic 
forces, just to name two of them [23]. The step of 
opsonin binding is followed by the attachment of 
phagocytes to the nanoparticle. Phagocytes can-
not recognize the carrier themselves but will 
dock to the particle via surface-bound opsonins. 
Two alternative mechanisms are the stimulation 
of phagocytosis by nonspecific adherence to the 
opsonins and complement activation, which 

results in binding of the foreign particle by mono-
nuclear phagocytes [23].

In a final step the particle is taken up by 
phagocytes, typically by phagocytosis. Once the 
particle is endocytosed, it is degraded by various 
enzymes and chemical substances or – in case of 
a nondegradable material – stored and enriched 
in the body.

As of today, there is no universal solution to 
completely prevent the opsonization of particles. 
However, a general trend is observed that hydro-
philic but neutral ligands hamper the adsorption 
of proteins and therefore slow down the clear-
ance from the bloodstream [26].

Thus, steric stabilization appears to be the 
method of choice for in vivo applications. Steric 
stabilization can be achieved by the use of com-
mercial polymeric surfactants (e.g., Tween 
20/40/60/80, Pluronics, Cremophor) or other 
amphiphilic polymers. Block copolymers seem 
to form more stable layers at the interface of par-
ticle and aqueous solution as reported by Scheibe 
et al. [27] and Kelsch et al. [28] and can suppress 
aggregation in blood serum. In addition, the poly-
mer can be modified with functional groups, 
which can later on be addressed for further 
functionalization.

41.3  Types of Nanoparticulate 
Carriers and Fabrication 
Methods

As stated above, the location of the bioactive 
compound does have an influence on its action. 
For example, in vaccination the immune response 
can be modulated by the location of the antigen. 
Depending on the specific aim and the nature of 
the agent, it can be advantageous to encapsulate 
the antigen to prevent it from premature degrada-
tion and to present it within the endosomal path-
way (intracellular receptor). In other cases the 
presentation in a repetitive orientation on the out-
side of the carrier (extracellular receptor) opti-
mized immune response may be preferred. 
Consequently, a variety of different colloidal car-
riers can be employed. Among the most fre-
quently used systems are liposomes, solid lipid 
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nanoparticles (SLNs), immunostimulating com-
plexes (ISCOMs), micelles, hydrogels, polymer 
colloids prepared by miniemulsions, and poly-
mer nanoparticles such as those fabricated by 
particle replication in non-wetting templates 
(PRINT) (see Fig. 41.1).

Polymeric micelles [29], core cross-linked 
micelles [30], nanohydrogels [31], and poly-
plexes [32, 33] are mostly based on the assembly 
of block copolymers into super structures, which 
is mainly driven by four forces (hydrophobic, 
electrostatic, metal complexation and hydrogen 
bonds) [34]. Often, hydrophobic (micelles and 
core cross-linked micelles) and electrostatic 
(polyplexes) interactions are involved, while 
metal complexation and the formation of H bonds 
are only applicable in specific cases. For hydro-
phobic interactions, a different polarity of the 
blocks leads to a phase separation, resulting in 
the formation of polymeric micelles where the 
hydrophobic part aggregates to avoid contact to 
water. In core-shell structures the hydrophobic 

core can then be used for the transport of a hydro-
phobic payload. In this case the release of the 
encapsulated compound is based on passive dif-
fusion or disintegration of the micelle. 
Electrostatic interactions on the other hand rely 
on the interaction of  oppositely charged mole-
cules to form superstructures. A typical example 
for the formation of so-called polyplexes is the 
interaction of a positively charged polymer (e.g., 
polylysine) and negatively charged nucleic acids 
(DNA or RNA). The driving force is mainly a 
gain in entropy, which is due to the release of 
counter ions during complex formation.

Polymeric micelles form above their critical 
micelle concentration (CMC), but are always in 
equilibrium with free unimer. The CMC can be 
considered as the maximum concentration of free 
unimer in solution underlining the dynamics of 
these systems. Upon injection into the blood, the 
micellar solution is rapidly diluted, potentially 
leading to disassembly of micelles [35]. Although 
the CMC of polymeric micelles is much lower 

Polymeric micelle

Liposome

Miniemulsion PRINT particles Hyperbranched polymer/dentrimer

Solid lipid particle Inorganic nanoparticle

Polyplex Core crosslinked micelle Nanohydrogel

Fig. 41.1 Nanoparticulate carriers
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than that of surfactant micelles [36], this might 
still pose a problem.

Therefore, micelles that are further stabilized 
are of interest. The easiest way to further stabilize 
micelles is to cross-link the core chemically [37]. 
These core cross-linked micelles find themselves 
in the dilemma of both stably encapsulating the 
cargo but also needing to be capable of releasing 
it, once the vesicle has reached its destination. To 
achieve this, the cross-linking has to be revers-
ible, and a stimulus at the destination has to break 
the stabilizing bonds. This can be realized with 
various stimuli-responsive cross-linkers. The 
stimuli used most often are pH or redox potential, 
but also temperature, enzymes, light, and others 
have been realized (see Table 41.1) [38]. pH- 
labile bonds are cleaved during endocytosis in 
the endosome, while redox-labile bonds are 
cleaved in the reducing environment of the cyto-
plasm, or during endocytosis in antigen present-
ing cells. Thus leading to a release of the cargo 
after uptake by the cell.

Liposomes are spherical structures composed 
of one or more phospholipid bilayers surrounding 
an aqueous core, mimicking the basic structure of 
cell membranes. Depending on the number of 
bilayers, their size ranges from around 20 nm to 
several μm [39]. Their structural composition 
gives liposomes great versatility with respect to 
the way of loading pharmaceutically active agents 
and the agent’s properties. Antigens or immuno-
potentiators can be encapsulated within the core, 

embedded in the lipid bilayer, or linked to the 
outer surface [40]. Liposomes are commonly pro-
duced by thin-film hydration, solvent injection, or 
reverse-phase evaporation. In order to produce 
smaller vesicles and narrow the size distribution, 
sonication and extrusion techniques can be 
applied [41]. Liposomes are often modified with 
polymers to shield the liposome and reduce pro-
tein adsorption (e.g., PEGylation) [42] or to inte-
grate pH-responsive elements [43] and molecules 
for the specific targeting of cells of the immune 
system like mannose derivatives [44]. Liposomes 
can be designed to carry not only antigens but also 
adjuvants to stimulate the innate immune response 
[45, 46]. Liposomal formulations currently in 
clinical use include virosomal influenza and hepa-
titis A vaccines [47, 48]. Despite the aforemen-
tioned benefits, employment of liposomes is still 
limited by several issues. These include long-term 
physical instability and the low entrapment rate of 
molecules but also the difficult large-scale pro-
duction resulting in high costs [49]. Some of these 
issues can be tackled by polymersomes [50, 51], 
vesicular carriers built up analogue to liposomes 
but from block copolymer amphiphiles instead of 
lipids. Due to their molecular weight, which 
exceeds the molecular weight of lipids by up to 
two orders of magnitude, polymersomes have 
superior material properties and storage capaci-
ties [50]. In contrast to lipids most polymers, 
however do not have GRAS (generally regarded 
as safe) status by the FDA.

Table 41.1 Controlled release strategies

Trigger Linkage (examples) Site of release

pH [12] Cleavage of covalent bonds in acetales, 
hydrazones, esters

Acidic environment (e.g., endosomal/
lysosomal compartment)

Reduction potential [13] Cleavage of disulfides or benzoquinones Reductive environment (cytosol)
Enzyme activity [14] Cleavage of peptide bonds Specific cells/tissues/diseases
Temperature [15] Phase transition or change in solubility Hyperthermic tissue/where hyperthermia is 

applied
Magnetic signal [16] Pore formation through movement of 

magnets
Where signal is applied

Electric signal [17] Pore formation through electrically 
stimulated polymer swelling or 
piezoelectric elements

Where signal is applied

Ultrasonic signal [18] Polymer degradation Where signal is applied
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Another type of lipid-based nanoparticles is 
immunostimulating complexes (ISCOMs). They 
have a spherical open lattice structure which, 
additional to the antigen, is formed from phos-
pholipids, cholesterol, and Quil A saponin, a 
strong adjuvant. Such ISCOMs can carry a vari-
ety of antigens and have been reported to be 
about ten times more immunogenic than similar 
colloidal particles because of the saponin [52]. It 
also has to be mentioned that there are concerns 
regarding the toxicity of Quil A due to its hemo-
lytical activity [53].

Solid lipid nanoparticles (SLNs) are also 
lipid based, but exhibit a structure different 
from liposomes. They consist of a core formed 
from lipids, which are in a solid state under 
physiological conditions, surrounded by an 
emulsifier shell. The approach here is to com-
bine the advantages of conventional lipid-based 
carriers (good biocompatibility, ease of produc-
tion/scaling up) with those of polymeric 
nanoparticles (solid matrix for physical and 
chemical stabilization) [54, 55]. SLNs are 
mainly produced via high pressure homogeniza-
tion and miniemulsion methods. For processing 
the solid lipids, elevated temperatures are 
required, but the use of organic solvents can be 
avoided. A major issue of SLNs is polymorphic 
transitions due to alteration of the lipid packing 
(e.g., crystallization), affecting the particle 
shape which has an influence on the interaction 
with the physiological environment [56].

Emulsion techniques are versatile methods for 
particle formation, giving rise to different classes 
of colloid carriers in vaccination and drug deliv-

ery. This includes nano- and microemulsion par-
ticles directly administered [57–59] as well as 
polymer or inorganic nanoparticles produced by 
emulsion polymerization or processing of previ-
ously formed emulsion droplets [3, 53, 60, 61].

(Mini)emulsions (see Fig. 41.2) are composed 
of droplets of one liquid (dispersed phase) in 
another, immiscible liquid (continuous phase). 
Depending on their composition and way of fab-
rication, miniemulsions occupy a size range of 
about 30–500 nm [62].

By the use of surfactants, resulting in electro-
static or steric repulsion, the droplets are stabi-
lized against coalescence. The destabilization of 
dispersed droplets by net mass flux of molecules 
due to the different Laplace pressure of differ-
ently sized particles can be prevented by a second 
additive mixed into the dispersed phase. Such 
additives are of a highly hydrophobic nature, 
keeping them from diffusing from one droplet 
to another and therefore establishing an osmotic 
pressure counteracting the Laplace pressure [63]. 
The effectiveness of this process is governed by 
the hydrophobicity of the additive. Many differ-
ent types of molecules have been employed as 
hydrophobes, including alkanes [64], dyes [65], 
and hydrophobic initiators for polymerization 
[66]. Given the aforementioned mechanisms and 
their nanometer size providing kinetic stability 
against sedimentation,  miniemulsions are consid-
ered as thermodynamically stable [46, 58], and 
time scales for the stability of such emulsions are 
reported to be in the order of months [62].

Nano- or miniemulsification – as well as dis-
persion – of one species in another is a process 
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(i.e. ultra sound) a) Polymerization

SurfactantOilWater
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b) Polymer

b) Solvent
evaporation/

polymer collaps

Fig. 41.2 Miniemulsion polymerization (a) and miniemulsion technique (b)
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comprising two major aspects: the disruption of 
the to-be-emulsified phase resulting in droplets 
of high specific surface areas and the stabilization 
of these interfaces by a surfactant. In the emulsi-
fication process, the oil phase consisting of the 
molecules to be emulsified and the hydrophobe is 
dispersed in the water phase by means of an ade-
quate surfactant and then homogenized. The 
required high shear forces are provided by ultra-
sonication, rotor-stator dispersers, microfluidiz-
ers, or high pressure homogenizers [62]. After 
homogenization, a second charge of surfactant is 
added to poststabilize the system effectively [67].

Apart from the facts already mentioned, an 
important advantage of emulsion techniques is 
the relatively easy scale-up. While this is a criti-
cal point with any kind of highly ordered, self- 
assembled structures, the bulk production of 
emulsion formulations affords homogenous and 
highly stable results in short periods of time.

Among the most common emulsification 
methods for antigen encapsulation are solvent 
evaporation and coacervation. Both methods 
include the formation of a double emulsion 
(water phase 1/oil phase/water phase 2, see 
Fig. 41.3) and share the first step, where an aque-
ous solution of the respective agent is emulsified 
in an organic polymer solution. In solvent evapo-
ration, this first W/O emulsion is then further 
 dispersed in an aqueous solution containing an 
appropriate emulsifier – poly(vinyl alcohol) is 
frequently employed for this purpose [68]. 
Finally, the organic solvent is evaporated under 
reduced pressure, leading to hardening of the 
polymer and formation of the desired particle.

Coacervation is a phase separation process in 
which a nonsolvent for the polymer (and antigen) 
is added to the previously formed W/O emulsion. 

This results in a phase separation to form a coac-
ervate phase encapsulating the antigen.

Another possibility for the formation of nano-
carriers is nanoprecipitation, also known as sol-
vent displacement method. Here, stabilized 
nanoparticles are formed by the interfacial depo-
sition of a pre-formed polymer onto emulsion 
droplets. An inverse emulsion is formed in a 
mixed solvent/nonsolvent medium containing a 
surfactant and the polymer for shell formation. 
Adding nonsolvent leads to the precipitation of 
the polymer and deposition on the large surface 
droplets. After precipitation, the particles can be 
transferred into water.

However, the formation of nano-sized carriers 
requires more harsh conditions compared to their 
micrometer-sized analogues [69]. Consequently, 
sensitive molecules such as DNA might be struc-
turally damaged and utmost care needs to be 
taken when engineering the conditions for form-
ing such particles. Such measures may include 
the complexation of the agent with cationic 
amphiphilic molecules (hydrophobic ion pairing, 
HIP) [70], the judicious choice of solvents and 
the adsorption of antigens on the surface of pre- 
formed particles [71].

A class of polymeric materials widely used to 
form drug carriers are polyesters such as poly 
(d,l-lactide) (PLA) and poly (d,l-lactic-co- 
glycolic acid) (PLGA). They are biodegradable 
through hydrolysis, exhibit excellent biocompat-
ibility and sustained release properties [72]. To 
stabilize such polymers during mini- or nano-
emulsion processes, PEG-b-PLA copolymers 
appear advantageous since the PLA block mixes 
well with the polyester core and collapses during 
solvent evaporation. While the PEG block forms 
a hydrophilic, protein-resistant corona. Whenever 
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Fig. 41.3 Preparation of a double emulsion
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a corona with higher functionality is required, 
multifunctional PHPMA-b-PLA copolymers as 
developed by Barz and co-workers can be applied 
[73, 74].

However, natural or semisynthetic polymers 
are also widely employed. Such polymers are 
usually polysaccharide or protein based, and to 
review them all is beyond the scope of this chap-
ter. Therefore, only dextrans and chitosan shall 
be mentioned here as two important examples.

Dextrans are polymers mainly consisting of 
α-1,6-glycosides and a small percentage of 
1,3-linkages leading to branching [75]. They are 
well soluble in water and relatively stable due to 
the glycosidic bonds, being hydrolyzed only 
under extremely acidic or alkaline conditions. 
The hydroxyl groups allow for derivatization, for 
example, a partial hydrophobization to obtain 
amphiphilic molecules [76]. Chitosan is not 
water soluble at physiological pH and is therefore 
chemically modified at the amine or hydroxyl 
group to obtain soluble derivatives. Chitosans 
have shown great potential for mucosal delivery 
due to their mucoadhesive properties [77, 78].

A good overview on materials used for bio-
polymeric nanoparticles is given by Kundu et al. 
[79]. Current research on colloidal nanoparticles 
includes the development of vaccines [80] against 
various infectious diseases like hepatitis B [81] 
and HIV [82] as well as cancers [83].

An interesting approach to forming quasi- 
monodisperse and shape-specific polymeric 
nanoparticles is a method of preparation called 
PRINT (particle replication in non-wetting tem-
plates), developed by the group of DeSimone 
[84] (see Fig. 41.1). In this “top down” approach, 
particles are formed in a mold made from perflu-
oropolyethers. The molecules the particle is 
made from – such as poly(ethylene glycol) trisac-
rylate or p-hydroxystyrene – are filled into the 
mold as a solution or melt and then cured by UV 
radiation or chemical means. This is enabled by 
the low surface energy of perfluoropolyethers 
which allows for filling the cavities trough capil-
lary action, but prevents the deposition of mate-
rial between the cavities [85]. Loading of the 
particles with therapeutic agents can be achieved 
either by inclusion into the particle matrix or by 

post-fabrication functionalization. As an exam-
ple, siRNA for gene silencing was recently incor-
porated into PRINT particles [86].

Apart from particles made from organic mate-
rials, colloidal particles from inorganic mat-
ter have also been explored. Here, research has 
mainly focused on particles consisting of gold 
and magnetite (Fe3O4). A broad variety of routes 
for particle synthesis has been described in the 
literature [87]. Metal nanoparticles are typically 
prepared by reduction of metal salts using suitable 
reducing agents while metal oxide nanoparticles 
are usually prepared through base hydrolysis of 
molecular precursors [61]. Stabilization of the 
colloids is achieved by adequate ligands, e.g., 
chelating polymers providing steric stabilization, 
which are either added directly during the initial 
synthesis, or post-synthesis by modification of 
the ligand sphere by exchange or polymer coat-
ing [88, 89].

Gold nanoparticles have so far essentially 
been studied for immunotherapy of tumors. 
Absorbing near-infrared (NIR) light, gold 
nanoparticles can locally increase the tempera-
ture when targeted to tumors via tumor- specific 
antibodies and thus have a perspective use in 
photothermal cancer therapy [90]. Recently, gold 
nanoparticle-epitope-Fc conjugates were also 
successfully employed as antigen carriers, exhib-
iting better activities and immunological 
responses compared to liposomes [91].

Magnetite nanoparticles too have been inves-
tigated for hyperthermia therapy with a focus 
on heat shock protein expression for antitu-
mor T-lymphocyte-mediated immunity [92]. 
Furthermore, they have been investigated as MRI 
contrast agents [93]. In all the abovementioned 
cases, it has to be kept in mind that a stabilizing and 
solubilizing agent is required to make inorganic 
nanoparticles applicable to in vivo applications. 
For the same reasons stated for organic colloids, 
polymers are preferable over tensides or other low 
molecular weight components to fulfill this task.

In summary, there are many kinds of nanopar-
ticles, and not all of them are useful as carriers in 
the body. To be considered for transporting cargo 
in humans, the particles have to fulfill some basic 
requirements. Obviously they need to be biocom-
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patible or, better yet, biodegradable to avoid 
acute toxicity or storage diseases as reported for 
PEG [94–96]. They need to be water soluble, and 
they need to show little or no interaction with 
proteins in order to ensure smooth circulation in 
the blood. Materials that do not interact with pro-
teins need to be hydrophilic, electrically neutral, 
and have hydrogen bond acceptors but no hydro-
gen bond donors [26, 97, 98]. This concerns the 
outer material of the particle that is in contact 

with the body and therefore determines how the 
body reacts to it (or not), for example, through 
uptake by the MPS. While in many cases the par-
ticles are shielded by PEG, there are some inter-
esting alternatives available, which we would 
like to introduce in the following sections.

Since many nanoparticles are made up of 
polymers or use them to form a shell around the 
particle, a brief description of polymer structures 
available appears reasonable (see Fig. 41.4). 

a

b

N
N

N

N

N
N

N

Cu

SH

OEt

HS

SH

H

S–R

H

N
H

N
H

N

N

N

S H

N3 N3

N3

NH2 PPh2

NH2

NH2

O

O O

OO

O

O

O

O

O

Antigen

Polymer

N
H

O

O
Gln

Gln
Enzymatic

d

e

fS

c

Fig. 41.4 Polymer architectures and possible antigen 
conjugation. (a) homopolymer; (b) block copolymer; (c) 
random copolymer; (d) hyperbranched polymer; (e) poly-
mer brush; (f) dendrimer. Antigens can be attached using 
(clockwise from top left) copper-catalyzed azid-alkin-

cycloaddition [101], copper-free azid-alkin-cycloaddition 
[101], traceless Staudinger ligation [102], thiol-ene chem-
istry [101], squaric acid [103], maleimide [101], enzy-
matic conjugation [104], and other chemical methods 
[105]
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Macromolecules, consisting of multiple repeat-
ing units, can have different levels of complex-
ity. The simplest structure is a linear homo- 
polymer that has only one type of repeating unit. 
Block copolymers and random copolymers con-
sist of two or more repeating units. But while the 
repeating units are ordered in distinct blocks in 
the first case, they are randomly distributed 
along the chain in the second. When multifunc-
tional monomers are used, branched structures 
and brushes are also available. A special case is 
the perfect dendrimer, a branched structure 
where every generation of branches is synthe-
sized in a different step. In contrast to classical 
polymers, which have a distribution in the num-
ber of repeating units per molecule, (molecular 
weight distribution) dendrimers are defined like 
proteins. The high density of functional groups 
on their surface allows them to engage in multi-
valent interactions [99]. Glycopeptide den-
drimers, for example, have been employed in 
immunotherapy [100]. Synthesis of perfect den-
drimers, however, is demanding and appears dif-
ficult to perform on a larger scale.

But besides variations in polymer architec-
ture, the material of which the polymers consist 
of can be varied as well. Within the next para-
graph we would like to introduce polymers, 
which are of interest as materials building a 
hydrophilic corona around nanoparticles and thus 
making them applicable to the development of 
systems for in vivo applications, e.g., drug deliv-
ery, imaging, or vaccination.

41.4  Polymeric Materials

41.4.1  Poly(meth)acrylates  
and Acrylamides

The development of controlled radical polymer-
ization (CRP) techniques has had a tremendous 
impact on synthetic polymer chemistry, since it 
has enabled the controlled polymerization of 
(meth)acrylates and acrylamides (Table 41.2). 
The CRP techniques were developed to reduce 
termination and can be divided into three sub-
groups: stable free radical polymerization (e.g., 
NMP), degenerative transfer polymerization 
(e.g., RAFT, MADIX), and transition metal-
mediated controlled radical polymerization (e.g., 
ATRP). Among these, atom transfer radical 
polymerization (ATRP) and RAFT (reversible 
addition-fragmentation chain transfer) polymer-
ization are arguably the most commonly used and 
most versatile processes. There have been vari-
ous reviews describing mechanism as well as 
recent developments of either RAFT [106, 107] 
or ATRP [108, 109].

The CRP techniques can be used in the syn-
thesis of complex polymer architectures, e.g., 
(multi)block copolymers, branched polymers, or 
hybrid systems [110–113].

A group of (meth)acrylates being particularly 
interesting are systems with oligoethylene glycol 
side chains (OEGMA) – e.g., diethylene glycol meth-
acrylate (DEGMA) or polyethylene glycol 
methacrylate (PEGMA). The interest in these 

Table 41.2 Comparison of free radical polymerization (FRP) to CRP

FRP CRP

Advantages Compatible with a broad variety of monomers Low dispersity/narrow molecular weight 
distribution

Insensitive to impurities Good control over polymer architecture 
(chain topology, end group functionality)

Employed in industry for decades
Disadvantages Lack of control over chain topology (no block 

architecture, no defined end groups!)
Inferior reaction rate due to limited number of 
active species

Little control over dispersity/broad molecular 
weight distribution

Higher sensitivity to impurities
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systems has grown recently. Polymers based on 
these monomers possess beneficial properties, 
such as a high solubility in water, non- 
immunogenicity and low toxicity, a lower critical 
solution temperature (LCST), and enhanced 
blood circulation times [114–116]. The LCST 
can be nicely tuned by copolymerization of both 
monomers. It was reported by Lutz and Hoth that 
the LCST can be adjusted from 26 to 90 °C by 
changing the ratio of OEGMA to DEGMA units 
in the copolymer [117].

Cytotoxicity was investigated in various cell 
lines, such as Caco-2, HT29-MTX-E12, or 
HepG2, ensuring nontoxic behavior up to a con-
centration of 5 mg mL−1 and 72-h exposure 
[118, 119].

Another interesting polymer is poly(2-(meth)
acryloyloxyethyl phosphorylcholine) (PMPC). 
The monomer structure is highly bio-inspired 
since the side chain contains the head group of 
natural PC-phospholipids, ensuring high biocom-
patibility [120, 121].

PMPC-based polymersomes have been syn-
thesized and applied to study diffusion across 
oral epithelium [122]. Additionally, PMPC-based 
block copolymers have been used for transfection 
by Battaglia et al. [123]. PMPC polymersomes 
showed pronounced cellular uptake as well as 
nontoxic behavior up to 3 mg mL−1. Furthermore, 
PMPC polymers were used for protein conjuga-
tion by Lewis and co-workers [124]. A reduced 
tissue migration compared to PEG-protein conju-
gates of the same hydrodynamic volume was 
observed. Thus, an improved depot effect in the 
tissue as well as subsequent longer elimination 
half-life may lead to improved pharmacokinetics. 
These findings underline the potential of PMPC- 
based polymeric systems.

Finally, also well-established polymers such 
as 2-(hydroxypropyl) methacrylamide (HPMA) 
can be prepared in a controlled manner by the 
CRP methods. HPMA was the first polymer 
entering clinical trials as polymer drug conjugate 
in the 1990s [125], and HPMA-based copoly-
mers can be synthesized directly or using post- 
polymerization modifications [126, 127].

Those three types of monomers may be the 
material future nanomedicines are made of. 
However, it has to be kept in mind that neither the 
polymer backbone of poly(meth)acrylates nor 
acrylamides can be degraded in vivo. Thus, poly-
mers need to be excreted, limiting the molecular 
weight of the single polymer as well as the poten-
tial application.

41.4.2  Polypeptides

Polypeptides are one of the major building blocks 
in nature and a very versatile class of materials. 
They naturally have multiple functionalities, 
which allow them to respond to stimuli like 
change in pH or oxidation potential.

There are various methods of synthesizing 
polypeptides. The use of biotechnological meth-
ods that allow production of peptides in cells or 
the solid phase peptide synthesis leads to 
sequence-defined polypeptides, but are limited in 
amino acids, expensive, and can only be per-
formed on a relatively small scale and therefore 
will not be discussed here. Where large quantities 
of homo or block copolypeptides are required, 
the polymerization of α-amino acid-N- 
carboxyanhydrides (NCAs) is a suitable produc-
tion method (see Fig. 41.5). The polymerization 
of NCAs is known since the beginning of the last 
century [128], and the work since then has been 
summarized in excellent books and reviews [129, 
130]. But only in recent years, different ways of 
controlling this type of polymerization have been 
developed [131].

Since synthetic polypeptides, just like natural 
proteins, are made up of amino acids, they can be 
nontoxic, biocompatible, and degradable in the 
body while they remain stable in aqueous solu-
tion. Because of their similarity to natural pro-
teins, immunogenicity is a concern that has to be 
addressed. Although immunogenicity has not 
been observed for homo and block copolypep-
tides [132, 133], new polypeptides have to be 
studied in this respect especially when various 
amino acids are incorporated.
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The multitude of different side chains enable 
the design of peptidic superstructures like  polyion 
complexes [33, 134], polymer micelles [135, 136], 
polymer vesicles [137, 138], nanofibers or nano-
tubes [139], and hydrogels [140].

All these different structures give rise to a 
wide range of biomedical applications. In the 
field of DNA and RNA transport, peptidic poly-
plexes have evolved from simple polylysine to 
highly complex structures that contain a remov-
able hydrophilic shell [141] and respond to stim-
uli like change in pH [142], oxidation potential 
[143], or ATP concentration [144].

Polypeptides are also used to encapsulate 
hydrophobic drugs. Probably, the most promi-
nent example is PEG-block-poly(aspartate) 
where the Asp is modified with 4-phenyl-1- 
butanol to make it more hydrophobic [145]. 
Loaded with paclitaxel, this micellar formulation 
is currently in a phase III clinical trial for breast 
cancer under the name NK105.

Polypeptides have also found their way into 
the field of diagnostics. For example, PEGylated 
polylysine with an NIR dye was used as an in 
vivo imaging probe to visualize tumor-associated 
proteases in nude mice [146].

Polypeptides can also work as bioactive agents 
themselves. The immunomodulator drug Copaxone 
is a random copolymer of alanine, lysine, glutamic 
acid, and tyrosine and is approved for the treatment 

of multiple sclerosis [147]. The exact mode of 
action of Copaxone is still under discussion, but it 
is believed that due to the similarity of Copaxone 
and the myelin basic protein (MBP), the drug can 
divert the autoimmune response away from the 
myelin sheath of neurons.

Also the covalent attachment of drugs to poly-
peptides is very promising. In Opaxio (formerly 
known as Xyotax or CT-2103), paclitaxel is con-
jugated to polyglutamic acid (PGA) via an ester 
bond, and the conjugate is currently in phase III 
clinical trials for ovarian and non-small cell lung 
cancer [133]. Here paclitaxel is only released 
when the polymer is degraded by tumor- 
associated proteases leading to a selective release 
of the chemotherapeutic agent [148].

Lysine-block-leucine copolypeptides were 
used by Deming for the preparation of the first 
stable double emulsions below 100 nm [149]. 
These double emulsions consist of water droplets 
in oil droplets in a water phase and have the 
capacity to carry hydrophobic as well as hydro-
philic drugs, which makes them attractive for 
delivery applications.

Polypeptides in clinical trials, as carriers or as 
active agents, are summarized in Table 41.3 
[150–152].

Although most of the polypeptides in the clin-
ics are for the treatment of cancer, they underline 
the potential of polypeptides as carriers. Their 
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multifunctionality, biocompatibility, and biode-
gradability make them ideal materials for the 
transport of bioactive substances in the body.

41.4.3  Polyglycerols

An important class of biocompatible branched 
polymers are polyglycerols (PGs), which can be 
synthesized as dendrons, dendrimers, or with 
hyperbranched architectures [153–155].

When compared to linear polymers of similar 
molecular weight, dendrimers and hyperbranched 
polymers have interesting properties like globu-
lar structure and low intrinsic viscosities [156]. 
The chemical structure of PG is similar to that of 
PEG with which PGs share their low affinity to 
proteins [157]. But while PEG only offers two 
sites for modification, PG has many free 
OH-groups which might be used to attach bioac-
tive molecules or targeting moieties.

While dendrons and dendrimers are synthe-
sized in multistep processes [158, 159], well 
defined hyperbranched polyglycerols can be pre-
pared via anionic polymerization of glycidol 
[160, 161]. The polymers can be modified in the 
core [162] or in the shell by chemically address-
ing the alcohol groups in the corona [163].

For linear and hyperbranched PG (molecular 
weight 6.4 kg mol−1) complement activation, red 
blood cell aggregation and coagulation were not 

observed to a significant extend. Cytotoxicity of 
the PGs was comparable to the controls PEG and 
hetastarch (80 % cell viability at a concentration 
of 10 mg mL−1; L-929 fibroblasts). Hyperbranched 
polyglycerols were found to be well tolerated by 
mice when injected in doses of up to 62.5 mg kg−1 
[164].

The biocompatibility of larger hyperbranched 
PGs (160 and 540 kg mol−1) was investigated in 
vitro [165] and in vivo [166]. The in vitro tests 
were similar to the ones performed with low 
molecular weight PG and came to a similar con-
clusion, i.e., that PGs are biocompatible. These 
polymers were tested in vivo in mice for their 
pharmacokinetic behavior. The plasma half- lives 
were 32 h and 57 h, respectively. No toxicity was 
observed with a dose of 1 g kg−1. But due to the 
high molecular weight of the PGs, urinary excre-
tion was very low, and significant accumulation 
by the mononuclear phagocyte system was 
observed. PGs were detectable in the liver and 
spleen for at least 30 days. This again highlights 
the need for biodegradable materials.

Due to their good biocompatibility, there are 
plenty of biomedical applications of PGs [38, 
155, 167]. Bioactive compounds can be trans-
ported by PG either through covalent attachment 
or encapsulation.

For covalent attachment, there has been great 
interest to add functionality to the alcohol- 
terminated PG. The introduction of amine groups 

Table 41.3 Polypeptides in clinical trials

Name Polypeptide Drug Indication Phase

NK105 PEG-b-Asp(buPh) Paclitaxel Stomach cancer III
Breast cancer II

NK012 PEG-b-Glu SN-38 Small cell lung cancer II
Breast cancer II

NC-6004 PEG-b-Glu Cisplatin Pancreatic cancer II
Solid cancer I

NC-4016 PEG-b-Glu DACH-platin Solid cancer I
Opaxio p(Glu) Paclitaxel Ovarian cancer III

Non-small cell Lung 
cancer

III

CT-2106 p(Glu) Camptothecin Ovarian cancer II
Solid cancer I

Copaxone Ala-Lys-Glu-Tyr copolymer Peptide itself Multiple sclerosis FDA/EMA/PMDA-approved
Vivagel Modified p(Lys) dendrimer Peptide itself Bacterial vaginosis III
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[163], for example, allows the attachment of 
acids via an amide, while thiols on the PG surface 
have been used to attach drugs via a biodegrad-
able peptide linker [168]. Doxorubicin has been 
attached to PG via an acid cleavable linker. The 
conjugate was tested in vitro and in an ovarian 
carcinoma A2780 xenograft model, showing a 
distinct increase in tolerability and antitumor 
efficacy with tumor remissions for up to 30 days 
[169]. Also, alkyne groups have been introduced 
for site-selective click chemistry, which has been 
employed to synthesize sugar-terminated PGs 
with high binding affinities to selectins [170]. 
Equal results have been found for negatively 
charged PG sulfates [171, 172]. Such systems use 
their multivalency to achieve high binding 
affinities.

The non-degradability of PG was partially 
addressed by synthesizing PG in an inverse 
miniemulsion process via an acid-catalyzed ring- 
opening polyaddition of disulfide containing 
polyols and polyepoxides [173]. These nanopar-
ticles can be cleaved in a reductive environment 
yielding smaller fragments that can be excreted 
from the body.

The application of PGs also includes hydrogel 
scaffolds for tissue engineering, which will not 
be discussed here.

Since dendrimers are quite small (1–5 nm) 
and hyperbranched architectures are not much 
bigger (2–20 nm), assembly into superstructures 
is desirable to get into a size range of 20–100 nm.

Microgels were prepared using the inverse 
miniemulsion technique [174]. The particles 
were between 23 and 80 nm in diameter and 
seemed to accumulate in the perinuclear region 
of human lung cancer cells. An MTT essay 
showed no influence of the microgel on human 
hematopoietic U-937 cell metabolic activity 
below 0.5 mg mL−1.

Crosslinked, hyperbranched PG, so-called 
megamers, were prepared from PG modified with 
azides and alkynes, using the miniemulsion tech-
nique [175]. Hydrophilic as well as hydrophobic 
megamers were prepared with diameters of 
25–90 nm.

With their low protein adsorption and their 
good biocompatibility, polyglycerols are a prom-
ising class of materials, which have already 

proven their benefits in a wide range of biomedi-
cal applications. In the future they promise to 
lead to more advanced, highly functionalizable 
transport systems of bioactive molecules.

41.4.4  Polyoxazolines

Poly(2-oxazoline)s (POx) can also be expected 
to be one of the upcoming polymer platforms 
for nanomedicines [176, 177]. POx meet the 
specific requirements needed for the develop-
ment of next-generation nanomedicines such as 
biocompatibility, high modulation of solubility, 
variation of size, architecture, as well as chemi-
cal functionality. POx are synthesized by cationic 
ring- opening polymerization of 2-oxazolines 
(see Fig. 41.6). This methodology offers precise 
control over molecular weight and chain-end 
functionality (Ð ≤ 1.2) [178] and therefore allows 
chemists to adjust the polymers to meet the nec-
essary requirements.

POx have an LCST, a temperature below 
which the polymers are fully soluble in aqueous 
solution. Above this temperature they become 
insoluble, leading to polymer precipitation. The 
LCST of POx depends on the polymer composi-
tion and structure and can be adjusted by copoly-
merization of the monomers nPrOx with iPrOx 
from about 26 to 38.7 °C and with the even more 
hydrophilic EtOx from 35 to 75.1 °C. Those 
properties may enable the specific accumula-
tion by precipitation of polymers in parts of the 
body with higher temperature induced externally 
(hyperthermia). Furthermore, POx fulfill several 
important aspects of polymers used for in vivo 
applications. Considering in vitro cytotoxicity, 
different POx-based polymers were found to be 
nonhazardous in general [179–182]. In addition 
to that, PEtOx exhibited no hemolytic effects at 
20 g L−1 [183]. Results for hybrid systems with a 
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Fig. 41.6 Synthesis of polyoxazolines
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POx part are variable. The triblock copolymers 
poly(l-lactide)-b-PEtOx-b-poly(l-lactide) and 
PEtOx-b-PCL-b-PEtOx were found to be noncy-
totoxic at concentrations of up to 50 g L−1 and 
10 g L−1, respectively [184, 185]. Contrary to 
that, PEtOx-b-poly(ε-caprolactone) copolymers 
showed explicit cytotoxicity at concentration of 
below 1 g L−1, although in another experiment of 
the same study, no hemolytic effects of PEtOx-b- 
PCL were observed at 10 g L−1 [186].

Previous studies on in vivo toxicity of poly(2- 
oxazoline)s focused mainly on PEtOx and 
PMeOx. Viegas et al. intravenously injected 
repeated doses of 10 kg mol−1 PEtOx (2 g kg−1) 
and 50 kg mol−1 (50 mg kg−1) into rats. No adverse 
effects were observed, and histology of kidney, 
liver, and spleen showed no abnormalities [183].

Similar to other polymer systems, the suscep-
tibility of poly(2-oxazoline)s to interaction with 
proteins depends on their hydrophilicity or 
hydrophobicity. Overall, hydrophilic poly(2-oxa-
zoline)s like PMeOx and PEtOx show low affin-
ity to protein adsorption [187–190]. Consequently, 
they exhibit stealth properties and may be used to 
mediate them, for example, as coating moiety for 
liposomes [191, 192]. The biodistribution profile 
of PMeOx and PEtOx is consistent with their 
stealth properties, i.e., low organ uptake and 
rapid or slow elimination through the kidneys 
depending on the molecular weight [193, 194].

With regard to potential immunogenicity, differ-
ent block copolymers of PMeOx, PEtOx, PBuOx, 
and PPheOx were screened for their capability to 
activate the complement system. Compared to neg-
ative controls, levels of complement proteins were 
slightly elevated [181, 195]. Although a lot of 
research has been conducted, further clinical data is 
necessary to underline the potential of POx, mak-
ing it a substitute for PEG in general.

41.5  Characterization  
of Nanoparticles

Besides developing different kinds of nanoparti-
cles based on novel materials, another focus 
needs to be set on the characterization of nano-
medicines, especially when those systems are 
applied in targeted delivery or vaccination.

The synthesized particles can be character-
ized in solution by (cryo-) transmission elec-
tron microscopy (TEM), scanning electron 
 microscopy (SEM), or atomic force microscopy 
(AFM). Furthermore, light scattering techniques 
as well as fluorescence correlation spectroscopy 
can be used to determine hydrodynamic diam-
eters of particles. All these tools, however, are 
somehow limited to artificial conditions and thus 
often cannot provide information regarding pro-
tein adsorption or protein-induced aggregation.

Especially in vaccination, when a nanoparticle 
should deliver an antigen and adjuvant to an 
antigen- presenting cell, a protein corona may 
cause an immune reaction against the undesir-
ably absorbed serum proteins causing autoim-
mune diseases. To tackle those important 
questions, novel methodologies are required and 
some of them will be briefly described.

As stated above, the absorption of proteins might 
not be hindered by charge-stabilized nanoparticles, 
since proteins can be regarded as polyelectrolytes 
containing anionic or cationic groups. In salt-con-
taining solution, charges are compensated by coun-
terions. Those ions are set free whenever a 
multivalent binding partner is present since the sys-
tems entropy is increased by the freely diffusing 
ions. Though, enthalpy contributions to the system’s 
energy also play a role, for macromolecules, usually 
entropic contributions are the major factor. Thus, 
steric stabilization of nanoparticles appears reason-
able, but in all cases protein adsorption needs to be 
investigated carefully.

Often, particles are characterized in aqueous 
solution at low ionic strength and in absence of 
proteins by measuring and interpreting electroki-
netic phenomena. In many cases zeta (ζ) potential 
measurements are carried out using commercial 
systems. The ζ-potential itself cannot be mea-
sured but has to be derived from electrokinetic 
signals using sophisticated models considering 
surface properties such as nature of the surface, 
roughness, charge, the electrolyte concentration, 
and the nature of the electrolyte and of the solvent 
used in the measurements. Since those parameters 
differ easily from one particle to the other, an 
IUPAC technical report highly recommends to 
use this methodology carefully and not to over-
interpret the results obtained [196]. However, the 
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ζ-potential can be a helpful tool in quality control 
of the particles synthesized.

More suitable methodologies may be dynamic 
light scattering in serum to determine changes in 
hydrodynamic radius as reported by Rausch and 
co-workers [28, 197]. This method allows study-
ing the aggregation behavior of nanoparticles in 
serum. Even small traces of aggregated particles 
can be identified. The drawback of this methodol-
ogy is that the adsorption of a single or few pro-
teins cannot be detected since the changes in 
hydrodynamic radius are below the accuracy of 
measurements.

In a more artificial setup, isothermal titration 
calorimetry (ITC) can be used to measure the 
heat flow and therefore quantify an average 
adsorption energy over all particles [198–200]. In 
combination with quantitative label-free liquid 
chromatography and mass spectrometry (MS), 
adsorbed proteins can be identified and quanti-
fied [201].

In addition, in vivo imaging of the biodistribu-
tion of nanoparticles is necessary to monitor local 
accumulation at the target side or to ensure excre-
tion from the organism. This requires nanoparti-
cles to be labeled with near-infrared dyes [202] or 
radioactive isotopes [203] for single photon emis-
sion computed tomography (SPECT) or positron 
emission tomography (PET). During the last 
decade, various methodologies have been devel-
oped to label nanoparticles. Labeling methods for 
polymers using prosthetic groups for 18F as well 
as 72/74Ar have been established [204–206].

In summary, novel methodologies have been 
developed and may shine light on the behavior of 
nanoparticles in vivo and therefore facilitate the 
development of next-generation nanomedicines.

41.6  Nanoparticulate Vaccine 
Formulations

41.6.1  Advantages of Particle-Based 
Vaccines

The next years will see an increasing use of 
synthetic subunit antigen vaccines because they 
 provide many advantages over traditional vac-

cines derived from live attenuated, killed, or 
inactivated pathogens [207]. However, it is a 
well- known fact that synthetic peptides often 
lack the immunogenicity to induce a strong 
immune response. Therefore, efficient vaccina-
tion requires the use of adjuvants [208]. In the 
field of tumor immunotherapy, adjuvants are 
especially important to reverse tumor immuno-
suppression mediated, for example, by regula-
tory T cells or myeloid-derived suppressor 
cells.

Adjuvants, among other things, promote the 
maturation of antigen-presenting cells by interac-
tion with receptors of the innate immune system, 
e.g., dendritic cells. Only mature dendritic cells 
are able to generate co-stimulatory signals, which 
together with the presented antigen lead to the 
desired effector T cell responses. Thus, it is 
important that antigen and adjuvant act on den-
dritic cells concomitantly. Most of today’s human 
vaccine formulations use aluminum-based com-
pounds as adjuvants. However, as recent years 
have seen intense research for more potent and 
specific alternatives [209], new means of co- 
delivery are required.

Another problem of subunit antigen vaccines 
is their susceptibility to enzymatic degradation. 
To increase their lifetime and biological activity, 
protective carrier molecules are needed. 
Nanoparticles have become of great interest as an 
instrument to protect antigens and adjuvants 
against blood serum proteins and to ensure their 
safe and simultaneous delivery to dendritic cells.

Alongside their capability for protection [210] 
and co-delivery of antigen and adjuvant, nanopar-
ticles show several other advantages:
• They can deliver an antigen together with 

combinations of adjuvants overcoming 
immune suppression by regulatory T cells 
[211–213].

• They trap their cargo, thus preventing sys-
temic distribution and toxicity [214].

• They can be used as a platform to present mul-
tiple copies of an antigen on their surface 
which especially improves B cell activation 
[215].

• They can promote the cytosolic accumulation 
of antigens in dendritic cells. This is important 
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for cross-presentation, the key mechanism for 
CD8+ T cell activation.

• Modification of nanoparticles with inert sub-
stances like poly(ethylene glycol) that medi-
ate stealth properties [216] can minimize 
protein absorption. This increases their blood 
circulation time [217].

• Surface functionalization of nanoparticles with 
receptor ligands or antibodies enables specific 
tissue or cellular targeting [217]. Thereby, 
antigen and adjuvant are retained at the site 
of action so that unspecific distribution is 
reduced, lower doses are needed, and adverse 
reactions to vaccination are minimized.

• Nanoparticles provide a sustained release of 
adjuvants and thus a prolonged exposure to 
the immune system which is essential for a 
proper activation of dendritic cells [218].

41.6.2  Approaches

Big potential for nanoparticulate vaccine for-
mulations most likely lies in cancer immuno-
therapy. In addition to this, applications for 
vaccination against various infectious diseases 
are investigated. These include, for example, 
nanoparticle- based vaccines against influenza 
[219], West Nile encephalitis [220], and 
malaria [221].

The components of a typical nanoparticulate 
vaccine formulation combine an antigen (T cell 
and/or B cell epitopes), adjuvant, and targeting 
moiety on one particle [214]. A wide variety of 
antigens such as peptides/proteins [222], lipopro-
teins [223], glycopeptides [224], tumor- associated 
carbohydrate antigens (TACA) [225], and carbo-
hydrate mimetic peptides [226] are tested in com-
bination with nanoparticulate carriers.

Two basic concepts can be distinguished for 
targeting dendritic cells with antigens: ex vivo 
pulsing and subsequent administration of matured 
dendritic cells or direct in vivo targeting of imma-
ture dendritic cells. Nanoparticles appear valu-
able for in vivo strategies [227].

The group of adjuvants mainly studied in the 
context of nanoparticulate vaccines are several 
Toll-like receptor ligands. LPS, the major com-

ponent of the outer membrane of Gram-negative 
bacteria, is a pathogen-derived TLR 4 ligand. 
While being far too toxic for systemic application 
as an immune potentiator for classic vaccines, 
LPS shows promising results in vitro and in 
mouse models, when administered within PLGA 
nanoparticles [228]. 7-acyl lipid A, a component 
of LPS, is also investigated in mice as an additive 
for PLGA-based vaccines [229]. In addition to 
pathogen-derived TLR ligands, synthetic mole-
cules mimicking pathogen-associated molecular 
patterns (PAMPs) are evaluated. Representatives 
of this group are CpG oligodeoxynucleotides 
(CpG ODN), binding to TLR 9, and 
polyribosinic:polyribocytidic acid (Poly I:C), a 
TLR 3 ligand [211]. Alongside the general acti-
vation of dendritic cells, the application of cer-
tain TLR ligands like CpG oligodeoxynucleotides 
and LPS together with nanoparticulate carriers 
might be of special interest as they, contrary to 
alum, elicit a Th1-biased immune response [230].

Demento et al. developed PLGA nanoparti-
cles loaded with a recombinant envelope protein 
antigen from the West Nile virus and surface 
functionalized with CpG ODN. In several exper-
iments they compared this system with unmodi-
fied nanoparticles and an aluminum hydroxide 
vaccine formulation. In mice, CpG ODN modi-
fied nanoparticles produced a Th1 immune 
response biased antibody profile in contrast to a 
Th2 profile elicited by aluminum hydroxide. 
Moreover, immunization of mice with modified 
nanoparticles induced a higher number of circu-
lating effector T cells and an enhanced antigen-
specific IL-2 and IFN-γ production compared to 
control groups. In a mouse model of West Nile 
encephalitis, modified nanoparticles showed a 
superior protection in comparison to aluminum 
hydroxide [220].

Studies suggest that some nanoparticles, prob-
ably by binding to Toll-like receptors, can act as 
adjuvants themselves [231]. This has been shown 
for high molecular weight γ-PGA particles 
[232], PLGA nano- and microparticles [233], 
poly(anhydride) nanoparticles [234], liposomes 
[235], polystyrene nano- and microparticles 
[236], and acid-degradable cationic polyacryl-
amide nanoparticles [237]. Though, particle size 
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and concentration seem to be critical for activa-
tion of dendritic cells as in other experiments, 
PLGA particles failed to induce dendritic cell 
maturation [238].

In one experiment, mucosal immunization of 
mice against highly pathogenic influenza A 
H5N1 virus was carried out. The vaccine con-
sisted of recombinant influenza hemagglutinin 
(rHA) antigen and γ-PGA/chitosan nanoparti-
cles. This system was compared to two other for-
mulations: inactivated virus with γ-PGA/chitosan 
nanoparticles and cholera toxin with recombinant 
influenza hemagglutinin antigen. The γ-PGA/
chitosan nanoparticles in combination with rHA 
antigen led to potent virus-specific humoral and 
cellular immune responses. Compared to cholera 
toxin the adjuvant properties of the γ-PGA/chito-
san nanoparticles were equally good. Immunized 
mice were protected against challenge with a 
lethal dose of highly pathogenic influenza A 
H5N1 virus [239].

A different concept for nanoparticle-based 
vaccines investigated in multiple studies [240, 
241] involves the delivery of nucleic acids 
(mRNA or pDNA) encoding a defined antigen 
into dendritic cells. In contrast to peptide anti-
gens, mRNA and pDNA have to remain intact 
and functional all along the endocytic route until 
they have reached the cytosol or the nucleus, 
respectively. After being endocytosed, nanopar-
ticles functionalized with buffering groups or cell 
penetrating peptides can protect nucleic acids 
against hydrolytic enzymes and foster endosomal 
escape [242]. Once nucleic acids have reached 
their destination inside the cell, expression of the 
encoded peptide antigen can take place.

One advantage of pDNA is that it can encode 
for various peptide antigens. Thus, one nanopar-
ticulate system that is able to transport pDNA can 
be used for a broad range of vaccinations. Further, 
pDNA can function as an immunostimulant 
because it contains CpG sequences recognized 
by TLR 9 [243].

Sudowe et al. investigated the potential of in 
vivo pDNA vaccination to generate an immune 
response against β-Gal as model antigen. 
Plasmids encoding β-Gal under the control of 
DC-specific, keratinocyte-specific, or unspecific 

promoters were adsorbed on gold nanoparticles 
and applied to the skin of mice via gene gun. As 
a result, Th1-biased immune responses were 
observed. Moreover, with regard to CD8+ T cell 
priming, it was shown that the presentation of 
endogenous antigen produced by transfected skin 
dendritic cells is equally effective as the cross- 
presentation of exogenous antigen [244].

As mentioned above, the surface of nanocar-
riers can be functionalized with a multitude of 
different ligands, including proteins, peptides, 
antibodies, antibody fragments, aptamers, and 
small molecules [217]. By targeting defined cell 
surface structures with receptor ligands or anti-
bodies attached to nanoparticles, an increased 
and/or more specific cellular uptake might be 
achieved. Considering vaccine formulations in 
particular, the configuration of the carrier system 
with ligands for pattern recognition receptors, 
e.g., Toll-like receptors or C-type lectin recep-
tors, might augment its immunogenicity and 
contribute to dendritic cell activation [241]. 
Different targeting concepts have been realized 
with various particulate carriers and have shown 
stronger immune responses compared to nontar-
geted carriers [245]. Mannose is a ligand for a 
C-type lectin receptor expressed on dendritic 
cells. Multiple research projects have examined 
its performance for targeting dendritic cells and 
macrophages [44, 235, 246–251]. In experi-
ments comparing mannose-decorated PLGA 
particles with plain PLGA particles, it was 
shown that mannose only causes a slight increase 
in cellular uptake. Presumably, because depend-
ing on the experimental conditions, nonspecific 
uptake usually predominates specific uptake 
[252]. However, in another study it was demon-
strated that mannan, a natural polymannose 
derived from the cell wall of Saccharomyces 
cerevisiae, when conjugated to PLGA particles 
leads to increased antigen- specific CD4+ and 
CD8+ T cell responses [253].

Other methods for addressing dendritic 
cells reported in literature are the deployment 
of Fc receptor ligands or anti-DEC-205 anti-
bodies. Raghuwanshi et al. evaluated a two-
component vaccine formulation, one element 
being biotinylated PLGA nanoparticles loaded 
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with ovalbumin as model antigen and the other 
a bifunctional fusion protein consistent of trun-
cated core- streptavidin and an anti-DEC-205 
single-chain antibody. They observed a twofold 
increase in receptor-mediated uptake of func-
tionalized nanoparticles compared to nontargeted 
nanoparticles. OVA-specific IgG responses of 
mice immunized with anti-DEC-205-modified 
nanoparticles in connection with αCD40 as adju-
vant were considerably higher than those of con-
trol groups [254].

To trigger an antibody response, an antigen 
has to be recognized and processed not only by 
dendritic cells but also by B cells. Consequently, 
alongside T cell epitopes, the inclusion of B 
cell epitopes into a vaccine formulation is a 
central approach. As mentioned before, 
nanoparticles can be used to present multiple 
copies of epitopes on their surface [215]. This 
enables the induction of T cell-independent 
type I antibody responses as has been shown for 
virus-like particles [255]. T cell-independent 
type II antibody responses can be realized 
through co-delivery of adjuvants suited for B 
cell activation [256].

Especially in tumor immunotherapy, the deliv-
ery of B cell epitopes derived from glycopep-
tides, TACA, or carbohydrate mimetic peptides is 
of great interest. In several studies Kunz et al. 
investigated the B cell activating potential of dif-
ferent synthetic tumor-associated MUC1 glyco-
peptides which contain the Thomsen-Friedenreich 
antigen, its precursor or its sialylated derivatives. 
They chemically linked the glycopeptides to 
bovine serum albumin (BSA) or tetanus toxoid as 
carrier molecules. These vaccine systems were 
applied to Balb/c mice. In the case of the BSA 
formulations, complete Freud’s adjuvant was co- 
administered. For all vaccines strong specific 
antibody responses against the MUC1 antigens 
were observed [257–259].

Brinãs et al. used gold nanoparticles to co- 
deliver MUC4 glycopeptides containing the 
Thomsen-Friedenreich antigen together with a 
peptide derived from the complement protein 
C3d as B cell activating adjuvant. Mice immu-
nized with these nanoparticles showed statisti-
cally significant immune responses [256].

41.7  Summary and Conclusions

Nanoparticles have already underlined their 
potential in medical application. Their particulate 
properties may be especially attractive in the stim-
ulation of the immune system. Nanoparticle- 
based vaccines can be expected to have a major 
impact on future vaccines, because they bear the 
potential of directed delivery of sensitive antigens 
or combinations of antigen or antigen/adjuvant in 
one moiety. Thus, immune modulation may be 
enhanced. However, the synthesis of nanoparti-
cles is still demanding, but new tools increase the 
control of particle properties and may allow the 
synthesis of optimized immune modulating nano-
medicines for effective vaccination approaches.
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    In addition to the appropriate adjuvant, the delivery technology is another key 
element for vaccine development. The current intense research activity in this 
area will be presented in the following chapters. Pain-free and needle- less 
safe devices are the upcoming alternatives to conventional multiple injections 
Moreover, new vaccines are designed to elicit a CTL or a mucosal response. 
Unlike most of the conventional vaccines, such modern vaccines require the 
recruitment of cellular effector mechanisms and therefore necessitate new 
routes of administration, combined with new adjuvants (see Part   VI    ). New 
delivery technologies should also meet the need for thermostable vaccines 
with the great chance to turn the enormous cost-intensive cold chain down. 

  Vaccine design.  The future of vaccinology is moving into obtaining a 
global picture of the various factors involved in protective immunity with the 
development of systems biology and bioinformatics tools capable of integrat-
ing various types of data. The prediction of epitopes remains a crucial step in 
the screening of pathogens protein-coding sequences before experimental 
confi rmation of immunogenicity. 

  Microneedles.  Intradermal vaccination using MN is one of the most attrac-
tive approaches for delivering an antigen to the dermal layer of the skin with-
out using hypodermic injections, which are associated with transmission of 
infection and inappropriate disposal in the developing world. 

  Nasal delivery.  The nasal mucosa is complex and includes important ele-
ments of the immune system. Therefore, it is an ideal route of delivery for a 
noninvasive vaccine delivery. Spray-dried, freeze-dried, and spray freeze- 
dried powders have demonstrated equivalent immunogenicity to conventional 
liquid formulations. 

  Nanotechnology and delivery.  Nano-vectors bear the advantage of being 
similar to a pathogen in terms of size; thus, they are effi ciently recognized by 
antigen-presenting cells of skilled immune system. ISCOMS are character-
ized by a cage-like structure that incorporates the antigen. They consist of 
lipids and Quil A, the active component of the saponin derived from the plant 
 Quillaja saponaria  that has adjuvant activity. PADRE-PAMAM dendrimer 
nano-vaccine delivery may fulfi ll some of the major challenges facing robust 
protective vaccines: it provides high transfection effi ciency, proper targeting 
to the APCs, and an adjuvant effect 

  Bacterial vectored vaccines.  This induction of mucosal immunity through 
vaccination is a rather diffi cult task. Lactic acid bacteria have Generally 
Recognized As Safe (GRAS) status and have been developed in the past 
decade as potent adjuvants for mucosal delivery of vaccine antigens. Both 
 Lactococcus lactis  and  Lactobacillus spp . have been used. 

  Electroporation.  Application of an external electric fi eld to a single cell, to 
cell suspensions, or to biological tissue generates a change in the cell trans-
membrane potential, resulting in changes to the membrane structure that ren-
der the membrane permeable to otherwise non-permeate molecules, a 
phenomenon termed electroporation. Electroporation technology is based on 
pulse generators that use different applicator electrodes, e.g., matrix of nee-
dles or plates to deliver suitable electric pulses to the target tissues. 

  The Classical i.m. immunization.  Muscle cells are able to actively partici-
pate in the induction of immunity and to behave as nonprofessional APC. 
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Muscle cells express receptors for cytokines and PAMPs that enable them to 
respond to an infl ammatory  milieu , by secreting cytokines and chemokines 
and expressing adhesion molecules. Some membrane proteins necessary to 
the APC function, like class I and class II MHC molecules and costimulatory 
molecules, have been observed in several experimental systems.       

VII In Silico and Delivery Systems
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    Abstract 

 The foundations of vaccination were laid in the 
eighteenth century by Edward Jenner and in 
the nineteenth century by Louis Pasteur. 
During the 1930s and 1940s, live attenuated 
and inactivated vaccines dominated the fi eld. 
This was followed by the purifi cation of anti-
gens from pathogens grown in culture using 
biochemical methods, bringing the era of 
 subunit vaccines to the fore. With the explo-
sion in next-generation sequencing technolo-
gies and the availability fi rst genomes, the fi eld 
of reverse vaccinology alongside the associ-
ated “omics”-revolutions became of age. This 
allowed for the identifi cation of promising 
antigens, not previously exploited for their 
protective abilities. By combining the latter 
technologies with immunogenetics and immu-
nogenomics, insight into the immune response 
during infection/vaccination is providing a 
global picture of the various factors involved in 
protective immunity. In this post-genomic era, 
vaccine development is moving away from a 
trial-and-error approach to a knowledge-based 
vaccine development approach.     

  The foundations of vaccination were laid in the 
eighteenth century by Edward Jenner and in 
the nineteenth century by Louis Pasteur. During 
the 1930s and 1940s, live attenuated and inacti-
vated vaccines dominated the fi eld with the two 
most prominent examples being propagation of 
infl uenza viruses in chick embryos and polio and 
other viruses in cultures of human and monkey 
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tissues [ 1 ]. This was followed by the purifi cation 
of antigens from pathogens grown in culture 
using biochemical methods, bringing the era of 
subunit vaccines to the fore. With the availability 
of the fi rst bacterial genome, Rappuoli invented 
the fi eld of reverse vaccinology in 2000, which 
has since exploded alongside the development of 
next-generation sequencing technologies and the 
associated “omics”-revolution. 

 The fi rst vaccine obtained through reverse 
vaccinology, the serogroup B meningococcus 
vaccine, is already in fi nal trials and could sub-
stantiate reverse vaccinology in the very near 
future [ 2 ,  3 ]. In 2007 Poland and colleagues initi-
ated vaccinomics, a fi eld that aims to combine 
immunogenetics and immunogenomics, provid-
ing insight into the immune response during 
infection or during vaccination. The future of 
vaccinology is moving into obtaining a global 
picture of the various factors involved in protec-
tive immunity with the development of systems 
biology and bioinformatics tools capable of inte-
grating various types of data. 

 Despite all of this progress, critical funda-
mentals remain to be understood in order to 
move away from a trial-and-error approach to a 
knowledge- based vaccine development approach. 
This includes a thorough understanding of patho-
gen biology, the host immune system, the network 
of immune reactions activated during host-patho-
gen interactions or during vaccination, the princi-
ples of reverse vaccinology and the software used 
during this approach, identifi cation of immuno-
logical biomarkers and proper vaccine formulation 
and trials. This forms the focus of this chapter. 

42.1    Understanding 
the Pathogen: Biology 
of Invasion, Infection 
and Survival 

 Pathogens for which vaccines are required range 
from viruses, prokaryotic bacteria, eukaryotic 
intracellular endoparasites (such as Plasmodium 
causing malaria) and extracellular parasites (such 
as helminths) to ectoparasites (such as ticks and 
mites). Each of these has its own unique biology 

and effect on the host immune system which 
must be understood if a successful vaccine is to 
be developed. 

42.1.1    The Blueprint of a Pathogen: 
Genomics, Gene Prediction 
and Gene Annotation 

 The ability to obtain genomic DNA sequence 
information within a short time frame and at an 
affordable price is without doubt shaping mod-
ern biology. In the fi eld of vaccinology, 
genomes hold the key to understanding patho-
gen genes, the host immune genes and the 
interplay between genes involved in host-
pathogen interactions during infection and vac-
cination. Next-generation sequencing has been 
used with great success to gain insight into 
detection of both pathogen and host genetic 
variation, evidence of selection pressures, 
immune escape mechanisms, vaccine safety, 
the diversity of T- and B-cell repertoires, 
immune regulation and assessment of the qual-
ity of vaccine stocks [ 4 ]. 

 It is nowadays becoming routine to start anal-
yses with more than one genome of closely 
related organisms (pan-genomic analyses). This 
allows for the identifi cation of immunogenic and 
conserved antigens suitable for use in a combina-
torial vaccine that offers protection against genet-
ically diverse strains. The best example is that of 
the Bexsero vaccine containing four immuno-
genic and conserved antigens, protecting against 
77 % of more than 800 genetically diverse 
disease- causing MsnB strains [ 2 ]. Comparative 
studies on 8 g positive-pathogenic  Streptococcus 
agalactiae  genomes revealed both a core genome 
and a dispensable genome. Interestingly, the pro-
teins found to be protective did not all originate 
from the core genome. In contrast, only one core 
genome antigen and three dispensable genome 
antigens were found to be protective in combina-
tion against a large panel of strains [ 5 ]. Subtractive 
genomics between pathogenic and nonpatho-
genic strains have been used with great success 
for the identifi cation of the ECOK I-3385 antigen 
from pathogenic  Escherichia coli  [ 5 ]. 
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 In this postgenomic era, genome sequence 
assembly and gene prediction remain a bottle-
neck, especially for complex eukaryotic patho-
gens lacking gene scaffolds. Subsequent gene 
and open reading frame (ORF) prediction is one 
of the most fundamental and important steps in 
genome analysis having major implications for 
any downstream analysis. One method for the 
identifi cation of ORFs is BLAST [ 6 ]. Otherwise, 
ab initio gene prediction can be performed utiliz-
ing mathematical models if no other evidence of 
a gene is present [ 7 ]. A number of programs opti-
mized for prokaryotic ORF predictions are avail-
able, such as Glimmer [ 8 ], GeneMark.hmm [ 9 ] 
and Prodigal [ 10 ]. Pipelines providing increased 
accuracy of gene prediction by evaluating gene 
models of prokaryotes and detecting anomalies 
are also coming of age [ 11 ]. 

 In eukaryotes, this is not a trivial process, 
as recent observation from the ENCODE proj-
ect revealed that genes have overlapping tran-
scripts as well as transcription from both DNA 
strands [ 12 ]. Furthermore, mathematical mod-
els are trained on organism-specifi c genomic 
traits often using classic model organisms such 
as  Drosophila melanogaster  [ 7 ]. The accuracy 
of these predictions is then dependent on how 
distantly the organism of interest is related 
to these eukaryotes [ 7 ]. Some gene predic-
tors can also be trained using pipelines such as 
MAKER [ 13 ]. Other programs are capable of 
incorporating external evidence (such as EST 
and RNA-Seq data) into an ab initio approach 
for the improvement of prediction. Such soft-
ware includes AUGUSTUS [ 14 ] and GNOMON 
(  http://0-www.ncbi.nlm.nih.gov.innopac.up.ac.
za/genome/guide/gnomon.shtml    ). Other strate-
gies, such as SAGE libraries tag-to- gene map-
ping (mapping tags to a genome via BLAST and 
then mapping tags to their genes using a data-
driven probability distribution), were required to 
obtain insight into the Leishmania genome struc-
ture and transcription [ 15 ]. 

 Subsequent functional annotation of a gene 
product is also not a trivial process. Homology 
searches using BLAST [ 16 ] and BLAST-based 
algorithms have proved successful, while many 
online databases provide tools and information 

for annotation, e.g. PIR [ 17 ], Pfam [ 18 ], SWISS- 
PROT [ 19 ], UniProt [ 20 ] and COG [ 21 ]. 
Unfortunately most of these approaches rely on 
the availability of accurately characterized pro-
tein information. In addition, functional similar-
ity cannot always be inferred from homology, 
and additional information is required to increase 
confi dence in functional predictions [ 18 ]. The 
use of Gene Ontology (GO) [ 22 ] is used very 
widely and successfully, but can be limited by a 
dependence on un-curated, experimentally unver-
ifi ed and computationally derived annotations 
[ 23 ]. One alternative that is increasingly being 
incorporated is the use of protein-protein interac-
tions to predict and identify functional relation-
ships. A main limitation is the absence of protein 
interaction data [ 24 ], though the geometric rela-
tionship in the alignment of predicted secondary 
structural elements could be used to model and 
evaluate putative structural interactions for func-
tional predictions [ 25 ]. Combinations of data, 
such as protein sequence, gene expression and 
protein interaction data, could be amalgamated to 
infer and confi rm functional annotation predic-
tions [ 26 ].  

42.1.2    Transcriptome 
and Proteome Analyses 

 A transcriptome is a highly dynamic system, 
representing a defi ned set of genes that are 
expressed at a specifi c time under a specifi c set 
of conditions by a cell. Transcriptome analy-
ses provide researchers with clues regarding 
rare transcripts, alternate splicing, copy number 
variation, sequence variation, regulatory mecha-
nisms and biochemical pathways involved in 
cellular function. RNA-Seq is the choice of tech-
nique in the postgenomic era for obtaining large 
 transcriptome datasets, as it has been estimated 
to detect 25 % more transcripts than conventional 
DNA microarrays [ 4 ]. To date, RNA-Seq and 
conventional transcriptome profi ling have been 
used with great success to study between-subject 
differences in immune responses to a pathogen 
or a candidate vaccine [ 4 ], the role of miRNAs 
in regulating mRNA expression [ 4 ], epigenetic 
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responses to viral vaccines [ 4 ], understanding of 
molecular processes and survival mechanisms 
(e.g. the heartworm  Dirofi laria immitis  for iden-
tifi cation of vaccine and drug targets [ 27 ]), iden-
tifi cation of additional surface-expressed vaccine 
candidates (e.g.  Neisseria meningitidis  [ 28 ]), 
identifi cation of expressed surface and secreted 
proteins in complex pathogens (e.g. the apicom-
plexan parasite  Eimeria tenella  [ 29 ] and the ecto-
parasitic cattle tick,  R .  microplus  [ 30 ]) which can 
now be exploited as vaccine candidates. 

 A proteome represents the complete protein 
complement expressed by a cell, allowing a 
more direct measure of cellular response than 
nucleic acid-based analyses and insight into 
post- transcriptional modifi cations. Typically 
proteomes were evaluated by two-dimensional 
electrophoresis, but this presented with the 
obstacle that few hydrophobic proteins were 
recovered for downstream analyses. Nowadays 
high- throughput mass spectrometry is acceler-
ating membrane protein analysis [ 31 ] and 
revealing the presence of plasma membrane 
proteins that are unknown in databases despite 
extensive genome sequencing. Proteome analy-
sis is vital to overcoming the limitations of in 
silico localization prediction software. As sur-
face-exposed proteins are mostly targeted dur-
ing vaccination, surfaceome analyses have 
received quite a bit of attention. Novel 
approaches include analysis of membrane pro-
teins using “shaving”, whereby cells are treated 
with proteases and the resulting peptides anal-
ysed by LC-MS-MS [ 5 ] and advanced mass 
spectrometry based identifi cation of viral pep-
tides from high- or low-responder- associated 
HLA molecules as candidate  antigens [ 32 ]. 

 To date, proteomics provided insight into 
the neglected malaria parasite  Plasmodium 
vivax  which identifi ed 153 proteins that show 
no homology to previously identifi ed products 
as well as 29 new proteins [ 33 ], insight into the 
pathogen biology, genes and metabolic pathways 
of  Trypanosoma cruzi  [ 34 ] as well as provid-
ing a platform for the development of epitope-
driven vaccines and structural proteomics in 
 Mycobacterium tuberculosis  [ 35 ]. The availabil-
ity of host proteome data and its integration with 
other “omics”-data (predominantly  transcriptome 

data) are vital to the success of future vaccines 
(see Sect.  16.3  of this chapter). A glossary rel-
evant to the multidisciplinary fi elds of vaccine 
development in the postgenomic era is presented 
in Table  42.1 .

42.2        Understanding the Host 
Immune System 

 Pathogens are recognized by a wide  variety of 
immune cells, depending on how and where the 
immune cells are encountered fi rst. Predominantly, 
they are recognized by cells of the innate immune 
system that do not have antigen- specifi c recep-
tors, but rather contain pathogen recognition 
receptors (PRRs) such as C-type lectins, Toll-
like receptors (TLRs) or NOD (nuclear-binding 
oligomerization domain) proteins. These are 
present in innate immune cells such as dendritic 
cells (DCs), macrophages,    mast cells and neutro-
phils as well as endothelial cells and  fi broblasts 
(collectively referred to as antigen-presenting 
cells, APCs). Binding results in the activation of 
signalling pathways and the subsequent synthesis 
and release of pro- infl ammatory cytokines and 
chemokines. Activated antigen-presenting cells 
(mainly DCs but also macrophages and B cells) 
can then process a pathogen-derived antigen for 
presentation to adaptive immune cells on MHC 
class II. 

 This is mediated by either macropinocytosis 
or endocytosis of exogenous protein, which is 
delivered to acidic endosomes where it is cleaved 
into peptides that combine with α and β subunits 
of the MHC II complex and are expressed on the 
cell surface. Activated and mature APCs migrate 
to lymph nodes where they mediate antigen- 
specifi c activation and co-stimulatory signals to 
naïve T (via interaction between MHC and T-cell 
receptor) and B cells, bridging the gap between 
innate and adaptive immunity. T cells differenti-
ate into CD4 +  T helper cells (T H ) or CD8 +  cyto-
toxic T lymphocytes (CTL). CD4 +  T H  cells can 
be directed into a cellular Th1, a humoral Th2 
or a tolerance Treg response, depending on con-
tact with the antigen-presenting cells (APCs) 
and induction by specifi c cytokines [ 43 ]. In most 
cases, peptides associated with MHC II will 
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induce CD4 +  T-cell and antibody responses [ 1 ]. 
A subset of effector T cells will differentiate into 
memory cells capable of inducing a response 
against the pathogen during subsequent infec-
tion. It is this stimulation of crosstalk between 
the innate and adaptive immune systems that rep-
resents a major obstacle when using subunit vac-
cines. Most simple subunit vaccines only induce 
CD4 +  responses (which activates B cells and 
antibody production) which are not suffi cient to 
protect against chronic infections and intracellu-
lar pathogens, which require effective activation 
of cellular adaptive CD8 +  T cells (via MHC I or 
MHC II) responses as well [ 1 ]. 

 To provide insight into the vast amount of 
genes expressed within the human immune cells, 
the Immunological Genome Project [ 44 ] as well 
as IRIS [ 45 ] (immune response in silico) data-
base was developed. These include profi les of 
virtually all human and murine genes expressed 
from key immune cell types and provide 
researcher with tools to combine immunology 
and computational biology. 

 This data provides insight into the differentia-
tion of immune cells, their roles in infl ammation 
and immunity, cellular localization of proteins 
and signalling pathways of the immune system 
[ 45 ]. Large-scale studies into T-cell receptor 
diversity were made possible with next- 
generation sequencing and have since provided 
insight into the role of rearrangement of seg-
ments (predominantly in the VDJ region) in the 
TCR gene and how this brings about the vast rep-
ertoire of antigen-specifi c T cells. This also 
expanded into B-cell studies with the identifi ca-
tion of 14 new allelic variants in the human heavy 
chain immunoglobulin variable regions [ 4 ] as 
well as improved understanding of vaccines tar-
geting dendritic cell subsets [ 46 ]. ChIP-Seq tech-
nology has also been used with success to provide 
insight into the transcription factors involved in 
the development of B- and T-cell responses [ 4 ]. 

 Findings on the role of polymorphisms in the 
genome of immune cells insight into the heteroge-
neity of responses against vaccines are fast expand-
ing and paving the way forward to personalized 

   Table 42.1    Glossary relevant to the multidisciplinary fi elds of vaccine development in the postgenomic era   

 Term  Published defi nition/ popular explanation   References 

 Immunogenetics  Genetic analysis of the immune system  [ 36 ] 
  The study of genes involved in the immune system  

 Immunogenomics  Genomics technology combined with immunology  [ 37 ], [ 38 ] 
  The study of sets of genes and their expression profi le involved in immune 
responses  

 Systems biology  Systems biology aims to understand quantitatively how properties of biological 
systems can be understood as functions of the characteristics of and interactions 
between their macromolecular components 

 [ 39 ] 

  The study of the complete system of organisms including all interactions between 
biological elements and their surrounding environment  

 Immunoproteomics  Defi nes the subset of proteins that induce an immune response 
(immunoproteome) 

 [ 40 ] 

  The study of all proteins involved in the immune response ,  their identifi cation 
and function  

 Vaccinomics  The term refers to immunogenetics and immunogenomics as applied to vaccine 
immune responses and the mechanisms underlying heterogeneity in both the 
pathogen and the host response to vaccination 

 [ 41 ] 

  An integrative approach incorporating immunogenetics and immunogenomics 
for the study of immune responses to vaccines or pathogens  

 Reverse vaccinology  Genomic-based approaches to vaccine development  [ 42 ] 
  The methodology of vaccine development based on genomic information of 
organisms  

 Immunotherapy  The complex network of interactions between immune cells during manipulation 
of the host immune system 

 [ 43 ] 

  Treatment of disease by inducing ,  enhancing or suppressing an immune response  
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vaccines [ 47 ,  48 ]. Evidence for genetic host poly-
morphisms in determining responses against vac-
cines in humans was provided by the classical 
studies of Jacobson and colleagues as well as Tan 
and colleagues in which monozygotic and dizy-
gotic twin pairs were evaluated in response to the 
MMR vaccine, hepatitis B, oral polio, tetanus tox-
oid and diphtheria vaccines [ 47 ]. Subsequently, a 
number of polymorphisms (predominantly SNPs) 
in the human leukocyte antigen (HLA) genes and 
their contribution to vaccine immunity towards 
MMR and rubella have been published (reviewed 
in [ 47 ]). Such linkages remain to be elucidated for 
other vaccines, but are currently limited by the vast 
amount of data required for large-scale genome-
wide linkage studies. Polymorphisms in non-HLA 
genes such as SNPs in cytokines and cytokine 
receptors, Toll-like receptors, signalling mole-
cules, vitamin A and D receptors, antiviral effec-
tors and genes associated with innate and adaptive 
immunity have also been published for rubella and 
a number of adjuvants and how these affect vac-
cine effi cacy [ 32 ,  47 ].  

42.3     Vaccinomics: Towards 
Understanding 
the Host- Pathogen 
Interactions and Type 
of Immunity Induced During 
Infection and Vaccination 

 Upon infection, pathogens activate a great num-
ber of immune triggers in both the innate and 
adaptive immune responses mediating protective 
immunity and the progression to long-lived pro-
tection against the pathogen [ 49 ]. This has been 
termed “the immune response network theory”, 
which aims to integrate environmental, host 
and pathogen or vaccination factors [ 47 ]. Our 
ability to understand the gene players involved 
in infection and vaccination and how they cor-
relate to protective immunity will provide 
essential insights for improved vaccine develop-
ment (Fig.  42.1 ). The latter is clearly stated by 
Bernstein and colleagues as “Future vaccines 
will focus not only on the identifi cation of a 
 single correlate (or multiple, independent corre-
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lates), but on the identifi cation of multifactorial 
signatures associated with immune protection 
(i.e. pathogen, host and interacting signatures)” 
[ 49 ], paving the way forward to the ultimate goal 
of universal vaccine signatures.

   Vaccinomics was fi rst described by Poland in 
2007 as the application of immunogenetics and 
immunogenomics, which is the study of genetic 
and epigenetic determinants and pathways rele-
vant to vaccine-induced responses. In 2011 it was 
expanded to include the mechanisms underlying 
heterogeneity in both the pathogen and the host 
response to vaccination, which aims at providing 
insight into the observed variability in response 
to vaccination [ 50 ]. 

 Integrative approaches have been used suc-
cessfully to provide insight into future vaccines. 
For microbial biology this has been excellently 
reviewed by Zhang et al. [ 51 ]. Other examples 
include simultaneous analysis of host and patho-
gen transcriptomes in high and low antibody 
responders to rubella, smallpox and infl uenza 
vaccines [ 32 ] as well as integrating genotypes/
haplotypes and phenotypes for measles, mumps, 
rubella, infl uenza and smallpox vaccines [ 32 ]. 
The combination of genome-wide expression 
data with interactome (yeast two hybrid) data in 
infl uenza infection resulted in the identifi cation 
of novel viral genes regulating interferon pro-
duction and viral replication [ 50 ]. It has also 
been used in understanding T-cell responses to 
yellow fever vaccination (identifying signatures 
of neutralizing antibody responses and two 
additional signatures of CD8 +  T cells) as well as 
identifying two distinct IFN responses by neu-
trophils in tuberculosis patients [ 50 ]. 

 Global transcriptional profi ling of patients 
receiving the MAGE-A3 peptide vaccine for 
non-small- cell lung cancer revealed signatures 
correlating with responsiveness to treatment 
[ 43 ]. Immunogenetics studies focussing on the 
host OAS gene family and West Nile virus 
(WNV) revealed that polymorphisms in OASL 
were linked to susceptibility in WNV infection 
and that therapeutic agents/adjuvants capable 
of inducting OAS1 activity could enhance 
WNV vaccine effi cacy [ 50 ]. Integrated tran-
scriptome studies in zebrafi sh vaccinated with 
 Edwardsiella tarda  live attenuated vaccines 

revealed pathways involved in antigen process-
ing and acute phase responses which provided 
insight into the mechanisms underlying zebraf-
ish immune responses and directions for 
improved vaccines. Interestingly, they found 
that MHC I pathways were upregulated and 
MHC II pathways were downregulated during 
vaccination [ 52 ]. 

 In another study, gene expression profi ling of 
dendritic cells in the presence of  Staphylococcus 
aureus  revealed a unique role for the infl amma-
tory process and T helper cell polarization as well 
as 204 differentially expressed genes between 
susceptible and resistant animals, providing 
explanations for the difference in susceptibility 
towards  S .  aureus  infection [ 53 ]. Genome-wide 
digital gene expression (DGE) was successfully 
used to study the host response to the zoonotic 
pathogen,  Brucella melitensis . 

 An in-depth understanding of the parasite/
pathogen biology as well as the host immune sys-
tem is required to fully comprehend the processes 
underlying infection and development of protec-
tive immunity. This is achieved by the combina-
tion of genomic, transcriptome and proteome 
data which in turn drives reverse vaccinology 
approaches and subunit vaccine development. 
Integrative systems biology approaches provide 
insight into the complex networks underlying 
infection and the development of protective 
immunity. By linking polymorphisms to hetero-
geneities observed in responses to vaccines and 
survival/virulence of pathogens, insight is gained 
for the development of improved vaccines. 
Abbreviations corresponds to T-cell receptor 
(TLR), nuclear-binding oligomerization domain- 
containing proteins (NOD), pathogen recognition 
receptor (PRR), major histocompatibility com-
plex II (MHC), antigen-presenting cell (APC), T 
helper type 1, 2 or tolerance response (Th1, Th2 
or Treg, respectively), B cell (B), antibody- 
forming cell (AFC) and memory B cells (Bm) 

 This study revealed, amongst others, a strong 
role for macrophages during infection and the 
induction of anti-infl ammatory and anti-apoptotic 
factors in the survival of strains with differing 
virulence, directing research into development 
of new attenuated vaccines with enhanced 
 effi cacy [ 54 ]. 
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 To accomplish insight into the complex traits 
underlying immunity and vaccine reactivity, an 
integrated systems biology approach that com-
bines different “omics”-datasets with powerful 
analytical tools, providing scoring and correlation 
between datasets, is required [ 50 ]. This remains a 
serious bottleneck in a systems biology approach 
to vaccine design, but the fi eld is expanding rap-
idly. Several good reviews on in silico tools to 
combine “omics”-data have been published [ 51 , 
 55 – 58 ]. To date, software packages and databases 
for integration of “omics”-data include RefDIC 
[ 58 ] (the reference genomics database of immune 
cells which combines transcriptome, proteome 
and immunogenetic data), IIDB [ 59 ] (the innate 
immune database), WIBL [ 60 ] (workbench for 
integrative biological learning), a guided cluster-
ing package for use in R [ 61 ] (integration of 
microarray, genome-wide chromatin immunopre-
cipitation and cell perturbation assays) and 
EchoBasE [ 62 ] (for  E .  coli ). Several public avail-
able databases such as integrOmics [ 63 ], bioPIXIE 
[ 57 ] (currently optimized for yeast biological pro-
cesses), VESPA [ 64 ] (integration of genomic, 
transcriptome and proteome data from prokary-
otes), openBIS [ 65 ] (integration of next-genera-
tion sequencing, metabolomics and proteomics), 
GPS-Prot [ 66 ] (integration of HIV-human interac-
tion networks, in the process of being extended to 
other host- pathogen systems), Booly [ 67 ] and 
PARE [ 68 ] are also available. 

 Finally, structural biology has started to pro-
vide insight into how the VRC01 antibody neu-
tralizes some 90 % of HIV-1 strains, indicating a 
vast diversity in neutralizing antibodies directed 
against autologous HIV-envelope sequences 
across many vaccine recipients and infected indi-
viduals [ 4 ]. Structural vaccinology incorporates 
structural biology with vaccinology and can be 
used for the improvement of vaccine design. As 
neutralizing antibodies need to recognize specifi c 
antigen architectures, the identifi cation of these 
regions using high-resolution structural analysis 
is important. By keeping these neutralizing archi-
tectures intact, while changing other regions to 
make an antigen more stable, cost-effective and 
eliminate variable regions, vaccines can be 
improved. 

 Furthermore, the knowledge about the struc-
ture of certain antigenic regions will allow the 
improvement of our understanding of immunoge-
nicity and immunodominance thus helping with 
future vaccine design [ 69 ]. The structural vaccin-
ology approach was followed in several studies, 
for example, constructing a chimeric protein as 
vaccine against group B  Streptococcus  [ 70 ]. 
Some proteins of these microbes have evolved to 
contain antigenic regions with non- similar prop-
erties in different isolates, however, with same 
functional properties thus helping evade the host 
immune system. Therefore, Nuccitelli et al. con-
structed a chimeric protein containing the 
domains of six antigenic variants resulting in pro-
tection against all six tested isolates [ 70 ]. 

42.3.1    The Challenges of Cross- 
Reactivity and Autoimmunity 

 Cross-protection against related pathogenic 
strains remains an attribute of a good vaccine. 
Although vaccinating against conserved proteins 
seems promising, antigens conserved across 
genomes are less likely to result in an effective 
immune response as they are generally exposed 
to the host immune system and thus are under 
strong selection pressure [ 71 ]. If the antigen 
shares similarity with a host protein, a poor 
immune response is most likely the consequence 
due to epitope mimicry, and autoimmunity can be 
triggered, targeting both the antigen and host 
protein(s) [ 72 – 74 ]. Not only proteins can elicit 
the latter but also polysaccharides. This became 
evident from vaccines in meningococcal bacteria 
which could not be used for  Neisseria meningiti-
dis  because of the induction of polysaccharide- 
based autoimmunity [ 2 ]. 

 Similarity searches between the identifi ed 
putative antigens and the host proteins should be 
performed with tools such as BLAST. This allows 
the comparison of predicted ORFs with known 
genes and proteins in databases. MHC ligands 
can be very short with only nine residues which 
might allow a short region to result in an autoim-
mune response or result in low immunogenicity 
[ 75 ]. A subtractive approach can also be followed 
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using similarity searches in order to identify pro-
teins present in pathogenic strains, but not in non-
pathogenic strains [ 76 ]. Furthermore, an epitope 
conservancy tool is available, allowing the analy-
sis of how conserved or variable a specifi c pro-
tein is [ 77 ].   

42.4     Reverse Vaccinology 

 Reverse vaccinology is a process whereby genome 
and transcriptome sequences are analysed by bio-
informatics tools to identify potentially protective 
secreted and surface-displayed antigenic proteins 
[ 2 ]. These proteins are then expressed, used to 
immunize a suitable host to validate their immuno-
genicity and protective abilities before proceeding 
to production and  formulation (Fig.  42.2 ). A main 

concern associated with this approach is that vac-
cinologists have not been able to improve the 
initial bioinformatics of candidate selection steps 
allowing improved prediction of antigenicity and 
even more so, their ability to induce protective 
immunity [ 2 ]. Although reverse vaccinology has 
been applied to a number of human and animal 
pathogens (see list in [ 71 ]), it must be noted that it 
may not be applicable to all vaccine development 
projects.

42.4.1      Prediction of Subcellular 
Localization 

    Most protective antigens require that the anti-
genic determinants are displayed on the surface 
of the pathogen as immune factors may be unable 
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to cytoplasmic or inner-membrane proteins [ 42 , 
 80 ,  81 ]. To date, vaccines have targeted an array 
of surface- displayed adhesins, fi mbrial proteins, 
GPI-anchored antigens, toxins, invasins and 
porins [ 82 ]. Knowledge on the localization of an 
antigen additionally provides researchers with 
clues to the biological function of a protein and 
its involvement in biological pathways [ 83 ]. 

 A vast amount of protein subcellular localiza-
tion predictors are freely available, and choosing 
a program suitable for your organism of choice 
can be challenging. In many cases, a combinato-
rial approach is required to identify secreted pro-
teins as was the case in the parasitic nematode, 
 Strongyloides ratti  [ 84 ]. The software used for 
subcellular localization prediction can be divided 
into two groups. The fi rst uses amino acid 
sequence for the prediction, while the second is 
annotation based [ 85 ]. PSORT, the fi rst computer 
program based on protein sorting signals, was 
published in 1990 [ 86 ]. Several improvements 
have followed, such as the incorporation of 
machine-learning techniques, in order to increase 
the accuracy of localization prediction in various 
organisms. The latest version of PSORT, PSORTb 
3.0, was published in 2010 and represents one of 
the most accurate subcellular localization predic-
tion programs for bacteria and can be used for all 
prokaryotes [ 87 ]. 

 A study conducted in 2006 compared several 
mammalian subcellular localization predictors 
and determined that no method was sensitive 
enough to predict the protein localization in both 
tested datasets accurately. Furthermore, proteins 
targeted to the secretory pathway were found to 
be the most diffi cult to predict [ 88 ]. Newer pre-
dictors for eukaryotic protein localization include 
iLoc-Euk, which is the most accurate software 
taking into account that some proteins can be 
present at more than one subcellular localization 
and even move between these [ 83 ]. Other 
 software, such as SherLoc2, includes sequence-
based and annotation-based features, phyloge-
netic profi les as well as Gene Ontology terms 
obtained from the protein sequence [ 85 ]. The 
Cell-PLoc package contains six predictors, Euk-
mPLoc, Hum-mPLoc, Plant-PLoc, Gpos-PLoc, 
Gneg- PLoc and Virus-PLoc. These predict the 

subcellular localization of proteins in eukaryotes, 
human, plants, gram-positive bacteria, gram- 
negative bacteria and viruses, respectively, com-
bining different web servers with various 
approaches [ 89 ]. 

 The process starts with the analysis of the 
transcriptome and the proteome of a parasite/
pathogen from which predicted surface- 
associated and secreted proteins are identifi ed 
following localization prediction and sequence 
similarity searches. Homology mapping of neu-
tralizing antibodies, functional annotation and 
host similarity searches for the prevention of 
autoimmunity follows. Identifi ed targets may be 
ranked and used to predict epitopes, suitable 
recombinant domains and analyse B- and T-cell 
epitope variability. The chosen proteins then have 
to be expressed and purifi ed followed by evalua-
tion of immune responses using biomarker infor-
mation if available. Protective antigens can then 
be used for vaccine formulation and clinical trials 
and the obtained data can be used to improve 
available immunoinformatics tools. 

 The subcellular localization of viral proteins 
in infected cells is of interest as this is directly 
linked to the health of the host and antiviral drug 
design [ 90 ]. Virus-mPLoc is one of the newer 
predictors and uses Gene Ontology, functional 
domain and evolutionary information. One of the 
main improvements to previous viral protein 
localizers is the ability of this program to detect 
proteins which can be found at multiple localiza-
tions [ 91 ]. Another web-based software with 
allegedly improved features is iLoc-Virus [ 90 ]. 

 Most proteins are synthesized in the cytosol 
following sorting to different organelles based on 
N-terminal sorting signals [ 92 ]. For the use in a 
reverse vaccinology pipeline (see Sect.  42.4 ), sig-
nal peptides are of interest as these are responsi-
ble for the transport of proteins through the 
secretory pathway in both pro- and eukaryotes, 
thus, able to result in a localization on or outside 
the cell surface [ 93 ,  94 ]. A study conducted in 
2009 identifi ed SignalP 3.0 as the most accurate 
predictor compared to 11 others, followed by 
Rapid Prediction of Signal Peptides (RPSP) [ 95 ]. 
Viruses require the host cell machinery for repli-
cation and protein synthesis and thus often 
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 contain eukaryotic-targeting signals and func-
tional domains in order to exploit the host local-
ization mechanisms [ 96 ]. Therefore, appropriate 
eukaryotic subcellular localization predictors can 
be used. Both signal peptides and transmembrane 
regions have hydrophobic regions and can thus 
be misinterpreted by software when they occur in 
the N-terminal region of a protein [ 97 ]. To over-
come this obstacle SignalP version 4.0 was 
trained on datasets differentiating between trans-
membrane region and signal peptide [ 97 ]. 
SignalP versions 3.0 and 4.0 can be used for 
eukaryotes, gram-positive and gram-negative 
bacteria. Other software, such as the Phobius web 
server [ 98 ,  99 ] or SPOCTOPUS [ 100 ], are avail-
able also taking the diffi culty of correct predic-
tion between signal peptide and transmembrane 
region into account. 

 Furthermore, it is important to consider the 
number of transmembrane helices in a protein. 
Firstly, if only part of a protein is expressed due 
to experimental constraints, an extracellular 
domain should be chosen due to its accessibility 
to the immune system. Secondly, if complete pro-
teins are expressed, it has to be taken into consid-
eration that proteins containing more than one 
transmembrane domain have been found to be 
more diffi cult to express [ 80 ]. Therefore, if one 
can choose an antigen from a number of available 
proteins, preference should be given to single- 
spanning compared to multi-spanning proteins.  

42.4.2    Prediction of Immunogenicity 
and Epitopes 

 The prediction of epitopes (protein sequences 
that can be recognized by the host immune sys-
tem and elicit an immune response) remains a 
crucial step in the screening of pathogens 
 protein- coding sequences before experimental 
confi rmation of immunogenicity. Several compu-
tational methods are available to date (reviewed 
in [ 101 – 104 ]) based on either sequence and/or 
structure. 

 Sequence-based approaches assume that a 
similar amino acid sequence leads to a similar 
protein structure and function. The ability to 

detect B- and T-cell epitopes also depends on a 
protein’s sequence pattern and physicochemi-
cal properties such as fl exibility, accessibility, 
hydrophilicity and charge [ 105 ]. In a compara-
tive study conducted by Yu and colleagues, the 
use of sequence and protein motifs was found 
to be most accurate for the prediction of MHC 
binding. However, with increasing data volume, 
software utilizing machine-learning techniques 
becomes more precise [ 106 ]. Although structure-
based predictions are possible with methods 
like homology modelling, these approaches are 
relatively new, costly and require the knowledge 
of the three-dimensional structure of proteins. 
Therefore, the latter approach is not yet com-
monly used [ 107 ]. The most accurate prediction 
would include several techniques as the strengths 
of each method can then be combined [ 105 ]. 

 The prediction of T-cell epitopes can be indi-
rectly predicted by the detection of MHC  binders. 
Due to the different conformations of MHC I and 
MHC II proteins, they will bind different mole-
cules [ 108 ,  109 ]. MHC II, in contrast to MHC I, 
can bind variable peptide lengths resulting in 
MHC II-binding predictions to have a much 
lower accuracy than for MHC I [ 105 ]. These pre-
dictions are not always accurate as some proteins, 
even though bound to MHC, do not elicit an 
immune response [ 108 ]. For both MHC classes 
ligands can be identifi ed either by using predic-
tions for the binding of the peptide to the MHC 
complex or by predicting the peptide’s process-
ing pathway before binding [ 108 ]. One of the 
newest software, POPISK, focuses on the predic-
tion of the MHC I-peptide complex sequence 
which is recognized by the T-cell receptors. This 
recognition should then result in T-cell activation 
and further immune responses [ 110 ]. One of the 
most accurate predictors for cytotoxic T lympho-
cyte epitopes is NetCTLpan [ 111 ]. However, it is 
known that many different factors play a role in 
whether a protein results in an immune response 
or not. Binding affi nity to MHC I, for example, is 
necessary but not suffi cient to result in a T-cell 
response [ 110 ]. To therefore be able to fully 
exploit epitope prediction methods, more knowl-
edge about the complex interplay of all factors 
involved in the immune system is required. 
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 The prediction of B-cell epitopes is a more 
diffi cult task than for T cells. One reason for this 
is that MHC proteins are highly specifi c in the 
molecules they bind, while a vast amount of 
short, linear peptides have the potential to be able 
to bind to antibodies [ 108 ]. Due to the fact that 
two types of B-cell epitopes can be distinguished 
– continuous and discontinuous – different pre-
diction methods must be applied. Methods iden-
tifying continuous B-cell epitopes are similar to 
T-cell epitope predictors based on protein proper-
ties. In contrast, discontinuous B-cell epitope 
prediction requires the knowledge of the 3D 
structure of the antigen-antibody complex [ 107 ]. 

 This type of prediction is thus very diffi cult 
and current software for this purpose shows rela-
tively poor performance. Bioinformatics tools for 
the prediction of discontinuous B-cell epitopes 
started with the obtainment of residue solvent 
accessibility (CEP server) [ 112 ]. Some of the 
newer software use a large amount of physio-
chemical as well as structural-geometrical prop-
erties included in a Bayesian analysis [ 113 ], 
consensus scoring from different functions (pro-
pensity, conservation, energy, contact, surface 
planarity and secondary structure composition) 
[ 114 ] and a logistic regression algorithm using B 
factor and accessible surface area as structural 
features in addition to taking the spatial environ-
ment for each residue into consideration [ 115 ]. 
Another approach for the identifi cation of dis-
continuous B-cell epitopes uses a new concept of 
spatial characteristics of antigen residues (a 
distance- based feature) and three-dimensional 
structures [ 116 ]. 

 The use of deep-panning combining the 
strengths of phage display with deep sequencing 
may aid in our understanding of the humoral 
response to disease, by mapping polyclonal anti-
sera specifi cities [ 117 ]. For the prediction of 
 protective bacterial, viral and tumour antigens, an 
alignment-independent method was published in 
the form of the VaxiJen server based on an auto-
cross covariance method [ 118 ]. A method includ-
ing support vector machine classifi cation showed 
improved results thus having potential for the 
improvement of reverse vaccinology approaches 
[ 81 ]. Protein microarrays can also be used to 

identify proteins expressed during host infection 
and for the prediction of protein antigenicity 
[ 119 ,  120 ].  

42.4.3    Reverse Vaccinology 
Platforms 

 In an attempt to simplify the reverse vaccinology 
approach, several platforms have been created. 
This enables a user to repeat the process as often 
as required with altered stringency conditions in 
order to obtain less vaccine candidates for further 
evaluation. NERVE (New Enhanced Reverse 
Vaccinology Environment) is a server used for 
automated reverse vaccinology analyses [ 121 ]. It 
does have the drawback of being computationally 
complicated [ 2 ]. Several fi lters are used which 
allow the prediction of a protein’s localization 
(PSORTb) [ 122 ] (required to be non- cytoplasmic) 
and the identifi cation of adhesins (SPAAN) 
[ 123 ]. Furthermore, the number of transmem-
brane helices (required to be <2) is identifi ed 
according to HMMTOP [ 124 ]. Similarity 
searches are done in order to prevent signifi cant 
similarity to human proteins, identify homology 
to known antigens and aid functional annotation. 

 Vaxign is a web-based platform that searches 
for antigens from over 70 pathogenic genomes, 
identifying protein conservation between 
genomes and excluding sequences present in 
nonpathogenic organisms. It includes a num-
ber of different programs for the prediction of 
a protein’s subcellular localization, number of 
transmembrane helices, adhesion probabili-
ties, functional analysis and immune epitopes 
(MHC classes I and II). Furthermore, the server 
allows comparison of the input sequences to the 
host in order to prevent any cross-reactions and 
consequent harming of the host [ 73 ]. Currently, 
this server only allows the processing of high- 
throughput data of microbes [ 73 ]. Systems 
allowing insight into eukaryotic organisms are 
not available to date, but VaxiJen has been able 
to show impressive prediction accuracy of up to 
70–89 % for bacterial, viral and tumour antigens 
and 78–97 % accuracy for endoparasitic and fun-
gal antigens [ 125 ,  126 ].   
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42.5    Validation of Vaccine 
Candidates 

 During a reverse vaccinology approach, hundreds 
of antigens are identifi ed which could induce 
either humoral and/or cellular immunity. Relevant 
markers are required for in vitro and in vivo 
assays in order to assess the vaccine effi cacy and 
to optimize future vaccine formulation as well as 
immunological biomarkers capable of evaluating 
immunogenicity. 

 In vitro approaches to date mainly consist of 
ELISAs and variations thereof, determining the 
amount of antibodies present in serum. A plat-
form that sets the pace is MATS (meningococcal 
antigen typing system) which is a sandwich 
ELISA system capable of measuring the amount 
of antigen expressed by a strain, cross-reactivity 
with the antigen in a vaccine and correlating the 
data with large strain panels from many countries 
[ 5 ]. ELISPOT assays can quantitatively measure 
chemokine and cytokine profi les. Antisera raised 
can also be analysed using fl ow cytometry or in 
bactericidal assays [ 5 ]. A number of conventional 
techniques are still being used, such as agglutina-
tion and precipitation tests to detect antibodies, 
complement fi xation tests, neutralization tests for 
antitoxins and fl uorescent antibody tests to visu-
alize antigen-AB complexes. These do not how-
ever provide insight into the complex cellular 
environment that is providing protective immu-
nity. For in vivo evaluation, one approach is to 
pool antigens prior to immunizing mice to evalu-
ate their immunogenicity [ 2 ]. Ex vivo immune 
system models that can provide an alternative to 
costly clinical trials, the testing of immunogenic-
ity and vaccine responses are in dire need and 
require extensive research [ 32 ]. 

42.5.1    Immunological Biomarkers 

 Biomarkers are measurable products from 
organisms which can be used as indicators of a 
biological state, pathological processes or phar-
macological responses to therapeutic interven-
tions. They can be used for several applications 
including the prediction and evaluation of drugs 

for the improvement of current and the develop-
ment of new drugs [ 127 ]. Although many vac-
cines may protect via multiple immune response 
mechanisms [ 128 ], immunological biomarkers 
have the potential to correlate a specifi c immune 
response with vaccine effi cacy [ 129 ]. 

 The use of biomarkers in cancer patients has 
shown that multiple markers can be useful to pro-
fi le disease progression and correct treatment 
options [ 130 ]. Immunological biomarkers indica-
tive of disease status and treatment options are 
however still limited [ 127 ]. The cytokine inter-
feron gamma (IFN-γ), for example, is known to be 
involved in a protective immune response against 
various pathogens, including  Mycobacterium 
tuberculosis  [ 131 ] and  Ehrlichia ruminantium  
[ 132 ]. This biomarker level can be tested before 
and after vaccination in order to determine if the 
current vaccine antigen is promising. Knowledge 
about the interaction of the host immune system 
and the pathogen is vital for the development of 
immune biomarkers and effective vaccines [ 128 ].  

42.5.2    Protein Expression, Adjuvants 
and Vaccine Trials 

 To allow for the evaluation of the protective abili-
ties of a subunit vaccine, recombinant proteins 
need to be recombinantly expressed and purifi ed. 
This brings along a number of obstacles in itself, 
of which the most concerning is the presence of 
host cell endotoxins for which a number of 
approaches have been developed [ 71 ]. A note-
worthy approach for initial analysis may be the 
use of an in vitro translation systems (these will 
be too expensive for large-scale vaccine produc-
tion). In a study by Cardoso and colleagues, they 
expressed almost an entire proteome from 
Plasmodium species using in vitro transcription 
and translation systems. These proteins were then 
analysed for their ability to induce T-cell immu-
nity using IFN-γ ELISpot and cytometric bead 
array cytokine assays, paving the way to high- 
throughput approaches to identify T-cell targets 
of complex pathogens [ 133 ]. 

 Most inactivated vaccines or subunit vaccines 
cannot effectively activate the innate immune 
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system, and this necessitates the addition of 
an adjuvant to improve their immunogenicity 
[ 43 ,  134 ]. Three types of adjuvants can be dif-
ferentiated. Firstly, depot adjuvants are used to 
prolong the lifespan of the injected antigens by 
preventing them from being degraded. Examples 
of this type are Freund’s incomplete adjuvant and 
Montanide ISA 50V2 (mineral oil-based adju-
vant). Secondly, particulate adjuvants, such as 
saponin, help with the delivery of the antigens 
to antigen-presenting cells, thus resulting in an 
enhanced immune response. 

 Finally, immunostvimulatory adjuvants increase 
cytokine production thus promoting T helper cell 
responses by co-stimulating the host immune sys-
tem in addition to the antigen. Such compounds 
contain, for example, complex microbial prod-
ucts which can easily be recognized by dendritic 
cells and macrophages. An example for this type 
of adjuvant is Muramyl dipeptide. Very potent 
adjuvants can also be produced when combining 
a particulate or depot adjuvant with an immuno-
stimulatory one. An example for this mixture is 
Freund’s complete adjuvant [ 135 ]. Two insight-
ful reviews on the different types of adjuvants and 
their use in current vaccines have been published 
[ 136 ,  137 ]. 

 The addition of an adjuvant to a vaccine formu-
lation potentially has the advantages of resulting 
in suffi cient immune responses to achieve pro-
tection, prolonging the duration of the immune 
response therefore resulting in lower number of 
immunizations, the requirement of lower anti-
gen doses, preventing antigen competition when 
multiple compounds are injected, increasing the 
stability of the antigen as well as the breadth of 

the response and overcoming limited immune 
responses in some instances [ 137 ]. The most 
commonly used adjuvants are alums (insoluble 
aluminium salts). Its mode of action is currently 
seen as involving increased uptake of antigens 
by antigen-presenting cells and destabilizing 
them resulting in easier processing and presenta-
tion. Furthermore, alum can activate the NLRP3 
infl ammasome thus allowing the  secretion of 
pro-infl ammatory cytokines. However, the com-
plete mechanism and induction of a resulting 
Th2 response is not fully understood [ 137 ]. The 
web-based Vaxjo is a database and analysis sys-
tem allowing the curation, storage and analysis of 
vaccine adjuvants and their uses in vaccine devel-
opment [ 136 ]. 

 Vaccine trials must be planned beforehand to 
provide feedback and allow the development of 
further hypotheses. This is already the principle in 
drug-development trials but is missing to great 
extent in vaccine trials due to the lack of the avail-
ability of biomarkers. The availability of knock-
out mice containing human variants of the murine 
gene opens an exciting new approach to studying 
vaccine responses and linking genome- wide asso-
ciation studies into functional studies [ 50 ]. 

 In conclusion, vaccine development has come 
a long way from trial-and-error testing of live 
attenuated pathogens to the development of the 
fi rst subunit vaccines. In the postgenomic era, the 
availability of a vast array of “omics”-data cou-
pled with the ability to integrate this data, is fast 
enabling researchers to word towards a multidis-
ciplinary, exciting, yet challenging future for vac-
cine design. A glossary of software and databases 
mentioned in this chapter is given in Table  42.2 .

   Table 42.2    Glossary of software and databases mentioned in this chapter   

 Name  Description  Reference 

 BLAST  Similarity searches for various applications  [ 16 ] 
 ORF identifi cation 
  Glimmer  Bacteria, archaea, viruses  [ 8 ] 
  GeneMark.hmm  Bacteria  [ 9 ] 
  Prodigal  Prokaryotes  [ 10 ] 
  AUGUSTUS  Eukaryotes  [ 14 ] 
  GNOMON  Eukaryotes    http://0-www.ncbi.nlm.nih.gov.

innopac.up.ac.za/genome/
guide/gnomon.shtml     
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 Name  Description  Reference 

  MAKER  Eukaryotes, annotation pipeline  [ 13 ] 
 Functional annotation 
  PIR  Protein information resource  [ 17 ] 
  Pfam  Protein families database  [ 18 ] 
  SWISS-PROT  Manually annotated and reviewed section of UniProt 

knowledge base 
 [ 19 ] 

  UniProt  Knowledge base  [ 20 ] 
  COG  Database  [ 21 ] 
  GO  Database  [ 22 ] 
 Subcellular localization 
  PSORT  Bacteria, eukaryotes  [ 86 ] 
  PSORTb v3.0  Prokaryotes  [ 87 ] 
  iLoc-Euk  Eukaryotes  [ 83 ] 
  SherLoc2  Eukaryotes  [ 85 ] 
  Cell-PLoc  Eukaryotes, prokaryotes, viruses  [ 89 ] 
  Virus-mPloc  Viruses  [ 91 ] 
  iLoc-Virus  Viruses  [ 90 ] 
 Signal peptide 
  SignalP 4.0  Signal peptide prediction  [ 97 ] 
  Phobius  Signal peptide prediction  [ 99 ] 
  SPOCTOPUS  Signal peptide prediction  [ 100 ] 
 Epitopes 
  POPISK  MHC I predictor  [ 110 ] 
  NetCTLpan  CTL predictor  [ 111 ] 
  CEP  Prediction of conformational epitopes  [ 112 ] 
  VaxiJen  Viral, tumour, bacterial protective antigens  [ 118 ] 
   Epitope conservancy 

tool 
 Database of conserved epitopes  [ 77 ] 

 Reverse vaccinology platforms 
  NERVE  Pipeline  [ 121 ] 
  Vaxign  Pipeline  [ 73 ] 
 Software packages and databases for integration of “omics”-data 
  RefDIC  Reference genomics database of immune cells  [ 58 ] 
  IIDB  Innate immune database  [ 59 ] 
  WIBL  Workbench for integrative biological learning  [ 60 ] 
  Guided clustering  Combines experimental and clinical data  [ 61 ] 
  EchoBasE  Database for  E .  coli   [ 62 ] 
  integrOmics  [ 63 ] 
  bioPIXIE  Network predictions for  S .  cerevisiae   [ 57 ] 
  VESPA  Genomic annotation of prokaryotes  [ 64 ] 
  openBIS  [ 65 ] 
  GPS-Prot  Platform for integrating host-pathogen interaction data  [ 66 ] 
  Booly  Data integration platform  [ 67 ] 
  PARE  Protein abundance and mRNA expression  [ 68 ] 
 Other 
  IRIS  Immune response in silico  [ 45 ] 
  Vaxjo  Curation, storage and analysis of vaccine adjuvants  [ 136 ] 

Table 42.2 (continued)
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    Abstract  

  Breaching the skin’s  stratum corneum  barrier 
raises the possibility of administration of vac-
cines, gene vectors, antibodies, photosensitis-
ers and even nanoparticles, all of which have 
at least their initial effect on populations of 
skin cells. Intradermal vaccine delivery, in 
particular, holds enormous potential for 
improved therapeutic outcomes for patients, 
particularly those in the developing world. 
Various microneedle-based vaccine delivery 
strategies have been employed, and here we 
discuss each one in turn. We also describe the 
importance of cutaneous immunobiology on 
the effect produced by microneedle- mediated 
intradermal vaccination.  

43.1        Vaccination 

 The importance of vaccination in limiting mor-
bidity from infectious disease cannot be overesti-
mated and, according to the World Health 
Organisation, saves the lives of over 2.5 million 
children per year. The aim of vaccination is to 
build individuals’ immunity against a specifi c 
disease. Vaccines traditionally correspond to one 
of four types: those containing a dead microor-
ganism, those with live-attenuated microorgan-
isms, those with protein subunits and those with 
inactivated toxic components (toxoid). A number 
of innovative vaccines are in development such 
as recombinant vector and DNA vaccines. These 
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agents resemble a disease-causing microorgan-
ism and stimulate the body’s immune system to 
recognise the agent as foreign, destroy it and 
‘remember’ it, so that the immune system can 
more easily challenge these microorganisms 
upon subsequent encounters. 

 The critical component in guaranteeing 
successful vaccination is appropriate vaccine 
administration. While intramuscular (M) and sub-
cutaneous (SC) routes are used for the majority of 
vaccines, this method is not without its problems. 
These routes require highly trained personnel for 
administration and are associated with pain and 
distress which might lead to reduced patient com-
pliance. Additionally, in developing countries, 
hypodermic injections are associated with a high 
risk of cross- contamination between patients due 
to the possibility of needlestick injuries or reuse 
of contaminated needles. When mass vaccination 
is necessary, issues of production and/or supply 
may also arise [ 1 ,  2 ]. 

 The majority of vaccines are delivered either 
into subcutaneous fat or muscle. Delivery vac-
cines into the dermis are rare [ 3 ], and even topi-
cal or transcutaneous application to the surface of 
the skin [ 4 ,  5 ], also termed epicutaneous applica-
tion [ 5 ], are rarer still. The above routes of appli-
cation are each effective only because of the 
ability of dendritic cells (DCs) to uptake, process 
and present the antigen to T lymphocytes in the 
draining lymphoid organs. Whereas subcutane-
ous fat and muscle tissue contain relatively few 
DCs, the dermis and the epidermis are densely 
populated by different subsets of DCs. 
Consequently, antigen delivery by hypodermic 
injection will bypass the skin’s immune cells 
leading to less effi cient vaccination. For this rea-
son, the skin represents an ideal site for vaccine 
delivery, as vaccination at this site will evoke 
strong immune responses at much lower doses of 
antigen than intramuscular vaccines [ 6 ]. The 
potential of skin immunisation was observed in a 
clinical trial where epidermal infl uenza vaccina-
tion induced infl uenza-specifi c CD8 T cell 
response, while classical intramuscular route did 
not [ 7 ]. Dose-sparing approaches are critical to 
ensuring a suffi cient supply of certain vaccines, 
especially in pandemic diseases [ 8 ].  

43.2    Skin Structure and Function 

 As the largest and one of the most complex 
organs in the human body, the skin (Fig.  43.1 ) is 
responsible for a varied range of functions [ 9 , 
 10 ]. The barrier properties of the skin afford pro-
tection against physical, microbial or chemical 
invasions. The skin is made up of three layers: the 
epidermis, dermis and subcutaneous tissue. The 
epidermis consists of the viable epidermis and 
the  stratum corneum . The viable epidermis con-
sists of four histologically distinct layers: the 
 stratum germinativum ,  stratum spinosum ,  stra-
tum granulosum  and  stratum lucidum . The epi-
dermis is not of uniform thickness, varying from 
60 μm on the eyelids to 800 μm on the palms 
[ 11 ]. The layers of the epidermis are a vascular 
and receive nutrients by diffusion of substances 
from the underlying dermal capillaries.

   The dermis (or corium) resides atop the sub-
cutaneous fat layer and is approximately 3–5 mm 
thick [ 12 ] and consists of a mucopolysaccharide 
matrix within which exists a network of elastin 
and collagen fi bres, providing both elasticity and 
structure to the skin [ 13 ,  14 ]. The dermis is main-
tained physiologically by a network of nerve end-
ings, lymphatics and blood vessels [ 15 ]. The 
cutaneous blood supply delivers nutrients and 
oxygen to the skin and allows waste products to 
be removed. Beneath the dermis lies the subcuta-
neous fat layer, subcutis, subdermis or  hypodermis 
[ 13 ]. The hypodermis, consisting mainly of adi-
pose tissue, acts as an insulator (due to the high 
content of adipose tissue), as well as supporting 
the dermis and epidermis physically and nutri-
tionally. The hypodermis also carries the main 
blood vessels and nerves to the skin and may con-
tain sensory organs [ 16 ]. Resting beneath the vas-
cular dermis, the role of the hypodermis in drug 
delivery is not considered to be major [ 17 ]. 

 The  stratum corneum , or horny layer, is the 
outermost layer of the epidermis and thus the 
skin. It has now well accepted that this layer con-
stitutes the principal barrier for penetration of 
most drugs. The horny layer represents the fi nal 
stage of epidermal cell differentiation. The thick-
ness of this layer is typically 10 μm, but a number 
of factors, including the degree of hydration and 
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skin location, infl uence this. For example, the 
stratum corneum on the palms and soles can be, 
on average, 400–600 μm thick while hydration 
can result in a four-fold increase in thickness. 

 The stratum corneum consists of 10–25 rows 
of dead keratinocytes, now called corneocytes, 
embedded in the secreted lipids from lamellar 
bodies. The corneocytes are fl attened, elongated, 
dead cells, lacking nuclei and other organelles. 
The cells are joined together by desmosomes, 
maintaining the cohesiveness of this layer. The 
heterogeneous structure of the  stratum corneum  
is composed of approximately 75–80 % protein, 
5–15 % lipid and 5–10 % other substances on a 
dry weight basis. 

 The majority of protein present in the stratum 
corneum is keratin and is located within the cor-
neocytes. The keratins are a family of α-helical 
polypeptides. Individual molecules aggregate to 
form fi laments (7–10 nm diameter and many 
microns in length) that are stabilised by insoluble 
disulphide bridges. These fi laments are thought 
to be responsible for the hexagonal shape of the 

corneocyte and provide mechanical strength for 
the stratum corneum [ 12 ]. Corneocytes possess a 
protein-rich envelope around the periphery of the 
cell, formed from precursors, such as involucrin, 
loricrin and cornifi n. Transglutaminases catalyse 
the formation of γ-glutamyl cross-links between 
the envelope proteins that render the envelope 
resistant and highly insoluble. The protein enve-
lope links the corneocyte to the surrounding 
lipid-enriched matrix. 

 The main lipids located in the  stratum cor-
neum  are ceramides, fatty acids, cholesterol, cho-
lesterol sulphate and sterol/wax esters. These 
lipids are arranged in multiple bilayers called 
lamellae (Fig.  43.2 ). Phospholipids are largely 
absent, a unique feature for a mammalian mem-
brane. The ceramides are the largest group of lip-
ids in the stratum corneum, accounting for 
approximately half of the total lipid mass, and are 
crucial to the lipid organisation of the  stratum 
corneum .

   The bricks and mortar model of the  stratum 
corneum  are a common representation of this 

Stratum corneum

Stratum lucidum
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  Fig. 43.1    Diagrammatic representation of the major features of skin anatomy       
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layer. The bricks correspond to parallel plates of 
dead keratinised corneocytes, and the mortar rep-
resents the continuous interstitial lipid matrix. It 
is important to note that the corneocytes are not 
actually brick shaped but rather are polygonal, 
elongated and fl at (0.2–1.5 μm thick and 34.0–
46.0 μm in diameter). The ‘mortar’ is not a 
homogenous matrix. Rather, lipids are arranged 
in the lamellar phase (alternating layers of water 
and lipid bilayers), with some of the lipid bilay-
ers in the gel or crystalline state. The extracellu-
lar matrix is further complicated by the presence 
of intrinsic and extrinsic proteins, such as 
enzymes. The barrier properties of the stratum 
corneum have been assigned to the multiple lipid 
bilayers residing in the intercellular space. These 
bilayers prevent desiccation of the underlying tis-
sues by inhibiting water loss and limit the pene-
tration of substances from the external 
environment.  

43.3    Immune Function of Skin 

 Vaccination development remains an important 
fi eld in both research and pharma, whereby in 
addition to extending the spectrum of antigens 
for novel vaccines, developing improved admin-
istration strategies to ameliorate vaccine effi cacy 
remains a challenge. The concept of delivery of 

vaccines through or into the skin has been gather-
ing momentum in the past decade, largely due to 
the increasing recognition that a tight semi- 
contiguous network of immunoregulatory cells 
that reside in the different skin layers is an ideal 
target for vaccine administration. Dendritic cells 
(DCs), macrophages and neutrophilic granulo-
cytes are the principal phagocytes in the skin 
(Fig.  43.3 ), while numerous cells of the adaptive 
immune system, such are CD8+ T cells and the 
full spectrum of CD4+ T cells, can be found in 
normal skin [ 3 – 7 ,  18 – 44 ]. A detailed description 
of dendritic cells is provided in Chap. 2 of 
this book.

43.4       Vaccination via the Skin 
Using Microneedles 

 Intradermal (ID) vaccination using MN is one of 
the most attractive approaches for delivering an 
antigen to the dermal layer of the skin without 
using hypodermic injections, which are associ-
ated with transmission of infection and inappro-
priate disposal in the developing world. MN 
arrays (Fig.  43.4 ) consist of a multiplicity of 
microprojections ranging from 25 to 2,000 μm in 
height, attached to a base support [ 45 ]. These 
microprojections can create aqueous transport 
pathways at the micron scale, painlessly breaking 

Multilamellar
lipid domains

Hydrocarbon chains 
(hydrophobic region)

Polar head groups 
(hydrophilic region)

Bimolecular leaflet

Site of action for lipid fluidising agents
(chemical penetration enhancers) 

  Fig. 43.2    Arrangement of 
lipids in the  stratum corneum        
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through the  stratum corneum  barrier when the 
microneedles are applied to the skin surface [ 46 ]. 
The micropores created by MNs readily permit 
transport of a wide range of micromolecules and 
macromolecules, such as immunotherapeutic 
agents, including vaccines and proteins [ 47 ]. 
Importantly, MN insertion does not cause 
bleeding.

   MNs were fi rst described by Henry et al. in 
1998 and have since been the subject of continu-
ous research [ 48 ]. MNs are fabricated from vari-
ous materials such as metals, glass, silicon and 
FDA-approved polymers [ 49 ]. Donnelly et al. 
detail a range of methods for the development 
and fabrication of various MNs [ 50 ]. There are 
four main modes of action of MNs, which are 
poke and patch, coat and poke, poke and release 
and poke and fl ow [ 51 ] (Fig.  43.5 ).

43.4.1      Poke and Patch 

 The poke and patch approach is based on using 
solid MNs to puncture the skin followed by 
applying antigen to the treated area in order to 

Stratum corneum

Epidermis

Dermis

Macrophage

Dendritic cells

Basement membrane

  Fig. 43.3    Immune structure 
of skin       

  Fig. 43.4    Laser engineered, micromoulded, microneedle 
array prepared from aqueous blends of the structure- forming 
copolymer poly(methyl vinyl ether-co-maleic acid)       
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diffuse antigen into the skin. Substantial work 
using this approach has been carried out by the 
Bouwstra Group, where microneedles are 
inserted into the skin in order to increase its per-
meability, after which the vaccine is applied. The 
Bouwstra Group, in one report, studied mouse 
immune responses after transcutaneous immuni-
sation (TCI) using two model antigens: diphthe-
ria toxoid (DT) and infl uenza subunit vaccine 
[ 52 ]. Stainless steel MN arrays (16 × 300 μm 
MNs) were used to perforate the mouse skin fol-
lowed by application of a DT formulation with or 

without cholera toxin (CT). The application of 
DT to MN-treated skin resulted in signifi cantly 
higher serum IgG and toxin-neutralising anti-
body titres than in unperforated skin. The pres-
ence of CT increased the immune response to 
similar levels as observed after subcutaneous 
injection of AlPO4-adsorbed DT (DT-alum). 
Unlike in the DT case, MN array pretreatment 
showed no effect on the immune response to the 
infl uenza vaccine alone. The addition of CT 
strongly improved the immune response, inde-
pendent of MN treatment. The conclusion drawn 

a

b

c

d

  Fig. 43.5    Schematic representation of methods of MN 
application to the skin to achieve enhanced transdermal 
drug delivery. ( a ) (Poke and patch) shows solid MN that 
are applied and removed to create transient micropores, 
followed by application of a traditional transdermal patch. 
( b ) (Coat and poke) shows solid MN coated with drug for 

instant delivery. MN is removed after the coating material 
dissolves. ( c ) (Dissolving microneedles) show soluble 
polymeric/carbohydrate MN-containing drug that dis-
solves in skin interstitial fl uid over time, thereby deliver-
ing the drug. ( d ) (Poke and fl ow) shows hollow MN for 
delivery of fl uids containing drug       
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by the authors of the study was that that TCI of 
DT in the presence of CT after MN treatment 
results in similar protection to injection of 
DT-alum. 

 A study investigated the effect of co- 
administration of various adjuvants with DT in 
the modulation of the immune response in TCI 
mice after the application of MN arrays [ 53 ]. 
Mice were treated with DT co-administrated 
with lipopolysaccharide (LPS), Quil-A, CpG 
oligodeoxynucleotide (CpG) or CT as adju-
vants. The MN array pretreatment group dis-
played high serum IgG levels, and these were 
remarkably improved by co-administration 
of adjuvants. The group treated with DT co-
administered with CT showed similar IgG levels 
to those treated subcutaneously with DT-alum. 
N-trimethyl chitosan also proved benefi cial in 
boosting the immune response to DT follow-
ing MN pretreatment when in solution with the 
antigen, although no improvement in immune 
response was seen from DT-loaded nanoparti-
cles of N-trimethyl chitosan [ 54 ]. 

 The impact of transdermal vaccination on the 
development of melanoma was reported by 
Bhowmik et al. (2011), who delivered a novel 
microparticulate vaccine to the skin following 
puncture using of MN-based Dermaroller® [ 55 ]. 
Mice were grouped into four groups; group one 
was treated using Dermaroller® microneedles, 
followed by application of microparticles con-
taining encapsulated antigen obtained from S-91 
melanoma cancer cells. Group two was injected 
subcutaneously with the same dose of micropar-
ticles containing encapsulated vaccine. Group 
three was given blank microparticles adminis-
tered in the same way as for the transdermal 
group. The last group was injected with saline 
subcutaneously. Eight weeks following vaccina-
tion, the mice were challenged with live mela-
noma cells. In the group which were treated using 
Dermaroller® MNs and SC injection of vaccine, 
there was no measurable tumour growth 35 days 
after tumour injection. A signifi cant increase in 
IgG antibody levels was seen for both transder-
mal and subcutaneous vaccinated groups when 
compared with control groups. However, slightly 
increased IgG antibody levels were seen in the 

transdermally vaccinated group when compared 
to the SC group. This can be attributed to the 
presence of Langerhans cells (LCs) in the epider-
mis layers which are activated when exposed to 
antigen. The authors concluded that the devel-
oped formulation for melanoma cancer which 
can be administered using MNs technology gives 
rise to new approaches to the prevention of mela-
noma cancer.  

43.4.2    Coat and Poke 

 The coat and poke approach involves the coating 
of solid MNs with an antigen of choice, which 
can be delivered in a one-step process. This could 
be a very attractive approach for mediating ID 
vaccine delivery since the smaller amount of anti-
gen which coats the microneedles should be suf-
fi cient to induce a strong immune response. Since 
the antigen coating on the MNs is in a solid form 
[ 56 ], long-term stability should be improved, 
ensuring optimal shelf life [ 57 ]. 

 The Prausnitz Group at the Georgia Institute 
of Technology has carried out immunisation 
studies using stainless steel monument-shaped 
arrays of 5 MNs dip-coated in vaccine. The 
MNs used were approximately 700 μm in 
length, and their manufacture was achieved by 
laser-cutting stainless steel sheets. Plasmid 
encoding hepatitis C virus and seasonal infl u-
enza: H1N1, H3N2, inactivated virus, infl uenza 
virus-like particles and recently BCG were 
engaged successfully in MN-mediated ID 
immunisation. After optimisation of the coating 
formulation that led to the inclusion of trehalose 
as an antigen stabiliser [ 58 ], MNs were coated 
and inserted into the skin of mice. The results 
showed that the coated MNs stimulated a robust 
immune response, providing complete protec-
tion against the lethal infl uenza virus challenge 
similar to conventional intramuscular injection. 
The study concluded that effective vaccination 
was achieved due to the inclusion of the stabilis-
ing agent in the coating formulation, as this 
acted to protect antigen activity. In light of this, 
in subsequent studies, trehalose was included in 
the coating formulation. 
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 In a study by Koutsonanos et al., a single MN 
immunisation with inactivated H3N2 infl uenza 
virus induced signifi cantly higher hemagglutina-
tion inhibition (HI) titres in comparison with that 
observed by IM injection [ 2 ]. Solid metal MNs 
coated with inactivated infl uenza virus were 
found to be at least as effective as the conven-
tional IM route in inducing similar levels of func-
tional antibodies at low or high antigen 
concentrations, in clearing the virus from the 
lungs of infected mice, in conferring protection 
and in inducing short lived as well as memory B 
immune responses. While serum IgG responses 
in IM injection were seen to be dependent upon 
dose, this was not the case with MN delivery, 
which produced similar responses at low or high 
antigen loadings. This fi nding suggests that the 
skin has a higher capacity to produce an immuno-
logic response. The same system was used to 
evaluate the potential of BCG-coated MN vac-
cine patches [ 59 ]. The viability of BCG was 
maintained by adding 15 % trehalose to the coat-
ing solution, which improved the stability of the 
live BCG vaccine. BCG-coated 10 microneedle 
patches (5 × 10 4  CFUs of BCG) were applied to 
the skin of guinea pigs. Another group of guinea 
pigs were injected intradermally with BCG 
(5 × 10 4  CFUs) using a 26 gauge needle and 1 ml 
tuberculin syringe. The results of this study indi-
cated that BCG vaccine-coated MNs can induce a 
strong antigen-specifi c cellular immune response 
in both the lung and spleen of guinea pigs, com-
parable to that induced by using a 26 gauge nee-
dle. It was found that MN BCG vaccination 
elicited similar frequencies of TNF-α secreting 
or both IFN-γ and TNF-α cytokine secreting 
bifunctional CD4+ T cells to that induced by 
hypodermic injection. A strong IgG response was 
produced by both vaccination methods. 

 The capacity to produce a protective immune 
response of modifi ed recombinant trimeric 
soluble infl uenza virus hemagglutinin (sHA 
GCN4pII)-coated MNs was assessed by the 
group [ 60 ]. Comparison was made between 
results from the modifi ed and unmodifi ed protein 
(sHA). Mice vaccinated with MN-coated sHA tri-
meric induced fully protective immune response 
against infl uenza virus challenge. Both sHA- and 

sHA GCN4pII-coated MNs induced improved 
clearance of replicating virus compared to the 
SC route. The MNs coated with sHA GCN4pII 
induced a stronger Th1 response in mice sug-
gested by the ratio of IFN-γ + CD4+ T cell to IL- 
4+. The study concluded that MNs coated with 
stabilised sHA trimers were as effective in induc-
ing a protective immune response and afforded 
equal level of protection as conventional subcu-
taneous administration. 

 Professor Mark Kendall’s research has pio-
neered the development of Nanopatch™ tech-
nology. Nanopatch™ devices are fabricated 
from silicon using a process of deep reactive-
ion etching. The projections are solid silicon, 
sputter coated with a thin (~100 nm) layer of 
gold, and contain 3,364 densely packed projec-
tions. These arrays are smaller, by two orders of 
magnitude, than standard needles, and are also 
much smaller than typical microneedle arrays. 
The Nanopatches™ have been used to target 
ID vaccination against West Nile virus and 
chikungunya virus in mice. The effi ciency of 
Nanopatch™ immunisation was demonstrated 
using an inactivated whole chikungunya virus 
vaccine and a DNA-delivered attenuated West 
Nile virus vaccine [ 61 ]. Nanopatch™ technol-
ogy was also used as an alternative delivery 
system to the IM prophylactic vaccine against 
cervical cancer Gardasil® and succeeded in 
delivering up to 300 ng of vaccine to the ears 
of mice. Moreover, in terms of virus-neutralis-
ing response, results were found equal to those 
of a control group of IM-vaccinated mice in 
mouse serum samples from mice vaccinated 
using Nanopatch™ technology [ 62 ]. Similarly 
impressive results have also been reported when 
Nanopatch™ coating was used with the infl u-
enza vaccine, Fluvax® [ 63 ]. 

 Research at Zosano Pharma (formerly ALZA 
Corporation) assessed the performance of the 
Macrofl ux®, another device containing an array of 
microprojections, for intracutaneous delivery of a 
model antigen, ovalbumin. The fi ndings revealed 
that at all antigen doses, administration of OVA-
coated Macrofl ux® resulted in immune response 
comparable to that observed after intradermal 
administration of the same doses of  antigen. In 
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addition, it was observed that application of 1 
and 5 μg of antigen via Macrofl ux® resulted in 
10- and 50-fold increases in anti-ovalbumin lev-
els in comparison to delivery of equivalent doses 
via intramuscular or subcutaneous routes [ 64 ]. 
Follow-up mechanistic studies revealed that the 
immunologic response was unaffected by MN 
height (225–600 μm) and density (140 and 657/
cm 2 ), but was dependent on the dose of antigen 
delivered [ 65 ].  

43.4.3    Poke and Flow 

 The poke and fl ow approach is based on diffusion 
of vaccine through conduits of solid MNs. The 
antigen can be delivered either by passive diffu-
sion, pressure or electrical-driven fl ow [ 45 ,  66 ]. 
However, this approach is vulnerable to some of 
the same problems as conventional vaccination 
techniques including the requirement of a cold 
chain and possible need for trained personnel 
[ 62 ]. The narrow bore of MNs and the dense elas-
tic nature of the skin may also limit fl uid fl ow. 
Partial retraction of the MN array before the 
introduction of fl uid was found by Wang et al. to 
partially compensate for this limitation; however 
[ 67 ], Frost suggested that the co-administration 
of the enzyme hyaluronidase, which degrades 
hyaluronic acid in the extracellular matrix of the 
skin, might reduce skin resistance [ 68 ]. Martanto 
et al. provided many explanations of the factors 
affecting the fl ow rate through hollow MNs. 
Hollow MNs are the subject of increasing interest 
because of their potential for use for TCI or ID 
vaccination [ 69 ]. 

 MicronJet® is a novel device developed by 
NanoPass specifi cally for intradermal delivery, 
consisting of an array of four MNs, each 450 μm 
in length. The needles are of silicon crystal 
bonded to a plastic adapter which can be mounted 
on any standard syringe. Van Damme et al. inves-
tigated the safety and effi cacy of this device for 
dose-sparing intradermal infl uenza vaccination in 
healthy adults [ 70 ]. α-RIX® (GSK Biologicals) 
infl uenza vaccines were delivered using a hollow 
MN device (MicronJet®) and their safety and 
immunogenicity assessed. In the trial, which was 

carried out with a group of 180 healthy adult sub-
jects, low-dose infl uenza vaccines delivered by 
MicronJet® elicited immune responses similar to 
those elicited by 15 μg HA per strain injected IM 
in human volunteers. The prevalence of local 
reaction presented a limitation however, although 
such reactions were transient in nature. Similar 
developments have been made at BD 
Technologies. A 34G stainless steel MN with an 
inner diameter of 76 μm, an outer diameter of 
178 μm and an exposed length of 1 mm was used 
to deliver three distinct infl uenza vaccines. 
Results suggested that this mode of delivery was 
capable of producing the full immunological 
response at a dose at least ten-fold lower than 
with IM administration and up to 100-fold more 
potent, depending on the nature of the antigen 
[ 71 ]. The same researchers went on to uncover 
dose-sparing benefi ts of MN-delivered anthrax 
vaccinations over intramuscular administration 
in a subsequent study [ 72 ].  

43.4.4    Dissolving/Soluble 
Microneedles 

 Dissolving MNs may present an innova-
tive approach for vaccine delivery. Such MNs 
are based upon water-soluble polymers or 
 carbohydrate material which encapsulates the 
drug within the needle matrix. On piercing the 
skin, the MNs dissolve completely to deliver 
their contents. Dissolvable MNs show promise in 
vaccine delivery breakthrough for many reasons. 
Since the MNs will dissolve after insertion into 
the patient’s skin, the possibility of cross infec-
tion is eliminated. Also, the approach eliminates 
the necessity of any special disposal mechanism, 
as no sharp biohazardous waste is produced. The 
solid state nature of the contained/encapsulated 
vaccine should also reduce the need for cold chain 
storage and transport. In addition, MN patches 
offer the possibility of self-administration of vac-
cine during pandemics as well as rendering mass 
immunisation programs in developing countries. 
As these self-disabling MNs lack many of the 
disadvantages of conventional vaccination tech-
niques and also some of those associated with the 
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MN strategies mentioned to this point, poke and 
patch MNs are receiving increasing attention for 
their value in vaccination applications. 

 Dissolvable MN patches were fi rst taken up 
for the administration of vaccines by the Prausnitz 
group. Sullivan et al. manufactured MN patches 
and investigated possibilities for infl uenza vacci-
nation using a simple patch-based system. 
Patches based on 650 μm poly(vinylpyrrolidone) 
MNs containing 3 μg lyophilised inactivated 
infl uenza virus vaccine generated robust antibody 
and cellular immune responses which gave com-
plete protection against lethal infl uenza challenge 
[ 73 ]. In fact, in comparison with IM vaccination, 
MN delivery displayed better results following 
vaccination in terms of lung virus clearance and 
cellular recall responses. 

 The Kendall group described the micromould-
ing of dissolving MN arrays from master tem-
plates of one of their Nanopatch™ designs [ 74 ]. 
Replica MNs were formed from carboxymethyl-
cellulose by means of multiple castings into 
poly(dimethylsiloxane) moulds. Dual-layer MNs 
containing both the model antigen ovalbumin and 
the adjuvant Quil-A elicited post-immunisation 
schedule antibody levels in mice which were 
similar to an IM ovalbumin/Quil-A immunisation 
group at day 28 and superior to the IM group at 
day 102, despite using a lower antigen dose in the 
MNs. Research using an infl uenza vaccine gave 
similar fi ndings.  

43.4.5    Intradermal Gene Delivery 

 Gene therapy may be defi ned as the insertion, 
alteration or removal of genes from an individu-
al’s cells and biological tissues to treat disease. 
Replacement of a mutated gene via the insertion 
of functional genes into an unspecifi ed genomic 
location is the most frequently used gene therapy. 
Other approaches exist however which may 
involve either directly correcting the mutation or 
modifying normal genes. While the technology 
has yet to be developed to its full potential, it has 
been used with some success. The most common 
form of genetic engineering involves insertion of 
a functional gene into host cells. This is accom-

plished by isolating and copying the gene of 
interest, generating a construct containing all the 
genetic elements for correct expression and then 
inserting this construct into the host organism. 
Localised delivery and expression of gene thera-
peutics within the skin may provide novel treat-
ment options for a number of pathological 
conditions, including skin disorders of genetic 
origin as well as nonsurgical management of 
malignancy. If genetic manipulation could be 
used to infl uence epidermal cells to produce and 
secrete antigenic molecules, then the potent 
immunostimulatory properties of the skin could 
be harnessed to provide effi cient protection from 
the disease concerned. 

 The Birchall Group at Cardiff University in 
Wales have pioneered epidermal gene delivery 
using various microneedle arrays to penetrate the 
stratum corneum, which would form a barrier to 
intradermal delivery of genetic constructs. The 
group initially set out to establish whether 
silicon- based microneedles (150 μm in height, 
base width 45–50 μm), microfabricated via an 
isotropic etching/BOSCH reaction process, were 
capable of creating microchannels in the skin 
large enough to permit the passage of lipid/poly-
cation/plasmid DNA (LPD) nonviral gene ther-
apy vectors [ 75 ]. Scanning electron microscopy 
was used to visualise the microconduits created 
in heat-separated human epidermal sheets after 
application of the microneedles. 

 Following confi rmation of particle size and 
particle surface charge by photon correlation 
spectroscopy and microelectrophoresis, respec-
tively, the diffusion of fl uorescent polystyrene 
nanospheres and LPD complexes through heat- 
separated human epidermal sheets was estab-
lished in vitro using a Franz-type diffusion cell. 
In vitro cell culture with quantifi cation by fl ow 
cytometry was used to determine gene expression 
in human keratinocytes (HaCaT cells). Membrane 
treatment with microneedles was found to nota-
bly enhance the diffusion through epidermal 
sheets of 100 nm diameter fl uorescent polysty-
rene nanospheres, used as a readily quantifi able 
predictive model for LPD complexes. The deliv-
ery of LPD complexes either into or through the 
membrane microchannels was also demonstrated. 
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In both cases, considerable interaction between 
the particles and the epidermal sheet was 
observed. LPD complexes were shown through 
in vitro cell culture to mediate effi cient reporter 
gene expression in human keratinocytes in cul-
ture when formulated at the appropriate surface 
charge. 

 The group’s next study made use of platinum- 
coated silicon microneedles. These were used to 
produce microconduits, approximately 50 μm in 
diameter and extending through the stratum cor-
neum and viable epidermis [ 76 ]. Following opti-
misation of skin explant culturing techniques and 
confi rmation of tissue viability, it was demon-
strated that gene expression could be mediated 
through use of the microneedles to transmit the 
beta-galactosidase reporter gene. Preliminary 
studies confi rmed localised delivery, cellular 
internalisation and subsequent gene expression 
of pDNA following microneedle disruption of 
skin. 

 Following this result, it was decided to estab-
lish whether microfabricated silicon microneedle 
arrays could effectively achieve localised delivery 
of charged macromolecules and plasmid DNA 
(pDNA) [ 77 ]. Microconduits of 10–20 μm in 
diameter were found in human epidermal mem-
brane following treatment with the microneedles. 
The delivery of the marker biomolecule beta-
galactosidase and of a ‘nonviral gene vector 
mimicking’ charged fl uorescent nanoparticle to 
the viable epidermis of microneedle- treated tis-
sue was demonstrated using light and fl uorescent 
microscopy. 

 Track-etched permeation profi les generated 
using ‘Franz-type’ diffusion cell methodology 
and a model synthetic membrane showed that 
>50 % of a colloidal particle suspension perme-
ated through membrane pores in approximately 
2 h. These fi ndings were taken by the group to 
indicate cutaneous delivery of lipid/polycation/
pDNA (LPD) gene vectors, and other related vec-
tors, to the viable epidermis, could be achieved 
via microneedle treatment. Preliminary gene 
expression studies confi rmed that naked pDNA 
can be expressed in excised human skin follow-
ing microneedle disruption of the SC barrier. The 
presence of a limited number of microchannels, 

positive for gene expression, points to the value 
of further investigation aimed at optimisation of 
the morphology of the microneedle device, its 
method of application and the pDNA formulation. 

 Aqueous solutions loaded with gene delivery 
vehicles would not remain in situ on the sur-
face of the skin and therefore would be of lim-
ited use in clinical practice. For this reason, the 
group then examined the possibility of using sus-
tained release pDNA hydrogel formulations with 
their microneedle delivery system to improve 
delivery of plasmid DNA (pDNA) in skin [ 78 ]. 
Microneedles were again fabricated by wet etch-
ing silicon in potassium hydroxide. Hydrogels 
based on Carbopol® polymers and thermosen-
sitive PLGA-PEG-PLGA triblock copolymers 
were prepared. Freshly excised human skin 
was used to characterise microneedle penetra-
tion (microscopy and skin water loss), gel resi-
dence in microchannels, pDNA diffusion and 
reporter gene (beta-galactosidase) expression. 
Upon application of the microneedles, channels 
of approximately 150–200 μm depth increased 
transepidermal water loss in skin. pDNA hydro-
gels were shown to harbour and gradually release 
pDNA. Following microneedle-assisted delivery 
of pDNA hydrogels to human skin, expression 
of the pCMV beta reporter gene was displayed 
in the viable epidermis proximal to the micro-
channels. It was concluded that targeted pDNA 
hydrogels can potentially provide sustained gene 
expression in the viable epidermis. 

 Microneedle-mediated intradermal gene 
delivery has also been recently explored by the 
Prausnitz Group [ 79 ]. In this study, specifi c cyto-
toxic T lymphocytes (CTLs) were effectively 
primed through vaccination with a plasmid 
encoding hepatitis C virus nonstructural 3/4A 
protein using coated microneedles. Importantly, 
the minimally invasive microneedles were as effi -
cient in priming CTLs as more complicated or 
invasive delivery techniques, such as gene guns 
and hypodermic needles. The Kendall Group has 
also investigated gene delivery using coated 
Nanopatches™ [ 80 ], as described above. 

 Although Prausnitz had proposed the use of 
microneedles in combination with electropora-
tion in 2005 [ 81 ], it was in 2007 that this was 
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fi rst achieved, when it was reported by Hooper 
et al., the effi cient delivery of an experimental 
smallpox DNA vaccine consisting of four vac-
cinia virus genes (4pox) by means of a novel 
method involving skin electroporation using 
plasmid DNA-coated microneedle arrays [ 82 ]. 
Electroporation is a process where cells are tran-
siently permeabilised using high-intensity elec-
tric fi eld pulses. The Easy Vax ®  delivery system 
employed consisted of 80 electrically conducting 
microneedles each around 1 mm in height coated 
with dried vaccine DNA. 

 The pulse protocol consisted of six pulses of 
100 V, 100 mS pulse duration and 125 mS pulse 
interval. Four arrays, each coated with 30 μg of a 
separate plasmid, were used to deliver the 4pox 
DNA vaccine to mice. A separate site was used 
for each array was administered to a separate site 
(inner and outer right and left thigh). Mice vac-
cinated with the negative control plasmids were 
administered using one array to an inner thigh. 
The smallpox DNA vaccine stimulated robust 
antibody responses against the four immunogens 
of interest, including neutralising antibody titres 
which were greater than were produced by the 
conventional live virus vaccine administered by 
scarifi cation. Furthermore, complete protection 
was found in the vaccinated mice against a lethal 
intranasal challenge with vaccinia virus strain 
IHD-J. 

 This study represented the fi rst demonstra-
tion of a protective immune response being 
elicited by microneedle-mediated skin electro-
poration and suggests that there is scope for fur-
ther exploration of this area. Indeed, Daugimont 
et al [ 83 ]. followed up on this by investigating 
the potential of hollow conductive microneedles 
for needle- free intradermal injection and electric 
pulse application in order to generate an electric 
fi eld in the superfi cial layers of the skin suffi -
cient for electroporation. Microneedle arrays 
along with a vibratory inserter were employed 
to disrupt the stratum corneum, thus piercing 
the skin. Effective injection of proteins into 
the skin was achieved, resulting in an immune 
response directed to the model antigen ovalbu-
min. However, the dual function of microneedle 
electrode seemed to pose certain drawbacks for 

DNA electrotransfer. This could be due to the 
distribution of the electric fi eld in the skin as 
shown by numerical calculations and/or the low 
dose of DNA injected. The authors concluded 
that these parameters require further study in 
order to optimise minimally invasive DNA elec-
trotransfer in the skin.   

43.5    Microneedle-Mediated 
Delivery of Nanoparticles as 
a Vehicle for Improved 
Antigen Targeting to 
Skin DCs 

 In the past few years, particle-based vaccines 
have been proposed for successful immunisation. 
They have been used to protect antigen stability 
in vivo and to deliver it in a controlled and sus-
tained manner to the site of action [ 84 ]. 

 Drug-loaded nanoparticles (NPs) are colloidal 
systems, typically 10–1,000 nm in diameter, with 
a therapeutic payload entrapped, adsorbed or 
chemically coupled to an orbicular matrix 
[ 85 ,  86 ]. Nanoparticles are widely used for 
 controlled delivery of small molecule drugs, 
 oligonucleotides and protein antigens to a variety 
cell types, including dendritic cells [ 87 ]. Among 
the  different parameters that need to be consid-
ered in design of particle-based vaccines, the 
 particle size and their physicochemical properties 
are particularly important for skin vaccination. 
It has been demonstrated that polymeric nanopar-
ticles <500 nm in diameter have high rate of 
intracellular uptake by variety of APC [ 88 ]. 

 Several groups have demonstrated that 
nanoparticles have adjuvant effects comparable 
to those of CFA or ALUM and, as synthetic adju-
vants, can activate DCs to induce T cell immune 
responses against encapsulated antigens [ 89 – 91 ]. 
An important advance was the demonstration that 
nanoparticles as the adjuvants promote activation 
of the NLRP3 infl ammasome [ 92 ]. 

 Nanoparticles have been extensively studied 
for oral and parenteral administration owing to 
their sustained drug release [ 93 ,  94 ]. This prop-
erty of nanoparticles could also be utilised for 
topical antigen administration to target skin DCs 
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with antigen over a prolonged period. Researchers 
had attempted to use nanoparticles for topical 
drug delivery, and they found that the drug per-
meation was enhanced by gradual drug release 
from the nanoparticles on the skin surface, but 
did not optimise way to deliver nanoparticles 
inside the skin [ 95 – 97 ]. This suggested that as a 
drug delivery vehicle, the nanoparticle could sus-
tain drug release, but, if it was applied as a drug 
reservoir to treat the skin disease, it must be 
delivered into the skin layers instead of remain-
ing on the skin surface. 

 Some other researchers tried to verify the pen-
etration of nanoparticles across the skin, but 
found that only small numbers of NPs were able 
to permeate into the skin passively through the 
hair follicles while most NPs were restricted by 
stratum corneum and unable to penetrate the skin 
[ 98 ,  99 ]. In the penetration experiments in vitro 
using the full-thickness skin, it was found that 
NPs could diffuse into the dermis as well as into 
the epidermis [ 100 ]. To investigate if the micro-
conduits on the epidermis produced by micronee-
dles could be the channels for NPs to penetrate 
the skin, the researches in vitro have been 
designed and proved that nanoparticles could 
pass through the human epidermal membrane 
and get into skin layers [ 101 ,  102 ]. Moreover, Bal 
and colleagues showed that in intradermal anti-
gen delivery in vivo to skin pretreated by metal 
MNs antigen was more effi ciently taken up by 
skin DCs when it was encapsulated into poly-
meric NPs, comparing when delivered in a solu-
ble form [ 103 ]. All of the studies above indicated 
that microneedles may be an effective vehicle for 
the intradermal delivery of antigen encapsulated 
nanoparticles in vivo.  

   Conclusions 

 Dendritic cells, as key regulators of immune 
responses, play a critical role in the design of 
modern vaccines [ 24 ,  99 ]. The skin harbours 
a network of these cells and for that reason is 
recognised as an attractive target for immuni-
sation. However, one important element that 
has not been dealt with successfully yet is 
the functional heterogeneity of DCs sub-
sets. Researchers are now trying to improve 

 intracutaneous vaccination by harnessing spe-
cifi c properties of particular DCs subsets, as 
they became known. In the future, it might be 
possible to deliver antigen alongside a specifi c 
adjuvant to a particular DC subpopulation, 
while avoiding others with opposite effects. 
Targeting of antigen to the specifi c, function-
ally defi ned subsets of skin DCs is a promising 
strategy to further develop not only protective 
but also therapeutic vaccines. 

 Given the ever-increasing evidence avail-
able within the academic and patent litera-
ture that MN of a wide variety of designs are 
capable of achieving successful intradermal 
and transdermal delivery of vaccines, it is 
envisaged that the already concerted indus-
trial effort into development of MN devices 
will now intensify. Furthermore, novel appli-
cations of MN technology are likely to come 
to the forefront. The ability of MN arrays to 
extract bodily fl uids for determination of effi -
cacy of vaccination is particularly interest-
ing. As technological advances continue, MN 
arrays may well become the pharmaceutical 
dosage forms and monitoring devices of the 
near future. However, there are a number of 
barriers that will fi rstly need to be addressed in 
order for microneedle technology to progress. 

 The ultimate commercial success of 
microneedle- based delivery and monitoring 
devices will depend upon not only on the ability 
of the devices to perform their intended function 
but also on their overall acceptability by both 
healthcare professionals (e.g. doctors, nurses 
and pharmacists) and patients. Accordingly, 
efforts to ascertain the views of these end users 
will be essential moving forward. The seminal 
study by the Birchall Group [ 104 ] in this regard 
was highly informative. The majority of health-
care professionals and members of the public 
recruited into this focus-group-centred study 
were able to appreciate the potential advan-
tage of using microneedles, including reduced 
pain, tissue damage, risk of transmitting infec-
tions and needle stick injuries, feasibility for 
self- administration and use in children, needle-
phobes and/or diabetics. However, some con-
cerns regarding effectiveness mean to confi rm 
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successful drug delivery (such as a visual dose 
indicator), delayed onset of action, cost of 
the delivery system, possible accidental use, 
misuse or abuse were also raised. Healthcare 
professionals were also concerned about inter-
individual variation in skin thickness, problems 
associated with injecting small volumes and 
risk of infection. Several other possible issues 
(accidental or errors based) and interesting 
doubts regarding microneedle use were dis-
cussed in this study. Overall, the group reported 
that 100 % of the public participants and 74 % 
of the healthcare professional participants were 
optimistic about the future of microneedle tech-
nology [ 104 ]. Such studies, when appropriately 
planned to capture the necessary demographics, 
will undoubtedly aid industry in taking neces-
sary action to address concerns and develop 
informative labelling and patient counselling 
strategies to ensure safe and effective use of 
microneedle-based devices. Marketing strate-
gies will, obviously, also be vitally important in 
achieving maximum market shares relative to 
existing and widely used conventional delivery 
systems. 

 In order to gain acceptance from health-
care professionals, patients and, importantly, 
regulatory authorities (e.g. the US FDA and 
the MHRA in the UK), it appears a strong 
possibility that an applicator aid and a ‘dos-
ing indicator’ be included within the overall 
microneedle ‘package’, with the microneedle 
array itself being disposable and the applica-
tor/dosing indicator reusable. While a wide 
variety of applicator designs have been dis-
closed within the patient literature, only a 
few, relatively crude, designs based upon 
high impact/velocity insertion, or rotary 
devices, have been described. Application 
force has a signifi cant role to play in 
microneedle insertion depth. Clearly, patients 
cannot ‘calibrate’ their hands and, so, will 
apply microneedles with different forces. 
Unless a large-scale study can be done show-
ing consistent rates and extents of 
microneedle- mediated drug delivery when 
the microneedles have been inserted by hand, 
then, for consistent dosing across the popula-

tion, applicator devices will need to be sup-
plied. Moreover, patients will need a level of 
assurance that the microneedle device has 
actually been inserted properly into their 
skin. This would be especially true in cases 
of global pandemics or bioterrorism inci-
dents where self-administration of micronee-
dle-based vaccines becomes a necessity. 
Accordingly, a suitable means of confi rming 
that skin puncture has taken place may need 
to be included within an applicator device or 
the microneedle product itself. 

 From a regulatory point of view, currently 
little is known about the safety aspects that 
would be involved with long-term usage of 
microneedle devices. In particular, studies 
will need to be conducted to assess the effect 
that repeated microporation has upon recov-
ery of skin barrier function. However, given 
the minimally invasive nature of the micro-
pores created within the skin following 
microneedle application, especially in com-
parison to the use of a hypodermic needle and 
the fact that statistically it is highly unlikely 
that microneedles would be inserted at exactly 
the same sites more than once in a patient’s 
lifetime, it is envisaged that microneedle 
technology will be shown to have a favour-
able safety profi le. Indeed, skin barrier func-
tion is known to completely recover within a 
few hours of microneedle removal, regardless 
of how long the microneedles were in place. 
Local irritation or erythema (reddening) of 
the skin may be an issue for some patients. 
Since the skin is a potent immunostimulatory 
organ, it would be interesting to know whether 
repeated microneedle use would ever cause 
an immune reaction to the drug, excipients of 
microneedle materials and whether such an 
effect would be so signifi cant as to cause 
problems for patients. 

 Infection is an issue that has long been 
discussed in relation to use of microneedle-
based systems, since they, by necessity, punc-
ture the skin’s protective  stratum corneum  
barrier. However, as we have shown [ 105 ], 
microbial penetration through microneedle-
induced holes is minimal. Indeed, there have 
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never been any reports of microneedles caus-
ing skin or systemic infections. This may 
be because of the above- mentioned immune 
component of the skin or the skin’s inher-
ent nonimmune, enzyme-based, defences. 
Alternatively, since the micropores are aque-
ous in nature, microorganisms may be more 
inclined to remain on the more hydrophobic 
 stratum corneum . 

 Whether skin cleansing before micronee-
dle application is necessary remains to be seen 
and is a vital question. Ideally, this would not 
have to be done, so as to avoid unnecessarily 
inconveniencing patients and making the use 
of the product in the domiciliary setting appear 
more akin to a self- administered injection 
than application of a conventional transdermal 
patch. Regulators will ultimately make the key 
decisions based on the weight of available evi-
dence. Depending upon the application (e.g. 
drug/vaccine/active cosmeceutical ingredient 
delivery or minimally invasive monitoring), 
microneedle-based devices may be classed as 
drug delivery stems, consumer products or 
medical devices. From a delivery perspective, 
it will be important if microneedles are con-
sidered as injections rather than topical/trans-
dermal/intradermal delivery systems, since 
this will determine whether the fi nal product 
will need to be sterilised, prepared under asep-
tic conditions or simply host a low bioburden. 
Any contained microorganisms may need to 
be identifi ed and quantifi ed, as may the pyro-
gen content. Should sterilisation be required, 
then the method chosen will be crucial, since 
the most commonly employed approaches 
(moist heat, gamma or microwave radiation, 
ethylene oxide) may adversely affect the 
microneedles themselves and/or any con-
tained active ingredient (e.g. biomolecules).     
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    Abstract 

 Nasal    delivery of vaccines occurred over a 
millennium ago in China, where ground 
scabs from small pox lesions, presumably 
containing live virus, were sniffed. This prac-
tice was the basis for early vaccination with 
live virus in Europe in the eighteenth century. 
In the past decade, a number of reports have 
focused on new antigens, adjuvants, and 
delivery systems, but few approaches have 
entered development as a  clinical candidate. 
This chapter outlines the critical steps needed 
to create a comprehensive integrated strategy 
adopting an antigen, with candidate physical 
and biochemical adjuvants, in a delivery sys-
tem. There is a need to defi ne unique formu-
lation and device performance properties, 
evaluate dose sparing achieved through novel 
construction and adjuvancy, and develop 
rapid screening methods to identify toxic 
formulations.     

44.1     Introduction 

 The nasal mucosa is complex and includes 
important elements of the immune system. 
Therefore, it is an ideal route of delivery for a 
noninvasive vaccine delivery. The anatomy of the 
nasal cavity is shown in Fig.  44.1 . The ciliated 
surfaces of the nasal turbinates deliver mucus to 
the fl oor of the nasal cavity and from there to the 
throat, site of the Waldeyer’s ring, consisting 
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notably of adenoids and tonsils [ 1 ]. Mucociliary 
clearance disposes of ambient particulates that 
deposit on the nasal epithelium. Normal muco-
ciliary clearance rates are approximately 
45–90 min from the proximal to distal points in 
the nasopharynx [ 2 ]. The intent of any nasal vac-
cine delivery  system is to achieve a residence 
time at the nasal mucosa suffi cient to elicit the 
desired immunological and hopefully protective 
response.

   Nasal vaccine delivery proposes to target the 
nasal-associated lymphoid tissue (NALT) which 
is one of the most accessible of the mucosal- 
associated lymphoid tissues (MALT). The princi-
ple on which this approach depends is to present 
the selected antigen to the NALT and Waldeyer’s 
ring and ultimately to the immunologically 
important M cells and dendritic cells. These 
cells are responsible for producing an immune 
response through antigen presentation to circu-
lating lymphocytes. 

 The two most common (and effective) nasal 
delivery devices are either multiple- or single- 
dose pumps, examples of which deliver calcito-
nin, to treat osteoporosis, and corticosteroids, to 
treat allergic rhinitis, respectively [ 3 ]. However, 
these FDA-approved products require solution or 
suspension formulations which are not the most 
desirable preparations for vaccines. Recently, the 
use of powder aerosols for vaccination has been 
proposed with attendant advantages of increased 
residence time and greater opportunity for anti-
gen presentation [ 3 ,  4 ].  

44.2    Target Diseases and Antigens 

 The mortality associated with pulmonary anthrax, 
along with recent concerns regarding the possibil-
ity of the causative microorganism being used as a 
weapon, necessitates the development of a vaccine 
that is easily administered and requires minimal 
storage and distribution controls that can be rap-
idly deployed. The causative organism of anthrax 
is  Bacillus anthracis  ( B. anthracis ). This organism 
is associated with infections of animals and results 
in skin and pulmonary disease in humans follow-
ing contact with infected animals or animal prod-
ucts [ 5 ]. Pulmonary anthrax is a particularly 
insidious and, if untreated, fatal form of the dis-
ease. A unique component of the lifecycle of  B. 
anthracis  is the formation of spores as a method of 
withstanding stressful environmental conditions. 
Anthrax spores, in common with those of other 
organisms, are exquisitely suited to dispersion in 
air. Spores then deposit throughout the respiratory 
tract. The ability of these spores to retain their 
viability through extremes of environmental stress 
for decades or centuries poses a public health risk. 
The virulence, ease of delivery, and long-term sta-
bility of  B. anthracis  spores  rendered them a 
source of great concern throughout the middle of 
the twentieth century at the height of state-spon-
sored biological weapon development and, more 
recently, regarding bioterrorism. 

 After the terrorist action of September 11, 
2001, the demand for biodefense measures 
increased following the incident in which letters 
contained “weaponized” anthrax powders [ 6 ,  7 ]. 
The immediate demand was for drugs (e.g., cipro-
fl oxacin) to treat infected individuals. The need for 
vaccines that could be stockpiled and quickly dis-
tributed with the minimum storage considerations 
(special packaging or temperature) in quantities 
suffi cient to contain an outbreak, particularly for 
health-care providers and military personnel, also 
became a research and development focus [ 8 ]. In 
this context, vaccines for protection and drugs for 
treatment have been developed for this specifi c 
application over the past decade. 

 In general, the practice of presenting live organ-
isms as a vaccine system, albeit in an attenuated 
state, is an elevated health risk. The previously 
mentioned example for smallpox treatment in 
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  Fig. 44.1    Schematic of the nasal cavity       
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China and Europe was undoubtedly a risky proce-
dure because the prospects of contracting disease 
were signifi cant. Similarly, for anthrax, the use of 
a virulent organism would be a  questionable strat-
egy. The current vaccine, BioThrax (Emergent 
Solutions), uses culture fi ltrate, which presents all 
of the important antigens (lethal factor [LF], pro-
tective antigen [PA], and edema factor [EF]) [ 8 ]. 
The emphasis for novel immunization strategies 
for protection against anthrax has been the use of 
recombinant protective antigen, which has demon-
strated protection in animal models of disease [ 9 ]. 
Indeed, it has just been announced that an rPA vac-
cine, SparVaxTM (PharmAthene), is entering fur-
ther Phase II trials. However, it has been suggested 
that adjuvancy is required to ensure a suffi ciently 
robust response. This may be achieved through 
coadministration of an adjuvant molecule of which 
there are many but most notably monophosphoryl 
lipid A (MPL) – an FDA-approved drug – referred 
to as    Cervarix and safely used in human studies 
with a nasal norovirus vaccine. 

 Alternatively, a physical approach may be 
taken using small targeting particles (nanoparti-
cles) that would deliver the antigen effectively to 
the NALT. Nanoparticles have a particular pro-
pensity for this purpose and have been shown for 
many years to be effective as carriers and adju-
vants [ 10 – 12 ]. It is important to note that despite 
the mucosal route of administration, an IgA 

response is not thought to be signifi cant in pro-
tection from anthrax [ 9 ]. 

 However, centuries ago, Voltaire observed 
“… the Chinese go about it  (inoculation)  in a dif-
ferent fashion they make no incision but give 
smallpox through the nose, like snuff. This way is 
pleasanter  (than cutaneous delivery) , but it comes 
to the same thing…. ” [ 13 ] 

 Currently, we might add not only is it “pleas-
anter” (needle-free) and that it “amounts to the 
same thing” (a protective immune response), but 
with current technology, it is stable on storage, 
easy to use, and inexpensive. The delivery of par-
ticles in a stable dispersible form lends itself to 
the use of dry particles. The ability to spray dry 
particle suspensions has been demonstrated for a 
number of vaccine applications [ 14 ]. Specifi c to 
this discussion, Fig.  44.2  outlines the components 
needed for the development of a safe and effective 
technologically advanced nasal vaccine system.

44.3       Nasal Vaccine Technology 

44.3.1    Formulation 

 In order to develop vaccine formulations that 
would have potential for worldwide distribu-
tion, dry powders must be able to be stored long 
term without refrigeration and be administered 
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  Fig. 44.2    Schematic of the 
key elements of the vaccine 
product and the methods of 
evaluation as presented in this 
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 without the use of needles. Spray-dried, freeze-
dried, and spray-freeze-dried powders have 
demonstrated equivalent immunogenicity to con-
ventional liquid formulations with the potential 
advantage that dry powders can circumvent the 
problem of the cold chain which is often asso-
ciated with liquid vaccine formulations. These 
techniques can be paired with conventional 
and novel nanoparticle fabrication methodolo-
gies such as precipitation, homogenization, and 
 top- down manufacturing to generate dry pow-
ders of loose nanoparticle aggregates having 
aerodynamic diameters suitable for mucosal 
delivery as has previously been demonstrated for 
inhaled formulations.  

44.3.2    Devices 

 There are only a few nasal powder delivery 
devices available commercially or in clinical 
development [ 15 ]. One such device is shown in 
Fig.  44.3 . While formulation and powder mor-
phology play key roles in targeting deposition to 
the nasal tissues, it is essential that the powder be 
deaggregated and effi ciently delivered from the 
device.

   Key device attributes fall into two categories: 
those affecting clinical effi cacy and those human 
factors refl ective of the human-device interac-
tion. First, the emitted dose fraction from the 
device needs to be as large as possible. Secondly, 

the emitted dose must be in a form that reaches 
the targeted tissue. Particles smaller than 10 μm 
can be carried deeper into the lung tissue which 
may not be desirable, while particles larger than 
50 μm may have diffi culty reaching immunore-
sponsive tissues. The challenge is in obtaining 
the proper deaggregation of the particles without 
excessive energy input. Moving air is generally 
used to deaggregate and propel the particles into 
the airway. However, excess airfl ow can force the 
particles past the targeted region so that they 
“ pass through ” without settling and eliciting an 
immune response. From the human factor per-
spective, the device should be intuitive and easy 
to handle. Devices are currently targeted for 
administration by clinicians, but possible appli-
cations include biodefense vaccines where deliv-
ery by untrained personnel may be desired. 
Finally, the device should be unit dose; there is 
no need for a multidose format and it would be 
unnecessarily risky to use the same device on 
multiple people. Furthermore, the device should 
not be “ reloadable ” for unintended use.  

44.3.3    Adjuvants 

 Aluminum salts (alum) have been used as adju-
vants with great success for almost a century 
and have been particularly effective at promot-
ing protective humoral immunity. However, alum 
is not optimally effective for diseases where 
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  Fig. 44.3    The BD Solovent® device for nasal vaccine administration [ 16 ]. This device depends on “burstable mem-
branes” that rupture under syringe air pressure during use. This results in a gentle pop and the expulsion of the dose       

 

A.J. Hickey et al.



721

 cell- mediated immunity is required for protec-
tion. Furthermore, classical biological adjuvants, 
such as Freund’s adjuvant, have shown improved 
effi cacy for protection in animal models, yet the 
toxicity profi les prevent widespread adoption for 
human use. In particular, there is demand for safe 
and nontoxic adjuvants able to stimulate cellu-
lar immunity without undue toxicity and adju-
vants suitable for use with mucosally delivered 
recombinant and subunit vaccines. Novel par-
ticle and biological adjuvants offer a means to 
overcome the defi ciencies of classical adjuvant 
technologies. 

 A human study was recently performed using 
a nasally delivered dry powder vaccine contain-
ing a Norwalk viruslike particle (VLP) immuno-
gen (i.e., monophosphoryl lipid A [MPL]) as the 
adjuvant and chitosan as a mucoadhesive [ 17 ]. 
The Norwalk VLP was well tolerated and immu-
nogenic in humans, suggesting that a dry powder 
vaccine formulation for use in humans is feasi-
ble. Polymeric nanoparticles have also demon-
strated dual functionality as antigen delivery 
systems with added adjuvant effect [ 18 ]. We pos-
tulate that dry powder polymeric nanoparticle 
aerosols containing recombinant protective anti-
gen (rPA) delivered from a commercial device 
and targeted to the nasal mucosa will protect non-
human primates from challenge with airborne 
anthrax. 

 Adjuvants, in the context of vaccines, may be 
functionally defi ned as any substance able to aug-
ment the immunogenicity of the vaccine antigen. 
Adjuvants are benefi cial since they are able to 
enhance the percentage of vaccines that achieve 
protective immunity at the completion of the vac-
cination regimen [ 19 ]; they are able to increase 
the magnitude of immune responses induced 
[ 19 ], reduce the antigen dose required to induce 
protective immunity [ 20 ], and/or reduce the num-
ber of immunizations needed to induce protective 
immunity [ 21 ]. In general terms, adjuvants either 
enhance antigen delivery to or enhance the acti-
vation state of dendritic cells, the primary 
antigen- presenting cell that initiates the develop-
ment of adaptive immunity after vaccination 
[ 22 ].    For the pusposes of this review, we will 
briefl y discuss (1) vaccine adjuvants that enhance 

the immunogenicity of the vaccine antigen by 
increasing delivery of the antigen to the immune 
system and (2) adjuvants that specifi cally activate 
the innate immune system. More information on 
the current status of vaccine adjuvants [ 23 ] and 
adjuvants for mucosally administered vaccines 
[ 24 ] is discussed elsewhere. 

 Adjuvants can increase the immunogenicity 
of nasally delivered vaccines by enhancing anti-
gen delivery to the host. A recent study by Kiyono 
et al [ 25 ]. described the use of cationic nanogels 
as adjuvants for nasally delivered protein anti-
gens. Although the cationic nanogels did not 
enhance the activation state of nasal dendritic 
cells, the cationic nanogels signifi cantly enhanced 
the immunogenicity of the nasal vaccine due to 
improved antigen retention in the nasal cavity 
that was associated with better antigen delivery 
to nasal dendritic cells [ 25 ]. A nanoemulsion 
adjuvant system is also being developed as a 
nasal vaccine adjuvant [ 26 – 28 ] and has been 
described as “ ……does not contain a proinfl am-
matory component but penetrates mucosal sur-
faces to load antigens into dendritic cells .” [ 28 ] 

 Dry powders produced by spray-freeze-drying 
(SFD) liquid vaccine formulations also provide a 
vaccine adjuvant strategy to enhance the immu-
nogenicity of nasally delivered vaccines [ 29 ] 
when compared to nasal immunization with liq-
uid vaccine formulations. Since other studies 
have demonstrated that increased nasal retention 
of vaccine formulations correlates with increased 
immunogenicity of the vaccine [ 25 ,  30 ,  31 ], it is 
possible that dry powder vaccine formulations 
augment the immunogenicity of nasally deliv-
ered vaccines by increasing antigen retention in 
the nasal cavity to ultimately improve antigen 
delivery to the nasal dendritic cells for better 
induction of antigen-specifi c adaptive immunity. 

 Adjuvants may also activate the host innate 
immune system to enhance the induction of 
antigen- specifi c adaptive immunity after nasal 
immunization [ 23 ,  24 ]. Adjuvants that activate 
the innate immune system are typically thought to 
activate dendritic cells [ 32 ] to increase their abil-
ity to induce antigen-specifi c adaptive immune 
responses. A wide range of mucosal adjuvants 
able to activate the innate immune system 
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include proinfl ammatory cytokines [ 33 ,  34 ] and 
Toll-like receptor ligands (TLR ligands; mono-
phosphoryl lipid A, CpG oligodeoxynucleotides, 
imiquimod) [ 33 – 35 ]. Although cholera toxin 
and related toxins are known to provide effec-
tive mucosal adjuvant activity, adverse events 
associated with the use of toxin-based adjuvants 
[ 36 ,  37 ] will likely limit their use in human vac-
cines. Cytokines and TLR ligand adjuvants have 
been used as nasal vaccine adjuvants in human 
clinical studies with acceptable safety profi les, 
suggesting that adjuvanted nasally administered 
vaccines may be feasible with additional optimi-
zation and safety evaluations [ 34 ,  38 ].  

44.3.4    Mechanism 

 Many of the markers of toxicity are also pro-
infl ammatory mediators. This type of induced 
response is desirable to achieve a protective 
immunity from vaccines. Individual parameters 
may be associated with specifi c phenomena 
(e.g., caspase and oxygenase or extracellular 
cytoplasm leakage caused by peroxy radical for-
mation on cellular membranes). However, these 
acellular markers may not be indicative of the 
entire tissue system – it is important to consider 
the combined response in terms of magnitude 
and duration of each cellular response as a sig-
nature of transition from reversible “transient” to 
irreversible “toxic” response. For example, the 
oxidative stress as indicated by the    redox (i.e., 
reduction or oxidation) state of glutathione has 
been used to indicate this transition from nor-
mal transient phenomenon to toxic cell response 
[ 39 – 41 ]. 

 Conclusions from the literature have led to the 
premise that there are two primary physicochem-
ical properties of small particles, including 
nanoparticles, which infl uence their stability, 
mobility, and toxicity. These two primary physi-
cochemical properties are as follows: (1) surface 
modifi cation or conjugation to other molecules 
and (2) physical contact with cells. The former 
infl uences particle aggregation state, determines 
individual particle suspendability, and affects 
susceptibility to degradation. The latter affects 

cellular uptake mechanism substantially. Particles 
that are less than 20 nm can transport across the 
cytoplasmic membrane and accumulate in a vari-
ety of subcellular components. Particles (or 
aggregates of particles) between 20 and 200 nm 
have the potential to be taken up into cells via 
active transport mechanism of clathrin or caveo-
lin pit formation. Particles (or aggregates of par-
ticles) larger than 200 nm are readily endocytosed 
via macropinocytosis. Ultimately, most particles 
sequester in membrane-bound vesicles where the 
acidifi cation process begins. The acidifi cation 
process usually breaks the particle down into 
their ions or molecules, releasing them in a con-
centrated dose to specifi c tissues most vulnerable 
to particle deposition. While not all mechanisms 
are known within this general fi eld of study, most 
agree that cellular uptake plays a large role in a 
cell’s and a tissue’s response to particles. 

 Studies have shown that exposure to particles 
in both in vitro and in vivo systems may cause 
production of infl ammatory biomarkers [ 40 ,  42 –
 45 ]. After engineered particles are internalized by 
cell, such as phagocytes, the infl ammatory cas-
cade may be triggered. Infl ammation is the com-
plex biological response of cells and tissues to 
harmful pathogens and other toxicants. It is both 
a proactive mechanism to remove these harm-
ful pathogens and to initiate production of repair 
enzymes. Unchecked infl ammation can lead to a 
host of diseases, such as asthma, atherosclerosis, 
and rheumatoid arthritis; therefore, it is normally 
tightly regulated by the body. Figure  44.4  graphi-
cally depicts the four distinct steps in a particle-
induced infl ammatory cascade.

44.3.5       Animal Models 

 The in vivo testing and evaluation of a new vac-
cine formulated for aerosol delivery requires 
careful consideration of factors relating to the 
appropriateness of the species and delivery 
modality as it relates to the immunogen and the 
corresponding infectious disease agent. The 
rationale underpinning evaluation in a particular 
species is determined at least in part upon the 
predicted serological and/or mucosal immune 
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response in that particular species. There is a nar-
row range of species available for use in these 
types of studies because the availability of well- 
characterized and documented infectious disease 
models is generally lacking. In addition, match-
ing the selected modality of vaccination in the 
animal model with the ultimate clinical adminis-
tration route can further limit choices. Many 

delivery platforms do not cater to a seamless 
adaptation in a preclinical setting; this is espe-
cially the case where an inhalation device requires 
any sort of respiratory compliance maneuver to 
assure dosing. Thus, one is faced with the logisti-
cal challenge of providing a surrogate delivery 
platform for vaccination delivery for the animal 
experiments. 
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  Fig. 44.4    General mechanisms of cellular toxicity after 
inhalation of particles. Presumed steps in triggering either 
cell- mediated or humoral immunities include the follow-
ing: ( 1 ) inhaled particles induce macrophage recruitment 
to mediate infl ammation with cytokines and nitric oxide, 
causing local tissue damage, ( 2 ) individual particles are 
phagocytosed and acidifi ed in macrophage endocytic 

pathway, causing cytotoxic release molecular compo-
nents, ( 3 ) specifi c to nanometer- sized particles, binding to 
nonspecifi c subsets of naïve humoral repertoire is possi-
ble, and ( 4 ) particles are recognized by a specifi c B cell 
paratope, which clonally expands plasma cells, secreting 
particle-specifi c antibodies, clearing the particles       

 

44 Nasal Dry Powder Vaccine Delivery Technology



724

 Specifi c to vaccination and the immune 
response, selection of the species that will pro-
duce the desired immune response is many times 
predicated upon past studies using similar immu-
nogens with familiar targets. Selection of the 
rabbit in the establishment of a clinical correlate 
of immunity against anthrax, for example, uses a 
previous characterized animal model with robust 
serological antibody production from a culture- 
fi ltrate vaccine product (anthrax vaccine 
adsorbed, AVA) [ 46 ]. Inhalation anthrax in the 
rabbit has been well documented and provided a 
well-characterized model of infection that can be 
used to test effi cacy of a particular vaccine for-
mulation [ 47 ]. In this particular example, the 
model and corresponding immune response was 
used to establish an in vitro correlate of immu-
nity (α-PA IgG) predictive of clinical effi cacy of 
the vaccine formulation. The establishing of a 
correlate of immunity would have not been pos-
sible if the basis of the model (inhalation anthrax 
in the rabbit) and the corresponding marker of 
immunity (α-PA IgG) had not been fi rst 
characterized. 

 Choice of species in the use of animal models 
also requires critical assessment of the 
interspecies- specifi c biological responses prior to 
selection. The available animal models for inves-
tigation of superantigen-associated shock (Sag), 
for example, are heavily dependent upon the rich-
ness of MHC-II receptors in the animal species. 
Direct binding of Sag toxins to circulating T cells 
is mediated through the MHC-II receptor and 
therefore represents a critical pathway in the sub-
sequent infl ammatory response. Rodents and 
rodent-like species are generally nonresponsive 
to challenge with purifi ed staphylococcal and 
streptococcal enterotoxemic shock due to the 
lack of circulating MHC-II receptors. Although 
these receptors are found in great abundance in 
phylogenetically higher life forms such as the 
primate, larger animals are generally used as dis-
ease models much more sparingly and only at 
selected intervals compared to rodent species. 
Rodent models are still used as a disease model 
of Sag-induced toxicity through the use of co- 
stimulatory mediators such as LPS or through the 
use of transgenics that express for MHC-II 

[ 48 ,  49 ]. The particular example of animal mod-
els of Sag-induced toxicity punctuates the 
requirement for critical assessment of predictive 
response prior to design of a study that may 
incorporate challenge for determination of effi -
cacy of a vaccine product.   

44.4    Strengths/Weaknesses 

 A vaccine that has the greatest chance of tack-
ling emerging infectious diseases and agents 
that are a threat to public health must have a 
method for rapid distribution and ease of deliv-
ery for health- care workers and military person-
nel as a risk mitigation strategy in the event of a 
threat. The critical performance parameters    
would, potentially, include particles that are less 
than 100 nm in diameter (a.k.a. nanoparticles) 
that contain an antigen that is released over a 
1-week time period, a spray-freeze-dried aggre-
gate of approximately 20 μm in aerodynamic 
diameter, and the spray-freeze- dried aggregates 
that should deaggregate into primary particles in 
less than 15 min. This short time period is due to 
the fact that mucociliary clearance rates of 
45–90 min require rapid deaggregation to allow 
individual particles to access the mucosa. 
Ideally, the product should be room temperature 
stable for a few years.  

   Conclusion 

 The intent of this review is to give a founda-
tional overview for those considering nasal 
delivery of vaccines. There should be suffi -
cient detail to introduce those interested in this 
approach to the basic principles that can be 
pursued in more detail through reference to 
the literature citations. The delivery of vac-
cines has been a protective strategy against 
disease for millennia. A variety of routes of 
administration have been employed among 
them the nasal mucosa. In modern times tech-
nologies and knowledge of the immune sys-
tem have evolved, and we can now apply, in an 
optimal manner, engineering and immunology 
principles to take advantage of the potential of 
this important route of administration. 
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 We have discussed important consider-
ations in designing a nasal vaccine technology 
including the basic anatomy, physiology, cell 
biology, and immunology of the nasal mucosa. 
We have presented the important components 
of a nasal vaccine in the foregoing text includ-
ing formulation (antigen, adjuvant, and addi-
tives), metering system, and device.    Finally, 
we have concluded with in vitro cell culture 
and animal models that are the basis on which 
they would be selected to evaluate nasal vac-
cine technologies. 

 The future of nasal vaccine delivery rests on 
the increasing knowledge of the disposition of 
vaccine from the nasal mucosa and its implica-
tions for both effi cacy and safety. The signifi -
cant increase in literature on this topic over the 
last decade demonstrates the burgeoning inter-
est in this route of administration. Hopefully a 
critical threshold will eventually be reached 
where industrial and regulatory confi dence in 
effi cacy and safety makes this a commonly 
employed route rather than simply an alterna-
tive to other routes of administration.     
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    Abstract  

  Immunotherapy has been a trusted therapy for 
centuries to eliminate infectious diseases. 
However, the successful immunotherapy 
depends on several factors such as nature of 
pathogen, vaccine delivery system, route of 
administration, and immune system of the 
host. With the advances in nanotechnology, 
immunotherapy is now targeting different 
challenging disorders including cancer as well 
as infectious diseases. Along with the evolu-
tion of several adjuvants to enhance immune 
response to vaccines, nanotechnology plays 
an important role by acting as self-adjuvant in 
form of particles.  

45.1      Introduction 

 Advances in nanotechnology have led to innu-
merable ways for prevention or treatment of vari-
ous diseases. Its impact on immunotherapy 
potentiates the vaccine delivery and effi cacy. 

 Immunotherapy is a specialized way of elimi-
nating diseases, where it prepares the immune 
system to combat the attack of foreign antigens 
(in case of infectious diseases) or self-antigens 
(in case of cancer). It has been proved very well 
for centuries that immunotherapy has been a 
cost-effective tool to prevent the disease. 

 With the evolution of different challenging 
diseases, there is an urgent need of vaccine devel-
opment against them to save lives of millions all 
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throughout the world. Moreover, in case of exist-
ing vaccines, there is still a need to address issues 
with respect to safety, effectiveness, ease of 
administration, time of preparation, and, most 
importantly, the cost. 

 Recent developments in immunology and 
molecular biology explore new vaccine materials 
and aim at triggering memory response to vac-
cines, which protect host’s immune system 
against the disease attack for a longer period of 
time. Vaccine effi cacy depends on its ability to 
induce memory T-cells and B-cells through Th1 
and Th2 immune pathways, respectively. 
Conventional vaccine materials include whole 
foreign organism vaccine (live/attenuated/killed/
lysate), cellular fragments of pathogens such as 
bacterial polysaccharides, and bacterial toxins 
[ 1 ]. On the other hand, development of recombi-
nant technology and RT-PCR allows to obtain 
specifi c antigen expression or synthetic peptide 
on larger scale and to use as vaccines. DNA vac-
cines are recently developed type of immunother-
apy which has shown encouraging results in 
some clinical trials [ 2 – 4 ]. 

 There are two major approaches for vaccina-
tion: prophylactic or therapeutic. Prophylactic 
vaccines fi nd their applications in the prevention 
of viral, bacterial, or parasitic infectious diseases 
such as infl uenza, HIV, tuberculosis, malaria, 
pneumonia, polio, and smallpox, which are caused 
by foreign antigens. However, in case of cancer 
which is caused by self-altered cells, vaccine for-
mulation is a challenging task as it requires 
immune response against self-cell antigens with-
out causing autoimmune response. There are very 
few prophylactic cancer vaccines available on 
market such as Gardasil® (Merck) and Cervarix® 
(GSK) vaccine for human papillomavirus infec-
tion causing cervical cancer. Prophylactic cancer 
vaccines can prevent the tumor development 
based on the use of overexpressed or mutated pro-
teins, mutated oncogenic growth factor receptors, 
heat-shock proteins, or other tumor-associated 
antigens [ 5 ]. In case of therapeutic approach, vac-
cines are given in order to trigger immune response 
against existing residual tumor cells mostly in 
combination with surgery or  chemotherapy and 
thus aiming at preventing or prolonging the 

relapse [ 6 ]. Currently, there is only one therapeu-
tic cancer vaccine, Provenge® (Dendreon), 
approved recently by FDA for treatment of pros-
tate cancer. On the other hand, studies are being 
carried out for melanoma and colorectal cancer 
[ 7 ]. Various other clinical trials have been reported 
utilizing DNA/dendritic cell (DC)/viral vector-
based vaccines depicting the continuous growth in 
the fi eld of cancer immunotherapy [ 8 ,  9 ]. 

 Vaccine effi cacy depends mainly on the 
immunogenicity of antigen. It can further be 
enhanced by the use of vaccine adjuvants which 
activate immune cells. Various adjuvants are 
being explored for their effectiveness to trigger 
humoral, cellular, and/or mucosal immunity 
against several antigens. Humoral immune 
response was found to be elicited mostly with the 
use of protein adjuvants. Cytotoxic T-cell 
responses were found to be triggered by ISCOMs, 
Montanide TM , Montanide ISA720, ISA 51, and 
viral vectors. MF59 and MPL® (monophosphoryl 
lipid) were shown to enhance Th1 responses. 
Viruslike particles, nondegradable nanoparticles, 
and liposomes produced cellular immunity. 
Douglas et al. incorporated Montanide ISA720 as 
an adjuvant to obtain both T-cell and B-cell 
response equal or higher than the response 
obtained with viral or protein adjuvants alone 
against Plasmodium falciparum MSP1. In case of 
commercially available cancer vaccines, mono-
phosphoryl lipid A (MPL) is being used in 
Cervarix® as a TLR-4-targeted adjuvant, while 
Gardasil® contains alum as an adjuvant. 
Compound AS04 (a combination of alum and 
monophosphoryl lipid A) has also been used in 
human vaccines against hepatitis B virus. 

 Adjuvants which are approved for human use 
include alum, compound AS04 (a combination of 
alum and monophosphoryl lipid A), AS03, and 
MF59. Among these, alum is used in many vac-
cines such as HAV, HBV, HPV, diphtheria, teta-
nus, Haemophilus infl uenzae type B, and 
pneumococcal conjugate vaccines. However, 
alum is a poor adjuvant for triggering Th1 
response. A list of adjuvants tested in animal 
models includes bacterial toxins such as cholera 
toxin, heat-labile enterotoxin of E. coli, nontoxic 
B subunit of cholera toxin, Toll-like receptor 
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(TLR) 9 agonist, and cytosine phosphoguanosine 
(CpG) dinucleotides [ 10 ]. Montanide, PLG, fl a-
gellin, QS21, AS01, AS02, RC529, ISCOM, 
IC31, CpG, MF59 with MTP-PE, immunostimu-
latory sequences (ISS), and 1018 ISS are some of 
the adjuvants which are in clinical trials against 
various disorders such as malaria, cancer, fl u, hep-
atitis B, hepatitis C, HIV, and TB [ 11 ]. Heffernan 
et al. found that the co-formulation of chitosan 
and IL-12 induced Th1, IgG2a, and IgG2b anti-
body immune response to a model protein vac-
cine. Denisov et al. evaluated various adjuvants 
(larifan, polyoxidonium, natrium thiosulphate, 
TNF-β, and Ribi adjuvant system) for their ability 
to enhance immune responses to the live brucel-
losis vaccine, Brucella abortus strain 82-PS (peni-
cillin sensitive) in guinea pigs, and they found that 
the highest protection was offered by combining 
TNF-β or polyoxidonium with S82-PS. The 
recent fi ndings by Chen et al. inferred that a com-
pound 3′ 5′-cyclic diguanylic acid (c-di-GMP), 
which is a bacterial intracellular signaling mole-
cule, can act as a vaccine adjuvant and has shown 
immunostimulatory properties. In a study by 
Skountzou et al., bacterial fl agellins from 

  Escherichia coli  and  Salmonella , coadminis-
tered intranasally with inactivated A/PR/8/34 
(PR8) virus, were found to be enhancing the effi -
cacy of infl uenza vaccines in mice. Thus, they 
can be termed as good candidates as mucosal 
vaccine adjuvants to improve protection against 
infl uenza epidemics as well as other infectious 
diseases. On the other hand, cancer vaccine effi -
cacy has also been enhanced by the use of cyto-
kines as adjuvants such as interleukins, IL-2, 
IL-12, and GM-CSF [ 12 – 15 ]. 

 Another way of enhancing vaccine effi cacy is 
with the use of nanotechnology. Nanotechnology 
has been explored for its different applications in 
delivering small molecules, proteins, and pep-
tides. Recently, vaccine delivery has been 
achieved through various pharmaceutical appro-
aches to establish enhanced effi cacy and ease of 
delivery and to address the issues related to sta-
bility. Vaccine material has been formulated into 
nanocarriers such as liposomes, polymeric 
nanoparticles, ISCOMs, dendrimers, micelles, 
VLPs, and carbon nanotubes.  

45.2    Need for Particulate Vaccines 

 Currently, there are no particulate vaccines avail-
able in the market, but extensive research is going 
on in this fi eld that would eventually bring par-
ticulate vaccine approach from bench to clinical 
interphase. Nanovaccine against notorious dis-
eases is an attractive option as it can elicit both 
humoral and cellular immunity [ 16 ]. Nano-
technology has also proven to offer mucosal 
immunity which can be targeted for infectious 
diseases caused by mucosal entry of pathogen 
[ 17 ]. These nanovectors bear the advantage of 
being similar to a pathogen in terms of size; thus, 
they are effi ciently recognized by antigen- 
presenting cells (APCs) of skilled immune sys-
tem [ 18 ]. Further, they will be drained into the 
nearby lymph nodes where they can activate the 
immune cells of the body. These immune cells 
are drained towards the epithelial gatekeeper 
cells receiving various chemokine signals [ 19 ]. 

 In contrast to natural infections, vaccines 
alone are incapable of producing a high antibody 
response [ 20 ]. The approach of using nanoparti-
cles as vaccines which can incorporate multiple 
antigens in a single entity will lead to an enhanced 
humoral response as well as provide cellular 
immunity [ 16 ,  21 – 24 ]. Uddin, Lai, and Yeboah 
et al. have successfully formulated and tested oral 
vaccines using the particulate vaccine delivery 
system for typhoid, melanoma, and tuberculosis, 
respectively [ 25 – 27 ]. In all these studies, signifi -
cantly higher mucosal and serum antibody titers 
(IgA and IgG) were obtained for orally adminis-
tered particulate vaccine than those observed for 
the oral solution vaccine. The duration of antigen 
presentation also plays an important role to 
enhance the immune response [ 28 ]. The release 
of antigen must be in a pulsatile fashion to 
decrease the number of booster doses required. 
The persistence of antigens can be obtained only 
if the particles are remaining intact and are 
 protected from degradation in the harsh acidic 
gastric conditions. 

 Also, it is possible to modify the outer sur-
face of the nanoparticles to increase its uptake 
by the APCs. It can be conjugated with either an 
immunostimulatory or targeting moiety; else the 
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 inherent property of the surface itself can be 
modifi ed. Surface charge also plays a vital role 
in uptake of the particles and affects the levels 
of immune response. It is shown that cationic 
particles are promising for uptake into macro-
phages and dendritic cells (DCs) [ 29 ]. 

 Another useful property of nanoparticles is 
incorporation of various immunopotentiators to 
enhance the immune response to a further extent. 
This also includes targeting ligands, which can 
help to minimize the adverse effects of the vac-
cines. Some of the examples of these targeting 
ligands include aleuria aurantia lectin (AAL), 
ulex europaeus agglutinin 1 lectin (UEA-I), and 
wheat germ agglutinin (WGA) which act as tar-
geting ligand to the M-cells present in Peyer’s 
patches. This will eventually help to increase the 
uptake of particles through small intestine and 
bypass oral tolerance [ 30 ,  31 ]. Various co- 

stimulatory molecules like interleukins or cyto-
kines can be included in the formulation to 
increase the immune response. It has been shown 
that DCs have receptors for both IL-2 and IL-12; 
hence, they have the capacity to present exoge-
nous antigens and activate both MHC class I 
(cross-presentation) and MHC class II pathways 
by vaccination [ 32 ,  33 ]. 

 This review aims to discuss the role of these 
nanocarriers as potential vaccine delivery vehi-
cles as shown in Fig.  45.1 . A brief description of 
each one is as follows:

45.3       Polymeric Nanoparticles 

 Polymeric nanoparticles (as shown in Fig.  45.1a ) 
as vaccine delivery vehicles have been explored 
widely as they can act as adjuvants themselves. 

  Fig. 45.1    Different nanocarriers for vaccine delivery: ( a ) 
TEM image of PEG-PLGA nanoparticle (scale bar corre-
sponds to 500 nm) (Reproduced from Bharali et al. [ 34 ] 
with permission from Elsevier). ( b ) Cryo-EM image of 
cationic liposomes entrapping DNA (scale bar corre-
sponds to 200 nm) (Reproduced from Perrie et al. [ 35 ] 
with permission from Elsevier). ( c ) TEM image of 
ISCOMs of different types such as typical cage-like ( solid 
arrow ), helices ( dashed arrow ), and double helices ( dot-
ted arrows ) (scale bar corresponds to 200 nm) (Reproduced 
from Sun et al. [ 36 ] with permission from Elsevier). ( d ) 
EM image of infl uenza H1N1 viruslike particles (scale 

corresponds to 100 nm) (Reproduced from Quan et al. 
[ 37 ], open-access article). ( e ) SEM image of PEG-PEI-
PBLG copolymeric micelles (scale corresponds to 
200 nm) (Reproduced from Tian et al. [ 38 ] with permis-
sion from Elsevier). ( f ) TEM image of PAMAM den-
drimer (Reproduced from Jackson et al. [ 39 ] with 
permission from ACS). (G, H) TEM images of single-
walled ( g ) and multi- walled ( h ) carbon nanotubes (scale 
bar corresponds to 1 μm and 250 nm, respectively) 
(Reproduced from Klumpp et al. [ 40 ] with permission 
from Elsevier)         

a b c d
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Polymeric nanoparticles can offer the protection 
to proteins and peptides against gastric degrada-
tion upon oral administration and therefore vac-
cines are defi nitely one of the major applications 
for such particles [ 41 ]. The particles of size less 
than 1 μm offer adaptive immunity by facilitating 
their targeted uptake and extended presentation 
by APCs [ 42 ]. Nevertheless, the immune 
response also depends on rate of dissolution, sur-
face morphology, charge, and size [ 43 ]. 

 Oral administration is the most preferred route 
of administration as it is more patient compliant. 
Intestinal uptake of these particles is the key fac-
tor for determining the effi ciency of oral vac-
cines. The usage of nanoparticles versus the use 
of microparticles as vaccine carriers for oral 
delivery is always debatable. There are confl ict-
ing reports as to which size can be considered as 
the optimum size range for eliciting a stronger 
and lasting immune response [ 44 ]. 

 In this study by Desai et al., it was shown that 
particles of 100 nm showed increased uptake 
across the intestine in a rat model when com-
pared to particles of 500, 1, and 10 μm size. 
These particles were prepared of polylactic/poly-
glycolic acid copolymer (50:50). Conventional 
nanoparticles are susceptible for entrapment in 
mucus due to steric as well as adhesive interac-
tions. These interactions can be overwhelmed by 
tailoring the size of nanoparticles, which allows 
the particles to diffuse through mucus [ 45 ]. Here, 
Primard et al. reported that nanoparticles of size 
greater than 300 nm are less effective to move 
across the mucus lining of the intestine, when 
given orally. Therefore, particles in size range 
200–250 nm were found to be taken up in M-cells 
of Peyer’s patch of small intestine. 

 In contrast, a study conducted by Gutierro 
et al. showed that 1,000 nm particles of bovine 
serum albumin as a model protein incorporated in 
PLGA elicited higher IgG response when com-
pared to 200 and 500 nm particles, and the 
immune response induced by 200 and 500 nm 
particles was comparable to each other by oral 
and subcutaneous route of administration [ 46 ]. 

 However, in a contradictory study by Wendorf 
et al., poly(lactide-co-glycolide) nanoparticles 
of size 110 and 800–900 nm were compared for 
their effi cacy and were found to be offering 

 comparable immune response [ 47 ]. In a study by 
van den Berg J. et al., cationic nanoparticles con-
taining DNA vaccines were evaluated via dermal 
route. It was seen that these cationic nanoparti-
cles blocked vaccination-induced antigen 
expression in mice and ex vivo human skin due 
to immobilization of the nanoparticles in 
extracelvlular matrix caused by electrostatic 
interactions. Therefore, shielding the surface 
charge of the nanoparticles by PEGylation 
improved in vivo antigen expression [ 48 ]. 
Polylactic acid is one of the widely used biode-
gradable polymers in vaccine delivery. However, 
the use is restricted due to hydrophobic nature 
and generation of acidic microenvironment upon 
its degradation, rendering it unfavorable to the 
encapsulated antigen. In a study by Jain et al., 
PEG-derivatized block copolymers of PLA were 
used for development of nanoparticles encapsu-
lating HBsAg for mucosal vaccination against 
hepatitis B. These polymers were found to pro-
duce better sIgA mucosal immune response [ 49 ], 
while in case of cancer, T-cell immune response 
can also be altered with the use of nanoparticles 
[ 50 ]. Several other polymers have been tried to 
formulate vaccine nanoparticles as listed in 
Table  45.1 . Interesting uptake study performed 
by Primard et al. showed the poly(lactic acid) 
nanoparticles traversed from intestinal mucosa 
to Peyer’s patch and then interacted with under-
lying B-cells and dendritic cells upon oral 
administration [ 45 ]. Due to all these advantages 
of polymeric nanoparticles, they remain a poten-
tial vaccine delivery system. 

45.4      Liposomes 

 Although there are various nanocarriers avail-
able for vaccine delivery, liposomes play a 
prominent role as drug and potential vaccine 
delivery vehicles. Liposomes were introduced 
by Bangham et al. in 1960s [ 51 ], almost a decade 
later Allison et al. elicited their role as an immu-
nological adjuvant [ 52 ], and since then, many 
studies have been done to exploit this approach. 
These are  nanostructures (as shown in Fig.  45.1b ) 
composed of phospholipids having a capacity to 
encapsulate both hydrophilic and hydrophobic 

45 Nanotechnology in Vaccine Delivery
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drugs as well as vaccine antigens of various ori-
gins. They not only act as carriers to protect these 
bioactive moieties but also possess immunogenic 
properties, thus acting as a potential adjuvant [ 35 , 
 60 – 62 ]. Conventional liposomes have been 
unsuccessful as vaccine particles due to their 
rapid clearance from the body because of their 
uptake by reticuloendothelial system [ 63 ], 
although, with the advent of stealth/PEGylated 
liposomes, increased half-life of these circulating 
nanocarriers has been achieved [ 64 ]. Doxil®, a 
PEGylated liposome of doxorubicin, is a mar-
keted product utilizing this application and is 
used for the treatment of cancers. Other liposo-
mal marketed formulations include Ambisome® 
(Gilead), Myocet® (Elan), and Depocyt® 
(SkyePharma). 

 To enhance the immunogenicity of these carri-
ers, various other approaches have been 
employed. Mohammed et al. describe the use of 
cationic liposomes leading to improved stability 
and sustained immunological effects against 
Mycobacterium tuberculosis [ 65 ]. Further the 
use of adjuvants incorporated in the liposome has 
been explored to provide immune-stimulant 
effect; recently, the effi cacy of monophosphoryl 
lipid A integrated dimethyldioctadecylammo-
nium (DDA) and trehalose 6,6′-dibehenate 
(TDB) liposomes has been shown to induce cel-
lular immunity along with the humoral response 
[ 66 ,  67 ]. Altin et al. further review the use of 
liposomes and plasma membrane vesicles (PMV) 
as a carrier for targeted delivery of antigens [ 63 ]. 
There are various other forms of liposomes which 
have been found to be promising as antigen carri-
ers such as virosomes, archaesomes, and proteo-
somes [ 68 – 70 ]. 

 Apart from imparting immunomodulatory 
properties, the physical properties of these nano-
carriers are also important to act as a potent vac-
cine delivery vehicle. Xiang et al. discuss the role 
of size in development of particulate vaccines 
and describe various particle size range and their 
respective uptake mechanism; this can be useful 
as smaller liposomes mimic the uptake mecha-
nisms of viruses whereas larger liposomes can 
follow a pathway as used by the bacteria [ 43 ]. As 
discussed previously, surface charge of these spe-

cies also dictates their effi cacy as a particulate 
vaccine; for example, cationic liposomes have 
shown better effi cacy than others [ 71 ]. Such 
modifi cations in physical properties, use of 
immunoadjuvants, and stealth properties of these 
carriers potentiate their use as a particulate vac-
cine [ 72 ]. Considering the success of liposomal 
products in the market, it is promising to have a 
liposomal vaccine soon.  

45.5     Immunostimulatory 
Complexes (ISCOMs) 

 ISCOMs (immunostimulatory complexes), as 
shown in Fig.  45.1c , are particulate vaccine 
nanocarriers of 40 nm size which are made up of 
cholesterol, phospholipid, and saponin along 
with antigen/s. However, ISCOMATRIX TM  is 
now available without antigen and having the 
same composition as ISCOMs. This matrix pro-
vides incorporation of antigen which can be 
used as ISCOMATRIX TM  vaccine with similar 
immunostimulatory activity as seen with 
ISCOMs. The immunostimulatory property is 
imparted to these complexes due to Quil A 
which is a purifi ed less toxic extract from 
Quillaja saponin. These complexes have been 
reported to produce immune responses against 
variety of antigens such as viral, bacterial, 
 parasitic, or tumor antigens [ 73 ,  74 ]. 

 Some researchers have tried to enhance the 
immunostimulatory properties of these com-
plexes by varying or replacing some of the com-
ponents such as phospholipids or Quil A [ 36 ]. 
Several ISCOM TM  and ISCOMATRIX TM  vac-
cines have shown to induce humoral and cellular 
response in animal models (as shown in 
Table  45.2 ). These systems can access both the 
MHC I and MHC II pathways and act as a potent 
immunomodulator of both the innate and adap-
tive immune systems. Intranasal delivery of infl u-
enza ISCOMATRIX TM  vaccine in humans has 
shown to induce systemic and mucosal responses, 
and therefore the ISCOMATRIX TM  adjuvant can 
be used as a mucosal adjuvant [ 75 ]. Antigen- 
specifi c CTL, T-helper cells, and antibodies can 
be induced by ISCOM and ISCOMATRIX TM  
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vaccines for cancer and infectious diseases [ 36 ]. 
Another modifi cation of ISCOM with regard to 
charge resulted in cationic ISCOM derivatives 
(PLUSCOMs), which offered high anionic anti-
gen loading and therefore enhanced T-cell 
response in comparison to classic anionic 
ISCOMs against a model protein antigen (oval-
bumin) [ 84 ]. Moreover, these complexes can 
reduce the dose of antigen required to induce 
immune response [ 85 ]. Table  45.2  lists different 
ISCOMs and ISCOMATRIX TM  which have been 
studied in vivo against various infections.

45.6       Virus-like Particles 

 Along with a range of nanocarriers available for 
the vaccine delivery, viruslike particles (VLPs), as 
shown in Fig.  45.1d , are one of the most potent 
ones [ 86 ]. As the name indicates, these are 

 particles resembling size range of a virus from 22 
to 150 nm and contain self-assembled envelopes/
proteins of various viruses. As they lack the 
genetic material, they are regarded noninfectious. 
Noad et al. detail that for more than 30 different 
infectious viruses, VLPs have been produced, 
eliciting the need of this approach [ 87 ]. Due to 
various advantages of this delivery system, cur-
rently there are VLP-based vaccines commer-
cially available against two diseases—HBV and 
HPV [ 88 ,  89 ]. Also, various clinical trials are in 
progress utilizing this particulate delivery system. 
Recently, Buonaguro et al. discussed the role of 
VLPs as particulate vaccines, their contribution to 
current vaccines and clinical trials, and also the 
immune response elicited by these particles [ 90 ]. 
Also, a detailed review by Grgacic et al. describes 
the role of VLPs as vaccine particles to elicit 
immune response [ 91 ]. Structurally, VLPs can be 
defi ned as enveloped or non- enveloped depending 

    Table 45.2    Summary of various Immunostimulatory Complexes (ISCOMs) based vaccines under research using 
 animal models   

 Vaccine delivery 
system 

 Vaccine 
preparation  Immune response 

 Route of 
administration  Animal model  Reference 

 ISCOM  Infl uenza viruses, 
H3N2 

 Humoral and 
cellular immunity 

 NA   Cynomolgus  
  Macaques  

 [ 76 ] 

 ISCOM  Used as a 
adjuvant for 
human norovirus 
GII.4 HS66 strain 
vaccine 

 Th2 biased responses 
with signifi cantly 
elevated IgM, IgA 
and IgG antibody-
secreting cells 

 Oral/IN  Gnotobiotic pigs  [ 77 ] 

 ISCOM  Avian infl uenza 
A viruses of the 
H5N1 subtype 

 Strong antibody 
responses 

 IM  Roosters  [ 78 ] 

 ISCOM  A/PR8/34 
Infl uenza virus 

 Strong mucosal as well 
as systemic antibody 
and cytotoxic 
T-lymphocyte responses 

 IN  BALB/c mice  [ 79 ] 

 ISCOM  Virosomal 
infl uenza A 
H5N1 

 Th1 CD4+ cells 
and strong antibody 
responses 

 IM  BALB/c mice  [ 80 ] 

 ISCOMATRIX™  MEM infl uenza 
antigen 

 Mucosal and serum 
antibody response 

 IN  BALB/c mice  [ 81 ] 

 ISCOMATRIX TM  
and ISCOM TM  

  H .  pylori   Reduction in  H .  pylori  
colonization 

 IN/SC  mice  [ 82 ] 

 ISCOM  Recombinant 
NcSRS2, of the 
intracellular 
protozoan parasite 
 Neospora caninum  

  N .  caninum  specifi c 
antibodies and 
cellular response 

 SC  BALB/c mice  [ 83 ] 

   IM  intramuscular,  SC  subcutaneous,  IN  intranasal,  NA  not available  
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upon the presence or absence of their lipid 
 envelope, surrounding the capsid protein. 

 VLPs of human papillomaviruses (HPV) are a 
good example of single-capsid non-enveloped 
VLPs consisting of L1 as major capsid protein. 
These VLPs can be produced in yeast (Gardasil) 
as well as in insect cells infected with baculovi-
rus (Cervarix). Schiller et al. review the clinical 
trials performed using these HPV-VLPs and 
describe the effi cacy of these systems against 
HPV [ 92 ]. The review also emphasizes that there 
are limited safety issues related to the vaccine as 
seen during the clinical trials. 

 On the other hand, various enveloped VLPs 
are available against infl uenza A, hepatitis B, 
hepatitis C, and several retroviruses. Recently, 
Kang et al. showed the possibility of infl uenza A 
vaccination through transdermal route using 
VLP-coated microneedle, thus enhancing the 
compliance towards these nanocarriers [ 93 ]. 
Considering the wide applications of these VLPs 
and their success as a commercial particulate 
vaccine, they continue to remain potential nano-
carriers for future vaccines [ 37 ,  94 – 99 ].  

45.7    Polymeric Micelles 

 Polymeric micelles (as shown in Fig.  45.1e ) are a 
well-organized nano-sized assembly of synthetic 
polymers. These fall in the category of associa-
tion colloids that are formed spontaneously when 
the amphiphilic molecules or hydrophilic regions 
are maintained at an appropriate concentration 
and temperature [ 38 ,  100 ]. They are not held 
together by covalent bonds and hence can be dis-
sociated easily. This property of micelles can be 
exploited as per their applications [ 17 ]. They 
have shown high stability in vitro as well as in 
vivo [ 101 ]. Physical and chemical properties of 
polymeric micelles can be manipulated by selec-
tion of suitable hydrophilic and hydrophobic 
polymers [ 102 ]. In a study by Morein et al., a 30S 
protein subunit micellar vaccine induced a detect-
able antibody titer as well as protective immunity 
in a challenge study against pneumonia caused 
by the PI-3 virus [ 103 ]. Prabakaran et al. per-
formed similar studies where they used soya 

phosphatidylcholine micelles against H5N1 
 infection [ 104 ]. Higher levels of serum IgG, 
mucosal IgA, and HI titers were observed when 
compared to the free antigen. Hence, micelles 
can serve as a promising carrier for vaccine 
antigens.  

45.8    Dendrimers 

 Dendrimers (as shown in Fig.  45.1f ) are highly 
branched, monodispersed polymeric nanoparti-
cles. Dendrimers are composed of three different 
components: an initiator core, branches, and ter-
minal functional groups. The initiator core is the 
main component of dendrimers and the branches 
extend in the outer directions. The terminal 
groups can be modifi ed based on charge/hydro-
philic/lipophilic properties [ 105 ]. They are simi-
lar to polymeric micelles but are linked covalently 
unlike micelles and thus have more stronger 
bonds and do not tend to dissociate easily [ 106 ]. 
The external surface can be easily modifi ed and 
alterations of the internal cavity make dendrimers 
a promising carrier for various biomedical and 
industrial applications [ 107 ]. Recent work by 
Baker et al. involves coupling of various func-
tional molecules including sensing units, MRI 
contrast agents, triggering devices, and targeting 
molecules to the surface of a generation 5 den-
dritic polymer (MW 25,000 Da, diameter 5 nm) 
[ 108 ]. A specifi c class of dendrimers called as 
multiple antigenic peptide (MAP) systems has 
been used widely for the vaccine purposes. MAP- 
based malaria vaccine has been tested in phase I 
clinical trials [ 109 – 111 ]. Having the potential to 
enter the clinical trials, these delivery systems are 
expected to be available on market shortly. 
Table  45.3  lists some of the dendrimeric systems 
currently under research.

45.9       Carbon Nanotubes 

 Recently, inorganic nanomaterials such as nano-
crystals, nanowires, and nanotubes have been 
receiving an increasing amount of attention for 
vaccine delivery. Carbon nanotubes (as shown in 

45 Nanotechnology in Vaccine Delivery
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Fig.  45.1g–h ) are explored as a vehicle for vaccines 
because of their capacity to link to an antigen while 
maintaining their conformation and thus inducing 
antigen-specifi c antibody response. They can also 
be modifi ed in a non-immunogenic material [ 115 ]. 
Functionalized carbon nanotubes can be used as 
nanovectors for the delivery of antigen/s by form-
ing covalent bonds or supramolecular assemblies 
based on non-covalent interactions [ 40 ]. Though 
carbon nanotubes remain an area of interest for cur-
rent researchers, still extensive work is required 
before they can enter the clinical trials.  

45.10     Challenges and Future 
Directions 

 With a wide range of nanocarriers available for 
vaccine delivery, nanotechnology not only gets 
the well-deserved limelight but also attracts 
attention of regulatory bodies and bears certain 
challenges that need to be considered before mar-
keting these nanocarriers. 

45.10.1    Advantages and 
Disadvantages of 
Nanoparticles as Vaccines 

 Nanovaccines have its own pros and cons as a 
delivery system. They are made up of biode-
gradable polymers and hence are considered 
safe for administration. Nanoparticulate vaccine 
can be administered easily by different routes 
such as parenteral, oral, transdermal, nasal, and 
even pulmonary route. Thus, being noninvasive, 
delivery systems other than parenteral allow 
pain-free delivery of vaccines over conventional 
vaccines [ 116 ]. They can trigger the immune 
system effi ciently as described earlier. Moreover, 
release of antigen at a controlled rate and time 
in a desirable fashion can be achieved by 
nanoparticles [ 117 ]. 

 The cost of production and storage of these 
vaccines is a basic concern. But the reproducibil-
ity of nanovaccines is a greater question [ 70 ]. On 

the other hand, nanoparticles of size larger than 
300 nm are reported to be less effi cient to traverse 
across the mucosal lining of intestine and hence 
result in lower particle uptake through Peyer’s 
patches in the intestine and lesser immune 
response for vaccine particles [ 45 ]. Thus, size 
and charge of the nanoparticles play a critical 
role in determining the effi cacy of vaccine for-
mulation. Therefore, the reproducibility of vac-
cines during manufacturing should be ensured, 
which needs critical evaluation of the particles. 
Another issue is to address the sterilization 
 performed by nonthermal methods needs to be 
taken care of [ 118 ]. Also, small nanoparticles are 
cleared rapidly from the body, whereas the larger 
aggregates might get accumulated in the organs 
and cause toxicity issues. 

 The “nano” size which makes these carriers 
so promising is also the reason behind the con-
cerns of these delivery systems. Researchers pro-
pose that the smaller the carrier, the better it 
functions and remains protected by the body’s 
RES system; also ways have been devised to 
impart stealth properties to these carriers to 
avoid their uptake by such phagocytic cells. 
Although all these properties make the nanocar-
rier a potential delivery system, it also makes it 
harder to be cleared from the body, thus adding 
to “nanotoxicity.” Comparatively extensive stud-
ies have been done to determine the toxicity pro-
fi le of nano-sized molecules than nanocarriers. 
Little is known about the toxic effects of such 
nanocarriers which have been used for vaccine 
delivery. Even though the use of these carriers 
remains questionable, various researches are 
being done to answer these concerns and regula-
tory authorities remain to be a part of these 
hassles.      
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    Abstract  

  The overwhelming majority of vaccine anti-
gens are biological macromolecules, such as 
proteins and polysaccharides, typically with a 
molecular weight greater than 10,000. As 
such, they need to be delivered to the body in 
the correct conformation in order to elicit the 
desired immune response and to effectively 
target the immune cells. Currently, most vac-
cines are administered parenterally via the 
intradermal, subcutaneous or intramuscular 
route, the choice largely dependent on whether 
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the antigen is in the adsorbed or nonadsorbed 
state. However, these routes have major draw-
backs, including pain associated with the use of 
needles, the potential for needle contamination, 
practicalities of needle disposal and the need 
for a primary healthcare worker. There is now a 
particular focus on the development of mucosal 
vaccines, designed for direct application to 
mucosal surfaces such as those present in the 
mouth, nose, vagina and rectum. 

 Often, simple antigen solutions are immu-
nologically ineffective when delivered by these 
mucosal routes, owing to diffi culties associated 
with mucosal retention and uptake. A diverse 
range of formulation strategies, including 
microspheres, liposomes, nanoparticles and 
virus-like particles, are now being actively 
investigated. In addition to the design and 
selection of the antigen candidate, the choice 
and preparation of the antigen delivery system 
is crucial to achieve the end goal of vaccination. 
In this chapter, an overview of the role and con-
siderations for the design of vaccine delivery 
systems is presented, with particular focus on 
the challenges and recent advances in the fi eld 
of colloidal and nano- sized delivery systems.  

46.1        Introduction 

 In the current age of molecularly defi ned vac-
cines, the necessary focus on ensuring product 
safety has inevitably impinged upon clinical 
effi cacy [ 1 ]. Most antigen candidates are bio-
logical macromolecules and therefore highly 

susceptible to inactivation, loss of conforma-
tion and poor absorption by the peroral route. 
As a result, most vaccines are administered par-
enterally by needle injection. These problems 
are further compounded by the fact that anti-
gens are extremely prone to physical, chemical 
and conformational degradation resulting in 
vaccine ineffi cacy [ 2 ]. Current vaccination 
requires the need for trained medical personnel 
for the administration of parenteral vaccines 
and for the disposal of used needles and 
syringes [ 3 ]. It is likely that induction of strong, 
antigen-specifi c mucosal immune responses 
will play a critical role in developing vaccines 
for diseases such as HIV/AIDS. Achieving this 
goal may necessitate antigen dosing at mucosal 
sites, with particular measures to overcome the 
challenges associated with local degradation 
[ 4 ,  5 ] and retention (e.g. in the nose and vagina). 
To this end, there is substantial scope globally 
for the development of accessible and afford-
able vaccine delivery strategies that maintain or 
enhance the delivery and effi cacy of a given 
vaccine.  

46.2    Roles of Vaccine Delivery 
Systems 

 A wide range of advanced drug delivery systems 
have been developed to overcome the various 
problems and obstacles associated with more 
conventional drug delivery methods. Table  46.1  
provides an overview of the main formulation 
approaches adopted for the effi cient delivery of 
drug molecules.

   Table 46.1    Roles of drug delivery systems   

 Role of delivery system  Examples 

 Protection against chemical and physical degradation, 
improved shelf life and elimination of cold chain 

 Freeze-dried delivery systems/spray-dried vaccines [ 6 ] 

 Protection against (chemical/enzymatic) degradation at 
mucosal sites 

 Microparticles/nanoparticles [ 7 ] 

 Improved effi cacy by immune system modulation  Liposomes [ 8 ,  9 ], nanoparticles [ 10 ,  11 ] 
 Improved effi ciency through sustained release  Poly(lactide-co-glycolide) microparticles [ 12 ] 
 Obviation of the need for trained medical personnel  Microneedles [ 13 ] 
 Remove the need for special disposal of needles/syringes  Dissolving microneedles [ 14 ,  15 ] 
 Improved mucosal retention  Vaginal gels [ 16 ], nasal gels [ 17 ], vaginal rods [ 18 ,  19 ] 
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46.3       Important Considerations 
and Challenges for the 
Design of Vaccine Delivery 
Systems 

46.3.1    The Conformation of an 
Antigen Needs to Be Protected 

 The preparation process of vaccine delivery sys-
tems or constituent excipients of vaccine delivery 
formulations may cause physical or chemical 
changes to the vaccine that result in loss of or altered 
activity [ 2 ]. The fi nal activity of the dosage form 
must be adequately assessed by various immuno-
logical and in vivo techniques. The ultimate aim 
should be stabilisation to such an extent that the 
need for cold-chain transport is eliminated.  

46.3.2    The Vaccine Delivery Rate 
Should Be Adequately 
Evaluated 

 Many delivery systems are designed to deliver 
the vaccine over a prolonged period of time. 
However, it is known that prolonged or repeated 
administration of some vaccine candidates can 
lead to the development of tolerance [ 20 ,  21 ]. 
This aspect should be carefully evaluated.  

46.3.3    The Adjuvant Component Is 
Often as Important as the 
Antigen Itself 

 Adjuvants are useful, and sometimes essential, in 
potentiating an immune response. Thus, adjuvant 
formulation, dose and release rate should be 
given equal consideration and may need to be 
correlated to that of the accompanying antigens.  

46.3.4    Dosage Form Design Must 
Aim to Eliminate the Need for 
Trained Personnel for 
Administration of the Vaccine 

 Ideally a vaccine intended for quick and effec-
tive mass immunisation should be able to be 

administered without the need for trained per-
sonnel. This would facilitate global and equita-
ble access to the vaccine.   

46.4    Concepts in Designing 
Delivery Systems for 
Vaccines 

 Clinical experience favours use of subunit vac-
cines as a safer alternative to traditional organism- 
based vaccines, despite their often impaired 
immunogenicity. Use of vaccine delivery systems 
may overcome this compromise. 

46.4.1    Particulate Antigens Are More 
Potent Compared to Soluble 
Antigens 

 One advantage of particulate vaccines over sol-
uble antigens arises from their facilitated uptake 
by antigen-presenting cells (APCs). Antigens 
associated with particles mimic the particulate 
nature of pathogens. For example, particulate 
vaccines are typically a few hundred nanome-
tres to a few microns in size, dimensions com-
parable to those of common pathogens against 
which the immune system has evolved to react, 
and promoting effi cient uptake by APCs. 
Internalisation of particulate vaccines into 
phagosomes through the mechanism of phago-
cytosis has important consequences since 
phagosomes are known to be competent organ-
elles for antigen cross-presentation [ 22 ]. This 
makes particulate vaccines attractive for induc-
ing cellular immune responses and in contrast 
to soluble antigens which are preferentially 
presented by the MHC class-II pathway and 
only poorly cross-presented. Other attractive 
features of particulate antigens include (i) the 
possibility to deliver relatively large quantities 
of particle-associated antigen inside the APCs, 
(ii) a prolonged intracellular [ 23 ] or extracellu-
lar [ 24 ] release leading to prolonged antigen 
presentation compared with soluble antigen, 
and (iii) concomitant delivery of antigen and 
immunostimulatory components to the same 
APC [ 25 ].  
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46.4.2    Particulate Delivery Systems 
Have Inherent Adjuvant 
Action 

 There are inherent safety concerns associated 
with traditional vaccines based upon killed, live- 
attenuated microorganisms or attenuated toxins. 
For some pathogens (i.e. tuberculosis, HIV), 
these types of vaccines are not available [ 26 ]. 
Nowadays, there is increasing interest in vaccines 
based on proteins, peptides or antigen-expressing 
DNA or RNA. Safer than the use of whole micro-
organisms, they are, however, poorly immuno-
genic and require the use of adjuvants [ 27 ]. 
Examples of particulate delivery systems with 
inherent adjuvanticity that have been tested in 
humans are summarised in Table  46.2 . Adjuvants 
can enhance specifi c immune response against 
the co-administered antigen by two major mech-
anisms [ 27 ]. (i) The particulate delivery system 
increases the uptake of antigen by APC by either 
they are directly engulfed by APC or they form a 
depot of antigen that prolongs exposure thus 
increasing the chance of the antigen to be uptaken 

by APC. (ii) The particulate delivery system acts 
as an immunopotentiator (e.g. cytokines) type of 
adjuvant directly activating innate immune cells.

46.5        Designing Antigen Delivery 
Systems 

 Pharmaceutical vaccine formulations that are 
presently being tested in various experimental 
and clinical models are generally particulate in 
nature and obtained by aggregation/cross-linking 
of antigen [ 28 ] or by adsorption or precipitation 
of antigen on aluminium salts. Alternatively, the 
antigen can be chemically attached to a pre-
formed particular carrier [ 29 ] or chemically or 
physically distributed in or on particles in a more 
(in liposomes and virus-like particles) or less (in 
polymeric microspheres) organised way [ 29 ,  30 ]. 
Typically, any type of particle facilitates the rec-
ognition of the vaccine by professional APC as 
well as the uptake of the vaccine into these cells. 
Prior to APC uptake, the formulation itself 
may infl uence the properties of the recruited 

   Table 46.2    Delivery systems with inherent adjuvanticity that have been tested in humans   

 Delivery systems  Composition (mechanism of action)  Disease (antigen) 

 Liposomes  One or several bilayers of phospholipids  Infl uenza (monovalent split) 
 Liposomes + MTP-PE  Liposomes that incorporate the synthetic 

lipid MTP-PE 
 HIV (gp120) 

 Virosomes  Liposomes that incorporate in their 
membrane viral fusion proteins. 

 HAV, infl uenza, DT, TT 

 ISCOMS  Micellar assemblies made of saponin Quil-A, 
cholesterol and phospholipids 

 Infl uenza (trivalent split), HPV16 
(E6/E7), Helicobacter pylori 

 PLGA microparticles  Particles made of homo- and copolymers or 
lactic and glycolic acids. 

 TT, HIV 

 MF59®  Squalene/water emulsion stabilised with 
Span85 and Polysorbate 80 

 Infl uenza (trivalent split), HBV, HSV-2 
(gB + gD), HIV-1(gp120), CMV(gB) 

 SBAS-2  Squalene/water emulsion that incorporate 
MPL® and QS21® 

 Malaria (RTS, S), HIV-1 (gp 120) 

 SBAS-4  Alum gel with MPL®  HBV (HBsAg), HSV 
 Incomplete Freund 
adjuvant 

 Water/Drakeol emulsion stabilised with 
mannide monooleate 

 HIV-1, Melanoma (gp100) 

 Montanide ISA720  Emulsion with a metabolizable oil  Malaria (MSP1, MSP2) 
 Detox®  Squalene/water emulsion that incorporate 

MPL® and CWS 
 Malaria (R32NS18), Melanoma cell 
lysates 

  Abbreviations:  CMV  cytomegalovirus,  CWS  cell wall skeleton from Mycobacterium phlei,  DT  diphtheria toxoid,  HAV  
hepatitis A virus,  HBV  hepatitis B virus,  HPV  human papilloma virus,  HSV  herpes simplex virus,  MPL  monophosphoryl 
lipid,  MTP-PE  muramyl tripeptide dipalmitoyl phosphatidyl ethanolamine,  PLGA  poly-(D,L)-lactide-co-glycolic acid, 
 TT  tetanus toxoid  
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 phagocytic cells. The design of the vaccine deliv-
ery system may also infl uence other critical fac-
tors, as discussed below. 

46.5.1    Transport of Antigen Across 
a Biological Barrier 

 Vaccine delivery systems should improve antigen 
passage through relevant biological barriers, such 
as the intestinal and nasal mucosa. Based on 
observations over the past few decades, it has 
been noted that smaller particle sizes generally 
enhance the ability of particles to transport anti-
gens across the intestinal barrier [ 31 ]. The ideal 
size for a mucosal vaccine carrier would be 
within the 50–500 nm range, although other fac-
tors that affect particle uptake are summarised in 
Table  46.3  [ 7 ].

46.5.2       Biodistribution of the Antigen 
Delivery System and Their 
APC-Targeting Potential 

 The size of the polymeric particles infl uences 
their distribution after subcutaneous, intradermal 
or intramuscular administration. When adminis-
tered by the intramuscular or subcutaneous route, 
particles with size 20–100 nm can penetrate the 
extracellular matrix and enter directly into the 
lymphatic vessels. Once in the lymph, the parti-
cles travel to the lymphatic nodes where they are 
captured by the dense population of immune 

cells, mostly by dendritic cells, and generate 
effective immune responses [ 32 ]. In addition to 
the critical role of the particle size, it has been 
observed that the uptake of nanoparticles by mac-
rophages and dendritic cells can be strongly 
enhanced if the particles have a cationic surface 
[ 33 ].  

46.5.3    Antigen Stability in the 
Delivery System 

 Vaccine delivery systems may offer the advantage 
of antigen protection from harsh physiological 
conditions. However, formulation develop ment 
conditions are of critical importance since the 
use of organic solvents, extreme temperatures or 
high energy inputs can also degrade or aggregate 
the antigen. Also, the materials used in the fabri-
cation of the delivery systems or their degra-
dation products can also enhance protein 
deterioration [ 34 ].  

46.5.4    Concomitant Delivery of 
Antigen and Co-stimulatory 
Molecules 

 If the vaccine by itself is not capable of stimulat-
ing the expression of molecules necessary for 
T-cell activation, the combined delivery of anti-
gen and co-stimulation factors within the same 
pharmaceutical formulation may improve the 
priming of lymphocytes. This concept has been 
demonstrated with recombinant viral vectors and 
liposomes, which provided co-stimulatory mole-
cules such as those of the B7 family [ 35 ].  

46.5.5    Immunomodulating Activities 
of Polymers 

 Some polymers can be used as effective protein 
carriers, and the development of vaccine delivery 
systems based on liposomes, microspheres, 
nanoparticles or water-soluble synthetic poly-
mers has received considerable attention, as they 
can be tailored to meet the specifi c physical, 

   Table 46.3    Various factors affecting uptake of poly-
meric particles   

 Particle size  Animal species used for 
evaluation 

 Particle hydrophobicity  Age of the animal 
 Dose of particle 
(antigen dose) 

 Fed state of the animal 

 Administration vehicle  Mucosal layer characteristics 
 Polymer composition  Use of targeting agent on the 

particles 
 Effect of additives  Method for the quantitation 

for the extent of uptake 
 Particle surface charge 
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chemical and immunogenic requirements of a 
particular antigen [ 36 ]. Antigen delivery systems 
which assist the acidifi cation of endosomes also 
promote the MHC class-II presentation of the 
antigen they are carrying. This might be one 
mechanism by which nano- and microparticles of 
poly(lactide-co-glycolide) function. On the other 
hand, pharmaceutical formulations, which con-
tain basic polymers or excipients (e.g. chitosan, 
ethylene imine, collagen, anionic lipids and sur-
factants), may prevent antigen presentation by 
the MHC class-II pathway. It has been shown that 
chitosan promotes Th1 cytokine responses and 
MHC class-I antigen presentation [ 37 ].  

46.5.6    Antigen Dose and Structure 
Affect the Type of Immunity 
Induced 

 The amount and amino acid sequence of the anti-
gen that initiates the response also infl uence the 
differentiation of CD4 T cells into distinct effec-
tor subsets, with high and low density of peptide 
on the surface of APCs stimulating Th1 or Th2 
cell responses, respectively [ 38 ]. Hence, when 
the stability of the antigen is compromised, as 
may occur in poly(lactide-co-glycolide) micro-
spheres [ 39 ], this might also have consequences 
for the Th1/Th2 skewing of the immune response, 
since the relative accessibility of different epit-
opes may have changed. Moreover, peptides that 
interact strongly with the T-cell receptor tend to 
stimulate Th1-like responses, whereas peptides 
that bind weakly tend to stimulate Th2-like 
responses [ 38 ].   

46.6    Advanced Vaccine Delivery 
Systems 

46.6.1    Liposomes 

 Liposomes consist of one or more phospholipid 
bilayers enclosing an aqueous phase. Antigens 
can be encapsulated within the aqueous compart-
ment, linked to the liposomal surface or embed-
ded in the lipid bilayer, all of which can protect 

the antigen from the surroundings. Variations in 
size, composition and physicochemical charac-
teristics can render liposomes a versatile platform 
for antigen delivery. Immunostimulatory proper-
ties of liposomes are supposed to arise from (i) 
their capacity to associate and release antigens 
over a prolonged time and (ii) their preferential 
internalisation by APCs. Thus, this higher immu-
noavailability of the antigen might promote the 
maturation and antigen presentation by APCs 
[ 40 ]. In liquid form, liposomes have limited sta-
bility and tend to aggregate and fuse together, an 
issue that can be solved to some extent through 
lyophilization. Among the innumerable types of 
liposomal vaccine formulations studied over the 
past few decades, cationic liposomes appear to be 
particularly immunogenic. For example, 
 liposomes made of dimethyldioctadecylammo-
nium and the immune-modulating glycolipid tre-
halose dibehenate effi ciently promoted the 
cell- mediated and the humoral immune responses 
and are currently being evaluated in a Phase I 
study for the management of tuberculosis [ 41 ].  

46.6.2    Polymeric Microparticles/
Nanoparticles 

 Microparticles were fi rst used as delivery sys-
tems for entrapped antigens in the early 1990s 
[ 42 ]. Owing to a long history in medical applica-
tions, the biodegradable poly(D,L-lactide) and 
poly(D,L-lactic-co-glycolic acid) are probably 
the most studied materials for parenteral and 
mucosal antigen delivery [ 43 ]. Long-lasting 
immunity can be induced by the parenteral 
administration of microparticles made with dif-
ferent ratios of polymers of different molecular 
weights that hydrolyse over a wide range of 
times. Long-lasting immunity can also be induced 
by using particles of mixed sizes, especially 
larger particles that avoid uptake by macrophages 
and hence break down at a slower rate [ 44 ]. In 
this manner, one injection of a vaccine can result 
in long-lasting immunity obviating the need to boost. 
Besides the encouraging immunological perfor-
mances of poly(lactide-co-glycolide) (PLGA) 
based particles, the ensuring stability of 
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 encapsulated protein antigens has been found to 
be an important issue. Indeed, some protein anti-
gens tend to aggregate or degrade upon entrap-
ment into PLGA or during release from the 
matrix. The exposure of antigen to organic sol-
vent and acidic microenvironment generated dur-
ing polymer hydrolysis may lead to antigen 
inactivation. These problems have been partially 
solved by optimised manufacturing methods or 
addition of stabilising agents such as Mg(OH) 2 , 
other proteins, surfactants or sugars [ 45 ,  46 ].  

46.6.3    Virosomes 

 Virosomes are liposomes containing functional 
viral membrane proteins and have a particle size 
that resembles that of the viruses. As such, viro-
somes represent reconstituted empty infl uenza 
virus envelopes where the viral proteins confer 
immunostimulatory properties [ 47 ]. Thus, when 
they are formulated to carry heterologous anti-
gens, virosomes can be considered as delivery 
systems with intrinsic adjuvant activity. To date, 
virosomes have been approved in Europe for sys-
temic vaccination against hepatitis A and infl u-
enza, and they have also been formulated for 
intranasal immunisation [ 48 ].  

46.6.4    Immunostimulatory 
Complexes (ISCOMS) 

 ISCOMS are characterised by a cagelike structure 
that incorporates the antigen. They consist of lip-
ids and Quil-A, the active component of the sapo-
nin derived from the plant  Quillaja saponaria  that 
has adjuvant activity [ 49 ]. Hydrophobic antigens 
can be embedded or anchored directly into the 
lipidic colloidal domains, whereas hydrophilic 
antigens require modifi cation for effi cient entrap-
ment [ 50 ]. An interesting feature of ISCOMs is 
their good stability under varying conditions. 
ISCOMs have been evaluated in clinical trials in 
humans, and as well as being well tolerated, they 
induced strong humoral and cytotoxic T lympho-
cyte (CTL) responses even at very low antigen 
doses [ 51 ]. Despite their potential and good 

 performance in clinical trials, ISCOM- based vac-
cines have only approved for veterinary use.  

46.6.5    Emulsions 

 The investigation of emulsions as vaccine adju-
vants started with Freund’s complete adjuvant (a 
water-in-oil emulsion of a mineral oil, paraffi n 
and killed mycobacteria) [ 52 ]. Although capable 
of generating high antibody titres, this emulsion 
led to strong adverse reactions which hampered 
its clinical use. A less toxic version, the Freund’s 
incomplete adjuvant which lacks the mycobacte-
rial component, is still applied in veterinary med-
icine but has been prohibited for use in human 
vaccines because of severe adverse events. In the 
1990s, a squalene oil-in-water emulsion (MF59) 
was developed and generated good antibody 
titres, demonstrating good tolerability and gen-
eral safety [ 53 ]. MF59 is currently approved in 
Europe for infl uenza vaccines.  

46.6.6    Mucoadhesive Polymer/Gel 

 Some mucoadhesives have adjuvant properties 
when injected (e.g. sodium alginate), and others 
(e.g. sodium carboxymethyl cellulose) have been 
selected for their aqueous viscosity-enhancing 
properties when used as depot agents in experi-
mental formulations for parenteral vaccines. 
Recently, mucoadhesive gels have received con-
siderable attention for vaginal vaccine delivery. 
From a formulation perspective, inducing effec-
tive antigen-specifi c immune responses by cervi-
covaginal instillation of buffer solution containing 
solubilized antigen is far from ideal owing to the 
potential for leakage at the administration site, 
rapid enzymatic degradation of the antigen, the 
infl uence of the menstrual cycle and inadequate 
exposure of antigen to the mucosal associated 
lymphoid tissue. In order to improve the effi cacy 
of vaginal vaccine delivery, various mucoadhe-
sive delivery systems, including hydroxyethyl 
cellulose-based rheologically structured gel vehi-
cles [ 16 ] and lyophilised solid dosage formula-
tions [ 18 ,  54 ], have been investigated. 
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 Recently, our group reported the development 
of liposomal gel formulations, and novel lyophi-
lised variants, comprising HIV-1 envelope glyco-
protein, CN54gp140, encapsulated within 
neutral, positively charged or negatively charged 
liposomes [ 19 ]. Scheme for the development of 
lyophilised dosage form for vaginal vaccine 
administration is shown in Fig.  46.1 . The 
CN54gp140 liposomes were evaluated for mean 
vesicle diameter, polydispersity, morphology, 
zeta potential and antigen encapsulation effi -
ciency before being incorporated into hydroxy-
ethyl cellulose (HEC) aqueous gel and 
subsequently lyophilised to produce a rod-shaped 
solid dosage form for practical vaginal applica-
tion. The lyophilised liposome–HEC rods were 
evaluated for moisture content and redispersibil-
ity in simulated vaginal fl uid. Since these rods are 
designed to revert to gel form following intravag-
inal application, mucoadhesive, mechanical 
(compressibility and hardness) and rheological 
properties of the reformed gels were evaluated. 
The liposomes exhibited good encapsulation effi -
ciency and the gels demonstrated suitable muco-
adhesive strength. The freeze-dried liposome–HEC 
formulations represent a novel formulation strat-
egy that could offer potential as stable and practi-
cal dosage form.

       Conclusions 

 Safety concerns associated with traditional 
vaccine strategies have placed constraints on 
emerging vaccines that can render them less 
effective. Integral to overcoming this are vac-
cine delivery systems, acting not just as  simple 

carriers of vaccines, but as adjuvants and tar-
geting agents offering additional benefi ts such 
as needle-free delivery and stabilisation that 
facilitate wider access. There is huge scope for 
the development of vaccine delivery systems 
with uncharted potential to positively impact 
future global immunisation strategies.     
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    Abstract  

  Only a small fraction of any administered 
drug, including a vaccine, reaches its intended 
target tissue or cells. Homing vaccines to anti-
gen-presenting cells (APC), where they can do 
their magic, has been the focus of attention for 
several decades. Since they are equipped with 
proper co-stimulatory signals, only profes-
sional APC are able to correctly process anti-
gens and stimulate T and B cells to mount 
specifi c immune responses. With advances in 
the fi elds of modern immunology and nano-
technology, the new vaccine delivery platforms 
are emerging. APC-targeted vaccine delivery 
is required to elicit protective immunity, to 
reduce manufacturing costs, to minimize 
 unanticipated effects of vaccines caused by 
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 off-target effects (thus reducing immunosuppres-
sive mechanisms and toxicity), and to dramati-
cally increase immunization effi cacy. Indeed, in 
vivo targeting of APCs may represent the best 
hope for the generation of strategies leading to a 
personalized immunization without the need of 
expensive and complex ex vivo manipulation of 
patients’ PBMCs. Here, we will review and com-
pare novel approaches on nanoparticle-based- 
targeted vaccine platforms, evaluating their 
molecular mechanisms of action, their translation 
ability, their effi cacy, and their cost.  

47.1        Dendritic-Cell (DC) Vaccines 
and Immunotherapies: From 
Ex Vivo Loading to In Vivo 
Targeting 

  DC Vaccines . DCs are the most powerful APC and 
have higher rates of antigen uptake and antigen 
processing. They too can migrate to lymph nodes 
and present or cross-present the antigens in the 
context of self MHC combined by the appropriate 
co-stimulatory signals resulting in expansion of 
specifi c T cells and B cells. Interestingly, DCs can 
form gap junctions in lymph nodes, a process that 
promotes cross-priming [ 1 ,  2 ]. DC vaccines are 
commonly derived from patient- derived mono-
cytes cultured in interleukin-4 and granulocyte 
macrophage colony-stimulating factor. Such DCs 
are then loaded with antigen proteins or peptides. 
The fi nal product, antigen-loaded DC, is then 
injected back to the patient [ 2 ]. DCs have an extra 
regulation component for the control of the MHC 
class II locus, which leads to high levels of CIITA 
transcription (a prerequisite of MHC class II 
expression) resulting in higher levels of MHC 
class II transcription [ 3 ]. However, the antigen-
processing ability of DC is positively correlated 
with its maturity, and the half-life of MHC class II 
molecules increases dramatically as the DC 
matures [ 3 ]. The use of antigen-loaded autologous 
DCs as vaccine has brought hope in many fi elds, in 
particular for cancer therapeutic vaccines, due to 
the FDA approval of the fi rst ever human prostate 
cancer therapeutic vaccine, which was shown to be 

safe and capable of inducing tumor antigen- 
specifi c immune responses in a substantial part of 
the vaccinated patients. The DC-based patient-
specifi c prostate cancer vaccine is a breakthrough; 
however, it has faced marketing challenges partly 
due to its high cost ~ $93 K and a complex proce-
dure; in UK, for example, only 3 % of oncologists 
said that it is likely that they use this vaccine [ 1 ]. 

 Other attempts to target DCs are aggressively 
ongoing. CD205 is expressed at high levels mostly 
in mature dendritic cells in mice, although low 
levels can be found in lymphocytes (B and T) and 
granulocytes [ 4 ]. Interestingly, early work deliv-
ering model antigens using anti-dec205 monoclo-
nal antibody demonstrated that tolerance and 
T-cell depletion instead of tumor immunity was 
induced [ 5 ]. However, if an adjuvant (i.e., anti-
CD40 antibody) is provided, a strong humoral 
and cellular-based immune response is generated, 
and it is able to cure 70 % of mice previously 
challenged with a metastatic melanoma [ 6 ]. Thus, 
despite the fact that in human DC205 is less 
restricted to the DCs, these experiments indicate 
that targeting APCs together with an adequate 
immunoadjuvant can be the key for a successful 
immunotherapy. 

 Other target is mannose receptors that are 
expressed mainly by monocytes, macrophage 
immature dendritic cells, However, expression 
has been reported also in different epithelial cell 
subsets [ 7 ]. Coupling an antigen to mannose can 
enhance MHC class I and II antigen presentation 
and promote a sustained humoral and cell-medi-
ated immunity [ 8 ]. The same seems to hold true in 
human since in a randomized phase III clinical 
trial using oxidized mannan coupled to the breast 
cancer associated antigen Muc1, all the treated 
patients were tumor-free at 5 years while in the 
27 % of the patients treated with the placebo 
mammary carcinoma recurred [ 9 ].  

47.2    Gene-Based or DNA-Based 
Vaccines 

 One promising alternative to traditional vaccine 
strategies is the use of naked plasmid DNA as a 
vaccine to prime the immune system. DNA-based 
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vaccination provides a variety of practical bene-
fi ts for large-scale production that are not as eas-
ily achievable with other forms of vaccines 
including recombinant proteins or whole tumor 
cells [ 10 – 13 ]. Jon Wolff in 1990 reported that 
injection of DNA plasmids resulted in a response 
in mice. Soon after, in 1993, Margaret Liu dem-
onstrated that DNA vaccination was able to elicit 
both humoral and cellular responses. 

 Human trials using DNA-based vaccinations 
started as early as 1996. DNA-based or gene- 
based vaccination uses a DNA sequence that har-
bors an intended antigen. Mammalian-based 
plasmids include a desired DNA sequence of at 
least one antigen and a mammalian-based pro-
moter. Such a plasmid is injected into a host and 
uses the cell machinery to translate the protein 
that the DNA plasmid codes for. DNA vaccines 
are capable of utilizing both endogenous and 
exogenous pathways of antigen presentation. 
Thus, gene-based vaccinations are in nature 
superior to protein vaccines that primarily utilize 
the exogenous pathway. Furthermore, another 
problem that protein-based vaccines face is that 
the harsh processes of protein production make 
preservation of the native form of the protein in a 
vaccine challenging, while DNA-based vaccines 
result in making the host expressed naturally pro-
duced proteins [ 14 ]. 

 DNA vaccinations also have been shown to 
elicit durable immune responses which are criti-
cal in immunizations [ 15 ]. Moreover, DNA vac-
cines have been shown to mount cross-neutralizing 
antibodies responses that are important in patho-
gens that have antigenic variations and different 
subtypes. Gene-based vaccination creates a sce-
nario similar to a natural infection except there 
will be no clinical manifestation as there is no 
infectious agent involved. Furthermore, a major 
challenge facing vaccinologists designing vac-
cines is to identify the proper epitopes or antigen. 
Gene-based vaccination provides the opportunity 
to design and make constructs containing genes 
of multiple candidate antigens, deleting immuno-
suppressive elements, incorporation of immu-
noenhancing genes or sequences, which can 
greatly improve vaccine design [ 16 ]. This is 
important, in particular, for cancer vaccines that 

are not induced by a virus. One can screen via 
vaccinating with plasmids encoding for various 
candidate proteins to determine the best protec-
tive antigens [ 16 ].  

47.3    Improving DNA-Based 
Vaccines by Prime Boost 

 However, DNA-based vaccination is not perfect 
and has its own challenges including poor immu-
nogenicity. While numerous clinical trials have 
proven the safety of this cost effective vaccina-
tion strategy, they have also revealed its limita-
tions, since the immune response elicited is 
insuffi cient to clear established tumors or infec-
tions. For example, the negatively charged cell 
membrane of mammalian cells ensures that nega-
tively charged nucleic acids do not readily pene-
trate them. Such cell membranes act as a robust 
barrier to prevent the transport of large molecules 
such as DNA, contributing in the low effi cacy of 
DNA-based vaccination. The low in vivo trans-
fection effi ciency, the absence of preferential tar-
geting of professional antigen-presenting cells, 
and the modest intrinsic adjuvant activity of DNA 
vaccines are thought to be the main reasons for 
the marginal effect observed in the clinic and in 
therapeutic murine models. An accepted 
 assumption is that the immunogenic potency of 
DNA- based vaccines can be signifi cantly 
increased if the delivery of DNA to professional 
antigen- presenting cells (APCs) is maximized 
and if additional immunologic help in the form of 
adjuvants and/or cytokines is provided [ 17 ,  18 ]. 

 The main challenge of the DNA-based vacci-
nation is that the concentration of the expression 
of the native antigen is low and even much lower 
in APC, since the delivery is not targeted. One 
method to overcome this problem is to use gene- 
based vaccination as a booster immunization of a 
protein-based immunization [ 15 ]. The scientifi c 
explanation is that a booster immunization 
requires modest amounts of the antigen and thus 
a combination of vaccination strategies; the con-
ventional method, the use of the protein anti-
gens, followed by a gene-based vaccination 
should expand T-cell clonotypes that recognize 
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the native form of the protein endogenously and 
exogenously made by the host. Indeed, Nabel 
and his colleagues showed that DNA booster 
immunization post-protein vaccination induced 
high- magnitude antibody responses against the 
conserved hemagglutinin stem epitope, and 
these antibodies were able to neutralize diverse 
strains, in clinical trials [ 15 ]. There are various 
methods to enhance the vaccination effi cacy of 
DNA vaccines including in vivo electroporation 
[ 14 ] or the use of nanocarriers [ 19 ]. In vivo elec-
troporation is a powerful method to enhance 
DNA vaccination resulting in local DNA uptake, 
endogenous expression of immunologically rel-
evant components, and recruitment of some T 
cells [ 16 ,  20 ]. Indeed, there are multiple ongoing 
clinical trials using various in vivo electropora-
tors showing the safety and the effi cacy of such 
vaccines [ 16 ].  

47.4    Next Generation of Vaccines: 
Targeted Delivery 

 Despite the success of DNA vaccines in preclini-
cal nontherapeutic models, although demonstrat-
ing safety, they have had only modest therapeutic 
results in clinical trials and in stringent cancer 
murine models. The absence of effi cient in vivo 
transfection and any targeted delivery of DNA to 
the APC are thought to be the main reasons for 
this failure. As mentioned above, APCs (includ-
ing macrophages, B cells, and DCs) are crucial 
for priming a protective immune response against 
foreign pathogen and tumors [ 21 ]. Thus, effi cient 
transfection is considered the main avenue to 
achieve the promise of DNA vaccines and fully 
release their potential therapeutic effi cacy. To 
this aim, different strategies have been adopted 
and can be divided in three main categories: (1) 
delivering the vaccine physically where an 
important concentration of APCs is present (i.e., 
targeting skin Langerhans APCs via dermal elec-
troporation, via transcutaneous release, or via 
needleless jet-based syringe), (2) manipulating 
the spatial-temporal immune response by the use 
of implantable microdevices, and (3) targeting 
APC via functionalized nanoparticles.  

47.5    Vaccine: Physical Delivery 
of to the APC Location 

 It is now clear that the skin is not only a physical 
barrier that separates the external environment 
from the internal organs but, because it is the 
physical interface of the fi rst interaction with 
many external pathogens, it is an active immune 
organ [ 22 ,  23 ]. Professional antigen-presenting 
cells of the skin comprise epidermal Langerhans 
cells (CD207/langerin + ), dermal langerin, and 
dermal langerin +  dendritic cells (DCs). 
Langerhans cells in human skin can induce cyto-
toxic T lymphocytes, and, in mice, these cells 
were shown to be the key for tumor antigen cross- 
presentation and the generation of a protective 
immune response in melanoma-bearing mice 
[ 24 ]. Because of its accessibility and the elevated 
concentration of professional APCs, the dermis 
has become an important site of immunization. 
The delivery of the vaccine to this anatomical site 
is thus used as a method for physically facilitat-
ing the uptake of the DNA vaccines into profes-
sional APCs. 

  Dermal  in vivo electroporation has become a 
gold standard method for DNA immunization. 
Dermal administration of the vaccine is followed 
by a microneedle-mediated electroporation of the 
dermis that maximizes the DNA entry into cells, 
inducing a danger signal, promoting the matura-
tion of the Langerhans cells, and allowing dis-
play of the native form of protein to the immune 
system. Despite the optimal results that are 
obtained in naive mice, the situation is different 
during infl ammation in a tumor bearer. Indeed, in 
the dermis, beside immunogenic APCs, other 
populations of cells (including tolerogenic APCs) 
can present, and thus, the “physical” dermal 
delivery may not assure an adequate protective 
immunity. Indeed, there are challenges for 
achieving an optimized reproducible process for 
eliciting strong immune responses. Eliciting 
strong immune responses demands generation of 
high numbers of primed B, T, and in particular 
CD4+ T helper cells in lymphoid organs. Due to 
reproducibility challenges, and since in vivo 
electroporation targets all cells (e.g., muscle 
cells) indiscriminately, this process includes 
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 optimized parameters for in vivo electroporation 
and the assistance of additional strategies to 
enhance T-cell arm of the immune system. 
Furthermore, the use of a normal syringe for 
intradermal injection requires signifi cant exper-
tise, and the diffi culties associated with this tech-
nique can explain the interlaboratory variations 
observed. Nevertheless, the construction of 
microdevices containing microneedles, tattoo-
ing-like vaccine instruments, and needleless 
syringes [ 25 ] is facilitating the use of dermal vac-
cines with the specifi c idea to target the place 
where Langerhans cells reside.  

47.6    Manipulating the Spatial- 
Temporal Immune Response 
by the Use of Implantable 
Microdevices 

 An elegant idea that stems from the old concept 
of isolating DC precursors, inducing their differ-
entiation, loading them with antigens, and pro-
moting their maturation has been proposed by 
Mooney’s group. Instead of trying to selectively 
transfect the APCs in vivo, the authors re- 
elaborate the concept of generation, pulsing and 
inducing the maturation of DC, the same concept 
used for DC-based vaccines, using the FDA- 
approved polylactide-co-glycolide (PLG)-based 
device [ 26 ]. This synthetic polymer-based matrix 
can orchestrate spatially and temporally the 
release of cytokines, antigens, and danger signal 
in vivo [ 26 ] Basically, the authors envision a 
method to transfer a whole GMP laboratory into 
an implantable microdevice. 

 Briefl y, highly porous “sponges” were fabri-
cated from PLG using a gas-foaming process. 
GM-CSF, CpG oligonucleotides, and tumor anti-
gens were incorporated into scaffolds during the 
foaming process to allow for their localized and 
sustained release once implanted in vivo. The 
authors elegantly showed that CD11b + DC pre-
cursors were attracted to the device by the 
GM-CSF release, whereas CpG-ODN molecules 
promote the recruitment of CD11c + PDCA1 + plas-
macytoid DC. When both GM-CSF and CpG-
ODN were co-released, an increase number of 

plasmacytoid DC was observed while no differ-
ences in the myeloid DC recruitment was 
observed. The addition of a tumor lysate to the 
scaffold not only was able to promote antigen 
uptake but also, most likely by the release of 
endogenous immunogenic activators (i.e., DNA, 
heat-shock protein), promotes the in situ genera-
tion of IL-12-producing CD8 + DC [ 26 ]. 

 In vivo activated and pulsed DC subsets read-
ily migrate to the draining lymph nodes promot-
ing the generation of a strong CTL immunity 
capable of promoting tumor regression in mice 
bearing 9-day-old B16 melanoma tumors. It is 
important to note that this is an extremely strin-
gent therapeutic setting, and no other immune 
therapies have ever been shown to have a similar 
therapeutic effect under this condition. Thus, the 
possibilities offered by the PLG-based devices 
open a unique possibility for the fi ne regulation 
in vivo of the immune response not only by a tar-
geted pulsing of the desired dendritic cell subsets 
but also by the possibility to regulate the micro-
environment during DC recruitment, antigen 
uptake, and differentiation. Although it is con-
ceivable to adaptate this methodology with the 
use of nucleic acids vaccines, diffi culties may 
arise in protecting DNA and/or RNAs from 
endogenous nucleases.  

47.7    Targeting APC via 
Functionalized Nanoparticles 

 Nanoparticles are attractive as controlled, tar-
geted nanocarriers for drugs or vaccines because 
they can diffuse through tissues and penetrate 
cell membranes transporting their cargos inside 
the cells. There are two major components in the 
generation of a nanoplatform for delivering vac-
cines including DNA and RNA to the antigen- 
presenting cells: targeting molecules and a 
loading/encapsulating surface. Examples of 
nanoparticles lacking targeting molecules exist; 
their specifi city relies in the size of the nanomol-
ecule, the method of administration, and poorly 
characterized chemical properties. We will focus 
the rest of this chapter in those nanoparticles in 
which the targeting of the antigen-presenting 
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cells has been designed to take advantage of an 
understanding of the immune system and of 
ligand/receptor interactions conserved in animal 
models and in humans. Despite the importance of 
the other nanoplatforms, the lack of information 
of their specifi city in animal models makes it dif-
fi cult to use them and translate fi ndings into the 
clinic. 

 With advances in the understanding of the 
receptors specifi c for the different subsets of 
antigen- presenting cells, the list of ligands used 
for the specifi c delivery of vaccines has been 
growing [ 30 ,  31 ,  34 – 39 ]. However, Mannose 
receptors, DC205, Fc receptors (I, II, and III), 
CD11c–CD18 integrins, and MHC class II mole-
cules are the most commonly used ligands for 
APC-specifi c targeting. Antigens, DNA-harboring 
antigens, or nanovehicles are decorated with tar-
geting moieties (peptides, monoclonal antibodies, 
or aptamers) to home into antigen-presenting 
cells.    Examples of targeting moieties used for this 
purpose are CDlIb, CD169, mannose receptor, 
Dec-205, CDlIc, CD21/CD35, CX3CR1, fractal-
kine, IgG FC receptor and other Fc receptor. 
Others have used pH-dependent targeting of DCs 
[ 27 – 32 ]. Even some reasoned that if the nanopar-
ticle at right size (<500 nm) is used, there is no 
need for targeting DCs as these cells are present in 
lymph nodes and are highly phagocytic; one 
therefore needs to only target lymph nodes with-
out the use of a targeting ligand [ 5 ,  33 – 35 ].  

47.8    Improving DNA-Based 
Vaccines by Nanocarriers 

 Non-covalent complexation of dendrimer-based 
nanocarriers with DNA or biotherapeutics has 
been the center of extensive research [ 36 ,  37 ]. To 
target DCs, Cruz and his colleagues described 
a nanoparticle composed of poly(d,l-lactide- 
co-glycolide)-coated superparamagnetic iron oxide 
and coupled with antibodies recognizing the 
DC-specifi c receptor DC-SIG. They traced the 
nanoparticle since it was also labeled with fl uores-
cent and could show antigen delivery into endoly-
sosomal compartments within 24 h. Since these 
platforms contain superparamagnetic iron oxide, 

they need to be coated to become biocompatible 
and are therefore coated with dextran, poly(lactide-
co-glycolide), or other polymers [ 39 ]. 

 Liposomes are phospholipid bilayer vesicles 
and have been used for drug and vaccine delivery 
for a long time. Liposome    is coated with man-
nose to deliver vaccines with enhance delivery or 
recruitment of DCs and APC [ 40 – 42 ]. 
Interestingly, Geng and his colleagues showed 
that a drug used for high blood pressure, 
amiloride, was able to enhance the DNA delivery 
into cells, in vivo, resulting in elicitation of strong 
immune responses to the encoded antigens [ 41 ]. 

 We have reported a platform that can make 
complex with DNA and escort it onto APC in 
host. The platform uses a ligand that binds MHC 
class II-expressing cells that include predomi-
nantly professional APC (Fig.  47.1 ). We will next 
discuss this platform [ 37 ].

47.9       Nanoparticle Platform: 
PADRE-Derivatized 
Dendrimer (PDD) 

 DNA is a negative polyelectrolyte, and, thus, the 
transport of genetic material into cells is ham-
pered by the high negative charge of DNA seg-
ments, which prevents its passage across the 
hydrophobic barriers constituted by cell and 
nuclear membranes. A general approach to over-
come this problem is the use of polycationic 
agents to complex the DNA and gives rise to con-
densed nanoparticles with an overall charge close 
to zero, which can cross membranes more easily 
[ 43 ,  44 ]. Cationic chitosan and dendrimers, for 
example, have been the focus of numerous vac-
cine studies [ 45 ,  46 ]. Dendrimers are available in 
a variety of sizes (usually up to sixth generation) 
and with surfaces terminated in alcohol, carbox-
ylic acid, or amine groups. 

 Polyamidoamine (PAMAM) dendrimers have 
been extensively used as vehicles for gene deliv-
ery, since their surface amine groups are readily 
protonated at physiological pH, leading to large 
positive charges on their surfaces, which drive 
the condensation with DNA plasmids containing 
the required oligonucleotide sequences. PAMAM 
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dendrimers, which were developed by Tomalia, 
have been extensively investigated for DNA 
transfection [ 37 ,  47 ]. It is known that extensive 
synthetic elaboration and derivatization of the 
amine terminal groups with hydrophobic amino 
acids decrease the dendrimer transfection effi -
ciency [ 48 ], which results from the pronounced 
loss of surface positive charges and its weakening 
effect on the electrostatic interactions with DNA 
[ 37 ,  43 ,  44 ,  47 ]. PAMAM dendrimers are highly 
branched macromolecules spanning from a cen-
tral core and containing a series of layers, struc-
turally and synthetically distinct. Each layer 
added to the structure of a dendrimer is referred 
to as a “generation,” in a clear reference to the 
stepwise growth of the macromolecule. 
Generation-5 (G5) PAMAM dendrimers, in par-
ticular, are ideal for the delivery of DNA (nega-
tively charged) into the cells (also negatively 
charged) as demonstrated in Fig.  47.2 .

47.10       APC Recognition Moiety 
in PDD 

 The major histocompatibility complex (MHC) 
genomic region is present in all APC. MHC is an 
essential component of the immune system 
that plays important roles in immune responses 
to pathogens, tumor antigens, as well as in 

 autoimmunity. The proteins encoded by the MHC 
genes are expressed on the surface of cells that 
present both self-antigens, from the cell itself, 
and  non-self- antigens, fragments from pathogens 
or tumor cells, to various T cells enabling them to 
(i) provide help for initiation immune responses, 
(ii) help T cells to kill invading pathogens/tumor 
cells/cells infected with pathogens, and (iii) coor-
dinate the maturation of antibodies against non-
self- antigens. Class II MHC molecules are 
expressed largely on dendritic cells, B lympho-
cytes, monocytes, and macrophages. Class II 
MHC molecules are recognized by helper T lym-
phocytes and induce proliferation of helper T 
lymphocytes and amplifi cation of the immune 
response to the particular immunogenic peptide 
that is displayed. 

 Class I MHC molecules are expressed on 
almost all nucleated cells and are recognized by 
cytotoxic T lymphocytes (CTLs), which then 
destroy the antigen-bearing cells. CTLs are par-
ticularly important in tumor rejection and in 
fi ghting viral infections. A Pan D-binding pep-
tide, PADRE, is capable of binding selected 
MHC molecules. For instance, PADRE was 
shown to have a high affi nity to the six selected 
DRB1 subtypes [ 49 ] and to antigen-presenting 
cells of PBMC [ 50 ]. In fact, PADRE binds to 
MHC class II of human and mouse [ 51 ]. Thus far, 
PADRE has been employed for its ability to bind 

APC

APC ligand

Nanoparticle
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MHC class II

  Fig. 47.1    APC targeting 
Nanoparticle Peptide-
Dervatized-Dendrimer (PDD) 
with immunopotentiating 
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APCs and activate CD4 helper T cells and for the 
fi rst time to target APCs (via its binding to their 
surface MHC) [ 37 ]. 

 Others and we have worked on universal T 
helper epitopes, for example, a computer- 
generated Pan    DR T helper epitope called 
PADRE, as an adjuvant for vaccines [ 52 – 60 ]. 
PADRE, a nonnatural epitope, binds to majority 
of MHC class II molecules present on antigen- 
presenting cells such as B cells, T cells, mono-
cytes, macrophages, dendritic cells, and 
Langerhans cells. We postulated that in order for 
such universal epitopes to act as a CD4 helper, 
they fi rst have to bind MHC class or HLA-DR of 
most alleles, and this capability may be used as a 
cell-targeting element in a vehicle. Since MHC 
class II is mainly expressed on professional APC, 
they must bind with APC. We then conceived that 
by coupling a universal T helper epitope to a 
nanovehicle, we may be able to make an APC- 
targeting nanocarrier. 

 We selected polyamidoamine (PAMAM) den-
drimers for they have been extensively studies 
with terms of their synthesis, chemical character-
izations including charge, molecular weight, 
number of amines, methods of surface fi ctional-
ization, toxicity, and biocompatibility. Therefore, 
we developed APC-targeting nanocarriers that 
consist of a generation-5 dendrimer coupled with 
Pan DR T helper epitopes or PADRE (PADRE 
dendrimer hereafter referred to as PDD), a T 
helper epitope of infl uenza virus hemagglutinin 
(HA) molecule (PDD2), or one that uses a ran-
dom control peptide. 

 Feasibility of translation of a vaccine to human 
clinical studies and logistics of delivering vac-
cines globally creates some limitations and chal-
lenges for some of the scientifi cally acceptable 
platforms. For example, generation of humanized 
monoclonal antibodies coupled to a nanoparticle 
that carries a DNA as well as an adjuvant may 
have a diffi cult regulatory path, an expensive 
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  Fig. 47.2    Peptide-dendrimer platform for in vivo gene 
delivery: MHC class II-targeting peptides are covalently 
linked to the dendrimer (PDD). PDD complexed with 

DNA effi ciently targets the vaccines into professional 
MHC class II + APCs in vivo       
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scale-up process, and some safety concerns. 
Furthermore, of the major factors that dictate the 
success or failure of a nanoparticle product are 
the Chemistry, Manufacturing, and Controls 
(CMC) and safety including immunogenicity of 
the platform. Hence, we have selected core poly-
mer and cell recognition moieties that should 
have relatively simple CMC and acceptable 
safety parameters.  

47.11    PDD is an APC Opsonized 
Platforms that Is 
Immunoenhancing In Vivo 

 As a feasible approach we have attempted to tailor 
a nanocarrier that has cell-targeting moiety that in 
addition to targeting APC, it also has intrinsic adju-
vant activity. DNA may become adjuvanted and 
protected from degradation when incorporated in 
nanoparticles that may have additional advantages 
[ 61 – 67 ]. Dendrimers show an RNA/DNA-
protecting ability as well as increasing the transfec-
tion effi ciency [ 68 ,  69 ]; however, in vivo they 
demonstrated only modest success. However, an 
optimized PADRE-dendrimer nanocarrier, PDD 
platform, should show active and selective delivery 
of DNA to APCs in vivo. In addition the intrinsic 
immune-enhancing characteristics of PDD syner-
gize with the vaccine effects (Table  47.1 ).

   This platform is based on the conjugation of 
generation 5 poly(amidoamine) (G5-PAMAM) 

dendrimers, (a DNA-loading surface), with MHC 
class II-targeting peptides that serve to selec-
tively deliver the dendrimers to APCs while 
enhancing their immune stimulatory potency. In 
vitro, DNA conjugated with this platform effi -
ciently transfect murine and human APC. When 
DNA-peptide-dendrimer complexes are adminis-
tered subcutaneously in rodents, they preferen-
tially transfect dendritic cells (DC) in the draining 
lymph nodes, promotes the generation of high 
affi nity T cells, and results in the rejection of 
established tumors  

47.12    PPD-Mediated TRP2 
Vaccination Leads to the 
Rejection of Established 
Melanoma 

 If targeting DNA vaccine to MHC class II + APC 
is important, it should show advantage in treating 
mice bearing tumors, and treatment in a prophy-
lactic setting is not really convincing. B16 mela-
noma therapeutic mouse setting where tumor is 
established is known as an aggressive model 
since tolerogenic mechanisms are elicited, and 
the delivering the antigen to the professional 
APC might become the key for successful ther-
apy [ 70 ]. PPD nanoparticles were therefore tested 
in the stringent therapeutic murine tumor mela-
noma model B16 (Fig.  47.3 ). The B16 tumor- 
associated antigen TRP2 is a weak antigen, and 

     Table 47.1    What a DNA-carrying APC-targeting vaccine platform offers   

 Limitations of conventional vaccines  Targeted APC nanocarrier 

 Provide humoral response, but induce poor T-cell responses  APC targeting induces humoral response and 
strong T-cell response  Reason: insuffi cient amount of vaccine at APC 

 Poor immunogenicity of many antigens  Activates cell- mediated response, including 
T helper cells  Reason: weak T-cell response 

 Poor uptake of vaccines by APCs  PDD induces uptake via endocytosis 
 Reason: protein antigens, DNA, and RNA fail to cross cell 
membranes (i.e., both are negative charge, no transport mechanisms) 
 Immuno-avoidance mechanisms of pathogens and cancer antigens  Activates cell- mediated response, including 

T helper cells  Reason: absence of strong T-cell response and off-targeting 
suppressor mechanisms 
 High cost  Can transport DNA vaccines, DNA is stable, 

with low cost of goods  Reason: proteins are costly to make signifi cantly less stable than 
DNA 
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only modest results are obtained when TRP2 is 
used to treat established melanomas [ 71 ] unless 
the antigen vaccination is performed using pow-
erful recombinant vaccinia virus [ 72 ] or combi-
natorial treatment [ 71 ,  73 ]. Coherent with 
previous results, immunization against TRP2 
performed 2 and 9 days after tumor injection 
using peptide-unconjugated, control dendrimers 
failed to induce protection (Fig.  47.3a ).

   However, when the same complexes were 
mixed with PADRE, a modest statistically sig-
nifi cant ( p  = 0.045) increment of survival was 
observed compared to the empty vector- 
vaccinated mice (Fig.  47.2 ). Since in this case 
PADRE was not conjugated but only mixed with 
the dendrimer, this effect can be attributed to the 
adjuvant effect of PADRE. When vaccination 
against TRP2 was performed with PPD 
(Fig.  47.3b , PPD-TRP2 group), a statistical and 
clinically signifi cant prolongation of survival was 
observed, with 50 % of mice remaining tumor- 
free (PPD-TRP2 vs PPD-pcDNA3:  p  < 0.005) for 
350 days, the duration of the experiment. These 

data indicate that PADRE needs to be linked to 
the dendrimer, as it was optimized with an aver-
age of two to three peptides per dendrimer, in 
order to promote a strong therapeutic effect. 
These data suggest that the specifi c targeting to 
the professional APCs and the adjuvant effect 
provided by the universal peptide are likely to be 
both needed for a successful vaccination.  

   Conclusion 

 Fortunately, in the recent years, many novel 
vaccine platforms have been developed and 
described. Those that can target lymphoid 
organs, result in recruitment of more APC/
DCs in injection site, can induce and enhance 
DC migration to draining lymph nodes, or can 
carry co- stimulating molecules or cytokines. 
PDD, a DNA-carrying nanocarrier that targets 
APC, was described that uses a cell recogni-
tion element that has intrinsic immunopotenti-
ating capability [ 17 ]. Table  47.1  summarizes 
the advantages of such vaccines to traditional 
vaccines. Many tumor or pathogen-associated 
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  Fig. 47.3    PPD promotes the rejection of established B16 
melanoma tumors. C57Bl/6-bearing mice were injected 
received as vaccine cDNA3-TRP2 ( gray square ) or 
pcDNA3 (as control,  black triangle ) subcutaneously dis-
tributed in four anatomical sites (10 μg/site), on days 2 
and 9 post-tumor implantation. Immunization was per-
formed using either unmodifi ed DR ( a ) or with PPD ( b ). 
As additional controls, mice received PBS ( white circle ) 

or unmodifi ed dendrimer loaded with pcDNA3-TRP2 and 
mixed with the same dose of PADRE peptide theoretically 
linked to the PPD (DR-TRP2 + PADRE;  gray diamond ). 
Log-Rank  p  < 0.001, Holm-Sidak: PPD-TRP2 vs PPD-
pcDNA3,  p  = 0.001; PPD- TRP2 vs DR-TRP2 + PADRE, 
 p  = 0.03; DRTRP2+ PADRE vs no vaccine,  p  = 0.04 (This 
fi gure was adopted with permission)       

 

P. Daftarian et al.



763

antigens have poor immunogenicity in nature, 
which is part of their immune-avoidance strat-
egy. A vaccine that targets professional APC 
while enhancing T helper cells should correct 
this shortcoming of vaccines. Such technolo-
gies may be further improved so they can be 
formulated in a single dose and even orally. 

 Furthermore, nanocarrier vaccine plat-
forms may also be used in combination of 
other vaccine technologies including protein-
based vaccines or DNA vaccines delivered by 
in vivo electroporation [ 74 ]. PADRE-PAMAM 
dendrimer (PDD) nanovaccine delivery may 
fulfi ll some of the major challenges facing 
robust protective vaccines: it provides high 
transfection effi ciency, proper targeting to the 
APCs, and an adjuvant effect. The platform is 
based on the synthesis, in a unique nanoparti-
cle, of two technologies already independently 
tested with modest results (Table  47.1 ). The 
universal peptide PADRE binds/activates cells 
bearing any of the 15 major forms of the 
HLA-DR and has been widely used as immune 
adjuvant [ 75 – 77 ]. 

 Its adjuvant (although modest) effect has 
been confi rmed in this report. In striking con-
trast, the physical conjugation of the PAMAM 
dendrimer to the MHC class II-targeting pep-
tide dramatically increases the immunogenic-
ity of the platform and the effi cacy of DNA 
vaccines, overcoming the limitations of the 
current platform for DNA vaccination. 
Considering that vaccine doses are dramati-
cally lower than those used in drugs or antibi-
otics and since targeted nanovaccines results 
in further lowered vaccine doses, it is expected 
that many of nanoparticle-based vaccine 
delivery platforms reach into human as good 
candidate immunization in human diseases, in 
particular, the DNA-based nanovaccines.     

   References 

        1.    Payne, H., Bahl, A., Mason, M., Troup, J., De Bono, 
J.: Optimizing the care of patients with advanced 
prostate cancer in the UK: current challenges and 
future opportunities. BJU Int.  110 , 658–667 (2012). 
doi:  10.1111/j.1464-410X.2011.10886.x      

     2.    Lesterhuis, W.J., et al.: Route of administration modu-
lates the induction of dendritic cell vaccine-induced 
antigen-specifi c T cells in advanced melanoma 
patients. Clin. Cancer Res.  17 , 5725–5735 (2011). 
doi:  10.1158/1078-0432.CCR-11-1261    . 1078–0432.
CCR-11-1261 [pii]  

     3.    Neefjes, J., Jongsma, M.L., Paul, P., Bakke, O.: 
Towards a systems understanding of MHC class I and 
MHC class II antigen presentation. Nat. Rev. 
Immunol.  11 , 823–836 (2011). doi:  10.1038/nri3084    . 
nri3084 [pii]  

    4.    Witmer-Pack, M.D., Swiggard, W.J., Mirza, A., 
Inaba, K., Steinman, R.M.: Tissue distribution of the 
DEC-205 protein that is detected by the monoclonal 
antibody NLDC-145. II. Expression in situ in lym-
phoid and nonlymphoid tissues. Cell. Immunol.  163 , 
157–162 (1995). doi:  10.1006/cimm.1995.1110    . 
S0008-8749(85)71110-0 [pii]  

     5.    Bonifaz, L., et al.: Effi cient targeting of protein anti-
gen to the dendritic cell receptor DEC-205 in the 
steady state leads to antigen presentation on major 
histocompatibility complex class I products and 
peripheral CD8+ T cell tolerance. J. Exp. Med.  196 , 
1627–1638 (2002)  

    6.    Mahnke, K., et al.: Targeting of antigens to activated 
dendritic cells in vivo cures metastatic melanoma in 
mice. Cancer Res.  65 , 7007–7012 (2005). 
doi:  10.1158/0008-5472.CAN-05-0938    . 65/15/7007 
[pii]  

    7.    Irache, J.M., Salman, H.H., Gamazo, C., Espuelas, S.: 
Mannose-targeted systems for the delivery of 
 therapeutics. Expert Opin. Drug Deliv.  5 , 703–724 
(2008). doi:  10.1517/17425247.5.6.703      

    8.    Tacken, P.J., de Vries, I.J., Torensma, R., Figdor, 
C.G.: Dendritic-cell immunotherapy: from ex vivo 
loading to in vivo targeting. Nat. Rev. Immunol.  7 , 
790–802 (2007). doi:  10.1038/nri2173    . nri2173 [pii]  

    9.    Apostolopoulos, V., et al.: Pilot phase III immuno-
therapy study in early-stage breast cancer patients 
using oxidized mannan-MUC1 [ISRCTN71711835]. 
Breast Cancer Res.  8 , R27 (2006). doi:  10.1186/
bcr1505    . bcr1505 [pii]  

    10.    Widera, G., et al.: Increased DNA vaccine delivery and 
immunogenicity by electroporation in vivo. J. Immunol. 
 164 , 4635–4640 (2000). ji_v164n9p4635 [pii]  

   11.    Cappelletti, M., et al.: Gene electro-transfer improves 
transduction by modifying the fate of intramuscular 
DNA. J. Gene Med.  5 , 324–332 (2003). doi:  10.1002/
jgm.352      

   12.    Mennuni, C., et al.: Effi cient induction of T-cell 
responses to carcinoembryonic antigen by a heterolo-
gous prime-boost regimen using DNA and adenovirus 
vectors carrying a codon usage optimized cDNA. Int. 
J. Cancer  117 , 444–455 (2005). doi:  10.1002/ijc.21188      

    13.    Rice, J., et al.: DNA fusion gene vaccination mobi-
lizes effective anti-leukemic cytotoxic T lymphocytes 
from a tolerized repertoire. Eur. J. Immunol.  38 , 
2118–2130 (2008). doi:  10.1002/eji.200838213      

     14.    Daftarian, P., et al.: In vivo electroporation and non- 
protein based screening assays to identify antibodies 

47 APC-Targeted (DNA) Vaccine Delivery Platforms: Nanoparticle Aided

http://dx.doi.org/10.1111/j.1464-410X.2011.10886.x
http://dx.doi.org/10.1158/1078-0432.CCR-11-1261
http://dx.doi.org/10.1038/nri3084
http://dx.doi.org/10.1006/cimm.1995.1110
http://dx.doi.org/10.1158/0008-5472.CAN-05-0938
http://dx.doi.org/10.1517/17425247.5.6.703
http://dx.doi.org/10.1038/nri2173
http://dx.doi.org/10.1186/bcr1505
http://dx.doi.org/10.1186/bcr1505
http://dx.doi.org/10.1002/jgm.352
http://dx.doi.org/10.1002/jgm.352
http://dx.doi.org/10.1002/ijc.21188
http://dx.doi.org/10.1002/eji.200838213


764

against native protein conformations. Hybridoma 
(Larchmt)  30 , 409–418 (2011). doi:  10.1089/
hyb.2010.0120      

      15.    Ledgerwood, J.E., et al.: DNA priming and infl uenza 
vaccine immunogenicity: two phase 1 open label ran-
domised clinical trials. Lancet Infect. Dis.  11 , 
916–924 (2011). doi:  10.1016/S1473-3099(11)70240-
7    . S1473-3099(11)70240-7 [pii]  

       16.    Rice, J., Ottensmeier, C.H., Stevenson, F.K.: DNA 
vaccines: precision tools for activating effective 
immunity against cancer. Nat. Rev. Cancer  8 , 
108–120 (2008). doi:  10.1038/nrc2326    . nrc2326 [pii]  

     17.       Liu, M.A.: Immunologic basis of vaccine vectors. 
Immunity  33 (4), 504–515 (2010). doi:  10.1016/j.
immuni.2010.10.004    . S1074-7613(10)00364-X [pii]  

    18.    Leroux-Roels, G.: Unmet needs in modern vaccinol-
ogy: adjuvants to improve the immune response. 
Vaccine  28 (Suppl 3), C25–C36 (2010). doi:  10.1016/j.
vaccine.2010.07.021    . S0264-410X(10)01004-2 [pii]  

    19.    Daftarian, P., et al.: Peptide-conjugated PAMAM den-
drimer as a universal platform for antigen presenting 
cell targeting and effective DNA-based vaccinations. 
Cancer Res.  (2011). doi:  10.1158/0008-5472.CAN-
11- 1766        . 0008–5472.CAN-11-1766 [pii]  

    20.    Ahlen, G., et al.: In vivo electroporation enhances the 
immunogenicity of hepatitis C virus nonstructural 3/4A 
DNA by increased local DNA uptake, protein expres-
sion, infl ammation, and infi ltration of CD3+ T cells. J. 
Immunol.  179 , 4741–4753 (2007). 179/7/4741 [pii]  

    21.    Steinman, R.M., Mellman, I.: Immunotherapy: 
bewitched, bothered, and bewildered no more. 
Science  305 , 197–200 (2004). 10.1126/sci-
ence.1099688 305/5681/197 [pii]  

    22.    Nakajima, S., et al.: Langerhans cells are critical in epicu-
taneous sensitization with protein antigen via thymic stro-
mal lymphopoietin receptor signaling. J. Allergy Clin. 
Immunol.  129 , 1048–1055 e1046 (2012). doi:  10.1016/j.
jaci.2012.01.063    . S0091- 6749(12)00191-1 [pii]  

    23.    Egawa, G., Kabashima, K.: Skin as a peripheral lym-
phoid organ: revisiting the concept of skin-associated 
lymphoid tissues. J. Invest. Dermatol.  131 , 2178–2185 
(2011). doi:  10.1038/jid.2011.198    . jid2011198 [pii]  

    24.    Stoitzner, P., et al.: Tumor immunotherapy by epicuta-
neous immunization requires langerhans cells. J. 
Immunol.  180 , 1991–1998 (2008). 180/3/1991 [pii]  

    25.    Kis, E.E., Winter, G., Myschik, J.: Devices for intra-
dermal vaccination. Vaccine  30 , 523–538 (2012). 
doi:  10.1016/j    . S0264-410X(11)01787-7 [pii]  

      26.    Ali, O.A., Emerich, D., Dranoff, G., Mooney, D.J.: In 
situ regulation of DC subsets and T cells mediates 
tumor regression in mice. Sci. Transl. Med.  1 , 8ra19 
(2009). doi:  10.1126/scitranslmed.3000359    . 1/8/8ra19 
[pii]  

    27.    Karumuthil-Melethil, S., et al.: Dendritic cell-directed 
CTLA-4 engagement during pancreatic beta cell antigen 
presentation delays type 1 diabetes. J. Immunol.  184 , 
6695–6708 (2010). doi:  10.4049/jimmunol.0903130    . 
jimmunol.0903130 [pii]  

   28.    Kwon, Y.J., Standley, S.M., Goodwin, A.P., Gillies, 
E.R., Frechet, J.M.: Directed antigen presentation 

using polymeric microparticulate carriers degradable 
at lysosomal pH for controlled immune responses. 
Mol. Pharm.  2 , 83–91 (2005). doi:  10.1021/mp0498953      

   29.    Malcherek, G., et al.: MHC class II-associated invari-
ant chain peptide replacement by T cell epitopes: 
engineered invariant chain as a vehicle for directed 
and enhanced MHC class II antigen processing and 
presentation. Eur. J. Immunol.  28 , 1524–1533 (1998)  

    30.    Matsuo, H., et al.: Engineered hepatitis B virus sur-
face antigen L protein particles for in vivo active tar-
geting of splenic dendritic cells. Int. J. Nanomedicine 
 7 , 3341–3350 (2012). doi:  10.2147/IJN.S32813    . ijn-
7- 3341 [pii]  

    31.    Caminschi, I., Maraskovsky, E., Heath, W.R.: 
Targeting dendritic cells in vivo for cancer therapy. 
Front. Immunol.  3 , 13 (2012). doi:  10.3389/
fi mmu.2012.00013      

    32.    Kwon, Y.J., James, E., Shastri, N., Frechet, J.M.: In 
vivo targeting of dendritic cells for activation of cel-
lular immunity using vaccine carriers based on pH- 
responsive microparticles. Proc. Natl. Acad. Sci. 
U.S.A.  102 , 18264–18268 (2005). doi:  10.1073/
pnas.0509541102    . 0509541102 [pii]  

    33.    Faraasen, S., et al.: Ligand-specifi c targeting of 
microspheres to phagocytes by surface modifi cation 
with poly(L-lysine)-grafted poly(ethylene glycol) 
conjugate. Pharm. Res.  20 , 237–246 (2003)  

    34.    Reddy, S.T., Rehor, A., Schmoekel, H.G., Hubbell, 
J.A., Swartz, M.A.: In vivo targeting of dendritic cells 
in lymph nodes with poly(propylene sulfi de) nanopar-
ticles. J. Control. Release  112 , 26–34 (2006)  

    35.    Bonifaz, L.C., et al.: In vivo targeting of antigens to 
maturing dendritic cells via the DEC-205 receptor 
improves T cell vaccination. J. Exp. Med.  199 , 
815–824 (2004)  

    36.    Crampton, H.L., Simanek, E.E.: Dendrimers as drug 
delivery vehicles: non-covalent interactions of bioac-
tive compounds with dendrimers. Polym. Int.  56 , 
489–496 (2007). doi:  10.1002/pi.2230      

        37.    Daftarian, P., et al.: Peptide-conjugated PAMAM den-
drimer as a universal DNA vaccine platform to target 
antigen-presenting cells. Cancer Res.  71 , 7452–7462 
(2011). doi:  10.1158/0008-5472.CAN-11-1766    . 
0008–5472.CAN-11-1766 [pii]  

   38.    Cruz, L.J., et al.: Multimodal imaging of nanovaccine 
carriers targeted to human dendritic cells. Mol. 
Pharm.  8 , 520–531 (2011). doi:  10.1021/mp100356k      

     39.    Cho, N.H., et al.: A multifunctional core-shell 
nanoparticle for dendritic cell-based cancer immuno-
therapy. Nat. Nanotechnol.  6 , 675–682 (2011)  

    40.    Vyas, S.P., Goyal, A.K., Khatri, K.: Mannosylated 
liposomes for targeted vaccines delivery. Methods 
Mol. Biol.  605 , 177–188 (2010). 
doi:  10.1007/978-1-60327-360-2_12      

    41.    Geng, S., et al.: Amiloride enhances antigen specifi c 
CTL by facilitating HBV DNA vaccine entry into 
cells. PLoS One  7 , e33015 (2012). doi:  10.1371/jour-
nal.pone.0033015    . PONE-D-11-20345 [pii]  

    42.    Watson, D.S., Endsley, A.N., Huang, L.: Design con-
siderations for liposomal vaccines: infl uence of 

P. Daftarian et al.

http://dx.doi.org/10.1089/hyb.2010.0120
http://dx.doi.org/10.1089/hyb.2010.0120
http://dx.doi.org/10.1016/S1473-3099(11)70240-7
http://dx.doi.org/10.1016/S1473-3099(11)70240-7
http://dx.doi.org/10.1038/nrc2326
http://dx.doi.org/10.1016/j.immuni.2010.10.004
http://dx.doi.org/10.1016/j.immuni.2010.10.004
http://dx.doi.org/10.1016/j.vaccine.2010.07.021
http://dx.doi.org/10.1016/j.vaccine.2010.07.021
http://dx.doi.org/10.1158/0008-5472.CAN-11-1766
http://dx.doi.org/10.1158/0008-5472.CAN-11-1766
http://dx.doi.org/10.1016/j.jaci.2012.01.063
http://dx.doi.org/10.1016/j.jaci.2012.01.063
http://dx.doi.org/10.1038/jid.2011.198
http://dx.doi.org/10.1016/j
http://dx.doi.org/10.1126/scitranslmed.3000359
http://dx.doi.org/10.4049/jimmunol.0903130
http://dx.doi.org/10.1021/mp0498953
http://dx.doi.org/10.2147/IJN.S32813
http://dx.doi.org/10.3389/fimmu.2012.00013
http://dx.doi.org/10.3389/fimmu.2012.00013
http://dx.doi.org/10.1073/pnas.0509541102
http://dx.doi.org/10.1073/pnas.0509541102
http://dx.doi.org/10.1002/pi.2230
http://dx.doi.org/10.1158/0008-5472.CAN-11-1766
http://dx.doi.org/10.1021/mp100356k
http://dx.doi.org/10.1007/978-1-60327-360-2_12
http://dx.doi.org/10.1371/journal.pone.0033015
http://dx.doi.org/10.1371/journal.pone.0033015


765

 formulation parameters on antibody and cell-medi-
ated immune responses to liposome associated anti-
gens. Vaccine  30 , 2256–2272 (2012)  

     43.    Kesharwani, P., Gajbhiye, V., Tekade, R.K., Jain, 
N.K.: Evaluation of dendrimer safety and effi cacy 
through cell line studies. Curr. Drug Targets  12 , 
1478–1497 (2011). BSP/CDT/E-Pub/00269 [pii]  

     44.    Tekade, R.K., Dutta, T., Gajbhiye, V., Jain, N.K.: Exploring 
dendrimer towards dual drug delivery: pH responsive 
simultaneous drug-release kinetics. J. Microencapsul.  26 , 
287–296 (2009). doi:  10.1080/02652040802312572    . 
902427985 [pii]  

    45.    van der Lubben, I.M., et al.: Chitosan microparticles 
for mucosal vaccination against diphtheria: oral and 
nasal effi cacy studies in mice. Vaccine  21 , 1400–1408 
(2003). S0264410X02006862 [pii]  

    46.    van der Lubben, I.M., Verhoef, J.C., Borchard, G., 
Junginger, H.E.: Chitosan for mucosal vaccination. 
Adv. Drug Deliv. Rev.  52 , 139–144 (2001). 
S0169-409X(01)00197-1 [pii]  

     47.    Wang, W., Kaifer, A.E.: Electrochemical switching 
and size selection in cucurbit[8]uril-mediated den-
drimer self-assembly. Angew. Chem. Int. Ed. Engl. 
 45 , 7042–7046 (2006). doi:  10.1002/anie.200602220      

    48.    Kojima, C., Regino, C., Umeda, Y., Kobayashi, H., Kono, 
K.: Infl uence of dendrimer generation and polyethylene 
glycol length on the biodistribution of PEGylated den-
drimers. Int. J. Pharm.  383 , 293–296 (2010). 
d o i :   1 0 . 1 0 1 6 / j . i j p h a r m . 2 0 0 9 . 0 9 . 0 1 5     . 
S0378- 5173(09)00628-0 [pii]  

    49.    Alexander, J., et al.: Development of high potency 
universal DR-restricted helper epitopes by modifi ca-
tion of high affi nity DR-blocking peptides. Immunity 
 1 , 751–761 (1994)  

    50.    Neumann, F., et al.: Identifi cation of an antigenic pep-
tide derived from the cancer-testis antigen NY-ESO-1 
binding to a broad range of HLA-DR subtypes. 
Cancer Immunol. Immunother.  53 , 589–599 (2004). 
doi:  10.1007/s00262-003-0492-6      

    51.    Kim, D., et al.: Role of IL-2 secreted by PADRE- 
specifi c CD4+ T cells in enhancing E7-specifi c CD8+ 
T-cell immune responses. Gene Ther.  15 , 677–687 
(2008)  

    52.    Belot, F., Guerreiro, C., Baleux, F., Mulard, L.A.: 
Synthesis of two linear PADRE conjugates bearing a 
deca- or pentadecasaccharide B epitope as potential 
synthetic vaccines against Shigella fl exneri serotype 
2a infection. Chemistry  11 , 1625–1635 (2005)  

   53.    Alexander, J., et al.: Linear PADRE T helper epitope 
and carbohydrate B cell epitope conjugates induce 
specifi c high titer IgG antibody responses. J. Immunol. 
 164 , 1625–1633 (2000)  

   54.    Decroix, N., Pamonsinlapatham, P., Quan, C.P., 
Bouvet, J.-P.: Impairment by mucosal adjuvants and 
cross-reactivity with variant peptides of the mucosal 
immunity induced by injection of the fusion peptide 
PADRE-ELDKWA. Clin. Diagn. Lab. Immunol.  10 , 
1103–1108 (2003)  

   55.    Wei, J., et al.: Dendritic cells expressing a combined 
PADRE/MUC4-derived polyepitope DNA vaccine 

induce multiple cytotoxic T-cell responses. Cancer 
Biother. Radiopharm.  23 , 121–128 (2008)  

   56.    Daftarian, P., et al.: Immunization with Th-CTL 
fusion peptide and cytosine-phosphate-guanine DNA 
in transgenic HLA-A2 mice induces recognition of 
HIV-infected T cells and clears vaccinia virus chal-
lenge. J. Immunol.  171 , 4028–4039 (2003)  

   57.    Daftarian, P., et al.: Eradication of established HPV 
16-expressing tumors by a single administration of a 
vaccine composed of a liposome-encapsulated CTL-T 
helper fusion peptide in a water-in-oil emulsion. 
Vaccine  24 , 5235–5244 (2006)  

   58.    Daftarian, P., et al.: Novel conjugates of epitope fusion 
peptides with CpG-ODN display enhanced immuno-
genicity and HIV recognition. Vaccine  23 , 3453–3468 
(2005). doi:  10.1016/j.vaccine.2005.01.093    . S0264-
410X(05)00134-9 [pii]  

   59.    Daftarian, P., et al.: Two distinct pathways of immuno- 
modulation improve potency of p53 immunization in 
rejecting established tumors. Cancer Res.  64 , 5407–
5414 (2004). doi:  10.1158/0008-5472.CAN-04-0169    . 
64/15/5407 [pii]  

    60.    Daftarian, P.M., et al.: Rejection of large HPV-16 
expressing tumors in aged mice by a single immuniza-
tion of VacciMax encapsulated CTL/T helper peptides. 
J. Transl. Med.  5 , 26 (2007). doi:  10.1186/1479-5876-5-
26    . 1479-5876-5-26 [pii]  

    61.    Myhr, A.I., Myskja, B.K.: Precaution or integrated 
responsibility approach to nanovaccines in fi sh farm-
ing? A critical appraisal of the UNESCO precaution-
ary principle. Nanoethics  5 , 73–86 (2011). 10.1007/
s11569-011-0112-4 112 [pii]  

   62.    Clemente-Casares, X., Tsai, S., Yang, Y., Santamaria, 
P.: Peptide-MHC-based nanovaccines for the treat-
ment of autoimmunity: a “one size fi ts all” approach? 
J. Mol. Med. (Berl)  89 , 733–742 (2011). doi:  10.1007/
s00109-011-0757-z      

   63.    Skwarczynski, M., Toth, I.: Peptide-based subunit 
nanovaccines. Curr. Drug Deliv.  8 , 282–289 (2011). 
BSP/CDD/E-Pub/00085 [pii]  

   64.    Yang, J., et al.: Preparation and antitumor effects of 
nanovaccines with MAGE-3 peptides in transplanted 
gastric cancer in mice. Chin. J. Cancer  29 , 359–364 
(2010). 1000-467X201004359 [pii]  

   65.    Nandedkar, T.D.: Nanovaccines: recent developments 
in vaccination. J. Biosci.  34 , 995–1003 (2009)  

   66.    Salvador-Morales, C., Zhang, L., Langer, R., 
Farokhzad, O.C.: Immunocompatibility properties of 
lipid-polymer hybrid nanoparticles with heteroge-
neous surface functional groups. Biomaterials  30 , 
2231–2240 (2009)  

    67.    Danesh-Bahreini, M.A., et al.: Nanovaccine for leish-
maniasis: preparation of chitosan nanoparticles con-
taining Leishmania superoxide dismutase and 
evaluation of its immunogenicity in BALB/c mice. 
Int. J. Nanomedicine  6 , 835–842 (2011). doi:  10.2147/
IJN.S16805    . ijn-6-835 [pii]  

    68.    Pietersz, G.A., Tang, C.K., Apostolopoulos, V.: 
Structure and design of polycationic carriers for gene 
delivery. Mini Rev. Med. Chem.  6 , 1285–1298 (2006)  

47 APC-Targeted (DNA) Vaccine Delivery Platforms: Nanoparticle Aided

http://dx.doi.org/10.1080/02652040802312572
http://dx.doi.org/10.1002/anie.200602220
http://dx.doi.org/10.1016/j.ijpharm.2009.09.015
http://dx.doi.org/10.1007/s00262-003-0492-6
http://dx.doi.org/10.1016/j.vaccine.2005.01.093
http://dx.doi.org/10.1158/0008-5472.CAN-04-0169
http://dx.doi.org/10.1186/1479-5876-5-26
http://dx.doi.org/10.1186/1479-5876-5-26
http://dx.doi.org/10.1007/s00109-011-0757-z
http://dx.doi.org/10.1007/s00109-011-0757-z
http://dx.doi.org/10.2147/IJN.S16805
http://dx.doi.org/10.2147/IJN.S16805


766

    69.    Tekade, R.K., Kumar, P.V., Jain, N.K.: Dendrimers in 
oncology: an expanding horizon. Chem. Rev.  109 , 
49–87 (2009)  

    70.    Hung, C.F., Yang, M., Wu, T.C.: Modifying profes-
sional antigen-presenting cells to enhance DNA vac-
cine potency. Methods Mol. Med.  127 , 199–220 
(2006)  

     71.    Jerome, V., Graser, A., Muller, R., Kontermann, R.E., 
Konur, A.: Cytotoxic T lymphocytes responding to 
low dose TRP2 antigen are induced against B16 mela-
noma by liposome-encapsulated TRP2 peptide and 
CpG DNA adjuvant. J. Immunother.  29 , 294–305 
(2006)  

    72.    Bronte, V., et al.: Genetic vaccination with “self” 
tyrosinase-related protein 2 causes melanoma eradica-
tion but not vitiligo. Cancer Res.  60 , 253–258 (2000)  

    73.    Cohen, A.D., et al.: Agonist anti-GITR antibody 
enhances vaccine-induced CD8(+) T-cell responses 

and tumor immunity. Cancer Res.  66 , 4904–4912 
(2006)  

    74.    Frelin, L., et al.: Electroporation: a promising method 
for the nonviral delivery of DNA vaccines in humans? 
Drug News Perspect.  23 , 647–653 (2010)  

    75.    Alexander, J., et al.: The optimization of helper T 
lymphocyte (HTL) function in vaccine development. 
Immunol. Res.  18 , 79–92 (1998). doi:  10.1007/
BF02788751      

   76.    Wu, C.Y., Monie, A., Pang, X., Hung, C.F., Wu, T.C.: 
Improving therapeutic HPV peptide-based vaccine 
potency by enhancing CD4+ T help and dendritic cell 
activation. J. Biomed. Sci.  17 , 88 (2010)  

    77.    Kim, D., et al.: Enhancement of CD4+ T-cell help 
reverses the doxorubicin-induced suppression of 
antigen- specifi c immune responses in vaccinated 
mice. Gene Ther.  15 , 1176–1183 (2008). gt200879 
[pii]10.1038/gt.2008.79    

P. Daftarian et al.

http://dx.doi.org/10.1007/BF02788751
http://dx.doi.org/10.1007/BF02788751


767M. Giese (ed.), Molecular Vaccines Volume 2, 
DOI 10.1007/978-3-319-00978-0_22, © Springer International Publishing Switzerland 2014

    Abstract 

   Vaccines are currently being developed based 
on the new concept of designing antigens 
that can prompt the innate immune system to 
trigger adaptive immunity and to character-
ize the T cells that are needed for the desired 
response. To develop protective immune 
responses against mucosal pathogens, the 
delivery route and adjuvants for vaccination 
are important. The host, however, strives to 
maintain mucosal homeostasis by respond-
ing to mucosal antigens with tolerance. This 
induction of mucosal immunity through vac-
cination is a rather diffi cult task. However,  
potent mucosal adjuvants, vectors, and other 
special delivery systems can be used. There 
is a great need to develop effective mucosal 
delivery systems that avoid degradation and 
promote uptake of the antigen in the gastro-
intestinal tract and stimulate adaptive immune 
responses, rather than the tolerogenic immune 
responses seen in studies done with feeding 
soluble antigens. 

 Lactic acid bacteria have Generally 
Recognized As Safe (GRAS) status and 
have been developed in the past decade as 
potent adjuvants for mucosal delivery of vac-
cine antigens. Both  Lactococcus lactis  and 
 Lactobacillus spp . have been used. In this 
chapter I will review the development of a 
platform technology based in  Lactobacillus 
plantarum  to deliver prophylactic mole-
cules orally and will provide an example for 
plague.  
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48.1         Plague and the Pathogen 

  Yersinia pestis , an aerobic, nonmotile, Gram- 
negative bacillus belonging to the family 
 Enterobacteriaceae , is transmitted to humans via 
fl ea bite or via aerosol droplet causing bubonic or 
pneumonic plague, respectively [ 1 ,  2 ]. 

 Most human plague cases present as one of 
three primary forms—bubonic, septicemic, or 
pneumonic. Secondary plague septicemia, pneu-
monia, and meningitis are the most common 
complications. In the United States an average of 
seven cases have been reported each year. Case 
fatalities for untreated bubonic plague range from 
40 to 60 %, while untreated septicemic and pneu-
monic forms of the disease are invariably fatal [ 3 , 
 4 ]. In most instances, fatal cases involve patients 
who do not seek treatment soon enough after 
becoming sick or are incorrectly diagnosed when 
they do see a physician. Death usually results 
from an overwhelming septic shock [ 5 ,  6 ]. 

 The  Y. pestis  genome has been completely 
sequenced. The genes found in  Y. pestis  are isose-
quential to alleles found in  Y. pseudotuberculosis  
[ 7 ]. Thus, it appears that  Y. pestis  evolved 1,500–
20,000 years ago from  Y. pseudotuberculosis  and 
that it has undergone large-scale genetic fl ux [ 8 ]. 
The genome is 4.63 megabases in size in addition 
to its three virulence plasmids (10, 70, and 
100 Kb) [ 7 ,  9 ,  10 ]. The 10 kb plasmid, encoding 
plasminogen activator protease (Pla) [ 11 ], and 
the 100 kb plasmid, encoding F1 capsular anti-
gen, are unique to  Y. pestis  [ 11 – 13 ]. However, all 
three pathogenic  Yersinia  share the 70 Kb plas-
mid which encodes genes for important virulence 
factors required for pathogenicity: the type III 
secretion system, LcrV, and a series of  Yersinia  
outer surface proteins (Yops) [ 6 ,  9 ,  10 ,  14 ]. 

 The pathogenicity of  Y. pestis  results from its 
impressive ability to overcome the defenses of the 
mammalian host and to overwhelm it with mas-
sive growth. The type III secretion system is a 
mechanism for intracellular targeting of virulence 
factors shared by several bacterial pathogens [ 15 ] 
which enables the secretion and injection of viru-
lence effectors by a bacterium- host cell contact-
dependent mechanism. These proteins have to 
promote cellular cytotoxicity, inhibit infl amma-
tory cell chemotaxis, induce the production of 

immunomodulatory cytokines (e.g., IL-10), and 
prevent formation of protective granulomas [ 16 ]. 
In mice infected with  Y. pestis , signifi cant levels 
of IFN gamma and TNF alfa arise only just before 
death. In contrast, infection with avirulent strains 
of  Y. pestis  induces the prompt and marked syn-
thesis of these cytokines [ 16 ].  

48.2     The Enzootic Cycle 
and Transmission 

 Plague is enzootic in rodents in Africa, Asia, South 
America, and North America [ 17 ].  Y. pestis  is trans-
mitted from host to host by fl eas via blood feeding, 
through consumption or handling of infectious host 
tissues, or through inhalation of infectious materi-
als.  Y. pestis  infects an astonishingly broad range of 
mammals and uses rats, squirrels, mice, prairie 
dogs, marmots, or gerbils as reservoirs and several 
arthropod vectors for transmission [ 2 ,  4 ,  6 ,  18 ]. 
This zoonotic infection persists for long periods of 
time at low levels of prevalence in enzootic cycles 
that involve partially resistant rodents (enzootic or 
maintenance hosts) and cause little host mortality. 
These long periods are interrupted by occasional 
outbursts or epizootics (i.e., spreading die-offs) 
among these hosts or epidemics, when the inci-
dence among humans increases [ 19 ]. See Fig.  48.1 .

   Humans acquire this zoonotic infection via an 
atypical bite from animal fl eas, sometimes 
prompted by an animal’s death from plague, after 
which the fl ea seeks a new source of blood. The 
incubation period from fl eabite to symptomatic 
disease is 2–10 days [ 20 ]. Humans can be viewed 
as playing no role in the maintenance of plague in 
nature because rodent populations and their fl eas 
suffi ce and because humans are poor transmitters 
of short-lived outbreaks of pneumonic plague. 
Most infected fl eas come from the domestic 
black rat  Rattus rattus  or the brown sewer rat 
 Rattus norvegicus.  The most common and effi -
cient fl ea vector is  Xenopsylla cheopis,  but many 
other fl ea species can transmit plague. The orien-
tal rat fl ea  X. cheopis  is more susceptible than are 
other fl eas to having the proventriculus of its 
digestive tract blocked by a blood meal contain-
ing  Y. pestis . Blocked fl eas are unable to clear 
their midguts of infected blood, leading them to 
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bite repeatedly and to regurgitate bacteria into the 
skin of its next host [ 17 ,  21 ]. 

  Y. pestis  cells spread from the site of the infected 
fl ea bite to the regional lymph nodes, grow to high 
numbers causing the formation of a bubo, and spill 
into the bloodstream where bacteria are removed 
in the liver and spleen. Growth continues in these 
organs, spreads to others, and causes septicemia. 
Fleas feeding on septicemic animals complete the 
infection cycle. In humans, bubonic plague can 
develop into an infection of the lung (secondary 
pneumonic plague) that can lead to aerosol trans-
mission (primary pneumonic plague) [ 2 ,  6 ,  22 ]. In 
this case, the organism replicates in massive num-
bers in the lung tissue, and hemorrhagic lesions 
and immune cell infi ltrates destroy the airways and 
precipitate a rapidly contagious and lethal course 
of infection followed by further aerosol dissemi-
nation of the pathogen [ 23 ]. Aerosol transmission 

can result from naturally occurring pneumonic 
plague as well as from biological warfare. Multiple 
antibiotic-resistant strains of  Y. pestis  occur natu-
rally and they can be easily bioengineered [ 2 ]. 
Thus, plague is a Category A bioterrorism agent in 
need for novel strategies for its prevention. 

 People of all ages and both sexes are sus-
ceptible to the disease. Distributions by age 
and sex were not given by the World Health 
Organization [ 24 ], but most recent cases occur 
in children, with a slight preponderance among 
males [ 17 ]. Human plague in all countries where 
the disease is endemic shows seasonal variation. 
The peak season corresponds to the timing of 
epizootics with dying off of susceptible rodents. 
Seasonality can be correlated with the increase 
in fertility of rodent fl eas, increase in rodent 
populations, and greater proximity of humans to 
infected animals [ 17 ].  
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48.3     Diagnostic and Therapy 

48.3.1     Clinical Disease 

 Bubonic plague is the classic form of the dis-
ease. Patients usually develop symptoms of 
fever, headache, chills, and swollen, extremely 
tender lymph nodes (buboes) within 2–6 days 
of contact with the organism either by fl eabite 
or by exposure of open wounds to infected 
materials. In addition, gastrointestinal com-
plaints such as nausea, vomiting, and diarrhea 
are common [ 25 ]. Skin lesions infrequently 
develop at the initial site of an infection. 
Soreness in the affected lymph nodes will 
sometimes precede swelling [ 26 ], and any of 
the lymph node areas can be involved, depend-
ing upon the site of the initial infection. Buboes 
are typically found in the inguinal and femoral 
regions but also occur in other nodes [ 5 ]. 
Bacteremia or secondary plague septicemia is 
frequently seen in patients with bubonic plague 
[ 6 ,  27 ]. 

 Primary septicemic plague is generally 
defi ned as occurring in a patient with positive 
blood cultures but no palpable lymphadenopa-
thy. Clinically, plague septicemia resembles 
septicemias caused by other Gram-negative bac-
teria. Patients are febrile, and most have chills, 
headache, malaise, and gastrointestinal distur-
bances. There is some evidence that patients 
with septicemic plague have a higher incidence 
of abdominal pain than do bubonic plague 
patients [ 25 ]. The mortality rate for people 
with septicemic plague is fairly high probably 
because the antibiotics generally used to treat 
undifferentiated sepsis are not effective against 
 Y. pestis  [ 3 ,  6 ,  25 ,  26 ]. 

 Primary pneumonic plague is a rare but 
deadly form of the disease that is spread via 
respiratory droplets through close contact 
(2–5 ft) with an infected individual. It progresses 
rapidly from a febrile fl u-like illness to an over-
whelming pneumonia with coughing and the 
production of bloody sputum. The incubation 
period for primary pneumonic plague is between 
1 and 3 days. In general, patients who develop 
secondary plague pneumonia have a high fatality 
rate [ 6 ].  

48.3.2     Laboratory Diagnosis 

 The laboratory diagnosis of plague is based on 
bacteriological and/or serological evidence [ 26 ]. 
Samples for analysis can include blood, bubo aspi-
rates, sputum, cerebrospinal fl uid in patients with 
plague meningitis, and scrapings from skin lesions, 
if present. Staining techniques such as the Gram, 
Giemsa, Wright, or Wayson stain can provide sup-
portive but not presumptive or confi rmatory evi-
dence of a plague infection [ 26 ]. The mainstay of 
rapid, bedside diagnosis of bubonic plague is exam-
ination of the bubo aspirate under the microscope 
after Gram or Wayson staining [ 17 ]. A diagnosis 
of plague is confi rmed by bacteriological culture to 
isolate the organism.  Y. pestis  grows on most rou-
tine laboratory culture media in 2 days. The colo-
nies are opaque and smooth with irregular edges 
that have a “hammered metal” appearance when 
magnifi ed [ 6 ,  26 ] Although not a rapid diagnostic 
technique, a serological response is often used ret-
rospectively to confi rm cases of plague. Alternative 
methods for diagnosing plague have been devel-
oped, including enzyme-linked immunosorbent 
assays for detection of F1 [ 17 ], antigen capture 
assays (i.e., anti-F1 dipstick assay), and classic and 
real- time PCR tests that use structural genes for F1 
antigen, plasminogen activator, murine toxin, and 
16S ribosomal RNA [ 17 ,  28 ] (Table  48.1 ).

   Table 48.1    Diagnostic methods for detection of  Yersinia 
pestis  in clinical specimens   

 Method  Sensitivity, specifi city 
and rapidity 

 Culture of bubo aspirate, 
blood or sputum 
specimen 

 Highly sensitive if patient is 
untreated, highly specifi c, 
takes 2–3 days for 
identifi cation 

 Gram or wayson stain 
of bubo aspirate or 
sputum specimen 

 Moderately sensitive, 
moderately specifi c, rapid 
within minutes 

 Immunofl uorescent 
antibody applied 
to bubo aspirate 
or sputum specimen 

 Moderately sensitive, highly 
specifi c, rapid within minutes 

 ELISA for F1 antigen 
in bubo aspirate 

 Highly sensitive, highly 
specifi c, rapid within hours 

 Dipstick for F1 antigen 
in bubo aspirate 

 Highly sensitive, highly 
specifi c, rapid within minutes 

 PCR for F1 gene in 
bubo aspirate 

 Moderately sensitive, highly 
specifi c, rapid within hours 
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48.3.3        Classic Therapy 

 All patients suspected of having bubonic plague 
should be placed in isolation until 2 days after 
starting antibiotic treatment to prevent the poten-
tial spread of the disease should the patient 
develop secondary plague pneumonia [ 6 ]. The 
antibiotics and regimes used to treat  Y. pestis  
infections and as prophylactic measures are listed 
in Table  48.2 .

   Streptomycin has been used to treat plague 
for over 45 years [ 29 ] and still remains the drug 
of choice. In countries where streptomycin is not 
available, gentamicin is an effective substitute 
[ 30 ]. Because streptomycin is bacteriolytic, it 
should be administered with care to prevent the 
development of endotoxic shock. Due to its tox-
icity, patients are not usually maintained on 
streptomycin for the full 10-day treatment 
 regimen but are gradually switched to one of 
the other antibiotics, usually tetracycline. The 

tetracyclines are also commonly used for prophy-
lactic therapy, while chloramphenicol is recom-
mended for the treatment of plague meningitis 
[ 31 ]. While  Y. pestis  is susceptible to penicillin in 
vitro, this antibiotic is considered ineffective 
against human disease [ 3 ]. A randomized com-
parison of gentamicin and doxycycline in 
Tanzania, however, indicated that doxycycline 
was equally effective, without any nephrotoxic-
ity [ 32 ]. Thus, doxycycline can be considered an 
alternative drug of choice. Only one patient was 
reported to have received successful treatment 
with ciprofl oxacin [ 17 ,  33 ], but neither the fl uo-
roquinolones nor the b-lactams have been sub-
jected to testing in humans. Antibiotic-resistant 
strains are rare and are not increasing in 
 frequency [ 6 ].   

48.4     Vaccine 

 Current epidemiological records suggest 4,000 
human plague cases annually worldwide [ 34 ]. 
However, due to possible aerosol transmission 
and fulminant virulence of pneumonic plague, 
 Y. pestis  has been categorized a Class A bioter-
rorism agent. Unlike anthrax,  Y. pestis  does not 
form spores and does not survive outside the 
body. For this reason, no one has succeeded in 
developing an effective bioweapon using aero-
solized bacteria. In addition, the ability of 
pneumonic plague to propagate an epidemic is 
severely restricted by the requirement for close 
contact with a dying patient, usually on the last 
day of the patient’s life [ 35 ]. Thus, the danger 
of using this organism as a bio weapon has been 
greatly exaggerated [ 17 ,  36 ]. During World War 
II Japanese forces released plague-infected 
fl eas from aircraft over Chinese cities [ 2 ] 
although it is doubtful that these crude strate-
gies of attack would be attempted nowadays. 
However, it is widely accepted that  Y. pestis  can 
be easily genetically manipulated to create 
strains with specifi c engineered traits, such as 
resistance to the antibiotics used to treat the dis-
ease. Thus, efforts are under way to develop 
new subunit vaccines that will protect against 
plague pneumonia. Pneumonic plague has an 
intracellular phase that clamors for a cell- 

   Table 48.2    Antimicrobial agents for treatment of plague   

 Drug  Clinical experience 

 Gentamicin  Monotherapy shown to be 
effective in the past decade in 
the United States and Tanzania 
after streptomycin theraphy 
was discontinued 

 Streptomycin  Drug of choice from 1948 to 
~40 years later, when its use 
was discontinued in most 
countries; still used in 
Madagascar in combination 
with trimethoprim-
sulfamethoxazole  

 Doxycycline or 
tetracycline 

 Effective alternative to 
gentamicin when oral theraphy 
is preferred; used as a 
prophylaxis for pneumonic 
disease 

 Trimethoprim- 
sulfamethoxazole  

 Used in combination with 
streptomycin in Madagascar; 
recommended as prophylaxis 
for pneumonic disease 

 Chloramphenicol  Effective but rarely used due to 
bone marrow toxic effects 

 Cephalosporins and 
other ß-lactams 

 Not recommended but effective 
in experimental animal 
infection 

 Ciprofl oxacin and 
other fl uoroquinolones 

 Not recommended but effective 
in experimental animal 
infection 
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mediated immune response to convey  protection 
[ 37 ] which is a major challenge for the develop-
ment of such vaccines. 

 The administration of appropriate medi-
cal molecules via mucosal routes offers several 
important advantages over systemic delivery such 
as reduction of secondary effects, easy adminis-
tration, and the possibility to modulate both sys-
temic and mucosal immune responses [ 38 ]. 

 A major technological challenge is to develop 
delivery vectors that can survive transit through 
the gastrointestinal tract while shielding thera-
peutic or immunogenic molecules from low pH, 
bile, proteolytic enzymes, antimicrobial peptides, 
and intestinal peristalsis [ 39 ]. 

 Lactic acid bacteria (LAB) are a group of 
Gram-positive, nonpathogenic, non-sporulating 
bacteria that include species of Lactobacillus, 
Lactococcus, Leuconostoc, Pediococcus, and 
Streptococcus. They have limited biosynthetic 
abilities and require preformed amino acids, B 
vitamins, purines, pyrimidines, and a sugar as a 
carbon and energy source. These nutritional 
requirements restrict their habitats to those in 
which the required compounds are abundant. 
Thus, these highly specialized bacteria occupy a 
range of niches including milk, plant surfaces, 
the oral cavity, the gastrointestinal tract, and the 
vagina of vertebrates [ 40 ]. 

 LAB have been consumed for centuries by 
humans in fermented foods and have an extraordi-
nary safety profi le. These intrinsic advantages turn 
LAB into excellent delivery vectors of novel pre-
ventive and therapeutic molecules for humans. A 
number of studies of oral vaccines generated from 
genetically engineered pathogenic or commensal 
bacteria have been reported [ 41 – 47 ]. LAB repre-
sent an attractive alternative to the use of other 
mucosal delivery systems, such as liposomes, mic-
roparticles, and attenuated pathogens [ 40 ,  48 ]. 

 Generating live, attenuated vaccines involves 
a process in which an infectious agent is altered 
so that it becomes harmless while retaining its 
ability to interact with the host and stimulate a 
protective immune response [ 49 ]. Live, attenu-
ated pathogenic bacteria, such as derivatives of 
Mycobacterium, Salmonella, and Bordetella spp., 
are the most popular live delivery vectors used 

currently. They are particularly well adapted to 
interact with mucosal surfaces as they have spe-
cialized machinery to initiate the infection pro-
cess. The major disadvantages of live vaccines 
include inadequate attenuation and the potential 
to revert to virulence. These bacteria can reac-
quire their pathogenic potential and, thus, are 
not entirely safe for human use, especially by 
children and by immunosuppressed individuals 
[ 48 ]. Lactic acid bacteria-based vaccines act as 
live, attenuated vaccines but without the safety 
concern. LAB have a Generally Recognized As 
Safe (GRAS) status and, thus, are not likely to 
cause harm. 

 Interest in the use of LAB as delivery vehi-
cles stems from a large body of immunological 
research which shows that a delivery system is 
needed to avoid degradation and promote uptake 
of the antigen in the gastrointestinal tract and 
stimulate adaptive immune responses, rather 
than the tolerogenic immune responses that are 
seen in feeding studies with soluble antigens 
[ 40 ,  50 ,  51 ]. 

 The production of a desired antigen by LAB 
can occur in three different cellular locations: (i) 
intracellular, which allows the protein to escape 
harsh external environmental conditions (such 
as gastric juices in the stomach) but requires cel-
lular lysis for protein release and delivery; (ii) 
extracellular, which allows the release of the 
protein into the external medium, resulting in 
direct interaction with the environment (food 
product or the digestive tract); and (iii) cell wall 
anchored, which combines the advantages of the 
other two locations (i.e., interaction between the 
cell wall- anchored protein and the environment, 
in addition to protection from proteolytic degra-
dation). In this context, several studies have 
compared the production of different antigens in 
LAB, using all three locations and evaluated the 
subsequent immunological impact [ 40 ,  48 ]. 
These studies demonstrated that the highest 
immune response was obtained with cell wall-
anchored antigens exposed on the surface of 
LAB. Therefore, most of the recent LAB vacci-
nation studies have selected surface exposure of 
the antigen of interest, rather than intra- or 
extracellular production [ 48 ]. 
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 Dendritic cells (DCs) play a central role in 
bridging the innate immune system with the 
adaptive immune system [ 52 – 55 ]. DCs are found 
throughout the body and are especially common 
at mucosal surfaces. With only a single layer of 
epithelial cells separating the external from the 
internal world amid the constant need for particle 
exchange, intestinal dendritic cells (DC) play a 
key role in maintaining intestinal homeostasis as 
well as governing protective immune responses 
against invading pathogens [ 56 ]. To avoid activa-
tion of self-reactive T cells and to limit unneces-
sary responses, such as those against commensal 
fl ora, DCs can imprint tolerance onto T cells 
[ 57 ]. See Fig.  48.2 .

   Immature type DCs are enriched underneath 
the epithelium of mucosal inductive sites and are 
poised to capture antigens. They extend protru-
sions between epithelial cells, enabling direct 
sampling of luminal antigens [ 58 ]. Through 

upregulation of MHC and costimulatory mole-
cules, matured DCs convert into highly effi cient 
antigen-presenting cells [ 56 ]. Successful antigen 
presentation to CD4+ T cells requires recognition 
of cognate peptide in the context of MHC class II 
molecules, whereas epitopes presented on MHC 
class I molecules stimulate Ag-specifi c CD8+ T 
cells [ 56 ]. When antigen uptake occurs, these 
DCs change their phenotype by expressing higher 
levels costimulatory molecules and move to T-cell 
areas of inductive sites for antigen presentation. 
Thus, DCs and their derived cytokines play key 
roles in the induction of antigen-specifi c effector 
Th cell responses. In this regard, targeting muco-
sal DCs is an effective strategy to induce mucosal 
and systemic immune responses [ 55 ,  56 ]. 

 The ability of some LAB to persist in the gas-
trointestinal tract may be critically important in 
the effectiveness of LAB-based vaccines. A com-
parison of a persisting LAB strain,  L. plantarum , 
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with a nonpersisting LAB strain,  L. lactis , 
 identifi ed  L. plantarum  to be more effective at 
eliciting antigen-specifi c immunity suggesting 
that persistence promoted immunogenicity [ 59 ]. 
Further more, it has been shown that particular 
Lactobacillus species induced critical infl amma-
tory cytokines and induced activation and 
 maturation of dendritic cells [ 60 ]. It has also been 
shown that immature DCs effi ciently capture 
Lactobacillus species and these bacteria activated 
human DCs resulting in the production of proin-
fl ammatory cytokines like IL12 and increased 
proliferation of CD4+ and CD8+ cells and skewed 
the T-cell response toward a Th1 pathway believed 
to be involved in effective clearance of microbial 
pathogens [ 61 ,  62 ]. See Fig.  48.3 . Thus, of the lac-
tobacilli strains previously used for vaccine deliv-
ery, we chose to study  Lactobacillus plantarum  
due to its ability to deliver the expressed antigen, 
to its ability to persist in the gut [ 59 ], and to its 
ability to act as a potent adjuvant [ 63 ].

   Evidence suggests that the peptidoglycan 
layer of some LAB promotes natural immuno-
adjuvanticity [ 64 ,  65 ,  66 ] and antigen localiza-
tion on the cell wall makes it more accessible to 
the immune system as compared to intracellular 
or secreted proteins [ 67 ]. Leader peptides mark 
proteins for translocation across the cytoplasmic 
membrane, and lipid modifi cation is of major 
importance both for anchoring exported pro-
teins to the membrane and for protein function 
[ 68 ]. It has been shown that lipidation at the fi rst 
amino acid of the mature  Borrelia burgdorferi  
OspA protein is essential to induce an immune 
response via TLR2 [ 69 ,  70 ]. We examined the 
infl uence of posttranslational processing in 
the localization of OspA lipoprotein on the cell 
envelope of  L. plantarum.  We discovered that 
the leader peptide of OspA targets the protein 
to the cell envelope of  Lactobacillus  and that 
the Cys [ 17 ] is recognized by the  L. plantarum  
cell wall-sorting machinery that lipidates and 
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anchors the protein to the cell envelope. The end 
result is a delivery system that exerts a potent 
adjuvant effect [ 71 ]. 

 Our rationale was to design an oral delivery 
system based on a commensal, completely safe 
bacterium ( L. plantarum)  known to skew immune 
responses toward protective Th1. We used 
the leader sequence of  B. burgdorferi  OspA 
which targets the cloned recombinant protein to 
the cell wall of the bacteria generating a stealthy 
carrier in which the antigen is not only shielded 
from gastrointestinal insult but further induces 
immune responses via TLR2 thereby adding 
adjuvanticity to the system. Our goal was to gen-
erate a platform technology to engineer mucosal 
vaccines against multiple pathogens. Oral vac-
cines based on this system should only trip 
immune responses skewed toward Th1 after the 
recombinant  L. plantarum  is been up taken by 
dendritic cells thereby breaking the natural 
immunological tolerance of the gut. 

 Using the Lyme disease mouse model, we 
demonstrated that mice orally immunized with 
 Lactobacillus plantarum  expressing OspA devel-
oped a systemic IgG and mucosal IgA humoral 
immune response that protected them against tick 
challenge with  B. burgdorferi  [ 72 ]. In addition, 
human dendritic cells stimulated with this vac-
cine produced cytokines that polarize T cells to a 
Th1-type cellular response. Furthermore, a T84 
human epithelial cell line did not produce the 
proinfl ammatory chemokine IL8 in response to 
vaccine stimulation, suggesting that this vaccine 
will not induce local infl ammatory responses in 
the human gastrointestinal tract [ 71 ]. 

 Expanding on the application of our technol-
ogy, we developed an oral vaccine against plague 
based on LcrV-expressing  L. plantarum.  The low 
calcium response V (LcrV) is a secreted viru-
lence factor, and parenteral immunization with 
recombinant protein protects mice from subcuta-
neous [ 73 ] and aerosol challenge with virulent 
 Y. pestis  [ 74 ]. Thus, LcrV is one of the proven 
vaccine candidates against  Yersinia pestis.  Mice 
immunized via oral gavage with LcrV-expressing 
lactobacilli developed systemic (serological) IgG 
and mucosal (gut, bronchoalveolar, and vaginal) 
IgA antibody responses specifi c to LcrV. We 
observed that human dendritic cells stimulated 

with lactobacilli expressing LcrV produced cyto-
kines that polarize T cells to a potentially protec-
tive Th1 cellular immune response and that 
the T84 epithelial human cell line did not pro-
duce the proinfl ammatory chemokine IL8 in 
response to vaccine stimulation. These results 
replicate the immune response we observed for 
our Lyme disease vaccine, which was protective. 
It should be underlined that challenge studies 
were not performed with the Lactobacillus/LcrV 
vaccine and therefore the vaccine effi cacy was 
not tested against  Y. pestis . In addition to  L. plan-
tarum  [ 75 ], the commensal, nonpathogenic bac-
terium  Lactococcus lactis  has been used to 
deliver LcrV with some success [ 2 ,  76 ,  77 ]. 

48.4.1     Preclinical Development, 
Safety, and Effi cacy 

 Previously tested killed whole-cell preparations 
or live, attenuated plague vaccines are currently 
not favored in the United States because of safety 
and effi cacy concerns, but live, rationally attenu-
ated strains of  Y. pestis  have been shown in ani-
mal models to provide strong protection against 
both bubonic and pneumonic plague. Modern 
live  Y. pestis  vaccines should elicit humoral and 
cellular immune responses against a variety of 
relevant antigens, providing stronger protection 
against weaponized  Y. pestis  than vaccines based 
on only one or two antigens [ 2 ,  78 ,  79 ]. 

 Recent efforts to create a safe and effective 
plague vaccine have focused on the development 
of recombinant subunit vaccines that elicit anti-
bodies against two well-characterized  Y. pestis  
antigens, the F1 capsule and the virulence protein 
LcrV [ 80 ,  81 ,  82 ]. While there has been some 
controversy surrounding the effi cacy of subunit 
vaccines in some nonhuman primates [ 83 ], sev-
eral candidates are currently moving toward 
licensure.  

48.4.2     Clinical Development 

 Earlier vaccines to prevent fl ea-borne plague 
have been used for more than half a century for 
people in endemic areas, including 11 million US 
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military personnel deployed to Vietnam in the 
1960s and 1970s, but the formalin-killed whole- 
cell plague vaccine, which did not protect against 
pneumonic disease, was discontinued by its US 
manufacturer in 1998. The live, attenuated vac-
cine EV76 that lacks  pgm  genes has been used 
for a long time in Europe and other countries but 
is not commercially available [ 17 ]. 

 Subunit vaccines based on rF1 and rV anti-
gens are the most promising prospects and have 
passed through Phase I and II clinical trials and 
are well into the licensing process. Although 
direct determination of effi cacy is not possible 
due to ethical considerations, human immune 
responses to subunit plague vaccine have shown 
good correlation with macaque and mouse 
immune responses [ 84 ]. The rV10 vaccine (trun-
cated recombinant LcrV protein) is currently 
undergoing US Food and Drug Administration 
pre-Investigational New Drug authorization 
review for a future phase I trial [ 1 ]. Currently, the 
recombinant F1V (rF1V) being developed at 
DynPort Vaccine Company is in a Phase 2b clini-
cal trial (  www.clinicaltrials.gov    ) [ 2 ].   

48.5     Strengths and Weaknesses 

 Currently, there are few mucosal vaccines in use, 
due to the poor effi ciency of new strategies. A 
common theme that has emerged is that the natu-
ral immunity that develops following infection 
with mucosal transmitted diseases provides mini-
mal protection against secondary challenges with 
a heterologous pathogen. Thus, a vaccine may 
need to elicit a different type of immune response 
altogether to achieve protection in the immunized 
hosts [ 85 ]. 

 However, the ineffective protection afforded 
by traditional injected vaccines against a large 
number of pathogens (HIV, malaria, tuberculosis, 
etc.) has led to active research and development 
of alternative routes of immunization, such as the 
mucosal route. The development of safe and 
effective mucosal adjuvants remains a particular 
priority for non-replicating mucosal vaccines. 
These would offer the potential to induce vaccine- 
specifi c responses at the mucosal portals of 

pathogen entry. So, it is necessary to develop 
nontoxic and effective adjuvants which could 
permit the use of low immunogenic non- 
replicating antigens when administered by muco-
sal routes. Moreover, the use of an adjuvant 
competent for mucosal administration could 
allow targeting of mucosal immune cells and 
generate the desired immune response [ 85 ]. 

 A comparison of the advantages and limita-
tions of various methods of mucosal immuniza-
tion makes it evident that there is no one superior 
method but there is a drawback that they share: 
the fact that there is a lack of control in terms of 
dose that is delivered (as opposed to systemic 
administered) to each individual is an important 
problem during the vaccines studies. The choice 
of any given route of mucosal vaccination and the 
selection of appropriate adjuvants and formula-
tions will affect vaccine design, process, and 
manufacturing issues [ 85 ]. The major strengths 
of oral vaccination are the possibility for needle-
free administration and the wide distribution in 
resource-poor countries where electricity for 
refrigeration of sophisticated drugs and vaccines 
is absent. 

 Much work remains to be done, but current 
research continues to clarify the concepts and 
provide the tools that are needed to exploit the 
full potential of mucosal vaccines. However, this 
research is done on animal models, and it is very 
important to keep in mind that often these models 
cannot be extrapolated to humans due to the very 
signifi cant differences in anatomy, physiology, 
and immunogenicity [ 85 ].     
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       Abstract  

  When an external electric fi eld, under specifi c 
pulse conditions, is applied to cells, in suspen-
sion or in biological tissues, the permeability of 
cell membranes is transiently increased. This 
physical method, termed electroporation, can 
be used to introduce poorly or non permeant 
molecules into the cell. The combination of 
electroporation and chemotherapy is termed 
electrochemotherapy. Electrochemotherapy  
enhances local cytotoxicity of hydrophilic 
drugs that do not easily pass the cell membrane, 
e.g. Bleomycin. This combination treatment 
has proven effective in local control of meta-
static tumour nodules to the skin, independently 
of the histotype. Delivery of genetic materials 
into the target tissues or cells by means of elec-
tric pulses is referred to as electroporation 
based gene transfer. Gene expression level and 
kinetic patterns after in vivo electroporation 
mediated delivery can be optimized and adapted 
for different purposes by employing different 
applicator confi guration, electrical parameters, 
and target tissues of delivery. The current chap-
ter discusses present knowledge of nonviral 
gene delivery, the mechanism of DNA electro-
transfer, and clinical applications focusing on 
delivery to skeletal muscle and skin. An over-
view of the equipment, tissue electroporation 
device and electrodes, currently available for 
clinical use of electroporation based gene trans-
fer is provided.   
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49.1      Principles of Cell Membrane 
Electroporation 

    Application of an external electric fi eld to a sin-
gle cell, cell suspensions or biological tissue gen-
erates a change in the cell transmembrane 
potential. At the cell membrane level, applying 
electric fi elds above the threshold value of the 
transmembrane potential (~1.5 V) [ 1 ] results in 
changes to the membrane structure that render 
the membrane permeable to otherwise non- 
permeant molecules [ 2 ], a phenomenon termed 
electroporation or electropermeabilisation. By 
modulating applied electric fi eld parameters 
within a defi nite window, it is possible to tempo-
rarily permeabilise the membrane, allowing the 
cell to return to its natural state and thus preserv-
ing its viability: this process has been historically 
named reversible electroporation [ 3 ] and has 
been used in combination with chemotherapeutic 
agents, a procedure termed electrochemotherapy, 
or as a delivery method for nucleic acids, gene 
electrotransfer [ 4 ]. 

 The application of electric fi elds of higher 
intensity and/or for longer times can cause a per-
manent disruption of cell membrane permeability, 
leading to cell death. This process is commonly 
referred to as irreversible electroporation and rep-
resents a novel soft tissue ablation modality cur-
rently under clinical investigation [ 3 ].  

49.2     Electrochemotherapy 

 Electrochemotherapy is the local potentiation, by 
means of local reversible electroporation of 
tumour tissues, of the antitumour activity of non- 
permeant (i.e. bleomycin) or poorly permeant 
(i.e. cisplatin) drugs already possessing intrinsic 
cytotoxic activity [ 5 ]. The fi rst clinical studies on 
electrochemotherapy date to the early 1990s [ 6 ] 
and reported effectiveness in local disease con-
trol on head and neck squamous cell carcinoma 
nodules. Following the fi rst heterogenous clinical 
trials, reviewed elsewhere by Sersa G [ 7 ] up to 
2006, a prospective, multicenter, international 
clinical trial, the ESOPE (European Standard 
Operating Procedures of Electrochemotherapy) 
study, was conducted to evaluate the effi cacy and 

safety of electrochemotherapy on cutaneous and 
subcutaneous tumour nodules showing an objec-
tive response rate of 85 % (73.7 % complete 
response rate) on treated tumour nodules [ 8 ]. 
Within the study, treatment protocol was unifi ed 
through the defi nition of electrochemotherapy 
standard operating procedures [ 9 ]. Recently, a 
systematic review and formal meta-analysis of all 
relevant published literature further confi rmed 
the effectiveness of electrochemotherapy along 
with potential predictors of tumour response to 
electrochemotherapy with respect to various 
treatment conditions [ 10 ].  

49.3     Gene Electrotransfer 

 Gene therapy is a promising fi eld of medicine in 
which genes are introduced into the body to treat 
diseases especially those caused by genetic 
anomalies or defi ciencies. The main obstacle for 
gene therapy has been the safe, effective and 
reliable delivery of genes to target tissue. DNA 
electrotransfer has proved to be an effi cient and 
safe method for delivery of naked DNA in non-
viral gene therapy approaches. Following the 
pioneering in vitro studies in 1982 that demon-
strated that DNA could be introduced into living 
cells by means of electric pulses [ 4 ,  5 ], several 
studies on the use of electroporation for delivery 
of molecules to eukaryotic cells and in various 
tissues have been reported [ 11 ]. Over the years, 
the electroporation devices have been devel-
oped, and electric pulse generators and applica-
tors have been created to deliver nucleic acids 
under different condition and in different tis-
sues. Modern generators allow controlling 
amplitude, pulse length and number while inves-
tigating the effect of the various electric param-
eters on transfection and expression levels as 
well as optimisation of gene electrotransfer pro-
tocols [ 12 ]. 

 The employment of naked DNA eliminates 
the limitations and the concerns linked to the use 
of viruses like coding sequence length in the case 
of the adenovirus [ 13 ] and formation of 
 insertional mutations during their integration 
into the host genome in the case of the retrovirus 
or lentivirus [ 14 ]. In addition, naked DNA is safe 
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and simple to manipulate and generate, and it is 
entirely constituted by double-stranded DNA 
with no associated proteins, whereas adenovirus 
proteins    can induce immunological responses 
and prevent the possibility to re- administer the 
viral vectors [ 15 ]; moreover naked DNA deliv-
ered via gene electrotransfer offers the possibil-
ity of multiple administrations. 

 Other physical approaches for nonviral gene 
therapy include direct injection [ 16 ]; plasmid 
liposome complexes [ 17 ], still one of the most 
common techniques for gene delivery into cells; 
the biolistic approach for DNA transfer to super-
fi cial tissues, like the skin, it employs a device 
called gene gun that propels plasmid- coated 
gold microparticles through the cell membrane 
into the cytoplasm and the nucleus, bypassing 
the endosomal compartment where DNA can 
be damaged. Limitations of this method include 
the low effi ciency of the metal particles in reach-
ing the entire tissue due to the low penetration 
of the particles, the deposition of metal particles 
into the body with the potential for long- term 
consequences [ 18 ,  19 ]. Sonoporation applies 
ultrasound to increase the permeability of cell 
membrane to macromolecules including plasmid 
DNA. Indeed, enhancement of gene expression 
was observed by irradiating ultrasonic wave to 
the tissue after injection of DNA [ 20 ]. In mice, 
hydrodynamic injection gene transfer is a tech-
nique achieved by means of the rapid intravenous 
injection of a high volume of solution in just a few 
seconds. Because of the high volume injected, 
the liquid accumulates in the inferior vena cava, 
and the injected DNA is captured by the internal 
organs that are perfused by it [ 16 ,  21 ], mainly the 
liver. However, because of the very large amount 
of liquid injected, this approach seems to have 
limited clinical translation potential.  

49.4     DNA Electrotransfer 
Principles 

 Because of its ease of application, safety and its 
effi ciency, DNA electrotransfer has rapidly 
expanded and advanced to an effi cient methodol-
ogy for nonviral gene delivery. Several experi-
ments showed that in DNA electrotransfer, intake 

of exogenous DNA by the cell is controlled by 
different factors. The major role of high-voltage, 
short-duration electric pulses is membrane per-
meabilisation. Subsequently, the DNA is moved 
by electrophoretic forces towards, as well as 
across, the permeabilised cell membrane by 
lower-voltage, longer-duration pulses and enters 
the cell cytosol [ 22 ,  23 ]. Moreover, it has been 
showed that when applying the electric fi eld, the 
presence of DNA facilitates pore formation 
through direct interaction with the membrane; 
therefore, DNA must be injected before the elec-
tric pulse delivery [ 22 ]. 

 The role of electric pulses in DNA electro-
transfer has been studied using a combination of 
pulses, and three ways to deliver pulses for DNA 
transfer have been identifi ed: a. delivery of solely 
short, high-amplitude pulses (e.g. six pulses, 
100 μs and 1.4 kV cm −1 ) [ 24 ], resulting in a rea-
sonable effi cacy and a low mortality; b. long, 
low-amplitude pulse delivery (e.g. eight pulses, 
20 ms, 200 kV cm −1 ) [ 25 ] (the longer pulses have 
a better electrophoretic effect, and therefore 
transfection rates can be increased); and c. short, 
high-amplitude pulse followed by long, low- 
amplitude pulses [ 26 ]. This pulse combination is 
based on the concept that the high-amplitude 
pulse induces permeabilisation, while the follow-
ing long-duration, low-voltage pulses can drive 
the DNA across the destabilised membrane. 
Finally, further experiments demonstrated the 
importance of the lag between high-voltage and 
low-voltage pulses: the shorter the lag between 
HV and LV, the higher the transfection effi ciency 
obtained [ 21 ].  

49.5     Gene Electrotransfer 
to Target Tissues 

 Gene transfer into muscle has been studied 
extensively since the observation of Wolff et al. 
[ 27 ] showed that plasmid DNA can be taken up 
and expressed in mouse skeletal muscle cells. 
Skeletal muscles are an attractive target for gene 
transfer due to abundant presence, easy accessi-
bility, high vascularisation and prolonged pres-
ervation and expression of introduced genes 
following mitosis. [ 28 ,  29 ] Nevertheless, the 
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highly variable effi ciency of transfection and the 
unpredictability of the resulting protein synthe-
sis [ 25 ] pose important drawbacks of this 
method. To overcome these limits, several in 
vivo studies have been focused on the use of 
electroporation for gene transfer into skeletal 
muscle. DNA is injected intramuscularly in rela-
tively high volumes of an isotonic plasmid solu-
tion followed by the application of electrical 
pulses by means of electrodes that are placed 
around the injection site. Non-invasive, plate 
electrodes are used for superfi cial muscles, while 
invasive needle electrodes are employed to treat 
deeper tissues. 

 To ensure a homogenous electric fi eld distribu-
tion and a uniform transfection between the elec-
trodes, thus facilitating expression of the plasmid 
vector, the positioning of the electrodes must be 
parallel to the muscle fi bres [ 28 ]. Other factors 
that are critical for gene expression effi ciency 
include the amount of the injected plasmid, pro-
moter system and area of transfection [ 30 ]. DNA 
electrotransfer to muscle tissue has been proved 
to be highly effi cient, and steady gene expression 
with transgene production has been detected for 
more than a year [ 25 ] overcoming high variability 
in the level of protein expression. 

 Following the muscle, gene electrotransfer 
has been successfully applied to several other 
 tissues such as the cornea, testis, lung, liver, kid-
ney, bladder tumour and skin [ 31 ]. Above all, 
skin retains several important features that make 
it an attractive target tissue for gene therapy: it is 
easy to assess for treatment and for histological 
and clinical results evaluation, and it contains 
antigen- presenting cells (Langerhans cells, den-
dritic cells), which are part of the immune system 
and make the skin a proper target for DNA vac-
cination studies [ 31 ,  32 ]. 

 In order to electroporate the skin, electric 
pulses must be delivered using appropriate elec-
trodes (non-invasive plate and patch electrodes or 
invasive array, circular or pairwise formation 
needle electrodes). Several pulse combinations 
have been tested; the optimal pulse conditions 
depend on the type of skin transfected – size, 
thickness and age of the skin must be taken into 
consideration [ 33 ,  34 ] – type of electrode and 

type of DNA [ 35 ]. A very extensive number of 
electrical protocols have been evaluated resolv-
ing that the most effi cient protocols for gene 
transfer are a combination of high-voltage (HV) 
and low-voltage (LV) pulses (1 HV 1,000 V/cm, 
100 μs + 1 LV 100 V/cm, 400 ms) [ 36 ], several 
short HV pulses (6 HV 1,750 V/CM, 100 μs) [ 37 ] 
and several long LV pulses (8 LV 100 V/cm, 
150 ms) [ 38 ]. 

 Gene electrotransfer to the skin has been 
employed to achieve the expression of several 
clinically relevant plasmids. They include local 
growth factors such as vascular endothelial 
growth factor (VEGF), keratinocyte growth fac-
tor (KGF) and viral targets for the vaccination 
towards infection diseases as HIV, hepatitis B, 
smallpox and malaria [ 31 ]. Moreover, the expres-
sion of IL-12, for the treatment of melanoma, has 
been also investigated following delivery in con-
junction with electroporation [ 39 ,  40 ]. Preclinical 
studies employing gene electrotransfer to the 
muscle and to the skin have been summarised in 
Table  49.1 .

   Gene transfection to muscle can give long- 
term expression lasting up to or beyond 1 year, 
whereas the duration of expression in the skin is 
approximately 3–4 weeks [ 41 ]. However, in cases 
where there is no need for long-term expression 
of transfected plasmid and continuous production 
of proteins or antigens is not necessary, or 
desired, the skin represents an ideal target organ 
for gene electrotransfer.  

49.6     Electroporation Devices 

 Electroporation technology is based on pulse 
generators that use different applicator elec-
trodes, e.g. matrix of needles or plates to deliver 
suitable electric pulses to the target tissues. The 
complete system, pulse generators and applica-
tors, is classifi ed as a medical device. Different 
systems can have different approaches to the 
pulse generation. When this technology is 
developed for use in humans, for either small 
molecules delivery or gene transfection, spe-
cifi c requirements in terms of safety, reliability 
and effi cacy must be met. Currently, there are 
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several electroporators available on the market 
for preclinical and lab testing; however, only 
few  models are certifi ed [ 42 ] and bear a CE 
mark for human clinical use in the European 
Union. One such example is the Cliniporator™ 
developed and marketed by IGEA S.p.A., Italy 
(Fig.  49.1 ).

   It is possible to divide the electroporators 
considering the characteristics of the pulse and 
the technology used to generate it. There are 
several techniques to generate the pulse, all of 
them having usually a square or an exponential 
shape. Very short pulses having a length shorter 
than 1 μs require specifi c circuits and up to now 
are used for electroporation research only. Short 
pulses, having a length between 1 and 1000 μs, 
and longer pulses, having a length of several 
milliseconds, are usually generated with differ-
ent methods: by a direct capacitor discharge, by 
the pulse transformer, by high-voltage analog 
generator or by high-voltage square wave 

 generation [ 43 ,  44 ]. Basic characteristic of an 
electroporator to be used for gene electrotransfer 
is to deliver combinations of high-voltage (HV) 
pulses and low-voltage (LV) pulses. This usually 
requires two different circuitries to ensure an 
appropriate precision and good control of the 
pulse shape. 

 Additionally, sophisticated devices, such as 
the Cliniporator, can measure in real-time volt-
age and current on the load, providing the user 
with immediate feedback of the treatment being 
performed. Real-time measurement of applied 
pulses is also an ideal way to monitor perfor-
mances of the device, detecting malfunctions 
early. Since the high-voltage pulse amplitude 
has a range between one hundred volts and few 
thousand volts [ 45 ], regulations and safety stan-
dards [ 42 ] require a very good isolation of the 
high- voltage circuit to ensure the safety of the 
patients, of the operator and of the device. 
Another very important safety issue is deter-
mined by the variability of working environ-
ment conditions (e.g. operating theatre or 
clinician offi ce) generally unknown beforehand. 
Energy delivered is infl uenced by tissue or cell 
impedance and can vary from point to point and 
from tissue to tissue. Thus, since high currents 
can damage cells, tissues and even the device 
itself, the current is the critical parameter to be 
controlled. 

 Finally considering the structure of the 
device, we see that in some cases the user inter-
face controls directly the power part but in other 
cases the power part is controlled by an indepen-
dent electronic circuit and the user interface sim-
ply sends the treatment parameters to the power 
part. This different approach could have an 
impact about the reliability and the safety in 
case of failure of the device [ 43 ]. Consequently, 
the design of a device for electroporation has to 
keep under close control energy delivered to the 
patient. Design and implementation should focus 
on a sturdy and fast pulse generator with a high 
reactivity in case of failures, using redundancies 
to improve its safety and providing a very user-
friendly interface to minimise the risk of user 
error [ 42 ,  43 ,  45 ].  

  Fig. 49.1    Cliniporator™ for electroporation       
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49.7     Clinical Applications 

49.7.1     Gene Therapy 

    Preclinical investigations of gene transfer cover 
a broad range of studies including the treatment 
of genetic muscle disease such as Duchenne’s 
dystrophy [ 46 ], genetic vaccination [ 47 ] and sys-
temic delivery of secretory therapeutic proteins 
as erythropoietin (EPO) [ 48 ], hematopoietic 
agents such as factor VIII [ 49 ], anticancer agents 
like interferons (IFN-α) [ 50 ] and antiangiogenic 
factors as metargidin [ 51 ]. Ongoing clinical  trials 

[ 52 ] using the muscle as target tissue for gene 
transfer are summarised in Table  49.2 , while 
studies employing derma as target tissue are 
summarised in Table  49.3 .

49.7.2         DNA Vaccination 

 Electroporation-mediated DNA vaccination 
represents one promising use of in vivo gene 
transfer by electroporation. DNA vaccines 
have many advantages. DNA vectors are eas-
ily produced and manipulated, rapidly tested 

    Table 49.2    Ongoing clinical trials using intramuscular (IM) gene electrotransfer   

 Pathology  Subjects  Primary outcome 
 Clinical 
Trial.gov ID 

 Prostate cancer  A phase IIII trial of DNA vaccine with a PSMA27/pDom 
fusion gene given through intramuscular injection in HLA 
A2+ patients with prostate carcinomas with or without 
electroporation 

 UK-112 

 Papillomavirus 
infections 
(completed) 

 24  Safety and tolerability of escalating doses of VGX- 3100, 
administered by IM injection with EP to adult female 
subjects postsurgical or ablative treatment of grade 2 or 3 
CIN as adjuvant treatment 

 NCTOO685412 

 Chronic hepatitis 
C infections 

 12  Safety and tolerability of electroporation-mediated IM 
delivery of CHRONVAC-C® in chronically HCV-infected, 
treatment-naive patients with low viral load 

 NCT00563 173 

 Malignant 
melanoma (completed) 

 25  Safety and feasibility of electroporation-mediated 
intramuscular delivery of a mouse tyrosinase plasmid DNA 
vaccine in patients with stage IIB, IIC III or IV melanoma 

 NCT00471133 

 HIV infections 
(completed) 

 40  Safety of an intramuscular prime and boost injection of the 
ADVAX DNA-based HIV vaccine via TriGrid™ 
electroporation at three dosing levels 

 NCT00545987 

 Healthy adults  24  Assessment of the tolerability of the MedPulser DDS device  NCTOO72 146 
 Cervical intraepithelial 
neoplasia 

 348  Number of participants with histopathological regression of 
cervical lesions to CIN 1 or less as a measure of effi cacy 

 NCT01304524 

 Malignant melanoma  30  Safety and tolerability of an investigational immunotherapy, 
SCIB1, in patients with melanoma whose cancer has spread 
from the initial tumour (i.e. stage III or stage IV melanoma) 

 NCT01138410 

 Leukaemia  184  Phase II study of WT1 immunity via DNA fusion gene 
vaccination in haematological malignancies by intramuscular 
injection followed by intramuscular electroporation 

 NCT01334060 

 HPV-related head 
and neck cancer 

 21  Safety and feasibility of administration of pNGVL4a- CRT/
E7(Detox) DNA vaccine using the intramuscular TriGrid™ 
Delivery System in combination with cyclophosphamide in 
HPV-16-associated head and neck cancer 

 NCT01493154 

 HIV-1 infection  12  Safety, tolerability and immunogenicity of PENNVAX™-B 
(Gag, Pol, Env) + electroporation in HIV-1-infected adult 
participants 

 NCT01082692 

 Chronic hepatitis C  32  Early viral kinetics – second- phase slope of viral decline  NCT01335711 
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and isolated and easily stored and transported. 
DNA vaccines can promote cellular as well as 
humoral immune response [ 53 ], and if neces-
sary, they can contain several antigen epitope 
[ 54 ]. Electroporation high transfection effi cacy 
increases the immune response compared to 
injection of naked plasmid alone which is further 
enhanced by activating antigen-presenting cells 
(APCs) through danger signals and local infl am-
mation occurring after the delivery of electric 
pulses and by recruiting immune B and T cells 
to the site of DNA administration. Moreover, 
direct transfection of APCs may be important 
for T cell priming upon DNA and augmented 
immune response in electroporation- mediated 
DNA transfer to skin [ 55 ,  56 ]. An additional 
promising approach using prime-boost proto-
cols which combine adenovirus vector admin-
istration and DNA gene electrotransfer has been 
proposed and positively demonstrated higher 
levels of immune responses to antigen and 
increased  survival in canine patients affected by 
B cell lymphoma [ 57 ]. 

 DNA vaccine tolerability in humans has been 
demonstrated in healthy volunteers showing no 
anti-DNA antibody and no integration of pDNA 
into host chromosome detection following 
electroporation- mediated delivery of DNA to the 
muscle [ 58 ] (Tables  49.2  and  49.3 ). Several elec-
trotransfer DNA vaccine trials for cancer and 
three phase I clinical studies using DNA vaccine 
against infectious agents (HIV, cervical intraepi-

thelial neoplasia and HCV) in association with 
electroporation are currently ongoing [ 52 ].      
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    Abstract 

   The skeletal muscle has been long viewed as a 
site of election for immunization due to the 
sustained stay of the antigens in this tissue. 
Besides a passive function during immune 
priming, however, recent studies have shed 
light on an active role of muscle cells (fi bers, 
satellite cells, and stromal cells) in infl amma-
tory and immune response. In this context, the 
chemical nature of the antigen (into tissues 
and cells?) and the choice of adjuvants con-
tribute to determine the fate of the antigen 
itself and the resulting immune response. In 
particular, this applies to modern vaccine 
approaches that involve the use of nucleic acid 
to locally synthesize the protein antigen. 
Based on these novel concepts, the possibility 
of manipulating therapeutically the mecha-
nisms of peripheral tolerance at the level of 
muscle tissue will be discussed in the light of 
the recent literature.  

50.1         Introduction 

 Immunization consists in the induction of immu-
nological memory to protect against subsequent 
natural infection by a pathogen, through the spe-
cifi c response of T and B cells and the production 
of neutralizing antibodies directed against the 
foreign antigen. Traditionally, the protein antigen 
is mixed with adjuvants and injected into the 
muscle. The adjuvants are necessary to trigger 
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innate immune mechanisms that are the initial 
events that dictate the outcome of the adaptive 
immune response [ 1 ,  2 ]. 

 The immune response always begins with an 
infl ammatory reaction that subsequently evolves 
into an antigen-specifi c response, through the 
involvement of monocytes/macrophages, den-
dritic cells (DC), and B and T cells. In the early 
1990s, new gene therapy technologies, in which 
non-replicating bacterial plasmids encoding 
proteins were injected intramuscularly, were 
set up. This novel approach revealed that pro-
teins endogenously expressed in the muscle in 
vivo from recombinant plasmids stimulated the 
immune response. High levels of protein expres-
sion can in fact be achieved in muscle tissue, and 
the direct i.m. transfer of recombinant DNA pres-
ents several advantages, such as specifi c immune 
response to the protein antigen coupled with an 
adjuvant-like action of the plasmid, low costs, 
and great safety [ 3 ,  4 ].  

50.2     The Skeletal Muscle 

 The skeletal muscle is the most abundant tissue of 
the human body. It consists of myofi bers, a class 
of large syncytial multinuclear cells, which are 
terminally differentiated permanent cells.    Mature 
myofi bers have their origin from the fusion of 
mononuclear satellite stem cells, which can pro-
liferate to regenerate and repair the damaged tis-
sue: following injury to a muscle fi ber, satellite 
cells become activated myoblasts, proliferate, 
and fuse into primitive multinuclear cells, which 
then differentiate into mature muscle fi bers [ 5 ,  6 ]. 
These activated satellite cells may be cultured 
and expanded in vitro, and the resulting myo-
blasts may fuse in myotubes, the in vitro counter-
part of differentiated adult muscle cells. Several 
kinds of resident macrophages are also present 
within muscle tissue, and recently also monocyte-
derived and conventional DCs residing in the 
skeletal muscle before and after i.m. immuniza-
tion have been well characterized in mice [ 7 ].  

50.3     The Infl ammatory 
Response into the 
Muscle: The Trigger 

 During the innate response, the infl ammatory 
stimulus is the trigger that initiates a complex 
network of cell reactions, and its physical, chemi-
cal, or biological nature determines the quality of 
the consequent response. Actually, while stimuli 
of any nature cause an innate response, only 
biological agents may induce its transition to 
adaptive response. Microbial proteins, lipids, car-
bohydrates, and nucleic acids contain common 
structural patterns collectively called PAMPs 
(pathogen-associated molecular patterns) that 
bind to innate immune receptors (toll-like recep-
tor, TLR) present on cell surface or endosomal 
membrane of responding cells [ 8 ]. The TLR fam-
ily includes more than ten members, with differ-
ent ligand specifi cities and differential expression 
among cell types [ 9 ]. 

 While PAMPs are naturally present in biologi-
cal agents, the immunization process needs that 
adjuvants with similar function are added to puri-
fi ed protein antigens to obtain full adaptive 
response; they are necessary to activate DC, 
which then become able to take up incoming anti-
gens and carry them to draining lymph node 
(LN). Further, they may be used to infl uence the 
magnitude and the type of the specifi c response to 
produce the most effective immunity for each 
specifi c pathogen. In addition to conventional 
adjuvants (such as aluminum salts or MF59), it is 
now taking hold the use of natural as well as syn-
thetic ligands for well-defi ned TLR, and a num-
ber of these are now in clinical or late preclinical 
stages [ 1 ]. 

 Moreover, in the last few years, evidence has 
been accumulating that muscle cells can respond 
to several kinds of such molecules and actively 
participate to several steps of the innate and 
adaptive immune responses, by expressing 
membrane molecules and cytokines. Stimulation 
of TLR2 and TLR4, in particular, induces the 
mRNA of the CCL2 and CXCL1 chemokines in 
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C2C12 mouse myoblasts [ 10 ]. Similarly, the 
stimulation of TLR3 in cultured human myo-
blasts activates the transcription factor NFκB 
and elicits IL-8 secretion, while the binding of 
unmethylated CpG dinucleotides to TLR9 trig-
gers the release of IL-12, TNFα, and IFNα, a 
critical step in cellular immune response [ 11 ]. 
Characteristics of the main TLRs and their 
expression in muscle are summarized in 
Table  50.1 .

   Thus, in the context of i.m. immunization, the 
injury caused by the needle is by itself the fi rst 
trigger for infl ammation, but it is only in the 
presence of foreign biological molecules able to 
bind to TLRs that the adaptive response may 
begin. When DNA vaccination is used, bacterial 
DNA from the plasmid backbone, which 
includes sequence motifs like the CpG dinucleo-
tide, may directly activate bystander cells 
through TLR9. 

 Finally, DNA vaccine technology has suffered 
until a short time ago from an inadequate immu-
nogenicity; however, the recent development of 
new gene delivery techniques such as the electro-
transfer, which allows a greater delivery and 
expression of the transgene upon the application 
of an electric fi eld, has signifi cantly enhanced the 
immune response, possibly thanks to the damage 
and infl ammation induced in muscle tissue by the 
electric fi eld [ 4 ,  18 ].  

50.4     The Adaptive Immune 
Response into the 
Muscle: Who Does What? 

 There are two kinds of adaptive responses, 
humoral immunity and cell-mediated immunity, 
brought about by different components of the 
immune system and directed against different 
types of microbes. 

 Extracellular microbes (such as bacteria and 
viruses before their entry into cells) and their tox-
ins (poisonous molecules they produce against 
the host) are neutralized by antibodies secreted 
by B cells, while intracellular microbes (such as 
intracellular bacteria and viruses) require a more 
complex defense strategy. In fact, intracellular 
microbes survive and proliferate within the host 
cells and phagocytes, where they are inaccessible 
to circulating antibodies; thus, cell-mediated 
immunity (T H1  and T CTL  cells) becomes necessary 
to destroy microbes residing in phagocytes or to 
kill infected cells in order to eliminate the reser-
voirs of infection. 

 Vaccination with protein antigens mostly 
induces humoral response. Instead, DNA vacci-
nation is able to stimulate both kinds of response 
because injected plasmid DNA may induce both 
extracellular and/or intracellular antigen expres-
sion (Figs.  50.1  and  50.2 ). Injected plasmid DNA 
may enter (“transfect” in jargon) muscle cells as 

   Table 50.1    The subcellular localization of several toll-like receptors (TLRs), their natural ligands, their synthetic 
agonist, and the presence in muscle are shown   

 Subcellular 
localization  Natural ligand(s)  Synthetic agonist(s) 

 Expression in 
muscle cells  References 

 TLR2  Plasma membrane  Lipoproteins/lipopeptides  BPPcysMPEG  Yes (not in 
myoblasts) 

 [ 12 – 14 ] 
 Peptidoglycan  Pam3CSK4 

 TLR3  Endosomes  dsRNA  Poly-IC, poly-ICLC, 
poly-IC 12 -U 

 Yes  [ 15 ] 

 TLR4  Plasma membrane  LPS  MPL  Yes  [ 14 ,  16 ] 
 TLR5  Plasma membrane  Flagellin  Flagellin-antigen fusion 

proteins 
 Yes (not in 
myoblasts) 

 [ 14 ] 

 TLR7/TLR8  Endosomes  ssRNA  Imiquimod, resiquimod  ?  [ 17 ] 
 TLR9  Endosomes  Bacterial/viral DNA  CpG oligodeoxynucleotides  Yes  [ 14 ] 
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well as resident professional antigen-presenting 
cells (APCs), like macrophages and DC. 
Whichever the producing cells, the protein anti-
gen, if secreted, may induce the normal humoral 
response (like an extracellular microbe). In par-
ticular, transfected APC may present the antigen 
to T CTL     cell through two distinct routes: either 
directly, through MHC class I molecules as any 
other endogenous protein, or by the so-called 
cross- priming mechanism, whereby muscle cell 
 fragments containing the protein would be taken 
up by professional APC and the antigen pre-
sented – through MHC class I molecules – to 
T CTL  cells (Fig.  50.3 ) [ 19 ]. Another form of pre-
sentation recently described may be mediated by 
the direct transfer of MHC I-peptide complexes 
from bystander cells to the DC surface (“cross- 
dressing”) [ 20 ]. Moreover, captured antigen will 
also be presented to T helper (T H ) lymphocytes 
through the conventional MHC class II-dependent 
route. These professional APCs are DCs that 

migrate to draining lymph nodes, to bring about 
the adaptive immune process.

     But let’s take a closer look to how DCs work 
in adaptive immunity.  

50.5     Dendritic Cells as 
Professional APC 

 Dendritic cells, when activated by foreign anti-
gens via the TLR, start an adaptive immune 
response to these antigens. The kind of immune 
response initiated depends on the type of DC and 
also on the particular innate immune signals 
received. DCs regulate CD4+ T helper (T H ) cell 
differentiation through cytokines and membrane 
B7 molecules. There is a family of these mole-
cules, with different characteristics. Both B7-1 
and B7-2 activate or suppress CD4+ T cells, 
depending on which ligand is expressed on CD4+ 
T cell: the presence of CD28 on T cells is able to 

Secreted protein antigen

Intracellular protein antigen

MHC-class II Ag presentation,
through DC

•   Specific TH cells

MHC-class I Ag presentation,

•   TCTL cell anergy
•   TCTL cell activation

•   Specific B cells
•   Antibodies

DNA
plasmid

  Fig. 50.1    Expression of plasmid DNA-encoded antigens 
in muscle fi bers. Different potential outcomes for DNA- 
driven antigen expression in muscle cells are depicted. 
Secretory proteins (i.e., proteins harboring a signal peptide) 
are released in the extracellular space, where they behave as 
soluble antigens; thus, they can be taken up by DC and pre-
sented through the MHC II route, leading to CD4+ T cell 

activation and antibody production by B cells. Non-secreted 
proteins ( red pathway ) enter the MHC I route, and their 
surface exposure can elicit either CD8+ T cell anergy or 
activation, based on the concurrent expression of costimu-
latory molecules as induced by an infl ammatory microenvi-
ronment. Note that presentation of secretory proteins 
through the MHC I route can also occur (not shown)       
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transduce activating signals, while CTLA-4 
induces T cell suppression [ 21 ]. The inducible 
costimulator ligand (ICOSL, also known as B7-h, 
B7-H2) stimulates not only the effector or mem-
ory T cell responses but also the generation of 
regulatory T (Treg) cells [ 22 ,  23 ]. 

 It is well established that T H  cells may differ-
entiate into T H1  cells, required for the generation 
of memory CD8+ T cells, in response to intracel-
lular microbes, or into T H2  cells in response to 
extracellular microbes. This different polariza-
tion is a function of the different set of cytokines 
produced by DC that in turn refl ects the different 

TLR-mediated innate signal received from the 
pathogen. 

 Immature DCs are present into the tissues 
under steady-state conditions, while TLR ago-
nists stimulate their maturation and promote their 
migration to draining lymph nodes. 

 Immature and mature DCs are characterized 
by different sets of membrane molecules, like 
MHC class II and B7 family molecules and che-
mokine receptors. There are two major DC sub-
sets: myeloid (or conventional or classical) DC 
and plasmacytoid DC, which are not completely 
overlapping in mouse and man [ 24 ]. Recently, 

Proteins secreted by bystander cells and DC
themeselves follow the classical MHC-class II
Ag presentation pathway

Intracelluar proteins encoded by
the transfected plasmid DNA may
be directly presented by DC to
naive CD8+ T cells. 

DNA
plasmid

CD8+T
cell

B cell

MHC-I

MHC-II

Co-stimulatory
molecules

Co-stimulatory
molecules

Plasma
cell

CD4+T
cell

TCR

CD28

CD4

CD28

CD8
TCR

Intracellular protein

  Fig. 50.2    Central role of professional APCs in DNA 
vaccination. APC (dendritic cells) are also targeted 
by injected DNA and express DNA-encoded antigens. 
Proteins secreted by DC and by surrounding cells (muscle 
fi bers, stromal cells) are taken up and exposed for pre-
sentation to CD4+ T cells through the MHC II route. 
Intracellular protein antigens (“pseudoinfection”) are pre-
sented through the MHC I route to naive CD8+ T lympho-
cytes. Successful antigen- specifi c priming of both CD4+ 
and CD8+ T cells requires the presence of costimula-
tory molecules (B7-1, B7-2) expressed at the surface of 

 professional APC and co-engaged with MHC molecules 
by T cell receptor coreceptors (TCR and CD28, respec-
tively). This complex and highly specialized multimo-
lecular contact between APC and T lymphocytes has been 
named, by analogy with connections between neuronal 
cells, “immunological synapse.” The interaction between 
B and T cells is also depicted. B cells express MHC II and 
costimulatory molecules and can present secreted anti-
gens (once recognized and captured through the BCR) to 
T cells. Contact with T helper lymphocytes fully primes B 
cells for antibody production (T cell-dependent response)       

 

50 Why Does an I.M. Immunization Work?



798

human CD141+ DCs have been identifi ed as the 
human counterpart of mouse CD8+ DCs; they are 
particularly interesting as being able to capture 
exogenous antigens and present them through 
MHC class I molecules (cross presentation) to 
CD8+ T CTL  cells [ 25 ]. 

 A recent interesting study on the 
 characterization of dendritic cells present within 
the mouse muscle during i.m. immunization has 
shown that large numbers of resident interstitial 
DC were able to capture Ag in the muscle, 
migrate to draining LN, and effi ciently activate 
naive T cells (Fig.  50.4 ), while DC arising from 
blood monocytes achieved these abilities largely 
only after the addition of LPS to sterile alum-
adjuvanted antigen [ 7 ].

50.6        Muscle Cells as 
Nonprofessional APC 

 Even if transfected DCs play a dominant role in 
DNA vaccine-mediated immunity, they account 
for only a part of the total induced response, with 
local nonprofessional APC having a signifi cant 
role in adaptive immune response. 

 Muscle cells are able to actively participate in 
the induction of immunity and to behave as non-
professional APC. Muscle cells express receptors 
for cytokines and PAMPs that enable them to 
respond to an infl ammatory milieu, by secreting 
cytokines and chemokines and expressing adhe-
sion molecules [ 26 ]. In particular, some mem-
brane protein necessary to the APC function, like 

Cell fragments coming from
bystander cells may be taken up by
DC and presented to naive CD8+ T
cells, through MHC-I.

CD8+ T
cell

MHC-I
Co-stimulatory
molecules

CD28
CD8

TCR

  Fig. 50.3    Cross presentation by dendritic cells. DCs can 
prime CD8+ cells, other than with endogenous antigens 
(including those encoded by transfected DNA) and also 
with exogenous antigens taken up as part of cell fragments 

or microvesicles or from surrounding cells. This modality 
of antigen presentation, called cross presentation, involves 
the intracellular processing of the antigen       
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MHC class I and class II molecules, and costimu-
latory molecules have been observed in several 
experimental systems [ 27 – 29 ]. Importantly, fol-
lowing plasmid transfection, muscle cells express 
several molecules necessary to antigen presenta-
tion such as MHC class I and costimulatory mol-
ecules like BB-1 and B7-1, gaining the ability to 
present immunogenic DNA-encoded antigens to 
T CTL  cells [ 30 ]. 

 The idea that muscle fi bers act as APC faces a 
number of important problems. 

 First, muscle cells expressing new antigen 
proteins should appear to the immune system like 
infected “different” cells and be destroyed by the 
same cytotoxic-specifi c T cells they induce; how-
ever, muscle fi bers are large syncytial postmitotic 
cells that are unlikely to undergo immune killing 
by lymphocytes, as it is also suggested by evi-
dence that antigens transfected by DNA electro-
transfer extensively diffuse in muscle tissue and 
are still expressed after 9 months, thus confi rm-
ing long-term survival of producing cells [ 18 ]. 
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  Fig. 50.4    Different classes of DCs involved in muscle 
response to injected antigens. Muscle contains interstitial/
resident dendritic cells (Int-DC) that monitor the immu-
nological status of the tissue and transport injected anti-
gens to lymph nodes (draining LN) in order to activate 
specifi c B and T cell response. Of note, mobilization of 
resident DC requires also the presence of infl ammatory 
stimuli (LPS, adjuvants? See text); another class of DCs 

differentiates from monocytes ( M ) that migrate to muscle 
in the context of infl ammatory response ( Mo-DC ), cap-
ture the antigen, and transport it to LN to fulfi ll APC 
duties. These different classes of muscle DC have just 
begun to be molecularly characterized. B cell-derived 
plasma cells ( P ) secreting antibodies ( Y ) are depicted. 
Macrophages ( Ma ) may derive from monocytes or be 
resident       

 

50 Why Does an I.M. Immunization Work?



800

 Second, although antigen production by mus-
cle cells seems to be durable, the APC function 
conferred by DNA transfection is expected to be 
transient in nature due to the extinction of the 
infl ammatory activity that accompanies DNA 
transfer (see above). Nevertheless, a variety of 
model systems have shown that both memory T 
and B cells can persist in the absence of the anti-
gen, ensuring the effectiveness of vaccination 
even in the absence of active antigen presentation 
[ 31 – 34 ]. 

 Third, antigen-presenting muscle cells may 
induce tolerance instead of immunity.  

50.7     Tolerance: The Other 
Side of the Coin 

 It thus appears that the skeletal muscle may be 
easily manipulated to express many immunologi-
cally relevant molecules and this makes it a 
promising target for DNA vaccination. However, 
the immune system is able to induce tolerance at 
the level of this tissue, as appears from the rarity 
of autoimmune diseases directed against the 
muscle. Understanding the mechanisms involved 
in the induction and maintenance of immune tol-
erance, as well as anergy (a state of unrespon-
siveness to antigen), is essential to effi ciently 
address i.m. vaccination. 

 In general, in noninfl ammatory conditions the 
expression of neoantigens could induce tolerance 
instead of immunity. This may be the case in which 
the antigen is expressed in transgenic animals. 

 Very recently, it has been shown that immu-
nological tolerance to muscle autoantigens 
involves peripheral deletion of autoreactive CD8+ 
T CTL  cells [ 35 ]. In this model, transgenic mice 
expressed a membrane-bound form of ovalbumin 
(OVA) neoantigen specifi cally in the skeletal mus-
cle (SM-OVA). In these animals, there were no 
signs of autoimmunity, but the immunization with 
OVA protein induced CD4+-dependent response 
and anti-OVA IgG antibody production, indicat-
ing that OVA-specifi c CD4+ cells were present in 
OVA mice and were not intrinsically tolerant to 
OVA, but simply ignored the antigen unless pre-
sented in the appropriate infl ammatory context. 

Conversely, when immunization with vesicular 
stomatitis virus encoding OVA (VSV- OVA) was 
used to elicit an OVA-specifi c T CTL     cell response, 
no cytotoxic activity was observed; moreover, 
adoptively transferred OVA-specifi c CD8+ T CTL  
cells were selectively deleted from the periphery 
of SM-OVA mice. This process that is not related 
to T regulatory cells probably involves both the 
partial T cell activation in absence of costimu-
latory molecules at the surface of APC and the 
inadequacy of cytokine presence in noninfl amma-
tory conditions. Interestingly, it appears that when 
the antigen is permanently expressed by the myo-
fi bers, the peripheral tolerance is stronger than 
immune response. 

 Muscle-induced tolerance thus represents a 
biologically relevant phenomenon with respect to 
DNA vaccination, since in vivo transfection 
mimics under several aspects the intracellular 
presence of the antigen in transgenic mice.  

50.8     Is There a Recipe for a 
Perfect DNA Vaccine? 

 Based on the above considerations, the success of 
DNA vaccination could depend by several 
factors:
    1.    The plasmid DNA should transfect not only 

muscle cells, which constitute a large volume 
of tissue useful for the initial response, but 
also DCs that, in an infl ammatory milieu, start 
the complex machinery to reach a whole 
effector and memory response.   

   2.    The plasmid backbone should contain 
unmethylated CpG motifs, which per se 
behave as adjuvants and bind intracellular 
TLR9, polarizing the response of T H  toward 
T H1  cells.   

   3.    Adjuvants should also be used, in order to 
guarantee the infl ammatory trigger necessary 
to activate the DCs.   

   4.    The amount of expressed antigen, which corre-
lates with the level of the immune response, 
should be suffi ciently high and the expression 
long enough to establish immune memory. Once 
memory is established, presence of the antigen 
is probably no longer necessary (see above).      
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    Conclusions 

 Novel knowledge on muscle immunobiology 
clearly indicates that this tissue, far from act-
ing as a simple mechanical support, actively 
contributes to the establishment of vaccine-
induced immunity. This is especially true 
when DNA- based vaccines are concerned due 
to the remarkable protein synthetic and secre-
tory capacity of muscle fi bers, coupled with a 
previously unsuspected ability to cross talk 
with infl ammatory cells and cytokines. In 
keeping, DNA-based intramuscular vaccina-
tion has raised important expectations as an 
avenue to circumvent the pitfalls of conven-
tional vaccine strategies especially against 
intracellular pathogens, and the fi rst clinical 
trials in this direction are on the way. 

 Another largely overlooked possibility is to 
exploit muscle immunological properties in 
order to manipulate immune tolerance. Initial 
experimental evidence obtained in transgenic 
animals, together with clinical experience of 
the rarity of muscle-directed autoimmunity, 
stands in support of this idea. 

 Are we going to use muscle to induce toler-
ance against DNA-encoded proteins? If so, 
how are we going to avoid what will in this 
case represent an unwanted immune response? 
Is muscle the way against autoimmunity? 

 To those who don’t have the crystal ball nor 
believe in immunological dogmas, the future 
is probably bringing many surprises. Stay 
tuned, and keep your muscles fi t.     
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    The way from a feasibility study to a product launch is time- and cost- 
intensive. A successful new vaccine is the culmination of many carefully 
planned different steps in laboratory under GLP, patent and marketing depart-
ment, and, last but not least, fi nally the application for marketing authoriza-
tion. The proof of concept demonstrates that the candidate vaccines work in 
principle. Successful clinical studies according to international GCP guide-
lines are the basis for a license. The GMP controlled manufacturing process   , 
including periodic facility inspections, is part of the licensure. Vaccine safety 
is controlled post marketing by pharmacovigilance. 

  Patentability . Both the USA and China dominate fi rst (earliest priority) 
and second (a subsequent family member) patent fi lings claiming active 
ingredients of vaccines against infectious diseases, with Europe and Australia 
rising to dominance for second patent fi lings in the vaccine fi eld. Claims 
reciting a medical indication using a known or new vaccine composition must 
be inventive and suffi ciently disclosed. The EPC limits the ability of an appli-
cant to claim aspects of a vaccine identifi ed as a method of treatment, surgery, 
or diagnosis in view of various public policies underlying the patentability 
exclusion under Article 53(c) EPC 2000. 

  Manufacturing . The development and the production of infl uenza vac-
cines are based on a complex manufacturing process starting with the selec-
tion and development of optimal candidate vaccine viruses, and it requires 
various dynamic interactions with regulatory authorities and health-care offi -
cials. Most infl uenza vaccine production is based on classical egg-based tech-
nology, a technology that has been used to produce seasonal vaccine for more 
than 30 years. Novel cell-culture technologies can offer various advantages 
over egg-based manufacturing methods and most likely will supplement the 
current egg-based technology. 

  FDA regulations for human vaccines . Vaccine licensure is based on a dem-
onstration of safety and effectiveness, as well as the ability of the license 
holder to manufacture the product in a consistent manner within the defi ned 
and agreed upon specifi cations. After licensure, monitoring of the vaccine 
and production activities, including periodic facility inspections, must con-
tinue as long as the manufacturer holds a license for the product. 

  EMA regulations for human vaccines . Although the European pharmaceu-
tical legislation does not provide a formal defi nition, vaccines are typically 
considered medicinal products containing one or more immunogenic anti-
gens intended for prophylaxis against infectious disease. Medicinal products 
containing one or more immunogenic antigens for the treatment of disease, 
e.g., chronic HIV infection, chronic hepatitis B or C infection, cancer, or 
Alzheimer’s disease, are typically referred to as therapeutic vaccines or active 
immunotherapy. 

  Vet vaccines in the USA . The Center for Veterinary Biologics (CVB), 
United States Department of Agriculture (USDA), located in Ames, Iowa, 
has regulatory jurisdiction over veterinary biologics in the USA for the diag-
nosis, prevention, and treatment of animal diseases. All veterinary vaccines 
sold    within the USA must have either a US Veterinary Biological Product 
License, produced within a licensed establishment, or a US Veterinary 
Biological Permit. 
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  Vet vaccines in the EU . Veterinary vaccines must be authorized by the 
relevant competent authorities in the EU. An application for a Marketing 
Authorization (MA) must be submitted, and this should include a dossier that 
demonstrates the quality of the vaccine and the safety and effi cacy in the 
target species. It should be noted that safety must also be demonstrated for the 
user, the environment, and the consumer.       
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    Abstract  

  This chapter provides a non-exhaustive survey 
of current structures governing patent granting 
and defense mechanisms, patentability 
approaches, and notable legal trends relating 
to vaccine-based innovations.  Developing a 
strategically meaningful global patent portfo-
lio entails a balanced approach between a 
thoughtful strategy that safeguards an actual 
or contemplated market position such that a 
reliable revenue stream can be maintained, 
with a careful selection of inventions for pat-
enting given the constantly evolving world-
wide patent systems and landscapes. A robust 
patent strategy typically begins by building 
upon a core technology, with an eye to captur-
ing secondary subject-matter springing from 
such fi rst inventions. For vaccine develop-
ments, initial patent fi lings might include a 
variety of components affording a new struc-
tural or therapeutic function, including anti-
gens (any of nucleic acid sequences, proteins, 
with accompanying expression technologies), 
adjuvants, and excipients, delivery platforms, 
administration regimes, and target patient 
groups, either alone or in combination. 
Secondary follow-on patents may extend 
exclusivity for these foundational technolo-
gies by claiming improvements and/or further 
advances of existing technical teachings. It is 
our hope that this chapter will enable the 
reader to identify and understand the impact 
of developing new patent rights as an impor-
tant business tool, in addition to identifying 
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potential opportunities and uncovering niche 
markets for developing and/or exploiting vac-
cine technologies, as well as recognizing 
existing patent rights that might present a bar-
rier to planned or ongoing research 
initiatives.      

  This chapter addresses patentability schemes, 
trends, and landmark judicial holdings that poten-
tially impact vaccine-based innovations. Our 
analysis will primarily focus on the European 
and US systems in terms of what constitutes pat-
entable subject matter and claiming strategies 
commonly employed to protect vaccine-oriented 
inventions. It is our hope that this analysis will be 
useful not only when carrying out activities lead-
ing up to the acquisition of intellectual property 
rights but also for enabling the reader to identify 
and understand the impact of already existing 
patent rights that might present a barrier to 
planned or ongoing research initiatives, to recog-
nize when licensing of exiting rights might be 
desirable, and to identify potential areas where 
new opportunities or niche markets for vaccine 
technologies might be pursued. 

51.1     Introductory Remarks 

 The biotechnology industry relies on a robust 
patent system, at least for gaining access to the 
fi nancial reward and investment required for 
funding the ever-skyrocketing cost of research 
and development, especially for the long and 
costly regulatory process of clinical trials that 
all vaccine-related products must withstand. In 
addition, companies and organizations rely on 
these intangible assets for inspiring innovation 
opportunities and partnerships, or as objects 
for sale, whether outright or via licensing 
arrangements. 

 It is indisputable that current vaccination 
 programs effectively prevent millions of deaths 
each year worldwide, by immunologically 
guarding susceptible individuals from the threat 
or occurrence of vaccine-preventable diseases. 
In 2012, the World Intellectual Property 

Organization (WIPO) published the results of a 
massive undertaking by the French institution 
“France Innovation Scientifi que & Transfert” 
(FIST) that dissected and analyzed, in very fi ne 
detail, the historical global patenting profi le for 
vaccine- oriented inventions. The report entitled 
“Patent Landscape Report on Vaccines for 
Selected Infectious Diseases” [ 1 ] (“Report”) 
uncovers a provocative worldwide pattern of pat-
enting and innovation activity encompassing a 
wide variety of technologies in the vaccine space 
and also provides a deeper analysis of these activ-
ities in, e.g., Brazil, India, and China. A read of 
the Report reveals that both the USA and China 
dominate fi rst (earliest priority) and second (a 
subsequent family member) patent fi lings claim-
ing active ingredients of vaccines against infec-
tious diseases, with Europe and Australia rising 
to dominance for second patent fi lings in the vac-
cine fi eld [ 2 ]. This vigorous pattern of fi ling 
activities suggests that, for entities working in the 
vaccine area, rewarding innovative efforts is 
imperative, given the hefty costs associated with 
research, regulatory requirements, and commer-
cialization of these technologies. This is why a 
harmonized reliable approach to patent protec-
tion, preferably on a global level, is of great 
consequence. 

 There are an abundance of European Union 
(EU) Directives, associated European 
Community (EC) Regulations, other Guidelines, 
and explanatory notes that attempt to both har-
monize and regulate biotechnology activities, 
such as the use of live recombinant viral vector 
vaccines, attenuated and not, for the prevention 
and treatment of various infectious diseases in 
both the human and veterinary contexts. These 
legal authorities also govern the quality and 
nonclinical and clinical aspects of bringing vac-
cines from bench to market [ 3 ]. In addition to 
vaccines based on viral vectors, there exist other 
types of vaccines, including bacterial vaccines, 
DNA-based vaccines [ 4 ] including plasmid 
DNA vaccines, recombinant protein vaccines, 
subunit and toxoid vaccines, combined vac-
cines, synthetic vaccines, and also “associa-
tions” of immunological veterinary medicinal 
products (IVMPs), any of which may feature 
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suspensions of killed or attenuated microorgan-
isms or products or derivatives from microor-
ganisms. Supplementary to these vaccine 
modalities are other substances that might be 
coadministered such as antigens, antibodies, 
adjuvants, and other excipients. All of these bio-
logical substances, in addition to their method 
of manufacture, nucleic acid sequences, deliv-
ery platforms, cell lines and cultures used for 
expression, therapeutic targets and clinical indi-
cations, related peptides and proteins such as 
antibodies, and improvements on any of the 
foregoing, besides being subject to EU law, may 
also form part of an inventive disclosure leading 
to a patent property right. 

 One EU Directive, in particular Directive 
98/44/EC, provides a unifi ed legal framework 
for protecting biotechnology inventions 
throughout the European Union and has been 
successfully implemented into national laws of 
all EU member states, as well as the European 
Patent Convention (EPC), thereby making it 
applicable to biotechnological inventions fi led 
before the European Patent Offi ce (EPO). At 
present, the primary mode of securing patent 
protection in the European market, especially 
for biotechnology innovations such as vaccines, 
is by way of the European patent (“EP Patent”), 
which is granted by the EPO. Once an EP Patent 
has been granted, it is regarded as a bundle of 
rights that may be currently “validated” in up to 
38 individual countries which are signatories of 
the EPC (“EPC Member States”), upon the 
completion of various formalities before the rel-
evant national patent authority. 

 An alternative patenting option that would 
offer unitary patent protection in 25 of the EU 
member states, except Italy and Spain, is still 
evolving. This new regime is envisioned to pro-
vide a unitary patent document for an invention 
captured in a single application, which will be 
substantively evaluated under existing proce-
dures before the EPO and subject to a new 
“Unifi ed Patent Court,” which will exercise 
exclusive jurisdiction over civil litigation 
related to infringement and validity [ 5 ]. In 
addition to these administrative and legal 
advantages that will be afforded to individual 

and company inventors alike, signifi cant fi nan-
cial benefi t may also be realized in view of the 
dramatically reduced translation costs currently 
associated with EP Patent validation proce-
dures. Although the initial agreements have 
been signed, they must still be ratifi ed by a cer-
tain number of countries under a particular pro-
tocol before the unitary patent system can 
become legally effective. 

 Over 30 years have passed since the fi rst EPC 
entered into force (“EPC 1973”), and since then, 
the patent business has been booming on a 
global basis. Noting that the well-established 
EPC 1973 could benefi t from an update, in view 
of the proliferation of technologies such as bio-
technology, the enactment of various interna-
tional treaties, and the recent upsurge in the 
number of EPC Member States, the 
Administrative Council of the European Patent 
Organization initiated a major effort to revise 
the EPC. The aim of the revision was to mod-
ernize the European patent system while main-
taining the proven foundational principles of 
substantive and procedural patent law that were 
enshrined in the EPC 1973. 

 One major factor inspiring this recognition for 
change was the need to harmonize European pat-
ent law with various legislative initiatives such as 
new and revised EU Directives and other interna-
tional agreements that signifi cantly impact intel-
lectual property rights on the global stage, 
including the TRIPS Agreement (Trade-Related 
Aspects of Intellectual Property Rights, resulting 
from the Uruguay Round Table Agreement of 
1994) and the Patent Law Treaty, which was 
signed by the EPO in 2001. Another ongoing 
situation inspiring the EPC update is the ever- 
increasing number of EPC Contracting States (38 
at present), which demands both simplicity and 
fl exibility in the procedures leading up to the 
European patent grant. 

 The revised version of the EPC 1973 (“EPC 
2000”) was achieved by a delegation of the 
Contracting States, WIPO, and other parties par-
ticipating in a Diplomatic Conference taking 
place at the Munich-based European Patent 
Offi ce (“EPO”) headquarters in November 2000. 
It entered into force on December 13, 2007. One 
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major outcome of the EPC revision involved the 
transfer of the detailed aspects of EPO proce-
dures from the Articles (which can be amended 
only through a Diplomatic Conference consisting 
of all Contracting States) to the Implementing 
Regulations (“Rules”) (which can be easily 
amended simply by a decision of the EPO 
Administrative Council). Over the last few years, 
this particular change has allowed the EPO to 
readily adapt EPO practice to refl ect changes in 
patenting laws and policies developed at the EU 
level, most notably the recent shifts in 
biotechnology- oriented provisions such as the 
patentability of human embryonic stem cells, and 
the scope of protection afforded to biotechnology 
inventions involving genetic material under EU 
Directive 98/44/EC [ 6 ]. 

 In this chapter, we will consider EPC provi-
sions, both substantive and procedural in nature, 
and especially their impact on the patenting of 
vaccine-based innovations. A top-level sche-
matic depicting a patenting life cycle is shown 
in Fig.  51.1 . We will also discuss certain patent 
claiming strategies commonly to the biotechnol-
ogy industry when building a patent  portfolio. In 

tandem with this analysis, we will briefl y address 
parallel provisions and case law under the US 
system insofar that meaningful practical differ-
ences exist, giving special attention to the new 
patent law regime effective March 16, 2013, 
which will at least signifi cantly impact how nov-
elty of an invention is evaluated before the US 
Patent and Trademark Offi ce (“US PTO”).

51.2        Patentable Subject 
Matter Including 
Exclusions and Exceptions 

 A threshold question, which must be answered 
positively before any substantive patentability 
analysis gets underway, is whether an invention 
is eligible for patent protection in the fi rst place. 
This initial inquiry is carried out in Europe under 
the authority of Article 52(1) EPC 2000, which 
states: “European patents shall be granted for any 
inventions, in all fi elds of technology, provided 
that they are new, involve an inventive step and 
are susceptible of industrial application.” This 
wording aligns with the language of section 27.1, 

Invention disclosure:
vaccine

products/processes 

Patent-eligible subject matter?  

Patent grant
(For EP patent: validation)

Post-grant 
proceedings?  

Appeal?

Patentability requirements met?

Is the invention new?•

Is there a non-obvious technical teaching? •

Does the claimed subject-matter enabling?•

Is the disclosure sufficiently clear and
enabling? 

•

Is the claimed subject-matter clearly
defined and directed to features
disclosed at the original filing date? 

•

  Fig. 51.1    Life cycle of an invention       
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fi rst sentence, of the TRIPS Agreement, thus 
making clear that European patents are available 
for all inventions that yield a technical teaching 
[ 7 ]. Biotechnology inventions are defi ned in the 
EPC as “inventions which concern a product con-
sisting of or containing biological material or a 
process by means of which biological material is 
produced, processed or used” and should be 
interpreted under EU Directive 98/44/EC as a 
supplementary measure [ 8 ]. 

 However, there remain several notable exclu-
sions and exceptions from patentability that peri-
odically impact biotechnology innovations, 
which are embodied in Articles 52 and 53 EPC, 
respectively. For example, Article 52(2) EPC 
precludes patents for inventions encompassing 
discoveries and scientifi c theories [ 9 ]. Article 
53(c) EPC 2000 refl ects the EPO’s philosophical 
stance in which methods of treatment, including 
methods using vaccines, are regarded under 
European practice as a “patentability exception,” 
[ 10 ] thus prohibiting the granting of a European 
patent for any method construed as encompass-
ing a treatment, surgical steps, or diagnostic fea-
tures that are, or even could be, fairly practiced 
on the living animal and human body. Hence, any 
vaccine-based claims deemed to fall under this 
exception will be refused. Interestingly, and dif-
ferent from the US practice, instead of excluding 
these methods based on a legal fi ction that these 
inventions lack industrial applicability (under 
Article 57 EPC) [ 11 ], since they can readily con-
stitute technical inventions within the plain 
meaning of Article 52(1) EPC, the EPC casts 
such methods as patentability exceptions in view 
of public health and related policy concerns, e.g., 
that treatment of a patient should not be impeded 
merely because a physician is forced to negotiate 
a patent license in order to pursue a particular 
course of therapy. Signifi cantly, Article 53(c) 
EPC 2000 does not apply to products, in particu-
lar substances or compositions, for use in any of 
these excepted methods, a reward of compromise 
to inventions caught by this provision. 

 The issue of patentable subject matter, in par-
ticular for biotechnology innovations, has been at 
the forefront of judicial inquiries in a number of 
jurisdictions, most recently in Australia, where 

the Federal Court of Australia ruled [ 12 ] that 
nucleic acid (both deoxyribonucleic acid/DNA 
and ribonucleic acid/RNA) that has been isolated 
from the naturally existing cellular environment, 
as a product of human intervention, is fi t to be 
patentable subject matter as a “manner of manu-
facture” under the Australian Patents Act [ 13 ]. 
The key to this decision was the subject nucleic 
acid composition claimed in Myriad Genetic 
Inc.’s disputed patent [ 14 ], namely, the isolated 
polynucleotides comprising all or a portion of the 
BRCA1 locus or of a mutated BRCA1 locus of 
the breast cancer gene BRCA1, was found to 
have been artifi cially purged from the cellular 
environment and thus “isolated.” In addition, the 
disclosed in vitro results using this isolated 
nucleic acid composition were shown to be use-
ful for the claimed identifying and/or diagnosing 
an individual’s susceptibility to breast and/or 
ovarian cancer. 

 In parallel proceedings in the USA, the ques-
tion of whether Myriad’s “isolated” genes as 
described and claimed in counterpart US patents 
[ 15 ] constitute patentable subject matter under 
US patent law [ 16 ] was decided by the US 
Supreme Court (“USSC”) on June 13, 2013 [ 17 ]. 
Signifi cantly, this ruling overturned the fi nding 
rendered by the appellate court, the US Court of 
Appeals for the Federal Circuit (CAFC), by hold-
ing that composition claims directed to “isolated” 
DNA molecules are not patent-eligible products 
of nature because they represent a naturally 
occurring composition of matter [ 18 ]. The scien-
tifi c and legal basis supporting the USSC’s denial 
of patent protection to these isolated, but natural 
forms of DNA lies in the observations that 
Myriad did not create or alter the genetic infor-
mation encoded by the BRCA 1/BRCA2 genes, 
nor did they change the structure of the DNA 
itself. Despite the acknowledgement that Myriad 
indeed characterized an “important and useful 
gene,” simply “separating that gene from its sur-
rounding genetic material is not an act of inven-
tion” and “does not by itself satisfy the §101 
inquiry [ 19 ].”  The full impact of the USSC’s pro-
nouncement is currently unclear, as tens of thou-
sands of issued US patents are potentially invalid 
insofar as their claims encompass isolated, 
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 naturally occurring nucleic acid sequences within 
the meaning of this decision. Importantly, the 
USSC did admit that synthetic, artifi cially cre-
ated sequences, e.g. cDNA sequences, might 
qualify as patent-eligible subject-matter since 
they are synthetic, exon-only creations that do 
not exist in nature [ 20 ]. 

 However, this landmark holding did not 
directly address the CAFC’s careful determina-
tion that claims to methods merely “comparing” 
or “analyzing” DNA sequences are not patent-
eligible because these types of claims recite no 
transformative steps and instead relate to unpat-
entable abstract, mental steps [ 21 ]. This aspect of 
the lower court’s decision therefore remains 
intact, and thus the applicable standard for claims 
reciting these types of analytical steps. 

 Following the Australian decision, one must 
wonder how an “isolated” nucleic acid will be 
constructed in matters of patent infringement in 
Europe. The UK High Court, in the highly con-
tentious Monsanto case [ 22 ], narrowly inter-
preted the term “isolated” as recited by a claim 
directed to an “isolated DNA sequence” as mean-
ing a fragment physically separated from other 
molecular components in the cellular milieu. 
Consequently, it found that Monsanto’s patent, 
which described and claimed a gene encoding an 
enzyme conferring resistance to a particular her-
bicide, was not infringed by the importation of 
soybean meal created from soybeans harboring 
this gene. The Court opined that the meal did not 
contain the isolated gene sequence and also did 
not react with certain antibodies in the manner 
required by Monsanto’s patent claims. The 
European Courts of Justice concurred with this 
holding, noting that such an interpretation was 
consistent with Article 9 of EU Directive 98/44/
EC [ 23 ]. 

 While the UK Monsanto decision is not codi-
fi ed in Australian, US, or EPO law per se, it does 
underscore the need to give particular attention to 
the drafting of claims encompassing “isolated” 
nucleic acids. It may be wise to incorporate 
enough detailed defi nitional language at least to 
satisfy the “manner of manufacture” require-
ment, or “composition of matter” terms as the 
case might be, to avoid triggering an unduly nar-
row construction of this term before a particular 

court. Moreover, in the context of vaccines, it 
might be useful to include claims directed to 
nucleic acid compositions as they appear in the 
actual (envisioned) commercial product or to any 
new intermediate substances isolatable during 
the course of vaccine manufacture. 

 The impact of the foregoing decisions, and 
judicially pending matters, regarding the patent-
ability of isolated nucleic acid sequences cannot 
be exaggerated, as vaccine patents often describe 
and claim embodiments relating to isolated 
nucleic sequences in some respect, e.g., sequences 
of the microorganisms or other biological com-
ponents forming the vaccine, with related 
 expression and delivery vectors. Although Rule 
29(2) EPC 2000 positively acknowledges that, 
e.g., human gene sequences are a priori patent-
able, any disclosed sequences must fi rst pass 
muster as patent-eligible subject matter by not 
merely cast as a bare “discovery” that is other-
wise excluded by Article 52(2)(a) EPC [ 24 ]. 
Rather, the sequence must be mechanically 
“ isolated” (or otherwise “artifi cial” for US patent 
rights) from its naturally occurring cellular milieu 
and also be new, relate to a useful technical teach-
ing material to the described inventive concept, 
and be suffi ciently disclosed and claimed with 
particular clarity. 

 Under US practice, patent-eligible subject 
matter is governed by Title 35 of the United 
States Code (U.S.C.) at §101, which defi nes the 
standard of patent “utility,” i.e., the disclosed and 
claimed invention defi nes a specifi c, substantial, 
and credible utility [ 25 ]. Under European prac-
tice, this is tantamount to the requirement that the 
claimed subject matter “is industrially applica-
ble” and that the invention provides a technical 
contribution to the art [ 26 ]. Vaccine compositions 
(and methods for their manufacture) do not com-
monly trigger utility issues, since vaccines usu-
ally provide some kind of immunological effect 
against viruses or other microorganisms amount-
ing to a credible utility as understood by a person 
of ordinary skill in the art. However, a disclosed 
utility that requires further research to fully char-
acterize, or at least reasonably confi rm, a “real 
world” immunogenic, therapeutic effect might 
fail 35 U.S.C. §101. Care should therefore be 
taken during the drafting process when 
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 disclosing and claiming subject matter relating to 
the prevention and treatment of an unspecifi ed 
disease or condition and/or when using uncharac-
terized or partially characterized proteins, thera-
peutic proteins or antibodies, DNA fragments 
encoding a full open reading frame (ORF), or 
receptor targets that these physiological entities 
are preferably structurally, or at least function-
ally, defi ned in a manner that directly links them 
to a tangible therapeutic effect. 

 The Federal Circuit has considered the ques-
tion of patent-eligible subject matter under 35 
U.S.C. §101 on a further topic that appears highly 
relevant to vaccine innovations insofar as they 
disclose and claim dosage and administration 
regimes [ 27 ]. The patents at issue related to a 
schedule of infant immunization for infectious 
diseases designed to reduce the risk of chronic 
immune-mediated disorders. Two out of the three 
disputed patents claimed methods of screening 
and comparing information on immunization 
schedules with the occurrence of chronic disease 
for identifying a lower risk schedule and then 
immunizing accordingly by administering the 
vaccine using said schedule. The claims of a third 
disputed patent recited screening and comparing 
steps, but did not include the subsequent immuni-
zation step. 

 The lower fi rst instance court denied patent-
ability for all three patents as being based on 
some abstract idea that a relationship exists 
between the infant immunization schedule for 
infectious diseases and the later occurrence of 
the specifi ed chronic disorders. However, relying 
on the Supreme Court’s guidance in the  Bilski  
decision [ 28 ], the intermediate CAFC instead 
concluded that the “exclusions from patent eligi-
bility should be applied narrowly.” [ 29 ] The 
CAFC also held that the presence of a mental 
step is not itself fatal to 35 U.S.C. § 101 eligibil-
ity, and even though it had serious doubts about 
the substantive patentability of the claims, two of 
the three patents at least described patent-eligi-
ble subject matter because they recited a physical 
step of “immunizing” on a determined schedule, 
which was held to be a specifi c, tangible applica-
tion suffi cient to meet the requirements of 
35 U.S.C. § 101. Whether these inventions also 
met the remaining substantive patentability 

requirements was a matter to be resolved under 
the relevant provisions of US patent law. The 
third patent, however, was held invalid for claim-
ing patent- ineligible subject matter, i.e., a purely 
mental, abstract process of collecting and com-
paring immunization data for establishing immu-
nization schedules optimized for treating 
particular clinical conditions, which was barred 
under 35 U.S.C. § 101. 

 This US jurisprudence regarding dosing 
regimes seems to comport with European prac-
tice, as set forth by the EPO Enlarged Board of 
Appeals decision G 2/08, which fi rst recognized 
the validity of “administration patents.” In this 
case, the disputed patent claimed the use of 
known nicotinic acid or a compound metabolized 
to nicotinic acid for treating hyperlipidemia using 
a particular oral administration schedule. The 
Enlarged Board held that “where it is already 
known to use a medicament to treat an illness, 
Article 54(5) EPC does not exclude that this 
medicament be patented for use in a different 
treatment by therapy of the same illness.” [ 30 ] 
Yet, the Board cautioned that patentability was 
“subject to compliance with the other provisions 
of the EPC, in particular novelty and inventive 
step,” [ 31 ] which might prove to be an insur-
mountable hurdle with such so-called administra-
tion claims. 

 This proved evident in the EPO Technical 
Boards of Appeal case T 1760/08, where the 
Board stated that the patent specifi cation failed to 
disclose any showing that the claimed compound 
at the claimed dosage imparted any unexpected 
improvement over any other described dosage in 
terms of providing a superior bioavailability [ 32 ]. 
Because one of the described working examples 
indicated that the administration of the claimed 
compound at an increasing stepwise dosage (i.e., 
administered in a range of 250, 500, or 1,000 mg 
daily) showed better results with a rising amount 
of the compound, the selection of the 500 mg 
dose for inclusion in the claims was held to be 
merely an arbitrary choice from the disclosed 
alternatives. Accordingly, although the dosage 
regime itself was regarded as patent-eligible 
 matter, because no superior technical teaching 
resulted from this selection, the patent failed for 
lacking an inventive step over the prior art. 

51 Patentability of Vaccines: A Practical Perspective



814

 The preceding demonstrates that the patent 
application drafter must be vigilant when prepar-
ing and claiming embodiments directed to vac-
cine technologies. While the threshold of utility 
would appear to be readily satisfi ed by a vaccine 
composition having a demonstrated immuno-
genic effect, obtaining suffi ciently broad protec-
tion for this type of invention commonly involves 
claiming aspects external to the vaccine itself, 
such as nucleic acid sequences of the derivative 
microorganism and related expression vectors, 
and dosing regimens useful for achieving the 
immunoprotective result. Each of these embodi-
ments must initially successfully satisfy the util-
ity requirement as set forth in the laws governing 
the various global patent systems, a feat that can 
be deceptively complex.  

51.3     Principles of Novelty 
and State of the Art 

 In European practice, Article 54(1) EPC specifi es 
that an invention is considered new if it does not 
form part of the state of the art. The EPC, like 
most other patent law systems worldwide, adopts 
the principle of absolute novelty for determining 
what constitutes prior art, as enshrined by Article 
54(2) EPC: “The state of the art shall be held to 
comprise everything made available to the public 
by means of a written or oral description by use, 
or in any other way before the date of fi ling of the 
European patent application.” [ 33 ] But for a very 
narrow exception in cases where the invention 
was disclosed either at a specifi ed public conven-
tion or inadvertently due to some abuse [ 34 ], 
there is no grace period recognized for an inven-
tion disclosure that is deemed to be “publicly 
available” prior to its offi cial fi ling date (or prior-
ity date as applicable) [ 35 ]. Therefore, a potential 
patent applicant must zealously safeguard its 
invention from any such acts, including any pub-
lic, nonconfi dential use of the invention that 
brings the inventive concept to the attention of 
the public, until the invention is safely fi led at the 
patent offi ce. This novelty approach is common 
to virtually all patent systems worldwide, includ-
ing, but certainly not limited to, Japan, China, 
Australia, Canada, India, and Brazil. 

 The aforementioned “fi rst-to-fi le” doctrine 
has been at least partially adopted by the US pat-
ent system under the changes implemented by 
the Leahy-Smith America Invents Act (“AIA”), 
which represents a historic reform of US patent 
law and the most comprehensive since the last 
major revision in 1952. The new fi rst-inventor-to- 
fi le regime provides that a claimed invention will 
not be found novel if it was already patented, 
described in a printed publication, in public use, 
on sale, or otherwise available to the public, 
 anywhere in the world, before the effective fi ling 
date of the claimed invention [ 36 ]. However, an 
important exception to this prior art defi nition 
was preserved in the new law: The US PTO will 
not regard a public disclosure (or other publicly 
available use) as forming part of the state of the 
art if this disclosure was made by or from the 
inventor or joint inventor, or by another who 
obtained the subject matter disclosed directly or 
indirectly from the inventor, if such disclosure 
was made 1 year or less before the effective fi ling 
date of a claimed invention [ 37 ]. Moreover, the 
AIA reverses the historic unequal treatment of 
US provisional applications and foreign priority 
documents regarding their prior art status by 
eliminating the  Hilmer  doctrine [ 38 ]. 

 The new “fi rst-to-fi le” prior art principles 
apply to fresh patent applications fi led on the 
effective date of the new US law; [ 39 ] however, 
the benefi ts of the former “fi rst-to-invent” prior 
art doctrine remaining in force for older applica-
tions can be irreversibly lost in favor of the new 
structure should the applicant amend a claim that 
lacks support in the application as originally 
fi led. The possible consequence of this situation 
is that a prior publication of the invention that 
was otherwise excepted from the prior art under 
the old law becomes a potentially novelty- 
destroying disclosure to the application under the 
new approach to defi ning the state of the art. 

 Parties to a joint research agreement, an 
arrangement that would apparently be common 
in the vaccine development industry, should be 
aware that any public disclosure made in an 
application or patent  by another  shall not be prior 
art if the subject matter and the claimed invention 
were commonly owned, or subject to an obliga-
tion of assignment to the same person, not later 
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than the effective fi ling date of the claimed inven-
tion [ 40 ]. This means that the claimed invention 
must have resulted from activities defi ned by the 
scope of the joint research agreement, that 
the invention was made by/on behalf of at least 
one party to a joint research agreement in effect 
on/before the effective fi ling date of the claimed 
invention, and, importantly, that the application 
documents disclose the parties to this 
agreement. 

 Returning to European defi nition of “prior 
art,” a somewhat complicated extension of the 
“fi rst-to-fi le” principle lies in the notion of “elder 
European rights” which was introduced to pre-
clude double patenting and is defi ned by Article 
54(3) EPC 2000: [ 41 ] “Additionally, the content 
of the European patent application as fi led, of 
which the dates of fi ling are prior to the date 
referred to in (2) and which were published on or 
after that date, shall be considered as comprised 
in the state of the art [ 42 ]. ” Hence, a European 
(or a Euro-PCT) patent application having an 
earlier priority date, disclosing the same subject 
matter, and validly published after the fi ling date 
of a later European application will serve as a 
bar to novelty, but shall not be used for the pur-
poses of evaluating inventive step. Therefore, 
“obvious” equivalents to any claimed features in 
the earlier application are not considered to form 
part of the state of the art for the later 
application. 

 However, for pending European applications 
(including Euro-PCT applications) and European 
patents granted before the EPC 2000 entered into 
force, the Article 54(3) EPC 2000 provisions do 
not apply. Rather, the “elder” European right 
only imparts this prior art effect for designated 
states that overlap (or “collide”) with the later 
application if the designation fees were validly 
paid in view of Article 54(4) and Rule 23a EPC 
1973. The typical result of such a situation was 
different sets of claims for different designated 
states in view of different documents that make 
up the state of the art. To complicate matters fur-
ther, if a designated state in the earlier application 
is withdrawn subsequent to the publication date, 
but the designation fees were validly paid, the 
prior art effect still applies for that particular EPC 
Member State. 

 Illustrating the practical effect of Article 54(3) 
EPC 1973 v. 2000: Under former EP practice, 
Applicant A validly pays designation fees only 
for DE, FR, GB for European application EP-A. 
Upon publication, EP-A has a prior art effect 
(novelty only) for later-fi led European patent 
applications only in DE, FR, and GB insofar as 
these states are jointly designated and designa-
tion fees are validly paid. However, under the 
EPC 2000, Applicant B validly pays designation 
fees for IT and SE for later-fi led European appli-
cation EP-B. In this example, upon publication, 
EP-A will have a prior art effect (novelty) against 
EP-B in all EPC Contracting States designated 
by EP-B, even if EP-B does not designate the 
states of DE, FR, and GB at all. Therefore, under 
the EPC 2000, the prior art defi nition for “elder” 
European rights has been greatly simplifi ed.  

51.4     Claims Reciting a Medical 
Indication Using a Known or 
New Vaccine Composition 
Must Be Inventive and 
Suffi ciently Disclosed 

 The EPC limits the ability of an applicant to 
claim aspects of a vaccine identifi ed as a method 
of treatment, surgery, or diagnosis in view of var-
ious public policies underlying the patentability 
exclusion under Article 53(c) EPC 2000. 
Exemplary embodiments commonly found in 
vaccine-based invention disclosures include 
methods relating to diagnosis of disease, and/or 
other means of detection, immunomodulation, 
immunostimulation, treatment, prophylaxis ther-
apies, monitoring, and evaluation, and also to 
vaccine administration techniques that might 
amount to surgical steps. Offering a compromise 
for innovations made in such medical fi elds, the 
EPC did carve out a narrow exception, embodied 
in Articles 54(4) and 54(5) EPC 2000, allowing 
applicants to claim known substances or 
 compositions for a fi rst or further medical use in 
these excluded methods, respectively. 

 Specifi cally, Article 54(4) EPC 2000 recites: 
“Paragraphs (2) and (3) shall not exclude the pat-
entability of any substance or composition, com-
prised in the state of the art, for use in a method 
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referred to in Article 53(c) EPC 2000, provided 
that its use for any such method referred to in that 
paragraph is not comprised in the state of the art.” 
Hence, this paragraph provides the requisite 
authority for the “fi rst medical indication claim,” 
which can be broadly worded to recite a contem-
plated therapeutic purpose, for example, 
“ Composition X as a medicament ” or “ A vaccine 
comprising composition X. ” This format is thus 
useful for an inventor who characterizes a new or 
known “composition X” for the fi rst time in a 
medical context, such as a therapeutic use as a 
vaccine. Should a prior art disclosure reasonably 
describe that the same composition X is useful as 
a vaccine, this would amount to a novelty- 
destroying disclosure unless the patent applica-
tion discloses that composition X is used in a new 
and specifi c therapeutic context that is unknown 
in the prior art, i.e., a second or further medical 
indication. 

 Once a fi rst medical use of a known compound 
has been described, any newly discovered second 
or further medical use of a known substance or 
composition might be patent eligible under 
Article 54(5) EPC 2000, which recites: 
“Paragraphs 2 & 3 shall also not exclude the pat-
entability of any substance or composition 
referred to in paragraph 4 for any specifi c use in a 
method referred to in Article 53(c) EPC, provided 
that such use is not comprised in the state of the 
art.” This paragraph thus aims to provide a clear 
basis for the formerly known Swiss-type “second 
medical indication claim.” Because Article 54(5) 
specifi es that the composition is “for use” in a 
particular application, claims directed to new 
uses for a known vaccine should contain this lan-
guage to avoid lack of clarity and resulting lack of 
novelty objections. Such a claim in the vaccine 
context may be simply worded: “ Vaccine X for 
use in treating/preventing disease Y ” or 
“ Composition comprising vaccine X for use in a 
specifi c therapeutic application .” In these exem-
plary claims, “vaccine composition X” is already 
known as a medicament, but not for the specifi c, 
purpose-related use as stated in the claim. 

 The EPO might grant a broad claim for a fi rst 
medical use even where only one specifi c medi-
cal use of the substance has been meaningfully 

disclosed in the patent description [ 43 ]. However, 
we offer a cautionary note as to the extent of 
experimental evidence that could be required to 
validly support certain types of vaccine claims, at 
least in order to meet the rigorous demands set 
forth under Article 83 EPC. This provision stipu-
lates that an invention be disclosed “in a manner 
suffi ciently clear and complete for it to be carried 
out by a person skilled in the art.” For claims 
directed to a fi rst or a second medical use under 
Article 54(4) or 54(5), respectively, it is not only 
necessary that the skilled person is enabled for 
making the claimed compounds on the basis of 
the written technical disclosure in the applica-
tion, but the application must also provide direct 
and suffi cient evidence, considering common 
general knowledge in the technical fi eld, that the 
claimed therapeutic effect is attained for Article 
83 EPC to be met since said effect represents a 
functional technical feature of the claim [ 44 ]. 

 For example, a claim reciting, e.g., “ A protein 
… or compound derived from bacterium A for use 
in a therapy that elicits an immune response 
against said protein (or compound) ” would 
require the patent description to present credible 
evidence or other guidance that said protein or 
compound is mechanistically linked to the induc-
tion of a humoral or cellular immune response. 
However, a claim that functionally defi nes the 
known compound or substance, e.g., “ Bacterium 
A for use in a vaccine therapy to prevent disease 
Y ” must meet a somewhat more demanding bur-
den of proof to suffi ciently evidence that the 
described invention provides an enabling disclo-
sure beyond mere theory, e.g., that bacteria A 
confers an identifi able therapeutic effi cacy or a 
verifi able immunoprotective effect in preventing 
disease Y following a challenge. These principles 
are in place to ensure that the skilled person read-
ing the patent disclosure is put in the position of 
carrying out the invention, with a reasonable 
expectation of success, without encountering any 
undue burden, and without having to engage in 
an experimental research program in order to 
practice the invention as it is claimed. 

 It is apparent, under the prevailing EPO 
 standards, that to convincingly establish and link 
a general immunoprotective effect with a 
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 physiological target following the administration 
of a vaccine composition can be a daunting task. 
For example, in the EPO Technical Boards of 
Appeal decision T 187/93, the Board refused a 
patent application because the claims generalized 
a disclosed technical teaching of the immunopro-
tective effects of a particular herpes simplex virus 
(HSV) type 1 or type 2 glycoprotein D protein to 
all membrane-bound viral proteins in general, 
including all herpes viral membrane proteins and 
all herpes simplex viral membrane proteins. This 
broadening of the application’s fair technical 
teaching, which was otherwise limited to experi-
mental evidence showing an immunoprotective 
effect derived from glycoprotein D of HSV type 
1 or 2, was found to be excessive and unfounded. 
The application thus failed Article 83 EPC 
because the notional skilled person was not in a 
position to carry out the invention as broadly 
claimed due to a lack of an enabling teaching in 
the application as fi led. In addition, the Board 
noted that applicant’s arguments of entitlement to 
the broad claim scope were incompatible with 
those successfully made in support of inventive 
step per Article 56 EPC, which focused more 
narrowly on methods directed to the membrane 
glycoprotein D of herpes simplex type 1 or type 2 
and the induced immunoprotection in an immu-
nized subject against an in vivo challenge by 
these viral strains [ 45 ]. 

 In EPO decision T 219/01, a patent disclosed 
and claimed, as a fi rst medical use, “an HIV 
vaccine comprising gp120” in addition to 
“gp120 for eliciting a protective immune 
response against HIV.” Unfortunately, although 
the patent did provide credible technical data 
evidencing vaccination in chimpanzees, a post-
published AIDSVAX clinical study involving 
the claimed vaccine showed that the vaccine 
utterly failed to confer protection in human sub-
jects. Based on this evidence, which was sub-
mitted to the EPO by an opponent during a 
post-grant opposition procedure, the patent was 
revoked for failing to provide a suffi cient, 
enabling disclosure under Article 83 EPC as the 
claims did encompass the use of the vaccine in 
humans, which was no longer regarded as tech-
nically plausible [ 46 ]. 

 If the description of a patent specifi cation pro-
vides no more than a vague indication of a pos-
sible medical use for a chemical compound yet to 
be identifi ed, later submitted more detailed post- 
published evidence cannot be used to remedy the 
fundamental insuffi ciency of disclosure of such 
subject matter at the fi ling date. The claim format 
sanctioned by Article 54(5) EPC requires that 
attaining the claimed therapeutic effect, i.e., the 
claimed specifi c “use” of the known compound, 
is a functional technical feature of the claim. As a 
consequence, under Article 83 EPC, unless this is 
already known to the skilled person at the priority 
date, the application must disclose the suitability 
of the product to be manufactured for the claimed 
therapeutic application. In EPO decision T 
609/02, one of the granted patent claims under 
attack recited a use of a compound “ for use 
against over-expression of steroid hormone- 
responsive or steroid hormone-like compound 
responsive gene(s ).” However, the application 
failed to provide any data showing which steroid 
hormone-responsive or steroid-like compound 
was actually contemplated by the claims or how 
the overexpression of these genes could be pre-
vented. An important aspect of this holding was 
that a simple statement made in a patent specifi -
cation, i.e., that compound X may be used to treat 
disease Y, is simply not enough to ensure suffi -
ciency of disclosure for a claimed pharmaceuti-
cal. Instead, for a new medical use, the written 
description is obligated to provide at least some 
meaningful information and/or evidence, e.g., 
experimental testing that demonstrates the 
claimed compound has a direct effect on a meta-
bolic mechanism specifi cally linked to the 
described clinical state [ 47 ].  

51.5     A Few Words on Post-Patent 
Grant Procedures 

 Following the allowance of a European patent, 
several post-grant procedures may be initiated 
that may wholly invalidate, or at least partially 
restrict, the scope of the granted patent right. One 
option at the EPO, particularly common in the 
biotechnology fi eld, is a centralized inter partes 
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opposition procedure, which involves a third- 
party challenge to the validity of an EP Patent 
that must be fi led within 9 months after the pub-
lication of the patent grant [ 48 ]. The scope of the 
challenge, set forth under Article 100 EPC, 
allows an opponent to contest the patent on the 
grounds that the subject matter of the claims is 
not new, inventive, or industrially applicable, is 
excluded from patentability, contains added mat-
ter in relation to the application as fi led, and/or is 
insuffi ciently disclosed. We have already touched 
on many of these issues in this chapter. To prove 
the case, the opponent must fi le a detailed brief 
setting forth at least one of the above grounds, 
with supplemental evidence in the form of scien-
tifi c publications, patent documents, declara-
tions, and other expert testimonies being fi led as 
deemed appropriate. The patent proprietor may 
respond to the notice and fi le supporting evidence 
to refute the opponent’s allegations as desired. 
The opposition procedure may result in a patent 
being fully revoked, being amended with 
restricted claims, or fully untouched. Subsequent 
to the opposition period, an EP Patent may only 
be challenged in an EPC Member State where the 
patent is validated and in force [ 49 ]. Should an 
adversely affected party to the proceedings 
decide to lodge an appeal against the Opposition 
Division’s decision, the EPO has detailed mecha-
nisms in place to guide this procedure at the sec-
ond instance [ 50 ]. 

 The central limitation procedure, introduced 
in the revised EPC 2000 as Articles 105a–c, 
offers a patent proprietor the possibility for ex 
parte limitation or full revocation of a granted 
European patent having effect “ab initio” in all 
EPC Member States where the patent has been 
validated [ 51 ]. This centralized procedure bene-
fi cially affords the patentee not only with an 
opportunity to amend the substance of a poten-
tially invalid European patent but also a chance 
to avoid often lengthy and costly proceedings 
before each of the relevant national courts. 
Notable aspects of this procedure are that it is 
initiated exclusively by the patentee (although 
third parties may present observations); [ 52 ] the 
limitation request is prescribed for the claims 
only with no explicit provision for amending the 
description or drawings (which should already 

support the amended claims); however, such 
amendments may be possible upon petition. 
Moreover, EPO limitation proceedings do not 
take precedence over existing national proceed-
ings (revocation proceedings in particular), 
which may be stayed or suspended pending the 
outcome of the fi nal EPO decision if the national 
court so decides. The scope of the EPO’s inquiry 
under Article 105b EPC 2000, and as imple-
mented by the Rules [ 53 ], is restricted to whether 
the patentee’s amendment(s) in fact limits the 
claims (and are not purely cosmetic), whether the 
amendment meets the clarity and conciseness 
requirements under Article 84 EPC, and whether 
the amendment meets the stringent requirements 
against added subject matter per Article 123 (2) 
and (3) EPC (no added matter extending the sub-
ject matter beyond the content of the application 
as fi led or of the at grant, respectively). 

 If the Examining Division deems that the 
patentee has not complied with the above 
requirements, a further opportunity may be 
given but is discretionary since the patentee is 
certainly free to fi le an additional limitation 
request in the future. Interestingly, the limita-
tion procedure does not oblige the Examining 
Division to substantively examine whether the 
amended claims actually avoid the prior art or if 
they satisfy the EPC patentability requirements 
pursuant to Articles 52–57 EPC. Once the limi-
tation request has been allowed, the patentee 
must provide a translation of the limited claims 
in all three offi cial EPO languages (and into the 
offi cial language of each relevant EPC 
Contracting State as applicable) in addition to 
submitting payment of a printing fee. Of impor-
tance, in case the EPO rejects the limitation or 
revocation request, no option to appeal this 
decision is possible. 

 Turning to US practice, the recent AIA intro-
duces and/or modifi es a variety of post-patent 
grant procedures, which will undoubtedly open 
up new and strategically important options for 
dealing with a US patent following its allowance. 
For example, the AIA establishes a new “post- 
grant review” (“PGR”) and “inter partes review” 
[ 54 ] (“IPR”), which can be strategically employed 
to challenge and potentially destroy a competi-
tor’s US patent. 
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 In greater detail, the PGR is an “opposition- 
style” mechanism akin to EPO procedures, where 
a non-patentee third party may allege the invalid-
ity of one or more patent claims of a US patent 
based on a broad range of grounds [ 55 ] similar to 
those set forth under Article 100 EPC, compared 
to former USPTO reexamination procedures. 
Unlike in European opposition proceedings, a US 
patent can be attacked as lacking clarity or defi -
niteness, which is not allowed under European 
practice (i.e., under Article 84 EPC). However, 
like EPO oppositions, a PGR petition must be 
fi led not later than 9 months after the date of pat-
ent grant, or issue date of a US reissue patent, as 
the case may be. 

 The threshold requirement for admitting a 
PGR action requires that the information pre-
sented in the opponent’s petition, if not rebutted, 
demonstrates that it is “more likely than not” that 
at least one of the US patent claims challenged in 
the petition is not patentable [ 56 ]. These require-
ments appear to correspond to the European pat-
ent procedure, which requires “a statement of the 
extent to which the European patent is opposed 
and of the grounds on which the opposition is 
based, as well as an indication of the facts and 
evidence presented in support of these grounds.” 
[ 57 ] The PGR proceedings are a matter of public 
record and are conducted by the newly created 
Patent Trial and Appeal Board (“PTAB”), con-
sisting of a three-person Administrative Patent 
Judge panel, which differs from European oppo-
sitions where the Opposition Division consists of 
three examiners, one of which is usually the pri-
mary Examiner who conducted the grant pro-
ceedings. Although the PGR proceedings can be 
completely carried out in writing, each party has 
the right to oral proceedings as desired; corre-
sponding provisions exist in the EPC [ 58 ]. 
Apparently, the PTAB is more limited with 
respect to the permitted scope of discovery com-
pared to the EPO, which is at least theoretically 
not restricted by the facts, evidence, and argu-
ments provided by the parties per Article 114 (1) 
EPC. Moreover, the Opposition Division may 
invoke its discretionary power to examine 
grounds of opposition not even raised by any 
opponent to the proceedings [ 59 ]. PGR actions 
are terminated either by a PTAB decision or by a 

settlement between the parties, but this decision 
is ultimately at the discretion of the US PTO. 

 The post-grant inter partes review (“IPR”) 
option is intended to eventually replace the exist-
ing inter partes reexamination procedure and 
allows a third-party non-patent owner to chal-
lenge a US patent after the later of (1) 9 months 
from the issue or reissue date of a US patent (i.e., 
after the PGR period has expired); (2) if a PGR 
has been instituted, then from the date of its ter-
mination; or (3) within 1 year after petitioner is 
served with a complaint where patentee alleges 
infringement of the patent. The IPR procedure, 
which is conducted before the PTAB, has no 
related counterpart in the EPC. An IPR action 
can be initiated throughout the life of the US pat-
ent. In contrast to the PGR, an IPR action can 
initiated only based on the grounds of novelty 
and lack of inventive step, using only patents and 
printed publications.  

51.6     Concluding Remarks 

 The foregoing represents a non-exhaustive over-
view of existing structures governing patent 
granting and defense procedures and certain pat-
entability approaches that are suitable not only 
for vaccine-based innovations but for biological 
inventions generally. A strong patent position 
typically begins by building upon a core technol-
ogy, with an eye to capturing secondary subject 
matter that frequently emanates from these fi rst 
inventions. For vaccine innovations, initial patent 
fi lings might focus on cell cloning, expression, 
and therapeutic function of isolated vaccine 
sequences (which may or may not be deposited 
with an offi cially sanctioned institution), while 
secondary follow-on patents may extend exclu-
sivity for the foundational technologies by claim-
ing improvements and/or further developed or 
related technical teachings such as purifi cation 
methods, drug delivery methods and systems, 
pharmaceutical compositions, and dosing regi-
mens and additional clinical indications, any of 
which could be fairly subject to an extension of 
the monopoly period in the EU by application for 
a supplementary protection certifi cate (SPC) 
where regulatory approval is required. As is 
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 evident from our foregoing analysis, developing 
an optimized global patent portfolio entails a 
 balanced approach between a prudent strategy 
that best safeguards a desired market position 
such that a reliable funding pipeline can be main-
tained, with a careful selection of inventions for 
patenting in the face of constantly evolving pat-
ent systems and landscapes.     
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ify for Article 55 EPC protection, the disclosure must 
have occurred  no earlier than 6 months prior  to the 
application’s fi ling (not priority) date  

    36.    See  new 35 U.S.C. § 102(a)(1), which largely refl ects 
the prior art defi nitions stated in former 35 U.S.C. 
102(a) and 35 U.S.C. 102(b). Furthermore, US pat-
ents, US Patent Application Publications, and PCT 
International Application Publications that were 
effectively fi led by a different applicant will be con-
sidered as part of the state of the art under new 35 
U.S.C. § 102(a)(2)  

    37.    See  new 35 U.S.C. § 102(b)(1),(2)  
    38.    In re Hilmer  359 F.2 859 (C.C.P.A. 1966) held that a 

patent application’s foreign fi ling date could be used 
as shield itself from later-fi led or published cited prior 
art at the US PTO, but could not be used as affi rmative 
prior art. This situation frequently disadvantaged for-
eign inventors who fi led a fi rst application outside the 
USA and then relied on Article 4 of the Paris 
Convention in fi ling a later US application. Under 
these circumstances, the foreign application could not 
be used as prior art against another US application 
because it was not “fi led in the United States.” 
Therefore, the foreign priority application date 
received unequal treatment by the US PTO, since no 
offensive benefi t could be gained from the earlier 
disclosure.  

    39.   These changes under the AIA come into force on 
March 16, 2013  

    40.    See  new 35 U.S.C. § 102(b)(2)(C)  
    41.   Article 54(3) EPC 2000 differs from its predecessor 

by removing the language that the publication occur 
“under Article 93” and is regarded by the EPO as a 
“minor editorial amendment” (Preparatory docu-
ments: CA/PL 17/99; CA/PL PV 10, points 19–21; 
CA/PV 14, point 6; CA/100/00, pages 43–44; 
MR/6/00, pages 3–4; MR/2/00, pages 47–48; 
MR/24/00, page 71)  

    42.    Basic Proposal for the Revision of the EPC, 
Preparatory Documents : CA/PL 17/99; CA/PL PV 
10, points 19–21; CA/PV 14, point 6; CA/100/00, 
pages 43–44: Article 54(3) EPC 2000 partly simpli-
fi es Article 54(3) EPC 1973 practice since most 

European applications routinely designate all 
Contracting States. Therefore, the complicated prior 
art searches demanded by Article 54(4) EPC 1973 
appeared to confer an advantage to only a limited 
number of applicants  

    43.    See  Rule 42(e) EPC 2000  
    44.   An elegant discussion on this point can be found in 

EPO Technical Boards of Appeal decision T 1496/08, 
e.g., at reason 14  

    45.    See  EPO Technical Boards of Appeal decision T 
187/93, e.g., at reasons 19–35  

    46.    See  EPO Technical Boards of Appeal decision T 
219/01, reasons 4 and 5.2, but  compare : in decision T 
716/08, the Board held that a therapeutic effect was 
found where an application disclosed that the mere 
presence of antibodies against the 48 kDa ISAV pro-
tein in the rabbit serum used for screening the lambda 
bacteriophage cDNA library was evidence that the 48 
kDa ISAV protein was antigenic and, consequently, 
could also be a useful constituent of a subunit vaccine, 
 see  reasons at 17–24 and 47  

    47.    See  EPO Technical Boards of Appeal decision T 
609/02, e.g., at reason 9  

    48.    See  Articles 99–105 EPC, which govern EPO opposi-
tion procedures  

    49.    See  Article 138 EPC for particular provisions that 
must be applied to these procedures  

    50.    See  Articles 106–111 EPC, which govern EPO 
appeals procedures  

    51.   Article 68 EPC 2000: When the decision to revoke or 
limit the European patent is published per Article 
105b(3) EPC 2000, the effects of this decision apply 
ab initio or retroactively from the outset via Article 64 
(rights conferred at patent grant) and Article 67 (rights 
conferred after publication of the European patent 
application)  

    52.   Observations may be submitted by third parties in an 
offi cial EPO language per Article 115 EPC 2000  

    53.   For example, Rule 95(2) EPC 2000 governs the scope 
of examination and admissibility of the limitation 
request, i.e., patentee’s compliance with the substantive 
requirements for limitation of the European patent  

    54.   These new procedures are found in the AIA at SEC. 6 
in 35 U.S.C. §§ 311–319 and 35 U.S.C. §§ 321–329, 
respectively  

    55.   U.S.C. 282(b), any patentability ground specifi ed in 
35 U.S.C. at Part II; 35 U.S.C. 282(c), failure to com-
ply with any requirement of 35 U.S.C. §§112, 251 
such as written description, defi niteness, and clarity  

    56.   35 U.S.C. §324(a),(b)  
    57.   Rule 76(2)(c) EPC  
    58.   Article 116 EPC  
    59.   Rule 81(1) EPC    
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    Abstract  

  Infl uenza vaccination is currently the principal 
means of reducing or counteracting infl uenza 
mortality and morbidity burden in the commu-
nity. Since the early development of monova-
lent killed-virus vaccine formulations in the 
1940s, different principal strategies were fol-
lowed by vaccine manufactures resulting in a 
variety of infl uenza vaccines (e.g., inactivated 
whole-virus vaccines, live attenuated vac-
cines, detergent or solvent “split” vaccines, 
subunit vaccines, and adjuvanted vaccines). 
Actually two main production processes, the 
classical egg-based technology and more 
recently cell-culture- based operations, can be 
distinguished. In addition different routes of 
immunization allow the generation of intra-
muscular-, intradermal-, and intranasal-infl u-
enza vaccines. 

 The development and the production of 
infl uenza vaccines is based on a complex 
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 manufacturing process starting with the 
selection and development of optimal can-
didate vaccine viruses, and it requires vari-
ous dynamic  interactions with regulatory 
authorities and health- care offi cials. Planning 
for vaccine supplies and use as well as pro-
vision of other related health-care resources 
are essential components of a comprehensive 
seasonal and pandemic infl uenza response. 
Rapid spread of infl uenza viruses during 
seasonal epidemics and occasional pandem-
ics tightly frames the whole process if vac-
cine is to be manufactured and delivered on 
time. There is a continuous effort to develop 
new and safe infl uenza vaccines and improve 
reagents for strain-specifi c potency testing 
to face complex infl uenza- related challenges 
better.  

52.1         Introduction 

52.1.1     Infl uenza Disease 

 Infl uenza has a viral origin and often results in an 
acute respiratory illness affecting mainly the 
nose, throat, bronchi, and, occasionally, lungs 
(Fig.  52.1 ). The infection is characterized by sud-
den onset of high fever, aching muscles, head-
ache and severe malaise, nonproductive cough, 
sore throat, and rhinitis. At the early stage of 
infl uenza infection, it might be diffi cult to distin-
guish it from the common cold, although infl u-
enza could be recognized by a high fever with a 
sudden onset and extreme fatigue [ 1 ].

   The virus is transmitted easily from person to 
person via droplets and small particles produced 
when infected people cough or sneeze; therefore 
infl uenza tends to spread rapidly in seasonal 
 epidemics occurring yearly during autumn and 
winter [ 2 ]. 

 Most people recover from fever and other 
symptoms within a week without requiring medi-
cal attention. However, mainly among high-risk 
groups (the very young, elderly, or chronically 
ill), infl uenza can result in hospitalizations and 
deaths. Worldwide, annual epidemics cause 

about three to fi ve million cases of severe illness 
and about 250,000–500,000 deaths [ 3 ].  

52.1.2     Infl uenza Viruses 
and Pandemics 

 There are three types of infl uenza viruses: A, B 
(both seasonal), and C, with type A and B infl u-
enza cases occurring much more frequently than 
type C infl uenza. Type A infl uenza viruses are 
further typed into subtypes according to different 
kinds and combinations of virus surface glyco-
proteins – hemagglutinin (HA or H, respectively) 
and neuraminidase (NA or N, respectively) 
(Fig.  52.2 ) [ 3 ,  4 ]. Among many subtypes of infl u-
enza A viruses, currently infl uenza A(H1N1) and 
A(H3N2) subtypes are circulating among 
humans. Infl uenza viruses are well adapted to 
human populations and have the capacity to 
evade the immune system through mechanisms 
of mutations (antigenic drift) and swapping of 
surface protein genes between distantly related 
virus strains (antigenic shift) [ 5 ] (Fig.  52.2 ). 
When a major change occurs, the risk of a human 
pandemic arises [ 6 ].

   Three infl uenza pandemics occurred during 
the twentieth century, the most serious being the 
Spanish infl uenza. The last pandemic of the past 
century occurred in 1968, and the responsible 
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virus infected an estimated one to three million 
people throughout the world. The fi rst pandemic 
of the present century occurred in 2009 and was 
caused by a H1N1 strain (A/California/07/09). 

 In 1997, a novel avian infl uenza virus, H5N1, 
fi rst infected humans in China. Since its emer-
gence, the H5N1 virus has spread from Asia to 
Europe and Africa, resulting in the infection of 
millions of poultry and wild birds. Several 

 hundred human cases and deaths have been 
reported by the WHO [ 7 ].  

52.1.3     Infl uenza Drugs 

 Antiviral drugs such as adamantanes (amanta-
dine and remantadine) and the neuraminidase 
inhibitors zanamivir and oseltamivir (Tamifl u®) 

Antigenic drift
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  Fig. 52.2    Infl uenza virus; antigenic drift and shift. 
Antigenic drift – The gradual alteration by point muta-
tions of the hemagglutinin (HA) and neuraminidase (NA) 
proteins within a type or subtype. Antigenic drift results in 
the inability of antibodies to previous strains to neutralize 
the mutant virus. Antigenic drift occurs in both infl uenza 

A and B viruses and causes periodic epidemics. Antigenic 
shift – The appearance in the human population of an 
infl uenza A virus that has exchanged the genes encoding 
its HA protein or NA protein with another infl uenza virus, 
often a virus that infects animals rather than humans. 
Antigenic shift is responsible for worldwide pandemics       
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[ 8 ,  9 ] have been used to treat infl uenza; how-
ever, some infl uenza viruses develop resistance 
to antiviral medicines, limiting the effectiveness 
of treatment. WHO constantly monitors antivi-
ral susceptibility in the circulating infl uenza 
viruses [ 3 ].  

52.1.4     Infl uenza Vaccines 

 According to the WHO, vaccination against infl u-
enza is the most effective way to prevent infec-
tion and severe outcomes caused by  infl uenza 
viruses. Vaccination is especially important for 
people at higher risk of serious infl uenza compli-
cations and for people who live with or take care 
of high-risk individuals. 

 Various infl uenza vaccines have been available 
for many years [ 10 ] (Fig.  52.3 ). Seasonal infl uenza 
vaccines are usually trivalent, each dose contain-
ing 15 μg of each of two infl uenza A subtypes 
(e.g., H1N1 and H3N2) and 15 μg of one infl uenza 
B strain. There are currently three predominant 
types of inactivated infl uenza vaccine: whole-virus, 
split, and subunit vaccines [ 11 ,  12 ] (Fig.  52.3 ).

   Among healthy adults, infl uenza vaccine can 
prevent 70–90 % of infl uenza-specifi c illness. 
Among the elderly, the vaccine reduces severe 
illnesses and complications by up to 60 % and 
deaths by 80 % [ 3 ].   

52.2     World Health Organization 
(WHO) and Infl uenza 
Surveillance 

52.2.1     Infl uenza Surveillance 

 As a result of genetic mutation, infl uenza viruses 
evolve frequently, and new strains quickly replace 
the older ones. Thus, vaccines formulated for 
1 year may be ineffective in the following year, and 
continuous global monitoring and frequent refor-
mulation of infl uenza vaccines is needed. For this 
reason, the WHO coordinates an international sur-
veillance system to monitor the epidemiology of 
infl uenza viruses (Fig.  52.4 ) [ 13 ]. The surveillance 
system is undertaken year-round and allows for the 

detailed analysis of circulating infl uenza viruses 
isolated from both humans and animals, especially 
birds (e.g., H5N1) and pigs, and is able to detect 
newly evolved antigenic variants of the infl uenza A 
(H3N2 and H1N1) and B strains to which human 
populations are likely to be susceptible [ 14 ].  

52.2.2     The WHO Global Infl uenza 
Surveillance Network (GISN) 

 The GISN monitors which infl uenza viruses are 
circulating in humans around the world through-
out the year [ 13 ]. GISN comprises:
•    5 WHO Collaborating Centers (Atlanta, 

Beijing, London, Melbourne, Tokyo)  
•   136 National Infl uenza Centers in 106 countries  
•   11 H5 Reference Laboratories  
•   4 Essential Regulatory Laboratories    

 The major technical roles of GISN are to:
•    Monitor human infl uenza disease burden  
•   Monitor antigenic drift and other changes 

(such as antiviral drug resistance) in seasonal 
infl uenza viruses  

•   Obtain suitable virus isolates for updating of 
infl uenza vaccines  

•   Detect and obtain isolates of new infl uenza 
viruses infecting humans, especially those with 
pandemic potential     

52.2.3     Infl uenza Vaccine 
Recommendations 

 Since 1973, twice a year the WHO convenes 
technical consultations to recommend which 
dominant circulating strains should be included 
in the vaccine – for the northern hemisphere in 
February and for the southern hemisphere in 
September. These recommendations are based 
on information provided by the WHO Global 
Infl uenza Surveillance Network (GISN), now 
the WHO Global Infl uenza Surveillance and 
Response System (GISRS) (Fig.  52.4 ). Recently, 
infl uenza A(H5N1), A(H9N2), and other 
 subtypes of infl uenza viruses have also been 
taken into consideration by GISRS for pandemic 
preparedness purposes [ 14 ].

M. Hilleringmann et al.
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52.2.4        Seed Strains 

 Once the WHO recommends which dominant 
circulating strains should be included in the vac-
cine, WHO Collaborating Centers start to gener-
ate and analyze seed strains for vaccine 
production [ 14 ]. Since the 1970s, this has been 

mainly done by genetic reassortment for infl u-
enza A strains. Embryonated eggs are coinfected 
with the fi eld strain selected for the vaccine and 
an A/PR8/34 (or similar) donor strain that is 
known to give good yields on eggs [ 15 ]. High- 
growth progeny virus is analyzed to confi rm the 
presence of surface glycoproteins from the fi eld 

1. Whole virus 2. Split virus 3. Subunit
(surface antigens) 

5. Live attenuated 4. Subunit
Adjuvanted 

1. Whole virus vaccines - consisting of complete viruses which have been ’killed’
or inactivated, so that they are not infectious but retain their strain - specific
antigenic properties.

2. Split virus vaccines-consisting of inactivated virus particles disrupted by
detergent treatment. These vaccines contain both surface and internal antigens.

3. Subunit or surface antigen vaccines - consisting essentially of purified hemagglutinin (HA) and 
neuraminidase (NA) from which other virus components have been removed.

4. Adjuvanted Subunit - consisting essentially of purified surface antigens 
(HA and NA) only plus an adjuvant added. 

5. Live attenuated (cold - adapted) virus vaccines consisting of weakened (non -
pathogenic) whole virus .In which the live virus in the vaccine can only multiply
in the cooler nasal passages and which are administered intranasally

• Egg derived
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  Fig. 52.3    Infl uenza vaccines       
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strain. A second technology is reverse genetics, a 
patented technology, available to attenuate highly 
pathogenic viruses and reassort the attenuated 
HA and NA with backbone virus [ 16 ]. Once 
developed, these candidate reassortants are char-
acterized for their antigenic and genetic proper-
ties before being released to interested institutions 
on request (Fig.  52.4 ).  

52.2.5     Vaccine Potency/Reference 
Reagents 

 Antigen standards and sheep antisera are subse-
quently developed and standardized by Essential 
Regulatory Laboratories (ERLs), in collaboration 
with vaccine manufacturers. Strain-specifi c 
reagents are made available to manufacturers 
worldwide on request. The antigen standard and 

sheep antisera are needed for single radial immu-
nodiffusion (SRID) testing in order to quantify 
the produced antigen in the infl uenza vaccine 
bulks and release the vaccines [ 17 ].   

52.3     Infl uenza Vaccine Production 

 The manufacture of infl uenza vaccine has several 
unique aspects that render the production process 
challenging:
    (a)    Infl uenza vaccine composition must match 

actual global WHO epidemiological surveil-
lance data. Therefore, an updated vaccine 
formulation is developed each time.   

   (b)    Yearly licensure has to be obtained for every 
amendment.   

   (c)    There are very tight time slots and short win-
dows of opportunity to adopt processes and 
respond to changes. The production process 
is one step of many, involving various 
institutions.   

   (d)    Seasonal and pandemic infl uenza vaccines 
are interrelated with a major impact on pro-
duction capacities.     

 Therefore, manufacturers of infl uenza vac-
cines are continuously optimizing existing pro-
cesses and developing new and novel methods of 
preparing seasonal infl uenza vaccines, as well as 
pandemic vaccine candidates. Special efforts are 
made to increase production capacities and intro-
duce more automated processes, designing more 
fl exible and time-saving manufacturing methods. 

 Most infl uenza vaccine production is based on 
classical egg-based technology, a technology that 
has been used to produce seasonal vaccine for 
more than 30 years [ 18 ,  19 ]. Novel cell-culture 
technologies can offer various advantages over 
egg-based manufacturing methods and most 
likely will supplement the current egg-based 
technology (Fig.  52.5 ) [ 20 ,  21 ].

   Independent of which production process is 
used, either egg-based or cell-culture-based, the 
downstream production process could produce a 
whole-virus vaccine, a split vaccine, or a subunit 
vaccine from the viral harvest. All manufacturing 
processes must go through extensive testing and 
validation before licensure, and the production of 

Data Summary

Data 
Summarised

WHO distributes seed strain
to vaccine Manufacturers 

Start of vaccine production
process  

WHO Collaborating centre
for Reference and
Research on Influenza
VIDRL

Influenza Surveillance

World Health
Organization
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each batch is tightly controlled. In the current 
chapter we will focus on recent cell-culture infl u-
enza vaccine production, describing the proce-
dure for a subunit infl uenza vaccine.  

52.4     Cell-Culture-Based Vaccine 
Production 

 Vaccine seed strains are distributed to the vaccine 
producers by WHO Infl uenza reference centers 
in order to evaluate their suitability for vaccine 
production. Factors such as yield when grown in 
cell culture (or in eggs), antigenic stability, inac-
tivation, and purifi cation process are evaluated. 
The experiences with the vaccine candidate 
strains at the manufacturer from all participating 
companies are considered for the fi nal endorse-

ment of the vaccine strains by the European 
Medicines Agency (EMA) and the United States 
Food and Drug Administration (FDA). The meet-
ings with the national authorities are typically 
held 1 month after the initial WHO decision on 
composition. 

 Different cell lines can be used to produce 
the infl uenza virus such as VERO [ 22 ], a kidney 
cell from the African green monkey, and Madin- 
Darby canine kidney (MDCK) cells [ 23 ], which 
originated in 1958 from the kidney of a healthy 
dog. Alternative expression systems for recom-
binant infl uenza proteins, like insect cells, are 
under study and evaluation. A MDCK cell line 
was optimized for the production of infl uenza 
vaccine and tested with numerous virus vari-
ants. It has proven to be particularly suitable for 
the production of infl uenza vaccines as it grows 

Influenza Vaccine Production:
Advantages of Cell-Culture Technologies
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in suspension. Thus it requires no surface to 
proliferate, simplifying industrial production 
considerably. 

 Cell-culture infl uenza vaccine production result-
ing in a subunit infl uenza vaccine can be divided 
into the following steps (1.-8.; see Figs.  52.6 ,  52.7 , 
 52.8 ,  52.9 ,  52.10 ,  52.11 , and  52.12 ). A summarized 
scheme is shown in Fig.  52.13 . 

52.4.1     Cell Propagation 

 Preparation of a cell line for propagation starts 
with the thawing of the cell line “seed” lot (e.g., 
MDCK). For a “First-pass” cell line propagation 
begins with the small-scale pre-culture propaga-
tion of seed cells. The cells are stored in liquid 
nitrogen at −196 °C. For the production, mini-
mum amounts – a so-called cryo-tube containing 
1 ml with approximately ten million cells – are 
thawed and proliferated in three steps from a 10-l- 
volume to 100 l and then to 1,000 l. At each stage 
the cells receive the optimum conditions for 
growth with respect to temperature, oxygen, pH 
value, and nutrient supplies. The proliferation of 
the cells in fermenters (stainless steel tanks) is 
constantly monitored with the aid of a computer 
system that automatically checks all data and 
accurately records each step. Cell proliferation 
takes place in a contained fermenter system in so- 
called clean rooms, resulting in maximum safety 
and purity for employees, environment, patient, 
and product. Approximately 3 weeks after the 
removal of the cells from the nitrogen refrigera-
tion, suffi cient cells have grown in the 1,000-l- 
fermenter. In contrast, it can take up to 6 months 
to organize the egg supplies, fl ock setting, etc., 
for initial inoculation in classical egg-based tech-
nology (Fig.  52.6 ).

52.4.2        Virus Production 

 Upon achieving a certain predetermined density, 
the cells are transferred to a 2,500-l fermenter via 
a closed pipe system. The infl uenza virus is added 
to the tank to start infecting the mammalian cells. 
Virus replication in the host cell requires several 
days (approximately 3 days) until suffi cient virus 

amounts for downstream processing are pro-
duced. During the course of this process, the cells 
die off and viruses are released in the  medium/
supernatant (Fig.  52.7 ).

52.4.3        Virus Purifi cation 

 The fi rst step of a long series of purifi cation pro-
cedures is so-called separation, by which the virus 
suspension is separated from the cell residue. In a 
subsequent chromatography step, the virus is cap-
tured and separated from the medium solution. 
The next step, ultrafi ltration, further concentrates 
the intermediate product. This occurs in an auto-
mated and closed system, whereas harvesting of 
an egg-based virus is largely a manual process 
that requires extracting infected cells and fl uids 
and then collecting the virus (Fig.  52.8 ).

  Fig. 52.6    Cell propagation          

  Fig. 52.7    Virus production       

  Fig. 52.8    Virus purifi cation       

 

 

 

M. Hilleringmann et al.



831

52.4.4        Virus Inactivation 
and Splitting and Subunit 
Extraction 

 After the purifi cation the virus is inactivated (ren-
dered unable to cause infection) via a chemical 
reaction process. Most manufacturers use either 
beta-propiolactone or formaldehyde for this 
 purpose. Virus splitting/extraction of surface 
antigens (HA and NA) with detergent follows, 
because only fractions of specifi c surface pro-
teins are required for the subsequent subunit 
infl uenza vaccine (Fig.  52.9 ).

52.4.5        Polishing 

 Splitting of the virus is followed by ultracen-
trifugation for removal of undesired viral core 
 structures that have no role in eliciting neutraliz-
ing antibodies. This purifi cation technology is 
basically similar to the egg-based vaccine pro-
cess, and the resulting purifi ed subunit vaccine is 
very similar in composition to egg-based 
 vaccines. After further purifi cation and concen-
tration steps, approximately 10 l of antigen con-
centrate of a virus strain are left of the original 
2,500 l coming from infection. Since the sea-
sonal infl uenza vaccines contain three (or more 
recently four) viral strains (H1N1, H3N2, and 
one or two B strains), the production process 
must be performed three to four times – once for 
every strain (infl uenza vaccine monobulk) in 
order to generate a trivalent or quadrivalent vac-
cine (Fig.  52.10 ).

52.4.6        Vaccine Characterization 
and Quality Tests (Bulk 
Release) 

 Subsequently the three individual bulks are 
analyzed for their HA antigen content by a sin-
gle radial immunodiffusion (SRID) assay 
(Fig.  52.11 ) [ 24 ,  25 ]. SRID assay is a technique 
used in immunology to determine the quantity 
of an antigen by measuring the diameters of 
circles of precipitin complexes surrounding 
samples of the antigen that mark the boundary 
between the  antigen and an antibody suspended 
in a medium, such as an agar gel. Measurement 
of the diameters of the precipitin discs of the 
unknown solutions allows an estimation of the 
antigen concentration to be made by simple 

  Fig. 52.9    Virus inactivation and splitting and subunit 
extraction       

  Fig. 52.10    Polishing       
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interpolation to diameters of the precipitin discs 
of standard antigen solutions with known 
concentration. 

 The reagents need to be specifi c for the 
strains in the vaccine and take approximately 
3 months to be produced and distributed (see 
above:  Vaccine Potency/Reference Reagents ). 
This can delay the release of the vaccine. 
Additional testing for process-related impuri-
ties, sterility, and residual infectious virus as 
well as stability studies is also required for each 
manufactured bulk and for the release of mate-
rial (Fig.  52.11 ) [ 26 ].

52.4.7        Formulation 
(Mixing and Filling) 

 The three individual infl uenza antigen mono-
bulks are subsequently diluted into standard 
doses using sterile phosphate-buffered salt solu-
tions in a concentration similar to bodily fl uids. 
Final vaccine is then sterile fi ltered and added to 
bottles, prefi lled syringes, or in nasal spray con-
tainers (Fig.  52.12 ).

52.4.8         Final Quality Control 
and Lot Release 

 Each trivalent batch or “lot” (like the individual 
monobulks) undergoes rigorous quality control 
testing to ensure it meets regulatory agency stan-
dards for safety, effi cacy, and stability prior to 
vaccine release [ 25 ]. At this point, the develop-
ment phase of an infl uenza cell-culture subunit 
vaccine is complete. All that remains is to com-
plete the licensing process (Fig.  52.13 ).   

52.5     Infl uenza Vaccine Release 

52.5.1     Clinical Trials and Regulatory 
Agency Review 

 Vaccines are classifi ed as biological products and 
regulated by both the United States Food and 
Drug Administration (FDA) and the European 
Medicines Agency (EMA). In Europe clinical tri-
als are requested to demonstrate the safety and 
immunogenicity of each new infl uenza vaccine 
formulation. This is not the case in the United 
States or the southern hemisphere. 

 Vaccine lots are also carefully labeled in case 
problems are identifi ed after the vaccine has been 
distributed. Vaccine cannot be delivered until 
they are formally released by the regulatory 
 agencies [ 26 ,  27 ] (Fig.  52.14 ).

   All in all, it takes about 16 weeks from the 
extraction of the cells until a fi nished seasonal 
infl uenza vaccine is packaged and ready for 
delivery. As mentioned above, external factors 
such as availability of strain-specifi c reagents can 
infl uence the timeline. The complex process of a 
seasonal infl uenza vaccine campaign including 
various dynamic interactions of public health 
institutions/laboratories and vaccine manufac-
tures is depicted schematically in Fig.  52.15 .

52.6         Improved Infl uenza Vaccines 
and Future Trends 

 In order to provide safe and effective infl uenza 
vaccines on time, their production requires an 
accurate coordination of a highly complex pro-
cess involving a wide range of expertise in public 
health institutions and laboratories and vaccine 
manufacturers. Infl uenza vaccine composition 
must match actual global WHO epidemiological 
surveillance data, which refl ect the continuing 
evolution of infl uenza viruses. Therefore, an 
updated vaccine formulation is developed on an 
almost annual basis. Current seasonal infl uenza 
vaccine production for the northern and southern 
hemispheres and process adjustments take place 
within two compressed production cycles that are 

  Fig. 52.12    Mixing and fi lling       
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  Fig. 52.13    Infl uenza vaccine monobulk generation. The 
production of a monovalent bulk containing one virus 
strain takes approximately 6 weeks from the thawing of 
the cells to the fi nished antigen concentrate. For trivalent 
vaccine three rounds of monobulk manufacturing are 

needed. After the monovalent bulks are available, it takes 
another 10 weeks for mixing, fi lling, packaging, and regu-
latory approval before the fi nal vaccine product can be 
shipped (( a ): schematic workfl ow; ( b ): process showing 
examples of manufacturing equipment)         
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restricted to about 6 months each. These time 
constraints make new technical and clinical 
development programs very challenging. 

 Especially during infl uenza pandemics, vac-
cine production faces a race against the time. 

Although during the 2009 H1N1 infl uenza pan-
demic, fi rst vaccines were available approximately 
3 months after the declaration of the pandemic, 
quantities of the vaccine were limited, and only a 
minority could be vaccinated in time – before the 
pandemic waves had peaked. More fl exible plat-
forms that enable more rapid vaccine production 
and facilitate regulatory processes are highly 
desirable, and both manufacturers and govern-
ments together with research institutions have 
encouraged a wave of innovation to develop novel 
methods in infl uenza vaccine manufacturing [ 28 ], 
as recently reviewed in detail by Dormitzer et al. 
[ 29 ]. Approaches range from research or early 
development projects to already licensed products. 
However, new procedures for infl uenza vaccines 
can also be expected to lead to higher complexity 
of vaccine production and standardization, raising 
new safety and regulatory challenges that have to 
be addressed. 

 Historically, most efforts have been put on 
improving already licensed egg-based vaccines and 
their manufacturing, focusing on increased produc-
tion capacities and the automation of the production 
processes [ 19 ]. The introduction of cell-culture-
based infl uenza production brings several advantages 
over egg-based vaccine production, with a high 
potential to better face future infl uenza-related chal-
lenges [ 20 ,  21 ,  30 ]. Generally, improvements in seed 
generation procedures and development of vaccine 
potency/reference reagents [ 31 ,  32 ] will speed infl u-
enza vaccine production. The introduction of new 

Regulatory agency review
and release 

Clinical trial (in Europe)

Final vaccine

  Fig. 52.14    Infl uenza vaccine release       
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assay strategies to estimate the HA content could fur-
ther accelerate product release [ 33 – 35 ]. Additional 
new technologies for infl uenza vaccines are being 
explored, including recombinant strategies (to gener-
ate recombinant subunit-based infl uenza vaccines 
[ 36 – 38 ] or recombinant viruslike particle (VLP)-
based infl uenza vaccines) [ 39 ,  40 ] and approaches 
for the  production of “live attenuated infl uenza vac-
cines (LAIV)” [ 41 – 43 ] and “live vectored infl uenza 
vaccines” [ 44 ,  45 ]. 

 The effi cacy of infl uenza vaccines as well as 
vaccine manufacturing capacity can be further 
enhanced by the addition of adjuvants to the vac-
cine formulation [ 46 ]. Adjuvants are  substances 
included in vaccines to improve antibody produc-
tion and the immune response of the recipient or 
to decrease the amount of antigen (dose size) 
required in the vaccine. The latter is the most 
effective way to increase global vaccine manu-
facturing capacity. Several adjuvants have 
 demonstrated the capacity to increase antibody 
levels to those considered protective, using lower 
antigen doses. Importantly, the broader use of the 
squalene-based emulsion MF59 during the 2009 
H1N1 global pandemic allowed its safety profi le 
to be further validated in a large and diverse pop-
ulations of humans, including young children 
[ 47 ,  48 ] and pregnant women [ 49 ]. 

 To improve coverage, efforts are undertaken 
to generate “higher-valent” vaccine formulations, 
e.g., quadrivalent infl uenza vaccines (QIV) con-
taining four individual infl uenza antigen mono-
bulks [ 50 ,  51 ]. The ultimate goal would be the 
generation of a “universal infl uenza vaccine,” 
which need not be altered as infl uenza strains 
change. One approach to a universal vaccines is 
the inclusion of suitably presented, conserved 
antigens resulting in an effective, long-lasting 
vaccine formulation to confer broad coverage 
against diverse strains [ 39 ,  50 – 55 ]. 

 Novel delivery approaches (e.g., oral, transder-
mal, nasal), different from traditional intramuscu-
lar and subcutaneous administration, could simplify 
vaccine application, at the same time increasing 
safety and patient compliance [ 43 ,  56 – 58 ]. 

 In summary, technical and scientifi c innova-
tions will further promote safe and innovative vac-
cine regimens that could signifi cantly broaden and 
extend protection against infl uenza. The increased 

demand for effective infl uenza vaccines through-
out the world will challenge not only the technical 
capacity of vaccine companies, but also their 
fi nancial strength and strategic vision. Importantly 
these challenges must be aligned with efforts of 
public health offi cials to effectively implement 
these vaccines to control infl uenza.     
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       Abstract 

 Vaccine development is a complex process 
guided by regulatory requirements that are 
designed to ensure the licensure of safe and 
effective products. Vaccines are subject to rig-
orous regulatory oversight throughout their 
life cycle including scientifi c and clinical 
assessments. This chapter will focus on the 
United States regulatory process for develop-
ment and licensure of preventive vaccines for 
infectious disease indications.   

53.1      General Requirements 

 The legal framework for the regulation of vac-
cines is primarily derived from Section 351 of the 
Public Health Service (PHS) Act (42 USC 262) 
[ 1 ] and from certain sections of the U.S. Food, 
Drug, and Cosmetic Act (FD&C Act) (21 USC 
§321) [ 2 ]. Vaccines meet the criteria of both a 
drug and a biological product since the Food, 
Drug, and Cosmetic Act defi nes drugs as “arti-
cles intended for use in the diagnosis, cure, miti-
gation, treatment, or prevention of disease” [ 2 ]. 

 The PHS Act and the FD&C Act are imple-
mented through the Code of Federal Regulations 
(CFR), which contains the general rules pub-
lished in the  Federal Register  by agencies of the 
federal government. The federal regulations that 
apply specifi cally to licensure of vaccines and 
other biologicals are Title 21 CFR 600 through 
680 [ 3 ]. Important regulations and legislation 
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applicable to the development, manufacture, and 
licensure of vaccines are delineated in Table  53.1 .

   Vaccine licensure is based on a demonstration 
of safety and effectiveness, as well as the ability of 
the license holder to manufacture the product in a 
consistent manner within the defi ned and agreed 
upon specifi cations. Section 351 of the PHS Act 
(42 USC 262) states that a biologics license appli-
cation can be approved based on a demonstration 
that “…(a) the biological product that is the sub-
ject of the application is safe, pure and potent; and 
(b) the facility in which the biological product is 
manufactured, processed, packed or held meets 
standards designed to assure that the biological 
product continues to be safe, pure, and potent.” 
Title 21 of the CFR, Part 600, provides the follow-
ing defi nitions for safety, purity, and potency: 

  Safety  is defi ned as the “relative freedom from 
harmful effect to persons affected, directly or 
indirectly, by a product when prudently adminis-
tered, taking into consideration the character of 
the product in relation to the condition of the 
recipient at the time.” 

  Purity  is defi ned as the “relative freedom from 
extraneous matter in the fi nished product, 
whether or not harmful to the recipient or delete-
rious to the product.” 

  Potency  is defi ned as the “specifi c ability or 
capacity of the product, as indicated by appropri-
ate laboratory tests or by adequately controlled 
clinical data obtained through administration of 
the product in the manner intended, to effect a 
given result.” 

 Considering the diversity of novel vaccine 
products, applying these criteria requires careful 
consideration of the product characteristics, the 
methods of manufacture, the target population, 
and the indication. 

    The FDA periodically publishes guidance 
documents that describe the interpretation of a 
regulation and/or the agency’s current thinking 
related to specifi c aspects of the manufacture 
and preclinical and clinical evaluation of drugs 
and biological products. In contrast to regula-
tions, guidance documents are not binding; 
thus, the manufacturer may choose alternative 
approaches other than those described in per-
tinent guidance in order to comply with laws 
and regulations. Refer to Tables  53.2  and  53.3  
for select FDA guidance documents on product 
testing and manufacturing and clinical develop-
ment of preventive vaccines for infectious dis-
ease indications.

    Important legislation applicable to vaccine 
development has evolved over time, in part, 
to keep pace with technological and scientifi c 
advances in the pharmaceutical and  biomedical 

   Table 53.1    US legislation and regulations applicable to 
the development, manufacture, and licensure of vaccines   

 Public Health Service Act (42 USC 262–63) Section 351 
 Food, Drug, and Cosmetics Act (21 USC 301–392) 
 Prescription Drug User Fee Act, 1992, 1997, 2002, 
2007, and 2012 
 Food and Drug Administration Amendments Act, 2007 
 Food and Drug Administration Safety and Innovation 
Act, 2012 
 Title 21 of the Code of Federal Regulations 
  Part 25  Environmental impact 

considerations 
  Part 50  Protection of human subjects 
  Part 58  Good laboratory practice for 

nonclinical laboratory studies 
  Part 201  Labeling 
  Part 202  Prescription drug advertising 
  Parts 210–211  Good manufacturing practices, cGMP 
  Part 312  Investigational New Drug (IND) 

application 
  Part 601  Licensing 
  Part 600 and 610  General Biological Product 

Standards 

   Table 53.2    Select    FDA guidance document related to 
product testing and manufacture   

 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, February, 2010 
 Guidance for Industry: CGMP for Phase 1 
Investigational Drugs, July 2008 
 Guidance for Industry: Considerations for Plasmid 
DNA Vaccines for Infectious Disease Indications, 
November 2007 
 Guidance for Industry: Considerations for 
Developmental Toxicity Studies for Preventive 
and Therapeutic Vaccines for Infectious Disease 
Indications, February 2006 
 Guidance for Industry: Analytical Procedures and 
Methods Validation, August 2000 
 Guidance for Industry for the Evaluation of 
Combination Vaccines for Preventable Diseases: 
Production, Testing and Clinical Studies, April 1997 
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industries. The Prescription Drug User Fee 
Act (PDUFA), fi rst enacted in 1992, granted 
the FDA authority to collect user fees from 
manufacturers to expedite the review of drug 
and biological applications and establish post-
marketing drug- safety activities in accordance 
with performance goals [ 4 ]. The legislation 
was reauthorized in 1997 (PDUFA II) [ 5 ], 2002 
(PDUFA III) [ 6 ], 2007 (PDUFA IV) [ 7 ], and 
2012 (PDUFA V) [ 8 ]. 

 The Food and Drug Administration 
Amendments Act (FDAAA) of 2007 added 
signifi cant reform to the regulation of drugs 
and biologicals    and provided the FDA with 
additional funding and new authorities [ 7 ]. For 
example, FDAAA added many new provisions 
to the Food, Drug, and Cosmetic Act by which 
FDA can, provided certain conditions are met, 
require post- marketing studies and clinical tri-
als for prescription drug and biological products 
at the time of approval or after approval includ-
ing requiring risk evaluation and mitigation 
strategies (REMS) and safety-related labeling 
changes [ 9 ]. 

 The Food and Drug Administration Safety and 
Innovation Act (“FDASIA”) of 2012 further 
revised existing law including reauthorizing and 
amending several drug and medical device provi-
sions, establishing new user fee statutes for bio-
similar biologics and generic drugs as well as 
reauthorizing two programs that encourage pedi-
atric drug development [ 10 ]. FDASIA also pro-
vides FDA with new authority concerning drug 
shortages, among other things.  

53.2     Overview of the Regulatory 
Process 

 The Center for Biologics Evaluation and Research 
(CBER) of the U.S. Food and Drug Administration 
(FDA) is the federal agency responsible for regulat-
ing vaccines and other biological products. The 
review of vaccine applications occurs among 
CBER’s Offi ce of Vaccines Research and Review, 
Offi ce of Compliance and Biologics Quality, and 
Offi ce of Biostatistics and Epidemiology. CBER 
provides regulatory guidance through four major 
stages of vaccine development: pre-investigational 
new drug application (pre-IND) stage, investiga-
tional new drug application (IND) stage, licensing 
(biologics license application (BLA)), and post-
marketing (Fig.  53.1 ). Regulatory oversight 
increases at each stage of development.

   CBER established the Managed Review 
Process to provide a systematic and effective 
approach to the regulatory review of all regulatory 
submissions to ensure the safety and effectiveness 
of approved biological products. A multidisci-
plinary review team, comprised of a regulatory 
project manager, clinical/medical offi cers, product 
reviewers, statisticians, pharmacology/toxicology 
reviewers, and other scientifi c experts with various 
backgrounds, reviews vaccine applications and 
other regulatory submissions in accordance with 
FDA regulations and mandated time lines. 

53.2.1     Pre-investigational Stage 
(Pre-IND) 

 The pre-investigational new drug (pre-IND) appli-
cation stage consists primarily of laboratory test-
ing, the development of the manufacturing process, 
and refi nement of the methodologies by which the 
vaccine candidate can be characterized. During 
this phase, candidate vaccines are evaluated in pre-
clinical tests in vivo and in vitro to determine their 
suitability for entry into human trials.  

53.2.2     IND Stage 

 If a sponsor wants to initiate a clinical investiga-
tion with a vaccine candidate, an Investigational 

   Table 53.3    Select FDA guidance document related to 
clinical studies   

 Draft Guidance for Industry: Determining the Extent of 
Safety Data Collection Needed in Late Stage Premarket 
and Postapproval Clinical Investigations, February 2012 
 Draft Guidance for Industry Non-Inferiority Clinical 
Trials, March 2010 
 Guidance for Industry: Clinical Data Needed to Support 
the Licensure of Pandemic Infl uenza Vaccines, May 2007 
 Guidance for Industry: Clinical Data Needed to 
Support the Licensure of Seasonal Inactivated Infl uenza 
Vaccines, May 2007 
 Guidance for Industry: Toxicity Grading Scale for 
Healthy Adult and Adolescent Volunteers Enrolled in 
Preventive Vaccine Clinical Trials, September 2007 

53 United States Food and Drug Administration: Regulation of Vaccines



842

New Drug Application (IND) must be submitted. 
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 [ 3 ]. Briefl y, the IND submis-
sion includes a description of raw materials, 
the method of manufacture and quality testing, 
 preclinical animal safety data, the proposed 
Phase I clinical protocol, and the qualifi cations of 
the clinical investigator. The clinical immunoge-
nicity, safety, and effi cacy of a vaccine are evalu-
ated in the various phases of IND studies as 
defi ned in 21 CFR 312.21 [ 11 ]. 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. 
Amendments to the IND over the course of prod-
uct development include more defi nitive clinical 
trials and product quality testing as well as scale 
up of the manufacturing methods.  

53.2.3     Biologics License 
Application (BLA) 

 The licensing stage follows the IND stage when 
IND studies are completed and data  demonstrating 

the safety and effectiveness of the product for a 
specifi c use have been collected and analyzed. 
The sponsor may submit a biologics license 
application (BLA) to manufacture and distribute 
the product commercially. The regulations that 
pertain to submission of a BLA can be found in 
21 CFR 600 through 680 [ 12 ]. The BLA contains 
the data derived from nonclinical and clinical 
studies that demonstrate that a vaccine meets pre-
scribed requirements for safety, purity, and 
potency. Other mandatory elements of a BLA 
submission include a description of the manufac-
turing process that demonstrates control and con-
sistency of the production process, stability data, 
and a proposed package insert and labeling. 

 FDA may request that manufacturers present 
the data supporting the safety and effi cacy of the 
vaccine to the Vaccines and Related Biological 
Products Advisory Committee (VRBPAC) prior 
to completion of the BLA review by CBER. The 
VRBPAC is a standing FDA advisory committee 
composed of scientifi c experts and clinicians 
who comment on the adequacy of the data to sup-
port safety and effi cacy in the target population 
and may also consider unique complex clinical, 
manufacturing, and testing issues. The commit-
tee’s recommendations are strongly considered in 
the CBER’s decision to license a vaccine.  

Pre-IND IND BLA Post-marketing

 

IND submission

clinical trials

BLA submission

Data to support 
approval  

VRBPAC  

Identification of 
vaccine 
candidate    

Inspection

Lot release

Safety monitoring 

Phase 1  

Phase 3

Phase 2

Nonclinical and
preclinical
studies  

  Fig. 53.1    Stages of product development and FDA oversight through vaccine development       
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53.2.4     Post-marketing 

 After licensure, monitoring of the vaccine and 
production activities, including periodic facility 
inspections, must continue as long as the manu-
facturer holds a license for the product. 
Manufacturing establishments are inspected to 
determine whether licensed products are manu-
factured and tested as described in the license 
application and in accordance with applicable 
regulations. In addition, all licensed vaccines 
must undergo appropriate lot-release testing as 
mandated by Title 21 CFR 610 [ 13 ]. 

 The FDA continues its oversight of licensed 
products through post-marketing surveillance. 
Manufacturers are required to provide ongoing 
reports of the safety of licensed vaccines. The 
Vaccine Adverse Event Reporting System 
(VAERS) accepts reports of any adverse event 
that may be associated with US-licensed vac-
cines from health-care providers, manufacturers, 
and the public. The Centers for Disease Control 
and Prevention (CDC) and the FDA monitor 
VAERS for adverse reactions of concern or for 
trends that may be attributed to a vaccine. In 
addition to VAERS, FDA is developing enhanced 
post-marketing surveillance systems to track the 
safety of drugs and biological products, including 
vaccines. In May 2008, FDA launched the 
Sentinel Initiative aimed to develop and imple-
ment a safety surveillance system that will com-
plement existing systems already in place to 
monitor adverse events linked to the use of drugs 
and biological products. The Post-Licensure 
Rapid Immunization Safety Monitoring (PRISM) 
is a new national system for active vaccine safety 
surveillance within the Sentinel Initiative [ 14 ]. 

 After a vaccine is approved, the vaccine man-
ufacturer may conduct post-marketing studies to 
further evaluate the safety of the vaccine, which 
may allow identifi cation of rare adverse reactions 
not detected during pre-licensure studies. In addi-
tion, Title IX of FDAAA 2007 gave the FDA 
increased authority to require certain post- 
marketing studies and clinical trials for drugs and 
biological products, and, under certain circum-
stances, safety-related labeling changes as well 
as risk evaluation and mitigation strategies [ 9 ].   

53.3     Preclinical Guidelines 

 Preclinical testing is a prerequisite to move a can-
didate vaccine from the laboratory to the clinic 
and includes all aspects of testing prior to intro-
ducing a candidate product into humans such as 
product characterization, proof of concept/immu-
nogenicity studies, and safety testing in animals. 
In addition to demonstrating the preclinical safety 
and biological activity of a candidate vaccine, 
preclinical data should support the proposed clini-
cal formulation. Detailed information on the 
source and quality of starting materials and the 
manufacturing processes is also necessary. 
Specifi c requirements for preclinical studies are 
product specifi c and dependent on the type of vac-
cine (i.e., recombinant, live, attenuated), the man-
ufacturing process, and the mechanism of action. 

 Preclinical studies are aimed at defi ning the in 
vitro and in vivo characteristics of candidate vac-
cines including safety and immunogenicity evalu-
ations in animal models. Preclinical studies in 
animals are valuable tools to identify possible 
risks to the humans and help to plan protocols for 
subsequent clinical studies. The US FDA 
approach to nonclinical safety testing of preven-
tive vaccines is summarized in the guidance docu-
ment entitled “WHO guidelines on nonclinical 
evaluation of Vaccines,” published by the WHO 
[ 15 ]. This document provides basic principles and 
approaches to nonclinical safety evaluation of 
vaccines that are based on a case-by-case approach 
and allow fl exibility for testing requirements. 

 It is recommended that manufacturers discuss 
the preclinical and early clinical testing approaches 
and requirements with CBER during the Pre-IND 
Meeting. Dialogue with CBER will help clarify 
approaches to designing preclinical and clinical 
studies to support proceeding to and conduct of 
clinical trials.  

53.4     Clinical Guidelines 

 Vaccines are extensively evaluated in the specifi c 
population to which they will be administered to 
generate safety and effi cacy data that can be used 
as a basis for approval. 
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 Clinical studies are governed by regulations in 
21 CFR 312 [ 3 ]. Randomized, double-blind, con-
trolled trials are the gold standard for demon-
strating the effi cacy of candidate vaccines. 

 Clinical development occurs in three stages, 
commonly referred to as Phase I, II, and III stud-
ies. Phase 1 studies are designed to evaluate the 
safety and immunogenicity of a candidate vac-
cine in a small number of healthy subjects. Phase 
2 studies can enroll several hundred subjects, to 
further evaluate the safety and immune response 
to the vaccine and provide preliminary estimates 
on rates of common adverse events and often 
laboratory abnormalities. Phase III studies are 
large-scale trials that provide the critical docu-
mentation of the vaccine’s safety and effective-
ness needed to support licensure. Phase III studies 
are usually conducted in populations that repre-
sent the target population for the product. The 
clinical data obtained during Phase III studies 
should be generated with a product that has been 
manufactured by a defi ned process using product 
specifi cations intended for marketing in the USA. 

 Well-defi ned endpoints should be chosen prior 
to the start of a clinical study to lend scientifi c 
and statistical credibility to results. Clinical dis-
ease effi cacy endpoints provide the greatest sci-
entifi c rigor for evaluating vaccines. The 
appropriate endpoint(s) with respect to effi cacy is 
dependent upon the characteristics of the infec-
tious disease and the candidate vaccine and usu-
ally relates to clinically signifi cant disease 
morbidity or mortality [ 16 ]. 

 Vaccines are an important public health inter-
vention for protecting people and communities 
from the mortality and morbidity associated with 
many infectious diseases. The FDA provides 
regulatory oversight throughout the complex vac-
cine development and licensure process. After 
licensure, vaccine safety is continually moni-
tored through lot-release testing, inspections, 
and  product surveillance. The FDA ensures the 
safety, effectiveness, and availability of licensed 
vaccines through its comprehensive review 
mechanisms.     
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    Abstract  

  The European pharmaceutical legislation pro-
vides a comprehensive framework for the 
marketing authorisation of vaccines; depend-
ing on the nature of the product, three differ-
ent routes of application are possible. For 
innovative in particular recombinant vaccines, 
the centralised marketing authorisation proce-
dure is mandatory. 

 This book chapter provides an overview on 
the regulatory process and the requirements 
for a marketing authorisation application for 
prophylactic and therapeutic vaccines in 
Europe. The chapter highlights the most rele-
vant guidelines for the quality, non-clinical 
and clinical development of vaccines.  

54.1        Regulatory Process 
and Defi nitions 

 Innovative vaccines, and in particular recombi-
nant vaccines (recombinant protein-based vac-
cines and recombinant viral-vectored vaccines), 
must be evaluated and approved in the European 
Union (EU) via the centralised procedure. Other 
novel vaccines can also be approved centrally if 
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justifi ed by the applicant (eligibility to the central-
ised procedure under the ‘optional scope’ as out-
lined in Article 3 of Regulation (EC) No 
726/2004). The centralised evaluation of a 
Marketing Authorisation Application (MAA) is 
undertaken by the European Medicines Agency’s 
(EMA) Scientifi c Committees and takes up to 
210 days, after which the Committee for Medicinal 
Products for Human Use (CHMP) adopts an opin-
ion recommending or rejecting the authorisation. 
In the case of a positive opinion, it then falls upon 
the European Commission (EC) to grant the mar-
keting authorisation, which will be valid in all EU 
 member states (more information on the central-
ised procedure can be found in the Notice to 
Applicants Volume 2A [ 1 ]). For the authorisation 

of  traditional non-recombinant vaccines in the 
EU, the developer can submit the MAA to one or 
more national competent authorities for medi-
cines for review (for more information on the 
mutual recognition and decentralised procedure, 
please refer to Notice to Applicants Volume 2A 
[ 2 ]). The different routes of marketing authorisa-
tion procedures for medicinal products in the 
European Union are described in Fig.  54.1 .

   Although the European pharmaceutical legisla-
tion does not provide a formal defi nition, vaccines 
are typically considered medicinal products con-
taining one or more immunogenic antigens 
intended for prophylaxis against infectious disease. 
Medicinal products containing one or more immu-
nogenic antigens for the treatment of disease, 
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e.g. chronic HIV infection, chronic hepatitis B or 
C infection, cancer or Alzheimer’s disease, are 
typically referred to as therapeutic vaccines or 
active immunotherapy. The same scientifi c princi-
ples for their product development as for prophy-
lactic vaccines against infectious diseases apply. 

 Vaccines against infectious diseases that are 
based on viral (or other) vectors or on DNA plas-
mids are specifi cally excluded from the defi nition 
of a Gene Therapy Medicinal Product (GTMP) 
[ 3 ], whereas the same vector or plasmid incor-
porating a tumour antigen (a so-called ‘cancer 
vaccine’) is considered a GTMP in the EU and 
therefore falls within the defi nition of, and corre-
sponding regulatory framework for, an Advanced 
Therapy Medicinal Product (ATMP). Cell-based 
cancer immunotherapy products (e.g. sipuleucel-T 
licensed in the USA) or cell-based vaccines against 
infectious diseases (e.g. dendritic cells loaded with 
peptide fragments from a human pathogen) are also 
ATMPs (specifi cally somatic cell therapy medicinal 
products). For ATMPs, a specifi c regulatory frame-
work has been established [ 4 ] aimed at facilitating 
the development and licensing of these novel prod-
ucts via the Committee for Advanced Therapies 
(CAT). For all MAAs for ATMPs, the CAT pre-
pares a draft opinion, before the CHMP adopts its 
fi nal opinion.  

54.2     Assistance to SMEs 
Developing Vaccines 

 Novel prophylactic and therapeutic vaccines are 
often developed by small companies or academic 
spin offs. Within the EU, several incentives have 
been set up to help steer such developers through 
the maze of regulatory and scientifi c require-
ments. Most notably is the establishment at the 
EMA of the Offi ce for Micro-, Small- and 
Medium-sized Enterprises (SME offi ce) and also 
at some national authorities for medicines. 
Companies with an SME status (assigned by the 
EMA) can benefi t from incentives that focus on 
the main fi nancial and administrative hurdles 
for SMEs in the pre-marketing authorisation pro-
cedures. For example, they can benefi t from 
 regulatory assistance by the SME offi ce and 
obtain fee reductions for scientifi c advice and 

other scientifi c services, whilst the fee for an 
MAA and associated inspections can be deferred. 
In addition, for ATMPs, application for certifi ca-
tion of the quality/non-clinical data can be made 
prior to actual MAA submission. 

 Another important tool for early interactions 
with developers of novel vaccines and ATMPs is 
briefi ng meetings with the EMA’s Innovation Task 
Force (ITF). The ITF meetings allow informal 
exchange and dialogue between developers and 
regulators on procedural and scientifi c issues. 
Early interaction can also take place in the form of 
meetings with the secretariat of the Scientifi c 
Advice Working Party (SAWP)  (in preparation of 
a scientifi c advice request) or of the Committee for 
Orphan Medicinal Products (COMP) (in prepara-
tion of an application for orphan drug status) [ 5 ].  

54.3     Structure and Content 
of the Marketing 
Authorisation Application 

 The requirements for the structure and content of 
the MAA are laid down in the Common Technical 
Document (CTD) and provide for a harmonised 
structure and format for MAAs in Europe, Japan 
and the USA [ 6 ]. 

 In Europe, the legal provision for implementa-
tion of the CTD format are set out in Annex I to 
Directive 2001/83/EC, laying down the technical 
requirements for the quality, non-clinical and 
clinical documentation for all categories of 
medicinal products specifi ed in this Annex 
(including vaccines) [ 7 ]. For medicinal products 
that present specifi c features, such as vaccines and 
ATMPs, these requirements need to be adapted. 
The provision of tailored requirements not only 
addresses the highly specifi c nature of these prod-
ucts but also allows a fl exible approach to account 
for the rapid technological and scientifi c develop-
ments in the biotechnological fi eld. The high level 
technical requirements for the content of the 
MAA provided in Annex I are further substanti-
ated by regulatory and scientifi c guidelines spe-
cifi c to various aspects of product development. 

 As for all medicinal products, vaccine and 
ATMP developers are required to submit a 
Paediatric Investigation Plan (PIP) to the EMA’s 
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Paediatric Committee (PDCO) for review and 
agreement. The PIP describes planned clinical 
studies in children, including the proposed timing 
of the studies and formulation adaptations to make 
it suitable for children. The Paediatric Regulations 
(EC) No. 1901/2006 and No. 1902/2006 [ 8 ,  9 ] 
require that the PIP is submitted to the EMA as 
early as possible (ideally soon after the phase I 
clinical trial) and compliance with the agreed PIP 
is checked at the time of MAA submission. 

 The MAA must also include a detailed Risk 
Management Plan (RMP) that defi nes a set of phar-
macovigilance activities and interventions that 
identify, characterise, prevent or minimise risks 
relating to the medicinal product, including the 
assessment of the effectiveness of those interven-
tions. New pharmacovigilance legislation came 
into operation in July 2012 [ 10 ,  11 ], and new provi-
sions for Periodic Safety Update Reports (PSURs), 
RMPs, safety signals and Post-Authorisation Safety 
Studies (PASS) were introduced. In addition, litera-
ture monitoring and several tools for product safety 
reviews at EU level are part of this legislation. 
A Pharmacovigilance Risk Assessment Committee 
(PRAC) has been established at the EMA, and as 
one of its tasks, the PRAC assesses the RMP. 
Further guidance on the new pharmacovigilance 
legislation is published in the form of Good 
Pharmacovigilance Practicess (GVP) modules 
[ 12 ]. The GVP modules cover medicines autho-
rised centrally via the EMA as well as medicines 
authorised at national level. The full set of 16 fi nal 
modules is scheduled to be available by early 2013. 

 An MAA is also required to contain an evalu-
ation of the potential environmental risks posed 
by medicinal products in the form of an 
Environmental Risk Assessment (ERA) [ 13 ].  

54.4     Requirements for the MAA 

 The nature of an antigen(s) is highly variable, 
involving complex viral or microbial particles, 
synthetic peptides, recombinant proteins, virus- like 
particles, immune-modulating antibodies, gene 
therapy or cell-based products. The development 
of vaccines, typically antigens intended for pro-
phylactic use against infectious diseases, is 
addressed in a variety of guidelines on vaccines. 

 The development of therapeutic cancer vac-
cines is addressed in the Guideline on the evalua-
tion of anticancer medicinal products [ 14 ]. 

 Adjuvanted vaccines have been licensed in the 
EU for some time, and there is considerable inter-
est in developing new adjuvants for both existing 
and novel vaccines. Indeed the area is quite com-
plex and the nature and mode of action of novel 
adjuvants is quite broad. EU guidance on the 
development and regulatory approval for an adju-
vant is available [ 15 ,  16 ]. An important aspect in 
developing a novel adjuvant is to show that it 
does enhance the immune response to the antigen 
with associated clinical benefi t. The safety of 
novel adjuvants is also an important factor. 

54.4.1     Quality Requirements 

 The quality section of an MAA provides a thorough 
characterisation of the medicinal product (the vac-
cine), a detailed description of the manufacturing 
process starting from the establishment and charac-
terisation of seed and cell banks through to the fi nal 
formulation of the vaccine, a description of all raw 
materials and components used in the manufactur-
ing process and a description and validation of all 
quality control tests applied during the manufactur-
ing process and on the product (vaccine) itself. The 
quality section should also address the consistency 
of vaccine production and the stability of the vac-
cine and describe an appropriate and validated 
potency assay for the vaccine. 

 There is no generic EU guideline addressing 
the quality requirements of vaccines; however, the 
requirements are not dissimilar from that for most 
biological medicinal products. Guidance is avail-
able for some specifi c vaccines including smallpox 
vaccine [ 17 ], infl uenza vaccine [ 18 – 20 ], recombi-
nant viral-vectored vaccines [ 21 ] and DNA vaccines 
[ 22 ]. Guidance for both infl uenza vaccines and 
DNA vaccines is currently being revised [ 23 ,  24 ].  

54.4.2     Non-clinical Guidance 

 For vaccines protecting against infectious dis-
eases, in general the aspects covered by the Note 
for Guidance on preclinical pharmacological and 
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toxicological testing of vaccines [ 25 ] should be 
followed. Of note, not all aspects of a classical 
non-clinical development programme need to be 
covered for these vaccines, e.g. pharmacokinetics 
is generally not required for vaccines; however, 
non-clinical immunogenicity or challenge stud-
ies may be considered relevant depending on the 
vaccine. More specifi c non-clinical guidance is 
available for vaccines containing adjuvants [ 15 ], 
for smallpox vaccines [ 17 ] and for live recombi-
nant viral-vectored vaccines [ 21 ]. 

 In contrast to prophylactic vaccines, there is 
only limited non-clinical guidance for ‘therapeu-
tic vaccines’; however, information from some of 
the above guidelines may be valuable and appli-
cable based on the characteristics of the particu-
lar type of vaccine concerned. Specifi c guidance 
on cell-based medicinal products [ 26 ] or antican-
cer pharmaceuticals [ 27 ] may be useful for vac-
cines in this category.  

54.4.3     Clinical Guidelines 

 The EU Guideline on clinical evaluation of vac-
cines [ 28 ] provides a comprehensive account of 
the requirements for the clinical development of 
prophylactic vaccines for infectious diseases. It is 
supplemented by clinical section of the Guideline 
on quality, non-clinical and clinical aspects of 
live recombinant viral-vectored vaccines [ 21 ]. 

 In the development of any new vaccine, ade-
quate data on immunogenicity should be assem-
bled during the clinical development programme. 
This includes characterisation of the immune 
response, investigation of an appropriate dose 
and schedule, persistence of immunity and con-
sideration on booster doses. Additionally, for 
vectored vaccines, the determination and charac-
terisation of the pre-existing immunity to the vec-
tor should be addressed. 

 Pharmacokinetic studies are usually not 
required for vaccines. However, such studies 
might be applicable when new delivery systems 
are employed or when the vaccine contains novel 
adjuvants or excipients. 

 Demonstration of protective effi cacy may not 
be necessary and or feasible for all vaccines since 
this will be infl uenced by the prevalence and 

characteristics of the target infectious disease. 
If clinically validated correlates of protection 
have been established, immunogenicity studies 
may be considered suffi cient, such as for hepati-
tis B, tetanus or diphtheria vaccines. 

 Vaccine effectiveness refl ects direct (vaccine 
induced) and indirect (population related) protec-
tion during routine use. Thus it  may be possible 
and highly desirable to assess vaccine effective-
ness during the post-authorisation period. 

 So far only limited guidance for the clinical 
development of therapeutic vaccines is available. 
However, the evaluation of the immunogenicity 
of therapeutic vaccines should follow the same 
principles as for any other vaccine [ 28 ]. For dem-
onstrating the effi cacy of a therapeutic vaccine, 
the specifi c guideline for the particular condition 
should be consulted (if available). 

 The Guideline on the evaluation of anticancer 
medicinal products addresses the clinical devel-
opment of therapeutic anticancer vaccines [ 14 ]. 
The choice of target population as well as a dis-
cussion of the outcome measures takes the par-
ticularity of a vaccine into account. Induction of 
an effective immune and clinical response may 
need more time to develop compared to classical 
cytotoxic compounds leading to disease progres-
sion prior to the onset of benefi cial biological 
activities or clinical effects.      
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    Abstract  

  The Center for Veterinary Biologics (CVB), 
United States Department of Agriculture 
(USDA), located in Ames, Iowa, has regula-
tory jurisdiction over veterinary biologics in 
the USA for the diagnosis, prevention, and 
treatment of animal diseases. Regulatory 
jurisdiction is established by the Virus-Serum-
Toxin Act (VSTA) [ 1 ] of 1913 (amended in 
1985) which requires that all veterinary bio-
logics available within the USA are pure, safe, 
potent, and effective (not worthless, danger-
ous, contaminated, or harmful). Regulations 
can be found in Title 9 of the Code of Federal 
Regulations (9 CFR), Subchapter E, Parts 
101–122 [ 2 ]. Veterinary Services Memoranda 
(VS Memo) that are available online provide 
detailed requirements with more specifi c guid-
ance. The Web site provides links to the rele-
vant guidance documents [ 3 ]. It is important 
to note that the USDA has regulatory authority 
only over those veterinary vaccines specifi -
cally for the prevention and treatment of ani-
mal diseases; the Food and Drug 
Administration (FDA) has regulatory jurisdic-
tion over veterinary vaccines for other pur-
poses (e.g., vaccines targeting some hormones 
or pain receptors). This chapter provides an 
overview of the  regulations and guidance for 
licensing (products produced in the USA)  and 
permitting (products produced outside the 
USA but sold within the USA)  those vaccines 
under USDA regulatory jurisdiction.      
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55.1      Overview of the Regulatory 
Process 

    The Center for Veterinary Biologics (CVB), 
United    States Department of Agriculture 
(USDA), located in Ames, Iowa, 1  has regula-
tory jurisdiction over veterinary biologics in the 
USA for the diagnosis, prevention, and treat-
ment of animal diseases. Regulatory jurisdiction 
is established by the Virus-Serum-Toxin Act 
(VSTA) [ 1 ] of 1913 (amended in 1985) which 
requires that all veterinary biologics available 
within the USA are pure, safe, potent, and effec-
tive (not worthless, dangerous, contaminated, 
or harmful). Regulations can be found in Title 
9 of the Code of Federal Regulations (9 CFR), 
Subchapter E, Parts 101–122 [ 2 ]. Veterinary 
Services Memoranda (VS Memo) that are 
available online provide detailed requirements 
with more specifi c guidance. The Web site pro-
vides links to the relevant guidance documents 
[ 3 ]. It is important to note that the USDA has 
regulatory authority only over those veterinary 
vaccines specifi cally for the prevention and 
treatment of animal diseases; the Food and Drug 
Administration (FDA) has regulatory jurisdic-
tion over veterinary vaccines for other purposes 
(e.g., vaccines targeting some hormones or pain 
receptors). This chapter will focus on those vac-
cines under USDA regulatory jurisdiction. 

 The CVB is comprised of two functional 
units: (1) Policy, Evaluation, and Licensing 
(PEL) is responsible for developing regulatory 
policies, evaluating applications for licensure and 
permitting, evaluating all data supporting License 
and Permit applications, assessing risk of pro-
posed products prior to licensure, awarding US 
Veterinary Biologics Establishment Licenses, 
awarding US Veterinary Biological Product 
Licenses (for products produced in the USA), 
awarding US Veterinary Biologic Permits (for 
veterinary biologics imported into the USA), lab-
oratory testing at the CVB Laboratory, and pro-
duction of some standard reagents for testing of 

1   Center for Veterinary Biologics, 1920 Dayton Avenue, 
Ames, Iowa 50010 phone: 515-337-6100 

licensed biologics; (2) Inspection and Compliance 
(IC) is responsible for setting and enforcing stan-
dards for facilities, record keeping, review of 
manufacturer personnel qualifi cations, and qual-
ity control as well as for inspections of manufac-
turing production and testing sites and approval 
of serials of products prior to release for sale. 

 All veterinary vaccines sold within the USA 
must have either a US Veterinary Biological Product 
License and be produced within a licensed estab-
lishment or a US Veterinary Biological Permit [ 4 ]. 
All labels must be approved before use to ensure 
that claims provided on vaccines are consistent with 
the scientifi c data provided to, and approved by, the 
CVB and are not false or misleading [ 5 ,  6 ]. In gen-
eral, the requirements for production are very simi-
lar regardless of country of manufacture [ 7 ,  8 ]. For 
importation, holders of permits must have a person 
in the USA in a licensed facility responsible for 
receipt and quarantine of imported vaccine prior to 
release for sale. US licensed vaccines can be 
exported from the USA provided they meet the 
importing countries’ requirements. In addition vac-
cines not licensed by the USDA can be exported 
under the Food and Drug Administration (FDA) 
Export Reform and Enhancement Act of 1996; 
these unlicensed products must meet the require-
ments of the importing company, conform to GMP 
requirements or other international standards, and 
not have the US Biologics Establishment License 
on the label  [ 9 ,  10 ]. 

 Biotechnology-derived vaccines [ 11 ] are sub-
ject to the same regulations as conventionally 
derived (live, modifi ed-live, killed, and subunit) 
vaccines, although the characterization of the 
Master Seed includes evaluation at the molecular 
level for identity and purity; the only additional 
relevant regulation is the National Environmental 
Policy Act (NEPA) [ 12 ] which requires live 
(replication- competent) genetically engineered 
vaccines to undergo a thorough risk assessment 
prior to release in the environment. 

 Applicants do not submit complete dossiers; 
rather, the licensing/permitting process is highly 
interactive. Applicants are assigned a Staff Offi cer 
(Reviewer) in the PEL who is the primary contact 
for the applicant. The Reviewer communicates 
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with the applicant throughout the process, provid-
ing feedback on each submission and approving 
proposed protocols prior to the applicant initiating 
required studies in host animals. Prior to obtain-
ing either a license or permit, the CVB must 
approve production and distribution of experi-
mental vaccines [ 13 ,  14 ]. Before studies are per-
formed in US animals, the CVB will review the 
data previously submitted in order to ensure there 
is not undue risk in performing the intended stud-
ies in host animals; therefore, preliminary safety 
and stability data must provide reasonable assur-
ance of product safety under the intended uses. As 
applicants progress through the licensing/permit-
ting process, a Biologics Specialist (Inspector) 
will be assigned to work with the fi rm to ensure 
that facilities, record keeping systems, and per-
sonnel meet requirements. This provides a means 
for identifying issues early in the process, allow-
ing mitigation of problems as early as possible. 

 The CVB does not regulate by GMP per se; 
the regulatory oversight, however, does include 
oversight of the same issues and concerns. 
Manufacturers must adhere to detailed require-
ments set for each product that are provided in 
the Outline of Production for that vaccine written 
by the manufacturer and approved by the CVB. 
This provides regulatory oversight of all ingredi-
ents, seeds, processes, conditions, manufacture, 
storage, and testing of the vaccine. The processes 
must be controlled within the allowed ranges of 
time, temperature, pH, test results, etc., and be 
overseen by qualifi ed personnel. Before each 
serial (a single lot of vaccine, produced and tested 
as a homogenous lot) is released, CVB review of 
test results is required. This provides confi dence 
that each serial has been produced according to 
the established requirements in an approved man-
ufacturing facility by competent personnel and 
meets the established standards. Results of test-
ing each serial for purity, potency, and safety are 
submitted to the CVB; if acceptable, CVB-IC 
will release the serial (allow the manufacturer to 
sell the serial) [ 15 ]. The CVB Laboratory may 
test any serial prior to release, during dating 
should adverse events be reported, and at end of 
dating for that serial.  

55.2     General Requirements 

  Facilities . In order to ensure that veterinary vaccines in 
the USA have been produced as required, there are 
very specifi c requirements the manufacturing facility 
must meet [ 16 ]. Blueprints, plot plans, and legends 
must be submitted to the CVB [ 17 ]. Facilities docu-
ments are reviewed and manufacturing sites are 
inspected to ensure that all standards are met [ 18 ]. Air 
handling and workfl ow are evaluated to ensure that 
vaccines are produced under conditions that minimize 
risk of contamination. All live agents must be approved 
before they can be brought into production facilities. 
Certain agents of foreign animal diseases (FADs) are 
prohibited. Ingredients must meet specifi c require-
ments to minimize risk of introducing contamination 
during production. Quality control records are 
inspected for compliance with requirements and facili-
ties are inspected for compliance with regulations [ 19 ]. 

  Manufacturing Methods . The CVB does not 
specify manufacturing methods; rather, the manu-
facturer provides a detailed Outline of Production 
that is reviewed and approved by the CVB [ 20 , 
 21 ]. The Outline of Production details the ingredi-
ents used in manufacturing vaccines, the methods 
used, the storage conditions, and the testing 
requirements. All serials must be tested for purity, 
safety, and potency prior to release [ 22 ]. In-process 
procedures must be validated adequately (i.e., 
equipment must be calibrated, processes must be 
shown to be adequate to meet the intended objec-
tive) [ 23 ]. Revisions to the Outline of Production 
must be approved before manufacturer’s revise 
production. A highly controlled manufacturing 
process (as detailed in the Outline of Production) 
using ingredients that meet specifi ed standards in 
a facility that is subject to inspections then pro-
vides confi dence that the variation between serials 
is minimized and serials should be pure, safe, 
potent, and effi cacious.  

55.3     Specifi c Requirements 

  Master Seeds and Cells . One of the key compo-
nents of the regulatory system in the USA is the 
establishment and characterization of Master 
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Seeds and/or Master Cells for use in manufactur-
ing veterinary vaccines [ 24 ]. Vaccines are pro-
duced using approved Master Seeds and/or Master 
Cells. Although not required, almost all licensed/
permitted vaccines are manufactured from 
approved Master Seeds and Master Cells. A 
Master Seed is the bacterial or viral disease agent. 
A Master Cell is established for growth of viruses 
and other obligate intracellular microorganisms. 
The Master Seeds and Master Cells are a single lot 
of culture which has been highly characterized for 
purity and identity by the manufacturer with con-
fi rmatory purity and identity testing by the CVB 
Laboratory. When using primary cells, the manu-
facture must test each lot of primary cells for 
purity and identity. 

 For genetically engineered vaccines, addi-
tional detailed information must be submitted that 
genetically and phenotypically characterizes the 
Master Seed including a description of the source 
of all genetic material used to produce the recom-
binant Master Seed, the processes used to produce 
it, and the results of testing done during and after 
development of the Master Seed. The information 
must be provided in a Summary Information 
Format (SIF) [ 25 ]. The SIFs are specifi c for the 
intended use of the Master Seed. Category I 
recombinant Master Seeds are used in products 
that are replication incompetent. This includes all 
those used for inactivated (killed) vaccines, sub-
unit vaccines, suicide vectors that fail to replicate 
in the target host animal, and monoclonal antibod-
ies (for therapeutic, prophylactic, or diagnostic 
use). Category II recombinant Master Seeds are 
live gene-deleted microorganisms with no foreign 
nucleic acid insertions. Category III recombinant 
Master Seeds are used in live vectored vaccines 
and provide suffi cient data to allow a thorough 
risk assessment prior to authorization for fi eld 
safety studies. 

  Ingredients . All ingredients used in the manu-
facture of licensed veterinary vaccines in the 
USA must meet quality standards and must not 
introduce risk [ 26 ]. Ingredients of animal origin 
must be shown to be from acceptable sources that 
have little or no risk of bovine spongiform 
encephalopathy (BSE). [ 27 ] 

  Sterility and Safety . All serials of vaccine must 
be shown to be pure prior to release [ 28 – 30 ]. In 
the case of inactivated vaccines, the 9 CFR speci-
fi es the required sterility tests [ 31 ]. For live vac-
cines, manufacturers must demonstrate lack of 
contamination. All serials must also be tested for 
safety in small numbers of animals [ 32 – 38 ]. For 
some vaccines, lab animals may be injected with 
vaccine and observed for adverse events. In other 
cases, host animals must be injected with the 
serial and observed for adverse events.  

55.4     Pre-clinical Studies 

  Potency Assay . All serials must be tested for 
potency. Potency assays are intended as a corre-
late to effi cacy; therefore, potency assays must 
correlate the immunogenic (antigenic) content in 
each serial of vaccine to host-animal effi cacy 
studies. For many diseases, a specifi c potency 
assay is required; these can be found in the 9 CFR 
[ 39 ]. For modifi ed-live vaccines, enumeration of 
the viral or bacterial count may be suffi cient; 
with genetically modifi ed-live vaccines, stability 
of the inserted antigen expression must be dem-
onstrated as well. 

 For inactivated vaccines, the CVB allows host-
animal or lab-animal potency assays (vaccination 
serology or vaccination challenge), but manufac-
turers are encouraged to develop in vitro assays 
quantifying immunogenic components of vac-
cines and correlate the assay to host-animal effi -
cacy [ 40 ]. The use of monoclonal antibodies 
recognizing major immunogens has been used 
extensively to develop these assays. Manufacturers 
must develop and optimize the assay and demon-
strate a dose response in the assay. The assay must 
be shown to be sensitive, specifi c, and rugged. 
Use of purifi ed, highly characterized standards 
and product-like references (e.g., the effi cacy 
serial) in each assay to monitor assay performance 
over time is encouraged. Manufacturers must 
monitor the potency assay and demonstrate stabil-
ity and consistency. They are encouraged to sub-
mit potency assay validation prior to the onset of 
effi cacy studies so that the potency assay can be 
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carefully evaluated by the CVB prior to the host-
animal effi cacy, at which time the potency assay 
will be correlated to effi cacy. With careful plan-
ning and well- characterized standards, manufac-
turers are able to maintain valid references for use 
in a well- developed assay, providing a means to 
demonstrate potency with confi dence while 
reducing animal testing in the future. The CVB 
participates in the International Cooperation on 
Harmonisation of Technical Requirements for 
Registration of Veterinary Medicinal Products 
(VICH) efforts to harmonize potency assays 
intended to reduce animal testing which began    in 
1996 in cooperation with the European Union and 
Japan [ 41 ]. 

  Back-Passage Studies . Modifi ed-live viral 
vaccines must be shown to remain attenuated 
through fi ve serial back passages through the host 
animal. This is intended to ensure that attenua-
tion is a result of signifi cant molecular mutation 
that is not easily reversed during passage through 
the host animal leading to a virulent strain arising 
from the use of the modifi ed-live vaccine [ 42 ]. 

  Stability Studies . Vaccines must be shown to 
be stable using real-time studies in which vaccine 
is stored according to label recommendations. 
Once established, stability need not be demon-
strated for each serial.  

55.5     Clinical Studies 

  Effi cacy Studies Including Correlation to 
Potency Assay . Effi cacy of each vaccine must be 
demonstrated in host animals using vaccine at 
the  minimum effective dose (as demonstrated 
by the manufacturer). For some vaccines, effi -
cacy study requirements are specifi ed in the 9 
CFR, which may provide detailed specifi cations 
of the required effi cacy study [ 43 ]. For many 
vaccines, no specifi c effi cacy study is specifi ed. 
Each vaccine must be shown to be effi cacious in 
each host species at the minimum age for which 
it is recommended. In some cases, pregnant ani-
mals must be used; in other cases, neonates or 
young animals must be used. These require-
ments are based on the recommended use of the 

vaccine. Studies must be randomized, blinded, 
and scientifi cally rigorous. Effi cacy studies 
require challenge with the disease agent using 
randomly assigned vaccinates and control ani-
mals vaccinated with placebo vaccine (con-
trols). The challenge is expected to be suffi cient 
to develop signifi cant clinical signs in controls. 
Differences between vaccinates and controls 
must be statistically and clinically signifi cant 
[ 44 ]. If no challenge model is known, fi eld stud-
ies may be allowed to demonstrate effi cacy in 
large numbers of animals exposed under natural 
conditions. The outcome of the effi cacy study 
will determine the claim allowed. Additional 
claims will require additional studies. Specifi c 
effi cacy study claims and care of animals during 
studies are addressed in guidance available 
online [ 45 ,  46 ]. The CVB recommends adher-
ence to VICH Guidelines [ 47 ]. 

 Potency assays must correlate to host-animal 
effi cacy studies, preferably by testing of the effi -
cacy serial at the time the effi cacy study is initi-
ated. Usually, the effi cacy serial is used as a 
reference each time a serial is tested; the serial 
under test is compared to the effi cacy serial and 
must be shown to have greater antigenic content 
than the effi cacy serial. The reference must be 
replaced when deterioration is detected or at 
expiration. It is important to note that vaccines 
must be at or above the effi cacy serial at expira-
tion. For modifi ed-live vaccines, this requires 
that the bacterial or viral count at serial release is 
higher than the effi cacy serial at release. 

  Duration of Immunity Studies . For some dis-
eases in which there is little known about the 
duration of immunity induced by  vaccination, 
manufacturers must establish the length of 
time vaccinated animals are protected. This 
usually requires an additional host-animal 
vaccination- challenge study unless sufficient 
data exists to allow serologic data to demon-
strate immunity. 

  Field Safety Studies . Following effi cacy stud-
ies, manufacturers must demonstrate safety in US 
animals using a minimum of two serials that 
meet all Outline of Production requirements 
(including potency above that of effi cacy) [ 48 ]. 
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Licensing a Vererinary Biologic in the U.S. (9 CFR 101 - 122)

Application for US Veterinary Biological Product License (9 
CFR 102; VS Memo 800.50; APHIS Form 2003)

Outline of Production (submitted With APHIS Form 2015)(9 CFR 114.8-
114.9; VS Memo 800.206)detailing manufacturing and testing; process

validation data; revised throughout licensure

Master Seed and Cell reports with purity and identity test results (9 CFR
101.7; VS Memo 800.109); confirmatory identity and purity testing by CVB

Lab. If genetically engineered, includes SIF (VS Memo 800.205)

Backpassage study (9 CFR 102.5 and 104.5; VS Memo 800.201) for
live products

Laboratory validation of potency assay (9 CFR 113.8; VS Memo 800.112)

Detailed protocol for efficacy study in host animal

Permission to ship experimental product for efficacy sudy (9 CFR 103.3)

Efficacy vaccination-challenge study using serial at
highest passage in host animals at youngest age

recommended for licensure: include duration of immunity
if needed (9 CFR 113; VS Memo 800.202,800.200)

Approval of efficacy study establishes minimum
Potency, minimum age animal, vaccination

recommendations, claim allowed

Preparation of 3 consecutive prelicense serials

Safety studies in lab animals, safety studies in host: studies of adjuvant safety

Protocol for field safety studies, request to ship experimental product for field
safety studies. CVB performs risk assessment prior to authorization

(includeds public notification if product is live genetically engineered); risk
mitigation prior to anthorization to perform field safety studies

Field safety studies in large numbers of host animals in 3
geographically distinct regions of U.S. using at least 2 serials

Submit labels (9 CFR 112: VS Memo 800.54)

Approval of new claims and changes
to manufacture or testing Stability studies Release of each serial after review of test results

Unannounced post-license inspections for
compliance

Announced
CVB

Inspection
prior to

Establishment
License (VS

Memo 800.91)

Facility
blueprints.
plot plans.
legends (9
CFR 108.2-
108.5 VS 

Memo 800.78)

Articles of
Incorporation
(9CFR 102.3),
Water quality
statement, (9
CFR 108.11)

Qualifications of
Personnel (9
CFR 102.4,
114.7: VS

Memo 800.63:
APHIS Form

2007)

Application for
US Veterinary

Biologics
Establishment

License (9 CFR
102: VS Memo
800.101 APHIS

Form 2001)

Establishment License
awarded same time

as first Product License

License awarded

Correlation of
potency assay to

efficacy
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This requires vaccinating large numbers of 
 animals (often hundreds) in at least three geo-
graphically distinct areas of the USA. Field 
safety tests are intended to be performed in dif-
ferent husbandry settings or in animals with dif-
ferent endemic disease conditions. Animals are 
observed for adverse events for several weeks 
following vaccination. For food animals, residue 
clearance must also be determined to support 
withdrawal recommendations. 

  Discussion . This is a very broad overview of 
the regulatory process for veterinary vaccines 
in the USA. Much more detailed information is 
available at the CVB Web site [ 49 ]. There are 
a large number of very specifi c requirements 
that have not been mentioned in this discussion. 
Regulations tend to be general in nature, with 
more specifi c guidelines available in Veterinary 
Services Memorandum. Requirements are based 
on ensuring the purity, safety, potency, and effi -
cacy of veterinary vaccines sold within or from 
the USA. Requirements are adapted as new issues 
are recognized, e.g., outbreaks of disease or 
emergence of new animal diseases. Conditional 
licenses can be approved for emergency situa-
tions for vaccines prior to completion of effi cacy 
or potency testing. Exceptions may be granted 
to regulations when scientifi cally justifi ed or 
when emergency situations arise that threaten the 
health of animals or of humans exposed to ani-
mal diseases. Training is available every spring. 
Manufacturers and foreign regulatory offi cials 
are encouraged to attend to learn more about the 
process and meet CVB personnel [ 50 ].
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  Abstract

    Veterinary vaccines must be authorised by the 
relevant competent authorities in the EU. An 
application for a Marketing Authorisation 
(MA) must be submitted and this should 
include a dossier that demonstrates the quality 
of the vaccine and the safety and effi cacy in 
the target species. It should be noted that 
safety must also be demonstrated for the user, 
the environment and the consumer.  

56.1          Overview of the Regulatory 
Process 

 Veterinary    vaccines must be authorised by the 
 relevant competent authorities in the EU. An appli-
cation for a Marketing Authorisation (MA) must 
be submitted, and this should include a dossier that 
demonstrates the quality of the vaccine and the 
safety and effi cacy in the target species. It should 
be noted that safety must also be demonstrated for 
the user, the environment and the consumer. 

 All vaccines must be registered in line with 
Directive 2001/82/EC [ 1 ] as amended by 
Directive 2004/28/EC [ 2 ] and Directive 2009/09 
[ 3 ] and there is a Consolidated Directive avail-
able [ 4 ]. These describe the studies and informa-
tion which will be needed to support the claims 
for the product. 

 There are a number of different routes for 
applying for a Marketing Authorisation and Notice 
to Applicants Volume 6A gives an overview [ 5 ].
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•    National – application to one Member State. 
This licence can then form the basis for mutual 
recognition in other Member States. The orig-
inal country will act as the Reference Member 
State.  

•   Mutual recognition – several Member States 
can be included in a specifi c procedure to rec-
ognise a national licence of a Reference 
Member State.  

•   Decentralised procedure – application to sev-
eral Member States at the same time, selecting 
one as the Reference Member State.  

•   Centralised procedure – application to the 
European Medicines Agency for a single evaluation 
by the Committee for Veterinary Medicinal 
Products (CVMP). If the CVMP gives a posi-
tive opinion, then the EU Commission makes 
the fi nal decision and grants an authorisation 
for all EU member states. An outline of the 
210-day procedure is given in Table  56.1 .
      All veterinary vaccines for the EU must be pro-

duced in facilities that are in compliance with Good 
Manufacturing Practice (GMP), and these are sub-
ject to regular inspection by EU  authorities [ 7 ]. 

   Table 56.1    Outline    of centralised procedure (210 assessment days). Summarised from Notice to Applicants [ 6 ]   

 Day  Action 

 xx  Submit your dossier to EMA, Rapporteur and Co-Rapporteur –see recommended submission dates on 
EMA website 

 xx  EMA send the applicant an acknowledgement of receipt of the dossier and, within 10 working days 
following receipt, will complete its validation 

 xx  At the end of the validation process the EMA starts the procedure 
 Send requested parts of the dossier to all CVMP members within 1 month of the start of the procedure 

 1  Start of the procedure – Timetable prepared by EMA and sent to Applicant 
 70  Rapporteur's Assessment Report sent to the Co-rapporteur, CVMP members and EMA Secretariat 
 85  Co-rapporteur’s critique of the Rapporteur’s Assessment Report sent to Rapporteur, CVMP members 

and EMA Secretariat. These reports are sent to the Applicant by the EMA Secretariat (making it clear 
that they do not yet represent the position of the CVMP.) 

 100  Rapporteur, Co-rapporteur, other CVMP members and EMA receive comments from Members of the 
CVMP 

 115  Draft list of questions from Rapporteur and Co-Rapporteur (with overall conclusions and overview of 
scientifi c data) sent to CVMP members + EMA 

 120  CVMP adopts list of questions, overall conclusions and review of the scientifi c data and this is sent to the 
Applicant by the EMA. By Day 120, adoption by CVMP of request for GMP inspection, if necessary 
  Clock stop  
 Applicant has 3 months to respond but may request an additional 3 months if a justifi cation is given 

 121  Submission of the responses, including revised SPC, labelling and package leafl et text in English – Target 
dates for the submission of the responses are published on the EMA web-site 
 Restart of the clock – Project Manager sends revised timetable in consultation with Rapporteur and 
Co-Rapporteur (usually as follows) 

 160  Joint response Assessment Report from Rapporteur and Co-Rapporteur sent to CVMP members and 
EMA and Applicant (note this does not yet represent position of the CVMP). Where applicable, GMP 
inspection to be done 

 170  Deadline for comments from CVMP Members to be sent to Rapporteur and Co-Rapporteur, EMA and 
other CVMP members 

 180  CVMP discussion of the draft Opinion (SPC, labelling and package leafl et) and decision if an oral 
explanation by the Applicant is needed. For any oral explanation, clock is stopped so Applicant can 
prepare this 

 181  Restart of the clock and oral explanation (if needed). Project Manager sends updated SPC and product 
literature in English to the Applicant 

 210  Adoption of CVMP Opinion + CVMP Assessment Report 
 211  Transmission to Applicant of CVMP Opinion + CVMP Assessment Report 
 211–237  Translations of SPC and product literature and administrative procedures (there is also a specifi c timetable 

for the different stages) 
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 Medicinal products which are developed 
using DNA recombination techniques to make 
genetically modifi ed organisms (GMO) must be 
authorised through the centralised procedure [ 8 ] 
and these types of vaccine are also subject to 
additional requirements as specifi ed in Directive 
2001/18/EC [ 9 ] discussed below. 

 Medicinal products that are developed using 
other biotechnological methods which are con-
sidered by the EMA to be a signifi cant innova-
tion may also be authorised via the centralised 
procedure. It is very likely that novel vaccines 
including DNA/RNA and proteins will be eli-
gible for application by the centralised proce-
dure, and so this route is the main focus of this 
chapter. There is a very helpful question and 
answer on the EMA webpage for innovative 
products [ 10 ]. 

 This regulatory system may sound complex 
but there is some help along the way as the 
European Medicines Agency (EMA) wants to 
encourage applicants with innovative products 
to engage with them as early as possible. In 
addition an application can be made to the 
Scientifi c Advice Working Party (SAWP) on 
specifi c questions [ 11 ]. Note that the applicant 
should state what their opinion is on a particular 
issue and provide supporting data for each ques-
tion. The SAWP will consider the questions and 
give an answer with their rationale – so they 
may or may not agree with the position of the 
applicant.  

56.2     General Requirements 

 Marketing Authorisation Holders (MAH) must be 
established in the European Economic Area (EEA) 
so this is the fi rst point to address prior to applying 
for a Marketing Authorisation. The application for 
an MA should consist of a complete dossier which 
will cover all the relevant aspects of quality, safety 
and effi cacy for the product. Thus the whole 
assessment of the product is done at one time; 
there is no phased approval. 

 A Summary of Product Characteristics (SPC) 
must be included in Part 1 of the dossier, and this 
document includes a brief description of the 

product and presentations and all the proposed 
claims, indications, methods of use and safety 
warnings. The dossier should include experimen-
tal trials, fi eld trials or bibliography which will 
support all of the statements on the SPC. 

 There is an SPC template on the EMA website 
which should be used, and there is also an SPC 
Guideline for Immunologicals [ 12 ] which gives 
an indication of what items should be included 
for each section as well as some standard word-
ing to cover certain situations. 

 Dossiers must also include a Detailed 
Description of the Pharmacovigilance System 
(DDPS) and there is an EMA guideline [ 13 ] 
which should be followed. Once an MA is 
granted the product will be subject to post- 
marketing monitoring under the pharmacovigi-
lance system and there is a defi ned time and 
method for reporting Periodic Safety Updates. 

 There is concern in the EU about the availabil-
ity of authorised veterinary medicinal products 
particularly for minor uses/minor species 
(MUMS). The EMA has developed a guideline 
specifi cally on data requirements for immuno-
logical MUMS products [ 14 ], and this outlines 
where some reductions in studies could be 
acceptable. There is a list of infectious agents 
causing particular diseases in various animal spe-
cies which are not fully managed by current 
products. An application should be made to the 
EMA to have a proposed product agreed as hav-
ing MUMS status. The CVMP will consider the 
supporting documentation and grant MUMS sta-
tus and may also award fi nancial incentives for 
products which are greatly needed. 

 The Commission has introduced a regulation 
[ 15 ] which is aimed to promote innovation and the 
development of new medicines by micro, small- 
and medium-sized enterprises (SMEs) that are 
developing medicines for human or veterinary use. 
The SME Offi ce at the EMA offers assistance to 
SMEs, including practical help and a number of 
fi nancial incentives. There is an extensive user 
guide available on the EMA website and full details 
of how to apply for SME status are given [ 16 ]. 

 Electronic submissions of dossiers are encour-
aged and there is a question and answer  document 
[ 17 ] on the EMA website.  
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56.3     Specifi c Requirements 

 General and some specifi c requirements for 
quality, safety and effi cacy of immunological 
veterinary medicinal products (IVMPs) are 
included in Directive 2009/09 [ 3 ], and this also 
effectively gives the format in which the dossier 
should be presented. The European 
Pharmacopoeia (Ph Eur) has both general and 
specifi c monographs which are applicable for 
vaccines. The general monograph ‘Vaccines for 
Veterinary use 0062’ [ 18 ] should be complied 
with (note that this monograph has been updated 
for the beginning of 2013) and in addition there 
are monographs on safety [ 19 ] and effi cacy of 
vaccines [ 20 ]. Uniquely there are some specifi c 
monographs for particular types of veterinary 
vaccines and these include summary descrip-
tions of how safety and effi cacy should be dem-
onstrated against a particular disease (e.g. 
monograph 2072 on Pasteurella vaccine (inacti-
vated) for sheep [ 21 ]). Note that there are many 
specifi c Ph Eur monographs for veterinary vac-
cines so it is important to consider these when 
developing a new IVMP for Europe. 

 There is a new EMA guideline [ 22 ] which 
replaces several of the general and specifi c guide-
lines for immunological veterinary medicinal 
products that were in Notice to Applicants 
Volume 7 – the latest IVMP guidelines are dis-
played on the EMA website [ 23 ]. This new 
guideline does outline important items on quality, 
safety and effi cacy which may not be entirely 
obvious from the Directive and Ph Eur mono-
graphs. However, the new guideline does not 
always contain as much detailed information as 
the older ones so the applicant needs to carefully 
consider how to develop their product. 

 Vaccines containing or consisting of geneti-
cally modifi ed organisms (GMOs) are subject to 
additional provisions in Directive 2001/18/EC 
[ 9 ]. This established a step-by-step approval pro-
cess so that an assessment of risks to human 
health and the environment must be undertaken 
before any GMO can be released into the envi-
ronment or placed on the market. For experimen-
tal release, e.g. for a fi eld trial, a notifi cation 
must be submitted to the competent authorities 

of the Member State where it is intended to 
release the GMO. The notifi cation must include 
a technical dossier which gives the necessary 
information so that the environmental risk can be 
assessed. Note that in most cases the regulatory 
authorities who grant national licences and also 
give approval for fi eld trials are not the same as 
the competent authorities who approve the 
experimental release of GMOs. It is thus neces-
sary to be in contact with more than one author-
ity in a particular Member State in order to get 
the permission both to release the GMO and to 
actually run a fi eld trial. 

 When submitting an application for a GMO 
vaccine a copy of the written consent of the com-
petent authority for the deliberate release into the 
environment must be included. A complete tech-
nical dossier on the GMO as detailed in Annex III 
A of Directive 2001/28/EC [ 9 ] and an extensive 
environmental risk assessment must be provided. 
This information should be included in a separate 
volume of the dossier so that it can be provided to 
the competent authorities for GMOs. The EMA 
has a specifi c standard procedure to manage con-
sultations with the national competent authorities 
for GMOs during the normal assessment of the 
whole dossier [ 24 ].  

56.4     Preclinical Guidelines 

 There are many scientifi c guidelines for IVMPs 
on the EMA website [ 25 ] and these cover qual-
ity, safety and effi cacy issues. There are two 
VICH guidelines (applicable in the EU, USA 
and Japan) on the testing for reversion to viru-
lence of live vaccine strains [ 26 ] and testing 
methods to demonstrate safety of live and inacti-
vated vaccines [ 27 ]. It is usually expected that 
laboratory studies on safety will be carried out in 
line with Good Laboratory Practice (GLP) and 
laboratory studies on effi cacy should be carried 
out in line with Good Clinical Practice. In any 
case the studies should be properly planned with 
a protocol and fully written up in a study report. 
All data on a particular product should be 
included in the  dossier whether or not it gives 
positive fi ndings. 
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 Many veterinary vaccines may contain more 
than one active ingredient (considered as a com-
bination vaccine). In addition it may be possible 
to administer two or more separately licensed 
IVMPs at the same time (considered as an asso-
ciation). There is a draft guideline currently being 
prepared on how these types of vaccine should be 
evaluated [ 28 ]. 

 One issue which may affect all types of veteri-
nary vaccine is whether maternally derived anti-
body (MDA) interferes with the development of 
an immune response and thus reduces effi cacy. It 
is necessary to either show that MDA levels have 
waned by the time vaccination is recommended 
or demonstrate that MDA does not interfere with 
effi cacy against a virulent challenge [ 29 ]. 

 For veterinary vaccines to be used in food- 
producing animals it is necessary to consider 
whether there are any pharmacologically active 
substances included for which a maximum resi-
due limit (MRL) is required under Article 1 of 
Regulation (EC) No 470/2009 [ 30 ]. Any adju-
vants or excipients included in the IVMP should 
be considered, and there is an EMA guideline 
[ 31 ] which includes substances that do not fall 
within the scope of the regulation and another 
EMA guideline [ 32 ] which indicates data that 
would be needed to add a substance to the 
acceptable list.  

56.5     Clinical Guidelines 

 Laboratory trials should usually be supported 
with fi eld trials using batches of vaccine prepared 
according to the manufacturing process in the 
MA application. As a commercial-type batch 
should be used, both safety and effi cacy can be 
studied in the same fi eld trial [ 3 ]. These trials 
should be carried out in line with Good Clinical 
Practice, and a predefi ned statistical evaluation of 
the results should be done. Ideally fi eld trials 
should be carried out in the EU at two different 
sites (preferably in different countries although 
this is not really specifi ed anywhere). Some Ph 
Eur monographs also include a summary of the 
design of fi eld trials, e.g. Neonatal piglet colibac-
illosis vaccine (inactivated) 0962 [ 33 ]. 

 There is a recent guideline on the design of 
studies to evaluate the safety and effi cacy of fi sh 
vaccines [ 34 ]. This includes information on both 
laboratory and fi eld trials.  

    Conclusions 

 There is considerable complexity in the EU 
regulatory requirements for IVMPs, but the 
information is all publicly available and a lot 
of help is provided on the EMA website for 
centralised applications. For other routes of 
application there is also useful information 
provided on the heads of medicines agency 
veterinary website [ 35 ]. 

 It is worth applying for scientifi c advice 
from the EMA when developing a novel vac-
cine as this may have an impact on what stud-
ies are needed to support an MA application. 
The advice is not binding on the CVMP but it 
is almost always followed by them, so if the 
applicant does follow the scientifi c advice, 
there is a good chance of success. 

 One relatively recent initiative is the possi-
bility to include a benefi t-risk assessment in Part 
1 of the dossier. This should provide a scientifi c 
evaluation of the positive therapeutic effects of 
the vaccine in relation to any risks that may be 
associated with the quality and safety of the 
product for animals or humans [ 36 ]. A benefi t-
risk assessment has always been part of the 
evaluation carried out by regulators, but there is 
increasing awareness that there is an underly-
ing risk if there is no prophylactic or therapeu-
tic treatment for a particular disease. 

 This chapter can only give a broad idea of the 
regulations, directives, guidelines, recommen-
dations and general experience which is relevant 
for the EU regulatory process for veterinary 
vaccines. There is already a remarkable variety 
of veterinary vaccines to cover many different 
target species, and the hope is that this can be 
extended even further with new technologies. 
With each veterinary vaccine, there are often 
unique issues to address so it is well worth dis-
cussing your project with EU regulators at an 
early stage  taking advantage of the EMA’s sci-
entifi c advice procedure and also considering 
whether a MUMS approach is relevant.     
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