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Foreword

Infections and their associated diseases are arguably the most significant environ-
mental factors impacting individual health, as well as the overall health and well-
being of populations. The successful development and implementation of
interventions to prevent and treat infections over the past two centuries have had a
profound positive effect on human and animal health. Among these interventions,
the use of vaccines in healthy people for prevention of infection has proven to be
one of the most effective, from both public health and economic perspectives.
Vaccination has resulted in the eradication of smallpox and, in many parts of the
world, substantial control of deadly diseases such as measles, polio, pneumococcal
pneumonia, tetanus, diphtheria, rotaviral diarrhea, and hepatitis B. There are
numerous other infectious diseases to add to this list, but the control and elimination
of these alone have yielded substantial improvements in the quality and quantity of
life.

Given this, understanding the technical challenges in vaccine development,
manufacture, and supply is critical to assure the continuous availability of existing
vaccines and to facilitate the introduction of new vaccines. Vaccines are complex
biological products that encompass a full spectrum of entities from whole infec-
tious attenuated organisms to chemically and genetically modified proteins and
polysaccharides. The structural and formulation complexities of vaccines are
extraordinary, and are further amplified by the unique fact that vaccines have no
inherent biological activity other than the ability to elicit an effective immune
response in the recipient. Accordingly, a thorough analytical understanding is
essential to assure a vaccine’s biological consistency as it undergoes its develop-
mental transition from the research laboratory to manufacturing scale. Detailed
analytical understanding is also essential to assure a vaccine’s consistency of
production and effectiveness over years of use. In the end, analytical understanding
is fundamental to the maintenance of an effective vaccine supply.

The central role of analytical methods and strategies in vaccine development and
production is reflected in the chapters of this volume. The first section focuses on a
comprehensive description of analytical approaches and methods associated with
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existing vaccine modalities, including analytical considerations during late stage
development, manufacturing and commercial control. The second section provides
guidance on the strategic use of analytical vaccine assessment, detailing experiences
regarding quality control, regulatory requirements, production control, and expan-
ded distribution requirements. It is the hope of the editors and contributing authors
of Vaccine Analysis that this volume will provide a unique and comprehensive
single point of reference for the analytical control strategies essential to the con-
tinued successful development and use of vaccines.

As a research scientist who has spent over 30 years involved with the study of
infectious diseases and with the development of successful vaccines, I have deep
respect and appreciation of the role that analytical scientists play in successful
vaccine development and manufacture. The experiences detailed herein will serve
as a foundation of knowledge for the vaccine developers of the future.

Emilio A. Emini Ph.D.
Senior Vice President and Head

Vaccine Research and Development
Pfizer Inc.
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Preface

For those of us in vaccine analytical and process development, it was apparent that
a central resource on analytics would be helpful, especially since many new
organizations both in the developed and developing markets are working on new
vaccine products. We thus solicited input from a variety of analytical leaders to put
together this volume on analytics of vaccines. Historically, vaccines were relatively
crude preparations and quality control testing was primarily focused on safety
issues such as sterility and absence of adventitious agents as well as a potency
testing as a surrogate for clinical performance. With the advent of more modern
technology applied to biotech products, testing and release for many modern
vaccines are carried out by sophisticated techniques such as Mass Spectrometry,
PCR, NMR, HPLC, and Flow cytometry.

Vaccines have had a profound impact on preventing or eliminating many major
diseases worldwide. Since vaccines are administered to healthy individuals, it is
critical that their safety and efficacy be under strict control by carefully constructing
the manufacturing process and the analytical Quality Control packages. Unlike low
molecular weight drugs or modern biologics, vaccines have always been considered
to be complex products manufactured by complex processes. This has manifested
itself in strict control of the manufacturing process often expressed as “the process
defines the product.” Corresponding quality control packages are an important part
of the release paradigm based on classical safety technology and a potency assay
developed at the time of licensure and correlated with clinical efficacy. Although
this paradigm still exists today, the application of modern biotechnology analytical
methods have opened up vaccine products for further characterization. Neverthe-
less, the diversity of vaccine products requires the application of a wide array of
analytical and QC technologies.

The claim that a vaccine is Safe and Efficacious can only be asserted through
proper control with suitable and capable analytical methods. This necessity was
realized over 100 years ago when Milton Joseph Rosenau was the first to test mass
produced Small Pox vaccine for potency and purity. (Willrich 2011) During the
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twentieth century, as regulation, production fostered a shift from inactivated whole
cell vaccines to purified subunit based vaccines because of enhanced safety profiles
(Plotkin and Plotkin 2011; Zhao et al. 2013). Combination vaccines that contain
multiple antigens required rigorous demonstration of maintenance of the individual
components to confer lasting immunity (Galambos and Sewell 1995; Galambos and
Sturchio 1996). The testing paradigm has not changed. However, the field is
experiencing a shift in needs—rapid response for rapidly emerging Influenza epi-
demics, flexibility in location of manufacture, horizontal, and philanthropic vaccine
production where individual components are furnished by unique entities either
academic, government, or industry. Regardless of the evolved development of the
field, the need for safety and efficacy remains paramount but their demonstration
will require sound analytical control. Sound analytical control fulfills both regu-
latory oversight, e.g., ICH Q2 guidances and business needs by providing accurate
and precise monitoring of critical structural elements from cell bank to drug sub-
stance and final drug product dosage form.

This book can serve as a reference for vaccine control for current and future
vaccine platforms. The chapters in the book describe release testing and charac-
terization technology applied to commercial vaccines as well as vaccines in late
stage clinical development. The editors in conjunction with the contributors
structured the book to detail analytical control for all current vaccine modalities. In
addition, current topics that are supplemental to the actual implementation of an
analytical control and that are confronting vaccine quality control and regulatory
organizations are developed; and thus provide a vantage point for those in such
endeavors. For these sections, authors offer a trajectory of guidance from experi-
ences as vaccine production; distribution and market expand globally beyond
established markets in the United States and Europe in the twenty-first century.
Adjuvants, a critical component of most vaccine formulations (and delivery) were
not included given their broad scope and mechanisms of immune stimulation and
that many other excellent reviews exist at this time. Despite increasing techno-
logical improvements the need to have sound analytical control in clinical stages
development for the maturation of process and formulation into reliable commercial
control to assess safety and efficacy remain. The comprehensive descriptions of
each chapter describe how analytical methodologies are employed and structured to
support process control, release, and stability. As the intentions of the editors,
Vaccine Analysis, offers a unique, single point of reference to capture analytical
control strategies for all primary vaccine modalities.

Brian K. Nunnally
Vincent E. Turula
Robert D. Sitrin
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Chapter 1
Live Attenuated Viral Vaccines

Mark S. Galinski, Kuldip Sra, John I. Haynes II
and Jennifer Naspinski

1.1 Introduction

1.1.1 Live Viral Vaccine History

The history of vaccination using live viruses extends through several centuries and
is directly intertwined with the elimination of smallpox (variola major, Plotkin and
Plotkin 2004). The word vaccine comes from the Latin “vaccinus” meaning “of
cows”—an adjective joining variola (smallpox) and vaccinae to form cowpox
(variola vaccinae, Jenner 1798; Riedel 2005) as distinct from the human disease
(variola). Variola was easily transmitted, had high mortality, and for those who
recovered, resulted in significant disfigurement due to scarring.

Inoculation of variola (pustule fluids or dried scabs) had been used in Eastern
countries, including China, since the late seventeenth century (Henderson and
Fenner 1994; Hong and Yun 2001). This practice, termed variolation, had signif-
icant uncertainty in outcome in that the inoculated recipient could have a mild or
fulminate disease leading to death. Despite the uncertainty, variolation was attrib-
uted with reducing smallpox deaths, which might run as high as 30 %, to a more
“acceptable” level of 2–3 % (Henderson and Fenner 1994).

Although the importance of variolation to prevent smallpox was subsequently
transmitted to Western practitioners, it was the work of Edward Jenner in the late
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eighteenth century that demonstrated the effectiveness of variolation with cowpox
(subsequently termed “vaccination” by Louis Pasteur (Pasteur 1881a)) to prevent
smallpox (Jenner 1798). Vaccination with cowpox to prevent smallpox continued
well into the late twentieth century with no significant technological improvement in
the preparation of the vaccine inoculum, which was still generated in a whole animal
(indeed Dryvax® was still used by the military until 2008 (Nalca and Zumbrun
2010)). Nonetheless, with vigilant vaccination programs being adopted worldwide,
smallpox was eradicated, and the world was declared smallpox free by the World
Health Organization (WHO) in 1979 (World Health Organization 1979, 1980).

Vaccination for the prevention of smallpox relied upon the chance observation
that a less virulent (attenuated) form of a disease could provide protection against
the virulent form (Jenner 1798). While smallpox was amenable to the development
of an effective vaccine (cow pox), further development of antiviral vaccines stalled
until the late nineteenth century. At this time, Robert Koch (Carter 1985) formu-
lated the germ theory concept of disease, and Louis Pasteur (Pasteur 1881a)
observed that attenuation of virulent microorganisms was possible.

Vaccine development subsequently progressed primarily in the realm of anti-
microbial vaccines. In the late nineteenth century, Louis Pasteur demonstrated that
exposure to an attenuated culture of the bacteria responsible for chicken cholera
(Pasteurella multocida) protected chickens from the fulminate disease when they
were later inoculated with the virulent bacteria (Pasteur 1881a, b). This landmark
discovery demonstrated attenuation could occur in culture, albeit following
unknown biological changes. Together with Koch’s germ theory (that a disease was
casually associated with a specific microorganism), this discovery opened the path
to further development of vaccines against specific microorganisms.

In the 1880s, Pasteur and Emile Roux developed the first rabies vaccine (Pearce
2002; Théodoridès 1989). The vaccine was derived from rabies virus that had been
passaged in rabbit brains and the harvested material was dried as a means of
“attenuation.” This vaccine was first used in 1885 on a young boy who had been
bitten by a rabid dog, and found to be effective.

While the fundamental principles for vaccines and passive immunity (antitoxins)
were well established by the beginning of the twentieth century, limitations in
technology prevented significant improvements in vaccine development until the
mid-twentieth century when viruses could be isolated and propagated in eggs and
subsequently in cell culture.

The third human vaccine developed after smallpox and rabies was to yellow
fever. In 1932, a vaccine prepared in mouse brain was developed; however, this
vaccine required simultaneous injection of human immune serum to prevent
adverse events (Norrby 2007; World Health Organization 1956). A modified strain
was developed subsequently that did not require administration of immune serum;
however, it continued to be cultured in mouse brain and had neurotropic properties
that resulted in a high incidence of encephalitis reactions.

In 1937, Max Theiler showed continuous passage of yellow fever virus in vitro
resulted in changes to its pathogenicity that were dependent upon the tissue used
(Theiler and Smith 1937). When cultured in chick embryos, the virus lost its
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virulence and induced a long-lasting protective immunity in humans. The work on
the yellow fever vaccine was pioneering in that it established a model for the
scientific, technical, and regulatory approaches for continued vaccine development
for the remainder of the twentieth century (Frierson 2010; Monath 1996; Norrby
2007), including:

• Replacement of an animal (mouse) with primary tissue (chick) culture as a
manufacturing substrate for vaccine production,

• Sequential passage of virus in tissue culture to select naturally (spontaneously)
occurring attenuated vaccine stocks,

• Importance of seed lot system (stock seeds) for vaccine production that

– Ensures vaccine lots of consistent potency, safety, and efficacy,
– Prevents production of under-attenuated or over-attenuated lots,
– Reduces adverse events.

• Acceptance of significant medical risk (adverse reactions) to protect from dis-
ease (mouse cultured vaccine discontinued in 1980 (Frierson 2010)).

1.1.2 Live Vaccine Categories

A live vaccine is a microorganism (microbial or viral) that can replicate in the host or
can infect cells and function as an immunogen without causing natural disease. While
there are live vaccines that use attenuated bacterial organisms including Mycobac-
terium bovis strain Bacillus Calmette–Guérin (BCG) to protect against tuberculosis,
Salmonella typhi strainTy21a to protect against typhoid, and Orientia tsutsugamushi
strain E to prevent scrub typhus (Killeen and DiRita 2001; Roland et al. 2005;
Valbuena and Walker 2013), the majority of live vaccines are live attenuated viral
vaccines, and it is these vaccines that will be focus of the rest of this chapter.

1.1.3 Live Attenuated Virus Vaccines

Live attenuated virus vaccines are used to protect against the diseases listed in
Table 1.1. This table indicates the year of introduction and virus component valency
(number of serotypes or subtypes used).

The following steps outline how a live attenuated virus vaccine protects an
individual from infection or disease (Greenberg and Arvin 2011; Plotkin 2003,
2008; Siegrist 2008):

• The vaccine introduces a nonharmful (attenuated) form of the pathogen into the
body by injection, oral administration, or scarification,

1 Live Attenuated Viral Vaccines 3



• Replication of the attenuated virus occurs, although with insufficient robustness
to result in clinical disease. This replication results in amplification and sub-
sequent presentation to the immune system, which is required for the vaccine to
be effective,

• The immune system in the body recognizes specific vaccine antigen(s) and
produces an immune response to the vaccine by making antibodies, killer cells
or both,

• When the pathogen is naturally encountered, the immune system remembers the
vaccine-presented antigen due to the presence of memory B cells (producing
antibodies) and memory T cells (helping the production of antibodies or killer T
cells) which mount a much larger and quicker response than would have hap-
pened if the person had never received the vaccine. This is called “immune
memory,” and

Table 1.1 Live attenuated virus vaccines and year of introduction

Year Disease Valency

1798a Smallpox (cowpox) Monovalent

1885a Rabies Monovalent

1935 Yellow fever Monovalent

1957 Adenovirus (respiratory) (2) Serotypes

1962 Polio vaccine (oral vaccine) (3) Serotypes

1963 Measles Monovalent

1967 Mumps Monovalent

1969 Rubella Monovalent

1971 Combined MMR (measles, mumps,
and rubella)

Trivalent

1974 Varicella (chickenpox)b Monovalent

1998c Rotavirus (1) Rhesus serotype (3) human/rhesus
reassortants

2003 Influenza (trivalent) (3) Serotypes/subtypes

2005 Combined MMRV (measles, mumps,
rubella, and varicella)

Quadrivalent

2006 Rotavirus (5) Serotypes (human/bovine reassortants)

2006 Zoster (shingles)b Monovalent

2008 Rotavirus (1) Serotype (human)

2010 Japanese encephalitis Monovalent (Japanese encephalitis virus/
yellow fever virus chimera)

2012 Influenza (quadrivalent) (4) Serotypes/subtypes
a Year of assessment in a human subject
b Varicella and zoster are caused by the same virus, Herpes varicella-zoster. The varicella vaccine
is dosed to prevent chickenpox in children, whereas the zoster vaccine is dosed in adults to prevent
shingles, a sequelae following previous chickenpox infection. Both vaccines utilize the same virus
c A rotavirus vaccine (RotaShield, attenuated rhesus and human/rhesus reassortants) was first
introduced in 1998 by Wyeth, but the product was voluntarily withdrawn from the market in 1999
due to an association with intussusception (Centers for Disease Control and Prevention (CDC)
1999; Murphy et al. 2001))

4 M.S. Galinski et al.



• Vaccination can induce immunity in several ways to fight infection and/or
disease:

– By immediately neutralizing the pathogen due to preexisting vaccine-
induced antibodies,

– By impacting replication of the pathogen, reducing its replication efficiency
significantly, thereby allowing the immune system to eliminate the pathogen,

– By inducing the production of more antibodies that further protect against
disease from the pathogen (antibody response), and

– By inducing immune cells to recognize and eliminate infected cells and/or to
release cytokines that further enhance immune clearance of the pathogen.

Many live attenuated viral vaccines were initially developed as monovalent
vaccines (e.g., smallpox, yellow fever, measles, mumps, rubella, and varicella) or as
mixtures of multiple serotypes (e.g., adenovirus, influenza virus, poliovirus, and
rotavirus). Combination vaccines consisting of different virus types were introduced
to reduce the number of vaccinations. Thus, measles, mumps, and rubella initially
were introduced as monovalent vaccines and eventually were combined to make a
trivalent vaccine M-M-R® in 1971. The trivalent vaccine was further expanded into
a quadrivalent vaccine containing a varicella component (ProQuad®) in 2006.

Table 1.2 lists live viral vaccine product names, trade names, and sponsors
(license holders). This list is not inclusive of all licensed vaccines worldwide, but
does illustrate the breadth of products available.

1.2 Common Issues for Live Attenuated Viral Vaccines

Live attenuated viral vaccines are intended for people who have not yet been
naturally infected, with the exception of ZOSTAVAX® (for the prevention of
shingles in adults previously infected with chickenpox). These vaccines prepare the
immune system to respond in case of future exposure to the pathogen, and are
routinely administered to healthy babies, children, adults, and seniors with the goal
of preventing disease. As such, these vaccines differ from all other medicines in that
they do not treat a preexisting disease and are administered to healthy recipients. In
addition, they are generally administered to large numbers of the population
worldwide. Requirements for vaccines include:

1. Safety—does not cause adverse side effects (clinical disease, encephalitis,
inflammation, high fever, nontransmissible, long-term sequelae, etc.),

2. Efficacy—is able to reduce disease in the field,
3. Stability—can be stored at acceptable temperatures (2–8 °C or room tempera-

ture) for a defined period of time (6 months to 2 years) and maintain acceptable
potency to effect a response, and

4. Reasonable Cost—able to be produced in sufficient quantities and affordable to
meet the needs of the intended population.

1 Live Attenuated Viral Vaccines 5



Table 1.2 Live attenuated virus vaccines

Product name Trade name Sponsor

Adenovirus type 4 and type 7 vaccine, live,
oral

No trade name Barr Labs, Inc.

Measles, mumps, and rubella virus vac-
cine, live

Priorix® GlaxoSmithKline
Biologicals

Measles virus; rubella virus; mumps virus;
varicella vaccine—live

Priorix-Tetra® GlaxoSmithKline
Biologicals

OPV (oral polio vaccine) bivalent types 1
and 3

Polio Sabin One and
Three®

GlaxoSmithKline
Biologicals

OPV (oral polio vaccine) monovalent type
1

Polio Sabin Mono T1® GlaxoSmithKline
Biologicals

OPV (oral polio vaccine) monovalent type
2

Polio Sabin Mono Two
(oral)®

GlaxoSmithKline
Biologicals

OPV (oral polio vaccine) monovalent type
3

Polio Sabin Mono
Three (oral)®

GlaxoSmithKline
Biologicals

OPV (oral polio vaccine) trivalent Polio Sabin® GlaxoSmithKline
Biologicals

Rotavirus vaccine, live, oral ROTARIX® GlaxoSmithKline
Biologicals

Varicella virus vaccine, live, attenuated
(oka-strain)

VARILRIX® GlaxoSmithKline
Biologicals

Influenza A (H1N1) 2009 monovalent
vaccine

No trade name MedImmune, LLC

Influenza vaccine, live, intranasal (triva-
lent, types A and B)

FluMist® MedImmune, LLC

Influenza vaccine, live, intranasal (quadri-
valent, types A and types B)

FluMist® Quadrivalent MedImmune, LLC

Measles, mumps, and rubella virus vac-
cine, live

M-M-R®II Merck & Co, Inc.

Measles, mumps, rubella, and varicella
virus vaccine live

ProQuad® Merck & Co, Inc.

Varicella virus vaccine live VARIVAX® Merck & Co, Inc.

Rotavirus vaccine, live, oral, pentavalent RotaTeq® Merck & Co., Inc.

Zoster vaccine, live (Oka/Merck) ZOSTAVAX® Merck & Co., Inc.

Attenuated, monovalent oral poliomyelitis
vaccine type 3 (sabin)

Mono OPV3® Novartis Vaccines
& Diagnostics

Live, attenuated, bivalent oral poliomyeli-
tis vaccine type 1 and type 3

Bivalent OPV (type 1
& 3)®

Novartis Vaccines
& Diagnostics

Live, attenuated, monovalent oral polio-
myelitis vaccine type 1 (sabin)

Mono OPV1® Novartis Vaccines
& Diagnostics

OPV (oral polio vaccine) trivalent Polioral® Novartis Vaccines
& Diagnostics

Japanese encephalitis vaccine (live,
attenuated)

IMOJEV® Sanofi Pasteur
Biologics Co.

(continued)
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Generally, live attenuated viral vaccines are not rigorously purified, and terminal
sterile filtration is not performed during drug product manufacture. Accordingly,
aseptic manufacture using well-characterized substrates (cells, embryonated eggs),
raw materials, starting materials, and intermediates of known origin and quality
form the foundation for assuring the purity and safety of the vaccine product.

Analytical testing, as described further below, focuses on safety testing and
sterility testing to assure the absence of extraneous agents (microbial and viral),
and includes specific tests which monitor for the removal of process residuals
(e.g., bovine serum, egg ovalbumin, Benzonase®, EDTA, etc.) to levels that are
accepted by regulatory authorities.

1.3 Biologics Chemistry, Manufacturing and Control
(CMC): General Considerations

Live attenuated viral vaccines consist of live viruses that are developed from wild
type viruses by eliminating their virulent properties. Attenuating mutations can be
introduced using a variety of different approaches. Traditionally, most live atten-
uated viral vaccines (e.g., smallpox, yellow fever, poliomyelitis, measles, mumps,
rubella, varicella, and influenza) were based on selection of naturally occurring

Table 1.2 (continued)

Product name Trade name Sponsor

Measles virus, live ROUVAX® Sanofi Pasteur
Biologics Co.

Measles, mumps, and rubella TRIMOVAX
MÉRIEUX®

Sanofi Pasteur
Biologics Co.

OPV (oral polio vaccine) bivalent
type 1 and 3

Oral bivalent types 1
and 3 poliomyelitis
vaccine

Sanofi Pasteur
Biologics Co.

OPV (oral polio vaccine) monovalent
type 1

Oral monovalent type 1
poliomyelitis vaccine

Sanofi Pasteur
Biologics Co.

OPV (oral polio vaccine) trivalent OPVERO® Sanofi Pasteur
Biologics Co.

Smallpox (vaccinia) vaccine, live ACAM2000® Sanofi Pasteur
Biologics Co.

Yellow fever STAMARIL® Sanofi Pasteur
Biologics Co.

Yellow fever vaccine YF-Vax® Sanofi Pasteur
Biologics Co.

Excerpted from the US Food and Drug Administration, complete list of vaccines licensed for
immunization and distribution in the US. http://www.fda.gov/BiologicsBloodVaccines/Vaccines/
ApprovedProducts/UCM093833 and the World Health Organization, WHO prequalified vaccines.
http://www.who.int/immunization_standards/vaccine_quality/PQ_vaccine_list_en/en/
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variants (mutants) that occurred during passage of the virus in semi-permissive or
atypical animal cells (or animals) and/or under altered growth conditions. The
naturally occurring variants were attenuated and found to have reduced capabilities
to cause disease in their original host.

As an example, the measles vaccine virus (Moraten) was attenuated by extensive
passage in human kidney cells, human amnion cells, chicken embryo (embryonated
eggs), and chicken embryo fibroblasts. Further, passaging under reduced tempera-
tures (32 °C for 40 passages) in chick embryo fibroblasts was performed to eventually
select a more attenuated vaccine strain called the Moraten strain (Parks et al. 2001).

Another means for introduction of attenuation (specific to segmented RNA
viruses) is to make reassortant chimeras consisting of the immunologically relevant
virus segments (i.e., human rotavirus capsid genes) combined with attenuating virus
segments (i.e., bovine rotavirus segments). Indeed, the influenza vaccine virus is
generated each year using recombinant reverse genetics to construct the vaccine
virus containing the immunologically relevant virus segments (hemagglutinin and
neuraminidase glycoprotein genes) with the attenuating virus segments.

Characteristics of the strains suitable as vaccine viruses should meet the fol-
lowing criteria:

• Ability to replicate and induce protective immunity,
• Inability to cause disease, and
• Genetic stability such that the strains do not revert to pathogenic forms after

multiplication in the human host.

Regardless of the methods used for derivation of the attenuated virus, the
resulting vaccine viruses are able to replicate and are fully immunogenic. Live
attenuated viruses induce more durable and prolonged immunological responses
and thus are preferred for vaccinating healthy individuals.

Figure 1.1 shows electron micrographs (EM) of adenovirus, influenza, mumps,
rotavirus, and varicella-zoster. It should be noted that the LVV active components
are complex entities (organisms) and not simple biochemical entities. Although the
drug product is comprised of a complex mixture of excipients and drug substance
(viable vaccine virus, inactivated virus antigen, process residuals), it is the viable
vaccine virus that replicates in the recipient that induces an appropriate immunity.

Since live attenuated viral vaccines are grown in animal or human cells, con-
tamination of the drug substance with the cell substrate (intact cells), extraneous virus
(es), or other microbial agents already present in these substrates is a potential risk
that requires significant manufacturing controls and testing to assure vaccine safety.

Because LVV products require virus replication to induce protective immunity,
the infectivity of the vaccine virus (as measured by potency) must be maintained.
However, most vaccine viruses are prone to losing infectivity during the manu-
facturing of the drug substance and drug product and following distribution to the
market. For viruses with membranes (e.g., measles, mumps, rubella, varicella,
influenza), the virus particles degrade and viral membranes get disturbed. Figure 1.2
shows an electron micrographic image of influenza virus particles after processing
and purification steps.
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Fig. 1.1 EM images of representative viruses for which live attenuated viral vaccines have been
developed for prevention of disease [Sander, D.M. http://virology.net/Big_Virology/BVHomePage.
html (accessed April 21, 2014). The big picture book of viruses: virus families by genome type]

Fig. 1.2 Negative stain
electron microscopy image of
H1N1 (influenza) vaccine at
52,000 × magnification after
harvest, processing and
purification [www.
NanoImagingServices.com
(accessed April 21, 2014).
Characterization of viruses
and vaccines: Adeno5 and
H1N1; image courtesy
MedImmune]
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The picture shows intact and spindle shaped forms of virus particles. The virus
membrane is deteriorated and is broken in many particles. In addition, some par-
ticles have fused virus membranes. Because of the inherent fragility of many
viruses, processing and purification of the LVV products are very gentle in nature.

1.4 Biologics CMC: Raw Materials and Starting Materials

Many raw materials and starting materials are used in the synthesis of an LVV
product intermediate, drug substance, or drug product.

Raw materials used in vaccine manufacturing generally consist of the culture
media, buffers, and bioreactor components used for the growth and propagation of
the cell substrates. Culture media and buffers are assumed to contain defined bio-
chemicals, inorganic salts, and/or growth factors. However, more complex bio-
logical materials such as trypsin, bovine serum, human serum albumin, and gelatin
(or other hydrolysates) may also be used. They may be incorporated into the drug
substance, they may impart a stabilizing effect, or they may be added as excipients.

Starting materials consist of the cell substrates and virus seeds (master virus seed
and working virus seeds). The cell substrate material may be as complex as an
embryonated egg or primary cells derived from a tissue (e.g., chick embryo
fibroblasts, monkey kidney cells), or as controlled as a cell line (e.g., MRC-5, WI-
38, Vero) cultured in a chemically defined cell culture medium. The starting
material may be used for the cultivation of the cell substrate or used for manufacture
of the drug substance.

All raw materials and starting materials have stringent quality requirements for
use in vaccine manufacturing; however, it should be noted that because of the
nature of the manufacturing process (absence of any inactivation process, and no
terminal sterile filtration), safety testing at critical manufacturing steps forms the
basis for most of the analytical testing. Manufacturer changes to key raw materials
must also be monitored to ensure there is no impact to the product, which may
require demonstration and qualification of the material in the process.

1.5 Biologics CMC: Cell Substrate and Analytical Methods

The cell substrate used for vaccine manufacturing is considered a starting material.
In general, most live virus vaccines are manufactured with cultures of cells that have
been derived from primary tissues (e.g., chicken sourced embryonated eggs, primary
chick embryo fibroblasts) or from manufacturing cell banks (e.g., MRC-5, WI-38,
FRhL-2, Vero). It is critical that these materials be fully assessed to demonstrate their
safety and freedom from extraneous agents (microbial, viral, prions) (European
Pharmacopoeia (Ph. Eur.), EP 5.2.3; European Pharmacopoeia (Ph. Eur.), EP 5.2.8;
FDA Guidance for Industry 2010; United States Pharmacopeia and The National
Formulary, USP <1235>; WHO 2007).
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1.5.1 Primary Tissues

Specific pathogen-free (SPF) chicken flocks are used to supply the embryonated
eggs used in vaccine manufacturing (e.g., measles, mumps, influenza, and yellow
fever). The quality of the SPF flocks is controlled in the establishment, mainte-
nance, and surveillance of the flocks (European Pharmacopoeia (Ph. Eur.), EP
5.2.2).

In the establishment of the flock, each chicken is tested repeatedly to ensure
freedom from vertically transmitted agents such as leucosis viruses or antibodies
that indicate a previous infection. In addition, the flock is tested to be free of a panel
of selected agents (see Table 1.3) that are commonly found in conventional flocks.

The SPF flock must be maintained and monitored for two generations before
certification as an SPF flock. Once formed, the flock can be used to produce new
SPF flocks for egg production. All derivative flocks are maintained and routinely
tested to ensure freedom from the specific agents.

1.5.2 Two-Tiered Cell Banks

Cell banking systems ensure adequate supply of well-characterized cell substrates
that can last through the product life cycle or across multiple products (European
Pharmacopoeia (Ph. Eur.), EP 5.2.3; FDA CBER/FDA 1993; FDA Guidance for
Industry 2006, 2010). Control of manufacturing cell banks is maintained through an
understanding of the history and general characteristics of the cells, cell banking
systems, and quality control testing of the derivative products (ICH, Q5A(R1);
ICH, Q5D). Generally, a two-tiered system is used, which consists of a Master Cell
Bank (MCB) and a manufacturer’s Working Cell Bank (WCB) for vaccine man-
ufacturing (Fig. 1.3).

Table 1.3 Pathogens tested for in SPF flocks

Specific pathogen-free agent (European Pharmacopoeia (Ph. Eur.), EP 5.2.2)

Avian adenoviruses group 1 Infectious bursal disease virus

Avian encephalomyelitis virus Influenza A virus

Avian infectious bronchitis virus Marek’s disease virus

Avian infectious laryngotracheitis virus Newcastle disease virus

Avian leucosis viruses Turkey rhinotracheitis virus

Avian nephritis virus Mycobacterium avium

Avian orthoreoviruses Mycoplasma gallisepticum

Avian reticuloendotheliosis virus Mycoplasma synoviae

Chicken anemia virus Salmonella pullorum

Egg drop syndrome virus
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The MCB is the principal (first) defined source of cells for vaccine manufac-
turing and is the most proximal material for the introduction of any historically
derived extraneous agents. The MCB defines the characteristics of the cell substrate
(e.g., karyotype, animal tumorigenicity, clonality, morphology, productivity,
absence of extraneous agents, etc.) for vaccine manufacturing, and it is the pro-
genitor for all subsequent WCBs.

As shown in Fig. 1.3, the MCB is periodically expanded to derive a new WCB
that may have coverage for several years. Each WCB, like the MCB, is further
characterized using a similar panel of tests to assure the purity and safety of the cells
(e.g., karyotype, animal tumorigenicity, clonality, morphology, productivity,
absence of extraneous agents, etc.) for vaccine manufacturing.

The MCB is established at a specific population doubling level (PDL) that
represents the number of generations (doubling) from a determined point in time.
This represents the first tier (Tier I) of the cell banking system. Subsequently, the
MCB is expanded to prepare one or more WCB lots at a defined PDL (Tier II).

Master Cell Bank

Manufacturers
Working Cell Bank

Lot #1

Virus
Lot #1

Cell Expansion

Control
Cells

Manufacturers
Working Cell Bank

Lot #N

Cell Expansion

Cell Expansion

Cell Expansion

Cell Expansion

Cell Expansion

Cell Expansion

Cell Expansion

Cell Expansion

Cell Expansion

Virus
Lot #N

Control
Cells

Tier I
MCB
PDL 1

Tier II
WCB

PDL 1+n

Vaccine 
Production

PDL 
Manufacturing
Maximum (EOP)

Fig. 1.3 Vaccine manufacturing using a two-tiered cell banking system
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The WCB is used to manufacture multiple lots of vaccine (control cells and bulk) at
a specified maximum PDL, termed the end-of-production (EOP) cells.

For testing purposes, the MCB should be expanded to the maximum PDL at
which the cell line would be used for vaccine manufacturing, termed EOP cells
(European Pharmacopoeia (Ph. Eur.), EP 5.2.3; FDA Guidance for Industry 2010).
The EOP cells are characterized to demonstrate the stability of cell substrate and
confirm the absence of extraneous agents that might be present in the MCB. Based
on the historical safety performance of human diploid cell lines (MRC-5, WI-38,
FRhL-2), concern regarding tumorigenicity is not considered relevant for these cell
substrates (FDA Guidance for Industry 2010; United States Pharmacopeia and The
National Formulary, USP <1235>).

1.5.3 Control Cells

As shown in Fig. 1.3, the WCB is expanded and used for manufacture of each batch
of the drug substance. At the time of the final cell expansion or virus infection, a
number of production vessels (e.g., roller bottles or flasks) are reserved as control
(uninfected) cells (European Pharmacopoeia (Ph. Eur.), EP 2.6.16. Tests for
Extraneous Agents in Viral Vaccines for Human Use; United States Pharmacopeia
and The National Formulary, USP <1235>). The control cells continue to be
handled and maintained under conditions that are identical to those used in the
vaccine virus production. However, the cells are monitored (visually and micro-
scopically) to be free of extraneous agents (absence of cytopathic effects), they are
subsequently specifically tested to be free of hemadsorbing viruses (absence of
hemadsorption to the cells or hemagglutination using the culture medium), and they
may be used for cell line identity testing. The culture medium used for the control
cells is further evaluated in safety tests. The (direct) tests of the control cells and the
culture medium are listed in Table 1.4.

It should be noted that in the manufacture of vaccines using primary cells
(e.g., chick embryo cells from embryonated eggs, Sect. 1.5.1) control cells are also
prepared and evaluated for the absence of extraneous agents. In both cell substrate
systems, control cells function as sentinel indicators for extraneous agent(s) intro-
duction during manufacturing of the virus stock seed lots and each bulk vaccine lot.

1.5.4 Analytical Testing Methods for Cell Substrates

Typically, the MCB and WCB are tested for extraneous adventitious agents to
ensure their safety for use in vaccine production. The control cells are tested with
each vaccine virus lot to further assure that no extraneous agents have been
introduced during manufacturing, and to confirm the identity of the cell substrate
(where multiple cell lines are used in a multi-product manufacturing site).
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Some of the agents and testing methods used to confirm their absence and other
safety and purity tests performed on the various cell substrate intermediates are
listed in Table 1.4. It should be noted that not all tests are applicable for all cell
substrates, and that during the course of product life-cycle management (which can
last for several decades), regulatory requirements will evolve to assure continuous
improvement in product safety. Some of these analytical tests are also described in
further detail in other chapters (e.g., safety testing).

The following descriptions of the routine analytical assays for MCB and WCBs
illustrate both the complexity of the methods and the focus on safety testing that
ensure the final quality of the vaccine product.

The requirements for these tests are described in various compendial chapters of
the US Pharmacopoeia National Formulary (USP), European Pharmacopoeia (EP),
British Pharmacopeia (BP), in statutory requirements of the US Code of Federal
Regulations (CFR), Japanese Minimum Requirements for Biological Products
(MRBP), and/or recommendations by relevant authorities (US Food and Drug
Administration (FDA), European Medicines Agency (EMA), World Health
Organization (WHO). Many tests are required of all live attenuated viral vaccines
(e.g., identity, sterility), while others are specific to a particular vaccine product
(e.g., absence of porcine agents).

Table 1.4 Routine analytical methods for master cell bank, working cell bank, control cells, and
end-of-production (EOP) cells

Test MCB WCB Control
cells

EOP

Identity + + + +

Sterility (bacterial and fungal) + + + +

Mycoplasma/Spiroplasma + + + +

Mycobacterium + + – +

Cytopathic effects (CPE) and hemadsorption/
hemagglutination

– – + –

In vitro tests for adventitious agents + + + +

In vivo tests for adventitious agents + + + +

Bovine viruses (if applicable) + + + +

Porcine viruses (if applicable) + + + +

Retroviruses/retrovirus elements + – – +

Specific agents + + – –

Transmission electron microscopy + – – +

Induction of antibodies to selected agents: MAP,
HAP, RAP (if applicable)

+ – – –

Tumorigenicity + – – +

Oncogenicity – – – +
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1.5.4.1 Identity

Cell line identity tests are performed on cells used and generated in manufacturing.
Testing provides assurance that the cell line used for vaccine manufacturing (MCB,
WCB) is correct, and it is an important consideration in facilities using multiple cell
lines. Testing methods include karyology, isoenzyme (e.g., lactate dehydrogenase,
glucose phosphate isomerase) analyses, and nucleic acid-based technologies such as
polymerase chain reaction and nucleotide sequence analysis (European Pharma-
copoeia (Ph. Eur.), EP 5.2.3; FDA Guidance for Industry 2010; US Code of Federal
Regulations 21 CFR § 610.18).

1.5.4.2 Sterility (Bacterial and Fungal)

Testing for the absence of microbial (bacterial and fungal) organisms is performed
on cells generated and used in manufacturing. This test assures that no cultivatable
microorganisms are present in the cell bank using microbial culture media and
conditions (temperature, aerobic, anaerobic, length of incubation) that are com-
pendial or accepted by regulatory authorities (European Pharmacopoeia (Ph. Eur.),
EP 2.6.1; United States Pharmacopeia and The National Formulary, USP <71>; US
Code of Federal Regulations 21 CFR § 610.12).

1.5.4.3 Mycoplasma/Spiroplasma

Testing for the absence of mycoplasma, a common contaminant of cell culture, is
performed on cells generated and used in manufacturing. This testing method
assures that no cultivatable microorganisms are present in the cell bank using direct
microbial culture (e.g., in media known to be capable of cultivating Mycoplasma
using agar and broth media) and also in an indicator cell culture using conditions
(culture medium, temperature, aerobic, anaerobic, length of incubation) that are
compendial or accepted by regulatory authorities (Chen 1977; European Pharma-
copoeia (Ph. Eur.), EP 2.6.7; United States Pharmacopeia and The National For-
mulary, USP <63>; US Code of Federal Regulations 21 CFR § 610.30).

1.5.4.4 Mycobacterium (if Applicable)

Cell banks (MCB and WCB) and cells that have been propagated at or beyond EOP
should be tested for the absence of Mycobacteria.

The testing method uses three different culture media (two solid media and one
liquid medium) and incubation for at least 56 days under conditions that are
accepted by regulatory authorities. A portion of the test article is spiked with a
positive control (reference) strain of Mycobacterium tuberculosis to ensure validity
of the test (European Pharmacopoeia (Ph. Eur.), EP 2.6.2; Siddiqi et al. 1981).
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1.5.4.5 Cytopathic Effects (CPE) and Hemadsorption/
Hemagglutination

Testing is performed on control cells generated and used in manufacturing. The
cells are assessed microscopically for the presence of cytopathic effects (CPE)
indicating the potential for virus contamination (Albrecht et al. 1996; European
Pharmacopoeia (Ph. Eur.), EP 2.6.16; FDA CBER/FDA 1993; Hotchin et al. 1958;
United States Pharmacopeia and The National Formulary, USP <1237>). In addi-
tion, cell monolayers are directly tested for hemadsorption or cell lysates by
hemagglutination testing to demonstrate the absence of noncytopathic viruses that
contain hemagglutinin (proteins that bind erythrocytes) (Hahon et al. 1973).

While CPE may be assessed in real time during LVV manufacturing by
microscopic observation, hemadsorption/hemagglutination is performed at the end
of vaccine production or a minimal period of time post-infection (e.g., 14 days after
addition of the vaccine virus seed).

The hemadsorption/hemagglutination assay is performed at two different tem-
peratures (e.g., 2–8 °C and room temperature) using erythrocytes (e.g., guinea pig,
chicken, human type O, or monkey), buffers, culture media, and conditions of
incubation that are compendial or accepted by regulatory authorities.

1.5.4.6 In Vitro Tests for Adventitious Viruses

In vitro testing for the absence of adventitious viruses is performed on cells used and
generated in manufacturing. In vitro cell safety testing may include inoculation of

• cell monolayer cultures of the same species and tissue type as that used for
production of the cell bank;

• cell monolayer cultures of human diploid cells; and
• cell monolayer cultures of monkey kidney cells.

The inoculum consists of cell lysates and their culture medium, and testing
conditions (length of incubation, blind passage, etc.) that are compendial or
accepted by regulatory authorities are used (European Pharmacopoeia (Ph. Eur.),
EP 2.6.16; FDA CBER/FDA 1993; United States Pharmacopeia and The National
Formulary, USP <1237>). Evaluation consists of verifying the absence of CPE or
hemadsorption (guinea pig, chicken and human or rhesus monkey erythrocytes) at
specific temperatures. Unlike the in vivo testing methods, larger volumes can be
tested over multiple culture vessels.

1.5.4.7 In Vivo Tests for Adventitious Viruses

In vivo testing for the absence of adventitious viruses is performed on cells used
and generated in manufacturing. In vivo adventitious agent testing includes inoc-
ulation of adult and suckling mice and inoculation of embryonated chicken eggs
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(allantoic and yolk sac). Additionally, in some cases, alternate animal species
including guinea pigs and rabbits are used. The inoculum consists of cell lysates
and their culture medium, and testing conditions (animal numbers, length of
incubation, blind passage, etc.) that are compendial or accepted by regulatory
authorities are used (European Pharmacopoeia (Ph. Eur.), EP 2.6.16; FDA CBER/
FDA 1993; United States Pharmacopeia and The National Formulary,
USP <1237>).

1.5.4.8 Bovine Viruses (if Applicable)

Testing for the absence of bovine viruses is performed on cells used and generated
in manufacturing. As bovine serum (fetal or calf) is commonly used for the
maintenance of cell monolayers used in vaccine manufacturing as a growth sup-
plement, the potential introduction of bovine adventitious agents is of concern.
Even if bovine serum supplemented culture media has been replaced with an
alternate animal-free culture medium, previous cell exposure to bovine serum is
likely to have occurred historically for the cell substrates currently approved for
vaccine manufacturing (e.g., MRC-5, WI-38, Vero).

The inoculum consists of cell lysates and their culture medium, and testing
conditions accepted by regulatory authorities are used. Cells used for testing include
Vero and bovine (turbinate) cells. Evaluation consists of verifying the absence of
CPE, testing for hemadsorption (guinea pig and chicken erythrocytes) at specific
temperatures, and immunofluorescent staining for specific bovine agents (United
States Pharmacopeia and The National Formulary, USP <1237>).

Currently, there is no acceptable method to test for bovine spongiform
encephalopathy (BSE), a form of transmissible spongiform encephalopathy (TSE).
Control to reduce the potential risk of BSE is accomplished through monitoring of
source herds, geographic sourcing risk reduction, animal tissue harvesting practices,
and a careful risk assessment of the vaccine manufacturing processes (European
Pharmacopoeia (Ph. Eur.), EP 5.2.8).

1.5.4.9 Porcine Viruses (as Applicable)

Testing for the absence of porcine viruses is performed on cells used and generated
in manufacturing. As porcine-derived trypsin is commonly used for the preparation
(detachment) of cell monolayers used in vaccine manufacturing, the potential
introduction of porcine adventitious agents is of concern. Even if porcine trypsin has
been replaced with an alternate plant or recombinant enzyme, previous cell exposure
to porcine trypsin is likely to have occurred historically for the cell substrates cur-
rently approved for vaccine manufacturing (e.g., MRC-5, WI-38, and Vero).

The inoculum consists of cell lysates and their culture medium, and testing
conditions accepted by regulatory authorities are used. Cells used for testing include
Vero and porcine (testes or lung) cells. Evaluation consists of verifying the absence
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of CPE, testing for hemadsorption (guinea pig and chicken erythrocytes) at specific
temperatures, and immunofluorescent staining for specific porcine agents (United
States Pharmacopeia and The National Formulary, USP <1237>).

1.5.4.10 Retroviruses/Retrovirus Elements (if Applicable)

Retrovirus elements may need to be assessed as described in Sects. 1.5.4.11 and
1.5.4.15.

1.5.4.11 Specific Agents (if Applicable)

Testing for the absence of specific agents may be required and is performed on cells
used and generated in manufacturing (European Pharmacopoeia (Ph. Eur.), EP
5.2.3; United States Pharmacopeia and The National Formulary, USP <1237>). For
currently approved vaccines, this type of assessment has been used for resolving
safety concerns that emerged post-marketing for chick embryo cell-derived vac-
cines (measles, mumps, and yellow fever) and Vero cell-derived vaccines
(rotavirus).

The assessment of retroviruses (Lander and Chattopadhyay 1984; Weissmahr
et al. 1997), endogenous avian viruses (EAV), and endogenous avian leucosis
viruses (ALV; European Pharmacopoeia (Ph. Eur.), EP 2.6.24) in chick embryo-
derived vaccines (measles, mumps, and yellow fever) was included following the
detection of reverse transcriptase (RT) in the vaccine products using a highly
sensitive RT assay (PCR-based enhanced RT assay or PERT) (Boni et al. 1996;
Maudru and Peden 1998). While RT activity was determined to be present using
PERT, no evidence was observed for ALV or EAV infection in recipients of the
vaccines. The vaccines were deemed safe for continued use as their historical safety
and public health benefit were deemed more significant relative to theoretical risks
(Shahabuddin et al. 2001; Vesikari 2012).

The assessment of porcine circovirus type-1 (PCV-1) and type-2 (PCV-2) in
Vero cell-derived vaccines (rotavirus) was performed following the detection of
PCV DNA in the vaccine products using a nucleic acid technology (massive par-
allel sequencing, MPS), and PCR (Dubin et al. 2013; Victoria et al. 2010). While
PCV DNA was determined to be present using MPS, and replication competent
virus was found in one of the two major vaccines assessed (Rotarix), no evidence
was observed for PCV infection in recipients of the vaccines. The vaccines were
deemed safe for continued use (European Medicines Agency 2010; Kuehn 2010;
World Health Organization 2010).
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1.5.4.12 Transmission Electron Microscopy (TEM)

The presence of latent DNA viruses and endogenous retroviruses can be assessed
by chemical induction followed by detection of induced viruses using transmission
electron microscopy (TEM) and determining whether virus particles are present
(European Pharmacopoeia (Ph. Eur.), EP 5.2.3; Khan et al. 2009; United States
Pharmacopeia and The National Formulary, USP <1237>). It is recommended that
multiple chemical inducers that have different mechanisms of action be used to
demonstrate that the MCB is free of extraneous agents. While these methods are
sensitive at the individual cell level, they should be coupled with other nucleic acid
technologies (e.g., PCR) to improve the specificity and sensitivity to identify spe-
cific agents (Khan et al. 2009).

1.5.4.13 Induction of Antibodies to Selected Agents: MAP, HAP, RAP
(if Applicable)

Mouse, hamster, and rat antibody production (MAP, HAP, RAP) testing is an
in vivo method for inducing an immunological response to potential extraneous
murine viral contaminants that might be present in the MCB (ICH, Q5A(R1) 1997;
ICH, Q5D 1997; United States Pharmacopeia and The National Formulary, USP
<1237>). This assay is performed on MCB where there is concern that a murine
contaminant may be present.

Animals are inoculated multiple times with MCB cell lysates to induce antiviral
antibodies, and serum is harvested after four weeks. The serum is then assessed
using appropriate immunoassay(s) and conditions accepted by regulatory authori-
ties to determine whether an immune response to targeted (extraneous) agents
occurred.

1.5.4.14 Tumorigenicity

Prior to 2000, only cells that were shown to be nontumorigenic were used for the
manufacture of live attenuated virus vaccines. Currently, diploid cells (MRC-5,
WI-38, and FRhL-2) are considered well-characterized and nontumorigenic (FDA
CBER/FDA 1993; FDA Guidance for Industry 2006; US Code of Federal
Regulations 21 CFR § 610.18); however, Vero cells and new novel cell lines
(e.g., MDCK cells, modified Vero cells) must be assessed for their tumorigenic
potential (Onions et al. 2010). Since live attenuated virus vaccine drug products are
not rigorously purified, the potential that intact cells, derived from the manufac-
turing substrate, could be inoculated into a vaccine recipient is of concern.

While in vitro tests for tumorigenicity (e.g., colony formation in soft agar gels,
invasive cell growth in organ culture, or transformation activity for active onco-
genes) may be acceptable to regulatory authorities, the preferred (gold standard)
testing method consists of in vivo testing of cells used and generated in
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manufacturing that have been propagated at or beyond the maximum PDL intended
for use in manufacturing, referred to as the EOP (European Pharmacopoeia
(Ph. Eur.), EP 5.2.3; FDA Guidance for Industry 2010).

Suitable animal systems include athymic (nude) mice and nude rats. Newborn
mice, newborn rats, or newborn hamsters that have been thymectomized or treated
with anti-thymocyte immunoglobulin, or irradiated mice that have been reconsti-
tuted with bone marrow from healthy mice can be used. Typically, tumor incidence
is assessed using 107, 105, 103, and 101 cells per animal as the inoculum (injected
intramuscularly or subcutaneously). A positive (reference) tumorigenic cell control
such as HeLa or HEp-2 cells is required. At least 10 animals per group are observed
for tumor incidence (i.e., tumor frequency and deaths) for up to 12 weeks (with a
3 week intermediate assessment of 50 % of the animals).

1.5.4.15 Oncogenicity (if Applicable)

As noted in Sect. 1.5.2, diploid cells (MRC-5, WI-38, and FRhL-2) are considered
well-characterized and nontumorigenic (European Pharmacopoeia (Ph. Eur.), EP
5.2.3; United States Pharmacopeia and The National Formulary, USP <1237>). As
nontumorigenic, these cells would also be considered free of oncogenic compo-
nents (e.g., active retroviral agents or oncogenes) that could contaminate the vac-
cine product.

Vero cells and other new novel cell lines (e.g., PER.C6, MDCK cells, modified
Vero cells) that have been immortalized (grow continuously in cell culture without
senescence) must be assessed for their oncogenic potential in vivo (EP 5.2.3; United
States Pharmacopeia and The National Formulary, USP <1237>). Since live
attenuated virus vaccine drug products are not rigorously purified, the potential that
cellular components (specifically DNA and protein), derived from the manufac-
turing substrate could be inoculated into a vaccine recipient is of concern. In
particular is the risk that oncogenic transformation might occur following inte-
gration of a dominant oncogene or introduction of DNA that could be infectious or
generate an infectious agent (e.g., retroviral DNA).

There are no validated methods for oncogenicity testing of cells that are accepted
by the regulatory agencies; however, it is required that evaluation of the oncoge-
nicity of host cell DNA and cell lysates be completed in vivo. The design of the
testing method includes use of purified cellular DNA from cells representative of
the cells used and generated in manufacturing that have been propagated at or
beyond EOP (see Sect. 1.5.2).

The oncogenic and infectious risk of DNA is primarily addressed by lowering
the amount of DNA, decreasing the size of the DNA (by digestion with nucleases,
e.g., benzonase), and/or by reducing the activity of the DNA (by chemical treatment
or gamma irradiation).
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1.6 Biologics CMC: Manufacturing Virus Seeds

The vaccine virus seed lot system, like the cell banking system, ensures adequate
supply of well-characterized virus seeds that can last through the product life cycle
or across multiple products. Generally, a two-tiered seed lot system is used, which
consists of a Master Virus Seed (MVS) and a manufacturer’s Working Virus Seed
(WVS) as shown in Fig. 1.4. The MVS is periodically expanded to derive a new
WVS that may have coverage for several years. The WVS is used for manufacture
of each batch of the drug substance. For products which do not use two-tiered seed
lot systems, the MVS is used for manufacture of each batch of the drug substance.

Generally, virus seeds are not purified significantly, as they are starting materials
for manufacturing new WVS seeds (MVS to make WVS) or bulk vaccine harvests
(WVS to make drug substance). The MVS and WVS may consist of infected cell
lysates, tissue culture supernatants, or allantoic fluids.

The MVS is prepared from a progenitor pre-seed that may represent a clinical
isolate that has been passaged for attenuation or a reassortant virus and represents
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Lot #1

Working Virus Seed
Lot #N
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Bulk Vaccine 
Produc on

Final Fill
Vaccine 
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Fig. 1.4 Vaccine manufacturing using a two-tiered seed lot system
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the first tier of the seed lot system. The MVS is used to prepare one or more WVS
lots at a defined passage level. The WVS is then used to manufacture multiple lots
of monovalent vaccine bulk at a specified maximum virus passage level. The
monovalent bulk represents single or multiple collections termed harvested virus
fluids (HVF).

The MVS is extensively characterized. Because this virus seed is the most
proximal to the introduction of any historically derived extraneous agents, it defines
the characteristics of vaccine product (e.g., genotype, phenotype, attenuation,
antigenic properties, etc.). It is also the progenitor for all subsequent WVSs. In
addition, the MVS may be passaged beyond the level that would be used for
vaccine manufacturing and evaluated to demonstrate genetic/phenotypic stability.

Typically, MVSs and WVSs are fully characterized focusing on safety, absence
of extraneous adventitious agents, and biological stability (genetic and phenotypic)
(European Pharmacopoeia (Ph. Eur.), EP 5.2.3; United States Pharmacopeia and
The National Formulary, USP <1235>). Extraneous agents may have been intro-
duced during: (1) virus isolation that might have been present in the original clinical
isolate; (2) successive passaging for attenuation (e.g., introduced by the cell sub-
strate or raw materials used for virus growth); or (3) during virus rescue of atten-
uated reassortants [whether naturally (rotavirus) or recombinantly (influenza)].

Many of the tests (purity and safety) are identical to those performed on the cell
banks. However, because these materials contain infectious virus, specific high
potency antivirus (seed) antiserum is required to completely neutralize the seed
virus from replicating during some safety testing, as some of the methods use
permissive substrates (e.g., in vitro cell culturing, animal testing) that would con-
found the interpretation of the result should unneutralized seed virus replicate.

In addition, the antiserum used in these assays must be derived from virus
propagated in a substrate that differs from the substrate used in vaccine manufac-
turing (European Pharmacopoeia (Ph. Eur.), EP 2.6.16; FDA Guidance for Industry
2010). This is to ensure that neutralization of virus replication is due to virus-
specific antibodies, and not antibodies that might be derived from the substrate used
for virus preparation.

The manufacturing processes for the MVS and WVS are similar to the process
used for drug substance manufacturing. Generally, they are starting materials that
will be used for the entire product life cycle, which may last decades, and
accordingly, they are characterized more extensively for safety and absence of
extraneous agents.

1.7 Biologics CMC: Drug Substance

Vaccine manufacturing occurs in a complex biological substrate with minimal
downstream processing to prepare the drug substance. The quality attributes that are
required for the product are in part controlled using well-characterized cell sub-
strates and virus stock seeds, raw materials with minimal or no animal-derived
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products, manufacturing consistency and controls, and extensive safety testing of
the drug substance.

Cell culture preparation and expansion requires the seeding of cell suspensions
into appropriate culturing vessels/bioreactors. The cells may be harvested from
primary tissues (e.g., chick embryos), or they may be cryopreserved cells from a
WCB. The cells are allowed to grow to some degree of confluency and are used
either directly in vaccine manufacturing, or detached and expanded through one or
more expansion steps to scale up the substrate to a suitable manufacturing level.

When the cell substrate is at manufacturing scale, the cells are infected with a
WVS under conditions that allow the vaccine virus to replicate to levels suitable for
harvesting. At a specified time post-infection (usually days), the virus is harvested
from the cell culture vessels/bioreactors. In some instances, the harvested material
represents infected biological fluids (e.g., allantoic fluids from embryonated eggs,
or culture medium from bioreactors) and/or cell substrates. If whole cells are har-
vested, they may subsequently be disrupted to release the vaccine virus. Regardless
of their source, these fluids are referred to as bulk HVF. The harvests may be
pooled, clarified to remove intact cells (e.g., through filtration or centrifugation),
and frozen. Alternatively, straight-through processing (STP) of the pooled HVF
into downstream purification steps may occur.

When the cell substrate is at manufacturing scale during the manufacturing of a
vaccine drug substance lot, a portion of the lot is segregated and maintained as
uninfected control cells (see Sect. 1.5.3). The control cells are cultured in parallel
with the vaccine production vessels (e.g., fed with the same medium, rinsed with
the same buffers) and are harvested similarly to the production vessels. They are
monitored through production for the absence of any cytopathogenic effects, and at
the end of manufacturing, the control cells are processed and tested in parallel with
the drug substance for the absence of extraneous agents (see Sect. 1.5.4).

If the HVF intermediates are stored frozen, they may subsequently be pooled
with additional harvests from the same batch that are harvested later in a multi-
harvest product. The HVF are generally sampled for potency testing and for critical
safety assays.

Pooling and purification may be simple (i.e., no significant downstream pro-
cessing other than clarification and aseptic processing) or complex (e.g., ultracen-
trifugation, detergent solubilization, sonication, Benzonase® treatment, tangential
flow filtration (TFF)). The resulting material, which may be sterile filtered or not
(with aseptic processing), becomes the vaccine drug substance. It should be noted
that regardless of the complexity of the pooling and purification, an essential step is
the removal of any intact viable cells by clarification and/or other process steps. The
absence of intact viable cells is generally determined using microscopic observation
of appropriate samples at the HVF or pooling steps of drug substance manufacturing.

Manufacturing process residuals and impurities are monitored in the drug sub-
stance (or drug product) to assure that the levels received by the end recipient will
meet regulated specifications (United States Pharmacopeia and The National For-
mulary, USP <1235>). As viral vaccine drug substances generally have high
vaccine virus potency and subsequent dilution to the drug product potency may be
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significant, measurement of process residuals is best obtained from testing of the
drug substance rather than the final container (drug product).

The drug substance is low stored at temperatures (e.g., < −60 °C) in containers
that ensure its stability for months to years and monitored to demonstrate that it will
maintain the required quality attributes so that it can be diluted appropriately into
the drug product.

1.8 Biologics CMC: Drug Product

Preparation of the vaccine drug product uses a final formulated bulk which can
consist of a monovalent drug substance (e.g., monovalent varicella vaccine),
mixtures of drug substances manufactured from different virus serotypes/subtypes
(e.g., adenovirus, rotavirus, and influenza vaccines), or mixtures (combinations) of
drug substances manufactured from different viruses (e.g., measles, mumps, rubella,
and varicella into a quadrivalent vaccine). The final formulated bulk is prepared
with stabilizing excipients and/or buffers, and it is subsequently filled into the final
container (e.g., vial, syringe, sprayer, oral dispensing tube). While most live virus
vaccines products are lyophilized (e.g., in vials), some products may be distributed
as a liquid product (e.g., influenza in sprayers, rotavirus in dispensing tubes).

As the drug products are generally administered parenterally, sterility of the drug
product and container closure integrity throughout the product shelf life are
essential quality standards. After filling, the final containers are labeled and stored
until tertiary packaging may occur. Tertiary packaging includes assembly of the
final container with the package insert and packaging into trays, boxes, or cartons.

Since LVV products require virus replication in order to induce immunity, the
potency assay for an LVV provides a surrogate to the vaccine’s mechanism of
action in humans. Figure 1.5 shows a model for understanding the relationship
between the drug product release specifications and the dose claim. The Minimum
Release Potency of the drug product is sufficient to allow for loss of virus potency
across the manufacturing process, packaging and transport, during storage pre-
distribution and post-distribution, and following reconstitution or handling at
ambient temperature. This ensures that the dose claimed for inducing immunity
(dose claim) is maintained across the product shelf life (e.g., 2 years at 2–8 °C for
measles, mumps, rubella vaccines).

In Fig. 1.5, the y-axis represents potency and the x-axis is time. Provided that the
drug substance potency is sufficient to manufacture the drug product, the drug sub-
stance is diluted to a target potency that accounts for process loss, process variability,
and assay variability. This value minimizes the risk that the product does not meet a
minimum release specification or exceed a maximum release specification.

The upper safety specification represents the measured potency for the highest
dose (determined with a clinical lot) which was found to be safe in a clinical study.
This may be higher than the maximum release specification as shown in Fig. 1.5, or
alternatively it could be identical to the maximum release specification.
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To determine the minimum release potency, specification three pieces of
information are needed: (1) the dose claim (minimum effective dose); (2) the final
container stability data across the product shelf life (shaded area in Fig. 1.5); and (3)
an assay variability (uncertainty) term. The dose claim is the measured potency for
the lowest dose found to be efficacious in a clinical study. The dose claim is not the
minimum release specification, since live virus vaccines tend to lose potency over
their shelf life.

To establish the minimum release specification, the end expiry dating accounts
for the variability of the potency assay (uncertainty) and the shelf life potency decay
slope. The stability loss is derived from stability data measured on typical pre-
licensure lots during development.

Figure 1.5 illustrates potency (y-axis) loss over time (x-axis) for a model vaccine
drug product due to the manufacturing process and post-production conditions. The
potency specifications ensure that the delivered dose (to the vaccinee) meets the
dose claim over the intended shelf life (shaded area) of the vaccine product.

1.9 Biologics CMC: Analytical Testing Methods of Seeds,
Intermediates, Drug Substance, and Drug Product

1.9.1 Analytical Considerations for Virus-Containing
Materials

Typically, MVS, WVS, HVF, drug substance, and drug product analytical methods
are focused on safety and absence of extraneous adventitious agents (European
Pharmacopoeia (Ph. Eur.), EP 5.2.3, United States Pharmacopeia and The National

Min. Release Specification

Dose Claim

Target Potency

Packaging & Transport
Stability Loss Pre-distribution
Stability Loss Post-distribution
Assay Variability

Formulation Process Loss
Filling Process Loss
Lyophilization Loss
Assay Variability 

Uncertainty

Drug Substance Potency

Max. Release Specification

Upper Safety Specification

End-Expiry

Drug Substance 
Stability (e.g. -70 

o
C)

Time

P
o

te
n

cy

Shelf Life
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Formulary, USP <1235>). Many of the purity and safety tests are identical to those
performed on the cell banks. However, because these materials contain infectious
virus, specific high potency antivaccine virus antiserum is required to completely
neutralize the virus component from replicating during some safety testing, as some
of the methods use permissive substrates (e.g., in vitro cell culturing, in vivo animal
testing) that would confound the interpretation of the result should the drug sub-
stance vaccine virus replicate.

In addition, the antiserum used in these assays must be derived from virus
propagated in a substrate that differs from the substrate used in vaccine manufac-
turing. This is to ensure that neutralization of virus replication is due to virus-
specific antibodies, and not antibodies that might be derived from the substrate used
for virus preparation (European Pharmacopoeia (Ph. Eur.), EP 2.6.16; FDA
Guidance for Industry 2010).

Another consideration for sterility testing is associated with manufacturing
processes that use antibiotics as a supplement to the culture medium (e.g., neo-
mycin, gentamicin). In these cases, testing for microbial (bacterial and fungal)
organisms requires filtration and testing of the filter for retained cultivatable
organisms.

1.9.2 Analytical Methods

The routine analytical methods used for testing virus-containing products and
intermediates (MVS, WVS, HVF, drug substance, and drug product) are listed in
Table 1.5. The requirements for these tests are described in various compendial
chapters of the US Pharmacopoeia National Formulary (USP), European Pharma-
copoeia (EP), British Pharmacopeia (BP), in statutory requirements of the US Code
of Federal Regulations (CFR), Japanese Minimum Requirements for Biological
Products (MRBP), and/or recommendations by relevant authorities (US Food and
Drug Administration (FDA), European Medicines Agency (EMA), World Health
Organization (WHO)). Many tests are required of all live attenuated viral vaccines
(e.g., identity, sterility), while others are specific to a particular vaccine product
(e.g., absence of porcine agents). Some of these analytical tests are also described in
further detail in other chapters (e.g., safety testing).

1.9.2.1 Potency

All live viral vaccines use infectivity assays to measure potency. The method may
be quantal (median cell culture infectious dose, CCID50, median tissue culture
infectious dose, TCID50, median egg infectious dose, EID50) or quantitative
(plaque forming assay, fluorescence focus assay, quantitative polymerase chain
reaction). These assays are cell-based assays, which measure the replication
(TCID50 and Plaque Assay) or infectivity (FFA) of the vaccine virus component.
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Table 1.5 Typical analytical methods for many master virus seed (MVS), working virus seed
(WVS), harvested virus fluids (intermediate), drug substance, and drug product

Tests MVS WVS HVF Drug
substance

Drug
product

Vaccine virus

Potency/infectivity + + + + +

Identity + + – + +

Thermal stability – – – – +

Attenuation (influenza) + + – + –

Genotype (influenza, poliovirus) + + – + –

Phenotype (influenza) + + – + –

Neurovirulence + + – –
a

–

Total Particle (qPCR, TEM)b + + – + –

Purity and safety

Sterility (bacterial and fungal) + + + + +

Mycoplasma/Spiroplasma + + – + –

In vitro tests for adventitious
agents

+ + – + –

In vivo tests for adventitious
agents

+ + – + –

Intact cell assay – – – + –

Bioburden (if applicable) + + + – –

Mycobacterium (if applicable) + + – + –

Bovine viruses (if applicable)c + + – + –

Porcine viruses (if applicable)c + + – + –

Specific agents (if applicable)c + + – + –

RT assay (if applicable) + + – + –

Manufacturing process residualsd

Bovine serum (if applicable) – – – + –

Egg ovalbumin (if applicable) – – – + –

Antibiotics (neomycin,
gentamicin)

– – – + –

Total protein (yellow fever,
smallpox)

– – – + –

Residual benzonase (influenza,
rotavirus)

– – – + –

Residual host cell DNAb
– – – + –

Residual host cell proteinb – – – + –

Product specific

Color and/or appearance – – – + +

Endotoxin – – – – +

General safety testing – – – – +

Osmolality – – – – +
(continued)
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For combination and polyvalent drug products, further complexity is introduced
in the analytical methods. For potency assays, neutralization of all virus components,
except the virus component being measured may be required. Thus, measurement of
the measles virus potency in the trivalent measles, mumps, and rubella vaccine
requires neutralization of the mumps and rubella components. For some products
(e.g., influenza and rotavirus), neutralization is not required, and detection of each
component is determined using virus-specific analytical reagents (e.g., virus-specific
immunostaining for influenza, polymerase chain reaction (PCR) amplification with
primer-probes designed for serotype specific analysis for rotavirus).

Potency: CCID50, TCID50, EID50, and Mouse LD50 Assay

In quantal assays, infectivity (adenovirus, poliovirus, measles, mumps, rubella,
rotavirus, yellow fever virus) is estimated by infecting multiple units of a permis-
sive substrate (e.g., 3–8 eggs or 6–12 cell culture wells) with the test inoculum. The
test inoculum is serially diluted (e.g., four-, five-, or tenfold), and each dilution is
used to infect an identical number of substrate units. The infectivity titer is then
calculated based on the amount of inoculum that is required to infect 50 % of the
substrate units (e.g., 4/8 eggs or 4/8 cell culture wells) (Daelemans et al. 2011;
LaBarre and Lowy 2001; Umino et al. 1990; Yeolekar and Dhere 2012).

For cell culture assays, infectivity is measured by direct microscopic observa-
tions of CPE that result from virus replication, or by using a secondary staining of
cells (e.g., a vital stain to determine infected wells or an immunostain to detect virus
antigen expression). For substrates such as eggs, the allantoic fluids are tested in a
hemagglutination (HA) assay to determine virus replication.

Table 1.5 (continued)

Tests MVS WVS HVF Drug
substance

Drug
product

pH – – – – +

Moisture content (lyophilized
products)

– – – – +

a Limited number (e.g., four) of drug substance consistency lots (first lots manufactured to
demonstrate manufacturing process control and consistency). Monovalent poliovirus bulks are
tested for neurovirulence
b Assay is used for characterization (c) in support of licensure
c Testing for the absence of these agents may use the control cells (see Sect. 1.5.3) rather than the
drug substance
d Most process residuals are present at very low quantities that make assays impractical to measure
them in the final product due to dilution of the drug substance. However, the specifications are
implemented on the final product dose
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Yellow fever vaccine was originally licensed using a median mouse lethal dose
(mouse LD50). That represents the quantity of virus that will produce fatal
encephalitis in 50 % of susceptible mouse strains following intracerebral inocula-
tion (Theiler and Smith 1937). While this assay is still relevant, potency is now
determined using a plaque assay that has been validated to give the equivalent
infectious potency as the mouse LD50 (European Pharmacopoeia (Ph. Eur.) EP
monograph 01/2013:0537).

Potency: Plaque Assay

The plaque assay (smallpox, varicella, yellow fever) is a quantitative cell-based
infectivity assay that measures virus particle replication and spread (plaque for-
mation). Typically, the test inoculum is serially diluted (e.g., four-, five-, or tenfold)
and each dilution is used to infect multiple (e.g., 2–4) replicate wells/dishes of the
permissive cell substrate. After an appropriate length of incubation (e.g., 6–7 days
post-infection), the cell monolayers are stained, plaques are counted, and the virus
titers are calculated based on plaque number and dilution (Dulbecco and Vogt
1954).

Potency: Fluorescent Focus Assay (FFA)

The FFA assay (influenza) is a quantitative cell-based infectivity assay that mea-
sures influenza virus particle antigen expression. Typically, the test inoculum is
serially diluted (e.g., four-, five-, or tenfold) and each dilution is used to infect
multiple (e.g., 2–4) replicate wells/dishes of the permissive cell substrate. After an
appropriate length of incubation (e.g., 24-h post-infection), immunostaining (sur-
face glycoproteins HA and NA) is used to identify and enumerate infected cells,
which are counted. The virus titers are calculated based on foci number and dilution
(Yang et al. 1998).

Potency: Multivalent Quantitative RT-PCR Assay (M-QPA)

The M-QPA assay (rotavirus, RotaTeq®) is a quantitative cell-based infectivity
assay that measures rotavirus replication in permissive cells using quantitative RT-
PCR to measure viral RNA relative to a rotavirus reference standard (Ranheim et al.
2005).

In the assay, the test inoculum and pentavalent rotavirus reference standard are
serially diluted and each dilution is used to infect multiple replicate wells of the
permissive (Vero) cell substrate. After an appropriate length of incubation (e.g., 24-
h post-infection), the cells are lysed, and viral RNAs are quantified by RT-QPCR.
The primers and probes used for amplification allow specific quantitation of each
serotype virus in the presence of the other four viruses (Ranheim et al. 2005).
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1.9.2.2 Identity

To assure the identity of the vaccine virus, assays are performed that use specific
antidrug substance antiserum to confirm virus identity (United States Pharmacopeia
and The National Formulary, USP <1235>; US Code of Federal Regulations 21
CFR § 610.14). The identity test generally uses virus neutralization or alternatively
immunostaining with specific antisera. The antiserum used in this assay must be
derived from virus propagated in a substrate that differs from the substrate used in
vaccine manufacturing. In addition, for high potency (titer) materials (e.g., drug
substance), high potency antiserum is required to ensure viral neutralization.

For products that may contain multiple serotypes (e.g., influenza, rotavirus),
molecular genotyping may be used.

1.9.2.3 Thermal Stability

For some LVV products, thermal stability after incubation at a temperature higher
than is recommended for storage is completed (United States Pharmacopeia and
The National Formulary, USP <1235>). The duration of incubation (e.g., hours/
days) and temperature of incubation (e.g., 37 °C) reflect potential real-life excur-
sions that might impact the quality of the product (Brandau et al., 2003). Typically,
drug product potency loss is the measured attribute (e.g., no greater than 0.5 log10
CCID50 loss for poliovirus after incubation at 37 °C for 48 h). The potency loss is
relative to containers stored at the temperature recommended for product storage
(e.g., for poliovirus vaccine, 2–8 °C).

1.9.2.4 Attenuation

To assure the maintenance of attenuation, in vivo testing may be performed (e.g.,
for influenza, poliovirus, yellow fever virus, and smallpox vaccines) to assure that
the master virus seed and drug substance is sufficiently attenuated.

Using influenza as an example, in vivo testing is completed to demonstrate that
virus replication in the lungs is reduced in ferrets. Healthy nonimmune ferrets are
inoculated intranasally and monitored. The dose (potency and volume) used for
inoculation is specific for each virus, and the animals must be observed for clinical
symptoms for specific times post-inoculation (e.g., 3 days). The nasal turbinates and
lungs are harvested at the end of the observation period and homogenized. The
homogenates are then assessed in embryonated eggs for detectable virus titers using
an EID50 assay (see Sect. 1.9.2.1). The virus drug substance is attenuated if rep-
lication occurs in the nasal turbinates and no detectable replication occurs in the
lungs (Belser et al. 2011; Jin et al. 2003, 2004).
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1.9.2.5 Genotype

Since the genetic sequence defines the phenotypic properties of the drug substance
vaccine virus, the stability of the vaccine virus genome is a measure of the main-
tenance of attenuation. Each MVS and WVS may be sequenced in its entirety and
then compared with virus propagated in EOP cells (see Sect. 1.5.2). This approach
is limited as it deduces the vaccine virus genome population consensus nucleotide
sequence, and does not fully measure population mixtures (e.g., genotype mixtures)
or dispersity (e.g., genomic quasi-species) (Poon et al. 2010).

More typically, genotype analysis is restricted to a subset of the genome as it can
be applied to the MVS, WVS, and individual vaccine bulk harvests (drug substance
precursors). In this application, targeted amplicons (e.g., attenuation loci, or
sequence markers for differentiation) from the virus genome are amplified (e.g., RT-
PCR) and then further analyzed by size and restriction fragment polymorphisms
(RFP). This analysis can be quantal, to demonstrate the maintenance and clonality
of the drug substance (e.g., influenza master donor virus segments) or quantitative
to demonstrate the relative abundance of genotypes (e.g., mutant analysis by PCR
and restriction enzyme cleavage, MAPREC, for poliovirus) (European Pharmaco-
poeia (Ph. Eur.), EP monograph 01/2012:0215).

1.9.2.6 Phenotype Stability

Phenotype characteristics of a LVV drug substance are confirmed by phenotype
assays specific for a particular LVV drug substance. For example, phenotype testing
is completed to demonstrate maintenance of cold adaptation (ca) and temperature
sensitivity (ts) of the influenza vaccine virus. These attributes are a measure of virus
growth (at 25 °C, ca) or growth restriction (at 37 °C for B types or 39 °C for A
types, ts) compared to the growth observed at 33 °C. The ts restriction is expected
to reduce virus replication by at least 200-fold (2 log10) at the elevated temperature;
whereas ca allows the virus to grow at the reduced temperature with no less than
200-fold (2 log10) difference from the growth observed at 33 °C (Chen et al. 2006;
Hoffmann et al. 2005; Jin et al. 2003).

1.9.2.7 Neurovirulence

Each MVS and WVS may be required to comply with monkey neurovirulence
testing requirements (European Pharmacopoeia (Ph. Eur.), EP 2.6.18; FDA Guid-
ance for Industry 2010). The purpose of this method is to demonstrate the absence
of neurovirulent properties of the seeds. Historically, nonhuman primates were
used, and only recently have other animal models (e.g., rodents) been assessed as
potential replacement models (Rubin 2011; Afzal et al. 1999).

Healthy nonimmune monkeys that are susceptible to the specific virus
(e.g., Macaca species for yellow fever virus) are inoculated by intracerebral and
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intraspinal routes. The dose (potency and volume) used for inoculation is specific
for each virus, and the animals must be observed for specific times post-inoculation
(e.g., 30 days).

Assessment may include demonstration of viremia (detectable virus in blood to
specific levels) and immunogenicity (assessed by neutralization titers to API) to
assure virus replication has occurred. Neurotropism is assessed by clinical and
histopathological analysis. For most live attenuated viral vaccines, the MVS and
WVS should demonstrate no unexpected clinical or histopathological evidence
attributable to the inoculated virus.

For poliovirus and yellow fever virus, comparison to a reference vaccine strain is
performed, as there is expected histopathological evidence for virus replication
(Levenbook et al. 1987). For these viruses, lesion scores must be comparable to
those of the reference vaccine. For poliovirus, this test (or an alternate test using a
transgenic mouse model) is also required for each monovalent pooled harvest.

1.9.2.8 Total Particles (Characterization)

Characterization of the virus component may include particle numbers and mor-
phology. This is accomplished by direct observation of particles (e.g., cryo electron
microscopy or TEM) or quantitative measurements of genome copy numbers using
nucleic acid technologies (qPCR, van Elden et al. 2001).

1.9.2.9 Sterility (Bacterial and Fungal)

This test assures that no cultivatable microorganisms are present using microbial
culture media and conditions (temperature, aerobic, anaerobic, length of incubation)
that are compendial or accepted by regulatory authorities (European Pharmacopoeia
(Ph. Eur.), EP 2.6.1; United States Pharmacopeia and The National Formulary, USP
<71>; US Code of Federal Regulations 21 CFR § 610.12).

1.9.2.10 Mycoplasma/Spiroplasma

For method description, refer to Sect. 1.5.4.3.

1.9.2.11 In Vitro Adventitious Agent Testing

For method description, refer to Sect. 1.5.4.6.
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1.9.2.12 In Vivo Adventitious Agent Testing

For method description, refer to Sect. 1.5.4.7.

1.9.2.13 Intact Cells

Following clarification of the drug substance, a sample is assessed microscopically
to determine the absence of viable intact cells using a vital stain (United States
Pharmacopeia and The National Formulary, USP <1235>).

1.9.2.14 Bioburden (if Applicable)

For products manufactured in embryonated eggs (e.g., influenza), there is an
unavoidable introduction of microorganisms into harvested allantoic fluids. The
bioburden test is performed as part of in-process testing on samples of the HVF and
drug substance prior to sterilizing filtration.

The bioburden test is used to detect and quantify the microbial population of
aqueous in-process samples. All morphologically distinct organisms are isolated
and Gram-stained. The bioburden test method is performed using microbial culture
media and conditions (temperature, aerobic, anaerobic, length of incubation) that
are compendial or accepted by regulatory authorities (United States Pharmacopeia
and The National Formulary, USP <61>; United States Pharmacopeia and The
National Formulary, USP <62>).

1.9.2.15 Mycobacteria

For method description, refer to Sect. 1.5.4.4.

1.9.2.16 Bovine Viruses (if Applicable)

For method description, refer to Sect. 1.5.4.8.

1.9.2.17 Porcine Viruses (if Applicable)

For method description, refer to Sect. 1.5.4.9.

1.9.2.18 Specific Agents (if Applicable)

For method description, refer to Sect. 1.5.4.11.
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1.9.2.19 RT Assay (if Applicable)

For method description, refer to Sect. 1.5.4.10.

1.9.2.20 Bovine Serum

A number of vaccine manufacturing processes use bovine serum (fetal or calf) as a
growth supplement during cell substrate expansion. However, the serum is removed
and the cell substrate is rinsed before harvesting of the virus fluids. In order to
determine the level of residual serum present, bovine serum albumin is measured in
the drug substance as a surrogate for bovine serum. While the typical requirement
of not more than 50 ng per single human dose is applied to the drug product,
because of the low levels of residual bovine albumin, testing is completed on the
drug substance. Testing is performed using a suitable immunochemical method
(European Pharmacopoeia (Ph. Eur.), EP 2.7.1; United States Pharmacopeia and
The National Formulary, USP <1235>).

1.9.2.21 Egg Ovalbumin (Specific for Influenza)

For embryonated egg-based products, residual ovalbumin in the drug product is of
concern. While the typical requirement to limit the amount of ovalbumin per single
human dose is applied to the drug product, because of the low levels of residual
ovalbumin, testing is completed on the drug substance. Testing is performed using a
suitable immunochemical method under conditions that are compendial or accepted
by regulatory authorities (European Pharmacopoeia (Ph. Eur.), EP 2.7.1).

1.9.2.22 Antibiotics

For products that use primary cells (e.g., chick embryo cells) that produce vaccine
virus, as well as for products that use established cell lines to produce vaccine virus,
antibiotics (e.g., neomycin, gentamicin) may be used in manufacturing of the MVS,
WVS, and HVF and/or in final formulation. Depending on the manufacturing
process, antibiotics may be present in the finished drug product in trace amounts or
at higher levels. The potency of the antibiotic may be measured in two ways. The
cylinder plate assay depends on diffusion of the antibiotic from a vertical cylinder
through solidified agar in a Petri dish. The antibiotic prevents growth of specific
organisms inoculated into the agar in a circular area around the antibiotic-con-
taining cylinder. The turbidimetric assay depends on inhibition of the growth of a
microorganism when the antibiotic is included in a fluid medium in which the
microorganism would otherwise grow (European Pharmacopoeia (Ph. Eur.), EP
2.7.2; United States Pharmacopeia and The National Formulary, USP <81>).
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1.9.2.23 Total Protein (if Applicable)

Total protein in LVV drug product (e.g., yellow fever virus vaccine) is determined
by routine protein assays (European Pharmacopoeia (Ph. Eur.), EP 2.2.33; United
States Pharmacopeia and The National Formulary, USP <1057>). The assay
methods are compendial or accepted by regulatory authorities (USP-NF, EP).

1.9.2.24 Residual Benzonase®

In some products, host cell DNA present in the drug substance is fragmented by
Benzonase®, a nonspecific endonuclease, to reduce and eliminate the amount of
DNA present in the final product. The enzyme is subsequently removed by
ultrafiltration.

The residual Benzonase® present in the drug substance is determined using a
Benzonase® enzymatic activity assay by its ability to cleave herring sperm DNA.
The live vaccine drug substance test article is compared against a Benzonase®

standard curve, in which readings are measured with a spectrophotometer at 260 nm
(Sheng-Fowler et al. 2009).

1.9.2.25 Residual Host Cell DNA (Characterization)

For vaccines manufactured in primary cells or diploid cells, the presence of residual
host cell DNA (hcDNA) is not a regulatory or safety concern. However, for
products manufactured in Vero cells (e.g., rotavirus, smallpox) or other continuous
cell (hcDNA) lines (e.g., MDCK), the presence of residual hcDNA is of concern
(Sheng-Fowler et al. 2009).

Residual hcDNA is quantified using nucleic acid technology methods (e.g., real-
time PCR). In general, high copy number sequences (e.g., highly repetitive genomic
DNA satellite sequences) from the cell substrate are amplified in the assay. The cell-
specific amplification product is generated from the residual hcDNA template and
compared with reference samples using a set of optimized oligonucleotide primers
(Nissom 2007).

1.9.2.26 Residual Host Cell Protein (Characterization)

The amount of residual host cell protein (HCP) in the drug substance may need to
be determined. Generally, an immunological test method (enzyme-linked immu-
nosorbent assay, ELISA) is used to assess the drug substance. As an example, the
ELISA may use a capture anti-HCP antibody (e.g., immune rabbit antiserum to
HCP) as the immunosorbent, a primary biotin labeled anti-HCP antibody, a sec-
ondary enzyme conjugate for quantitation, and a chromogenic or chemiluminescent
substrate for the detection of the HCPs (see Eaton 1995 as an example).
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An ELISA plate reader measures the intensity of the end product formed. The
intensity of the developed product is proportional to the amount of HCPs present in
the test article. A standard curve is generated from a cell lysate calibrator of known
protein concentration. From a standard curve, the concentration of HCPs in the drug
substance is determined. The acceptable amount of HCP in the finished product is
based on process capability/performance.

1.9.2.27 Appearance and Color

Each final container is inspected for acceptable appearance and/or color. Depending
on the drug product, the appearance of the container (vial, syringe, or sprayer) and
content (lyophilized cake or solution) is assessed. This process may be performed
by automated visualization or manual observation.

Lyophilized LVV products may also be dissolved using the product-specific
diluent, and the color and appearance assessed. Since these products are generally
not particulate in nature, they are generally clear, and color may vary from colorless
to colored.

1.9.2.28 Endotoxin

This test assures that bacterial endotoxin is not present using the limulus amebocyte
lysate (LAL) assay under conditions that are compendial or accepted by regulatory
authorities (European Pharmacopoeia (Ph. Eur.), EP 2.6.14; United States Phar-
macopeia and The National Formulary, USP <85>).

1.9.2.29 General Safety Testing

General Safety testing is an in vivo test performed to assure that the drug product
has no abnormal toxicity when injected into a suitable animal model (European
Pharmacopoeia (Ph. Eur.), EP 2.6.9; United States Pharmacopeia and The National
Formulary, USP <88>; US Code of Federal Regulations 21 CFR § 610.11). The test
article is the final finished container.

Two guinea pigs of a specified weight (e.g., less than 400 g each) and/or two
mice of a specified weight (weighing less than 22 g each) are inoculated intra-
peritoneally with the test article (e.g., 1 dose in a specified volume). Negative
controls are injected intraperitoneally with an appropriate placebo (e.g., Hank’s
balanced salt solution), and all animals are observed daily for 7 days. The test
article passes if no overt signs of ill health are observed, no body weight loss is
observed at the end of the 7-day observation period, and no deaths occur during the
7-day observation period.
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1.9.2.30 Osmolality

If the purified vaccine formulation contains excipients of high ionic strength, the
drug product is tested for osmolality (European Pharmacopoeia (Ph. Eur.), EP
2.2.35; United States Pharmacopeia and The National Formulary, USP <785>).
Generally, the osmolality of drug product is determined by the freezing point
depression of the test article. The osmometer is calibrated with certified standards
and verified by measuring the osmolality of a reference vaccine solution. The
osmolality test is valid if the reference solution is within the specified range.
The osmolality should be within the range demonstrated to be clinically effective in
the product license.

1.9.2.31 pH

Appropriately-buffered drug products are essential to maintaining the viability of
live attenuated vaccine products. While the pH of liquid product can be measured
directly, lyophilized LVV products are reconstituted using the product-specific
diluent, and the pH is assessed. The pH meter is calibrated with certified standards
and verified by measuring the pH of a reference vaccine solution. The pH should be
within the range demonstrated to be clinically effective in the product license. The
assay methods are compendial or accepted by regulatory authorities (USP-NF, EP)
(European Pharmacopoeia (Ph. Eur.), EP 2.2.3; United States Pharmacopeia and
The National Formulary, USP <791>).

1.9.2.32 Water Content (Lyophilized Products)

Water content for lyophilized vaccines is measured to assure that the drug product
moisture level is appropriate for maintaining product stability. The moisture content
should be within the range demonstrated to confer appropriate stability as indicated
in the product license. The assay methods are compendial or accepted by regulatory
authorities (European Pharmacopoeia (Ph. Eur.), EP 2.5.12; United States Phar-
macopeia and The National Formulary, USP <921>).

1.10 Stability of Starting Materials, Intermediates,
Drug Substance, and Drug Product

1.10.1 Stability Testing for Drug Substance

Stability studies are generally conducted on multiple (e.g., three) lots of bulk drug
substance manufactured in the licensed facility. The stability of the drug substance
is evaluated at different time intervals up to and beyond expiry. The purpose of
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these studies is to obtain long-term stability data to establish a minimum expiration
date (e.g., 24, 36, 48 months) for storage at −60 °C or below (Schofield 2009). This
information is also important for considering the drug product filling targets
required for drug product manufacturing (filling) described in Sect. 1.8.

An example of a stability testing schedule for a LVV drug substance with a
36 month expiry is shown in Table 1.6. Aliquots of the bulk drug substance are
generally stored in an upright position in containers and under conditions that
mimic the storage of the bulk product. Stability is assessed at selected time points
for potency and sterility. Samples are withdrawn from storage within defined limits
from the sample pull date (e.g., ±3 days) with the exception of Time 0, where data
are taken from the initial release tests for each monovalent bulk material lot.

1.10.2 Stability Testing for Drug Product

Stability studies are generally conducted on multiple (e.g., three) lots of LVV drug
product manufactured in the licensed facility to support licensure and on yearly lots
(e.g., three) during the product life cycle. The stability of the drug product is
evaluated at different time intervals up to and beyond expiry. The purpose of these
studies is to obtain long-term stability data to establish a minimum expiration date
(e.g., 6, 12, 24, months) for storage at field conditions (Schofield 2009) to ensure
that the claimed dose is administered.

At each point, various attributes such as sterility, potency, pH and appearance of
the filled drug product may be measured. In addition, container closure testing is
performed to demonstrate container integrity at the end of testing. The time points
and temperature of incubation are product specific. The relevant temperatures
assessed include the storage temperature of the post-distribution packaged product
(e.g., 5 ± 3 °C), and if a different temperature is used pre-distribution (e.g.,
–15 ± 3 °C), the product is also stored under these conditions. These temperatures
mimic the expected field storage condition.

In addition to the licensed storage temperatures, an elevated temperature for
determining accelerated stability (e.g., 15 ± 3 °C) is performed. This stability testing
evaluates potential excursions in storage, as well as providing information on
potency loss that occurs in a shorter period of time (time to stability result; United
States Pharmacopeia and The National Formulary, USP <1235>). Finally, samples

Table 1.6 An example of a stability testing schedule for a LVV drug substance with a 36 month
expiry

Long-term storage Months/days ≤ −60 °C

Assay 0a 3 6 9 12 24 36 39
Potency X X X X X X X X

Sterility X – – – – – X X
a Time 0 data derived from release testing
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are stored frozen (e.g., at −60 °C or less) and function as controls for a minimal
(or no) potency loss across the stability testing schedule.

An example of a stability testing schedule for a LVV drug product with a
24-month expiry is shown in Table 1.7. Packaged drug products are stored under
conditions that mimic the storage of the product, and stability is assessed at selected
time points for potency and sterility.

1.11 Conclusion

Live attenuated viral vaccines have a long history of success spanning over
200 years of use to prevent disease. Their potential to eradicate disease, as was
accomplished with smallpox, makes them one of the most significant public health
measures available today with the approaching elimination of polio and measles on
the horizon. Indeed, their potential utility continues to be appreciated for existing
diseases that have no available (commercial) vaccine (e.g., dengue fever, emerging
pandemic influenza).

LVV products are complex biologics that require the maintenance of vaccine
virus infectivity in order to induce a durable (potentially lifelong) protection from
disease. Because of the nature of LVV manufacturing (using viable cell substrates
and biological materials such as trypsin and/or bovine serum), extensive safety
testing of the raw materials, starting materials, product intermediate, drug

Table 1.7 An example of a stability testing schedule for a LVV drug product with 5 ± 3 °C
storage and a 24-month expiry

Field storage
stability

Months 5 ± 3 °C

Assay 0a 3 6 9 12 18 24 30

Potency X X X X X X X X

Sterility X – – – – – X X

pH and
appearance

X X X X X X X X

Container
closure

– – – – – – X X

Accelerated
stability

Days 15 ± 3 °C

Assay 0 1 3 7 14 21 28 35

Potency X X X X X X X X

Long-term
frozen (control)

Months/days ≤ −60 °C

Assay 0 3/1 6/3 9/7 12/14 18/21 24/28 30/35

Potency X X X X X X X X
a Time 0 data derived from release testing
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substance, and drug product are critical to ensuring the absence of extraneous
agents. However, despite the manufacturing complexity, LVV products have an
unparalleled history of safety and effectiveness in the field.

References

Afzal MA, Marsden SA, Hull RM, Pipkin PA, Bentley ML, Minor PD (1999) Evaluation of the
neurovirulence test for mumps vaccines. Biologicals 27(1):43–49

Albrecht T, Fons M, Boldogh I, Boldogh I, Rabson AS (1996) Effects on cells. In: Baron S (ed)
Medical microbiology, 4th edn. University of Texas Medical Branch at Galveston, Galveston
(TX) (Chap 44)

Belser JA, Katz JM, Tumpey TM (2011) The ferret as a model organism to study influenza A virus
infection. Dis Model Mech 4:575–579

Boni J, Stadler J, Reigei F, Shupbach J (1996) Detection of reverse transcriptase activity in live
attenuated virus vaccines. Clin Diagn Virol 5:43–53

Brandau DT, Jones LS, Wiethoff CM, Rexroad J, Middaugh CR (2003) Thermal stability of
vaccines. J Pharm Sci 92(2):218–231

Carter KC (1985) Koch’s postulates in relation to the work of Jacob Henle and Edwin Klebs. Med
Hist 29(4):353–374

Centers for Disease Control and Prevention (CDC) (1999) Withdrawal of rotavirus vaccine
recommendation. MMWR Morb Mortal Wkly Rep 48(43):1007

Chen TR (1977) In situ detection of mycoplasma contamination in cell cultures by fluorescent
Hoechst 33258 stain. Exp Cell Res 104(2):255–262

Chen Z, Aspelund A, Kemble G, Jin H (2006) Genetic mapping of the cold-adapted phenotype of
B/Ann Arbor/1/66, the master donor virus for live attenuated influenza vaccines (FluMist).
Virology 345(2):416–423

Daelemans D, Pauwels R, De Clercq E, Pannecouque C (2011) A time-of-drug addition approach
to target identification of antiviral compounds. Nat Protoc 6(6):925–933

Dubin G, Toussaint JF, Cassart JP, Howe B, Boyce D, Friedland L, Abu-Elyazeed R, Poncelet S,
Han HH, Debrus S (2013) Investigation of a regulatory agency enquiry into potential porcine
circovirus type 1 contamination of the human rotavirus vaccine, Rotarix™: approach and
outcome. Hum Vaccin Immunother 9(11):2398–2408

Dulbecco R, Vogt M (1954) Plaque formation and isolation of pure lines with poliomyelitis
viruses. J Exp Med 99(2):167–182

Eaton LC (1995) Host cell contaminant protein assay development for recombinant biopharma-
ceuticals. J Chromatogr A 705:105–114

European Medicines Agency (2013) European medicines agency confirms positive benefit-risk
balance of Rotarix. http://www.ema.europa.eu/docs/en_GB/document_library/Press_release/
2010/07/WC500094972.pdf. Accessed 22 July 2010

European Pharmacopoeia (Ph. Eur.), EP monograph 01/2013:0537 (2013) Yellow fever vaccine
(live), 8th edn

European Pharmacopoeia (Ph. Eur.), EP monograph 01/2012:0215 (2013) Poliomyelitis vaccine
(oral), 8th edn

European Pharmacopoeia (Ph. Eur.), EP 2.2.3 (2013) Potentiometric determination of pH, 8th edn
European Pharmacopoeia (Ph. Eur.), EP 2.2.33 (2013) Total protein, 8th edn
European Pharmacopoeia (Ph. Eur.), EP 2.2.35 (2013) Osmolality, 8th edn
European Pharmacopoeia (Ph. Eur.), EP 2.5.12 (2013) Water: semi-micro determination, 8th edn
European Pharmacopoeia (Ph. Eur.), EP 2.6.1 (2013) Sterility, 8th edn
European Pharmacopoeia (Ph. Eur.), EP 2.6.2 (2013) Mycobacteria, 8th edn
European Pharmacopoeia (Ph. Eur.), EP 2.6.7 (2013) Mycoplasmas, 8th edn

40 M.S. Galinski et al.

http://www.ema.europa.eu/docs/en_GB/document_library/Press_release/2010/07/WC500094972.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Press_release/2010/07/WC500094972.pdf


European Pharmacopoeia (Ph. Eur.), EP 2.6.9 (2013) Abnormal toxicity, 8th edn
European Pharmacopoeia (Ph. Eur.), EP 2.6.14 (2013) Bacterial endotoxins, 8th edn
European Pharmacopoeia (Ph. Eur.), EP 2.6.16 (2013) Tests for extraneous agents in viral vaccines

for human use, 8th edn
European Pharmacopoeia (Ph. Eur.), EP 2.6.18 (2013) Test for neurovirulence of live virus

vaccines, 8th edn
European Pharmacopoeia (Ph. Eur.), EP 2.6.24 (2013) Avian viral vaccines: tests for extraneous

agents in seed lots, 8th edn
European Pharmacopoeia (Ph. Eur.), EP 2.7.1 (2013) Immunochemical methods, 8th edn
European Pharmacopoeia (Ph. Eur.), EP 2.7.2 (2013) Microbiological assay of antibiotics, 8th edn
European Pharmacopoeia (Ph. Eur.), EP 5.2.2 (2013) Chicken flock free from specified pathogens

for the production and quality control of chickens, 8th edn
European Pharmacopoeia (Ph. Eur.), EP 5.2.3 (2013) Cell substrates for the production of vaccines

for human use, 8th edn
European Pharmacopoeia (Ph. Eur.), EP 5.2.8 (2013) Minimising the risk of transmitting animal

spongiform encephalopathy agents via human and veterinary medicinal products, 8th edn
FDA CBER/FDA Points to consider in characterization of cell lines used to produce biologicals

(1993)
FDA Guidance for Industry: characterization and qualification of cell substrates and other

biological materials used in the production of viral vaccines for infectious disease indications
(2006)

FDA Guidance for Industry: characterization and qualification of cell substrates and other
biological materials used in the production of viral vaccines for infectious disease indications
(2010)

Frierson JG (2010) The yellow fever vaccine: a history. Yale J Biol Med 83(2):77–85
Greenberg HB, Arvin AM (2011) Live attenuated vaccines: influenza, rotavirus and varicella

zoster virus. In: Dormitzer PR, Mandl CW, Rappuoli R (eds) Replicating vaccines, a new
generation, Birkhäuser in advances in infectious diseases. Springer, Basel, pp 15–46

Hahon N, Booth JA, Eckert HL (1973) Quantitative assessment of hemadsorption by myxoviruses:
virus hemadsorption assay. Microbiology 25(4):595–600

Henderson DA, Fenner F (1994) Smallpox and vaccinia. In: Plotkin ST, Mortimer EA Jr (eds)
Vaccines, 2nd edn. WB Saunders, Philadelphia, p 1

Hoffmann E, Mahmood K, Chen Z, Yang CF, Spaete J, Greenberg HB, Herlocher ML, Jin H,
Kemble G (2005) Multiple gene segments control the temperature sensitivity and attenuation
phenotypes of ca B/Ann Arbor/1/66. J Virol 79(17):11014–11021

Hong WS, Yun CR (2001) The medical history of China. Iljong Publisher, Seoul, pp 413–414
Hotchin JE, Cohen SM, Ruska H, Ruska C (1958) Electron microscopical aspects of

hemadsorption in tissue cultures infected with influenza virus. Virology 6(3):689–701
ICH, Q5A(R1): viral safety evaluation of biotechnology products derived from cell lines of human

or animal origin (1997) http://www.ich.org/LOB/media/MEDIA425.pdf
ICH, Q5D: derivation and characterisation of cell substrates used for production of biotechno-

logical/biological products (1997) http://www.ich.org/LOB/media/MEDIA429.pdf
Jenner E (1798) An inquiry into the causes and effects of the variolae vaccinae, a disease

discovered in some of the western countries of England, particularly gloucestershire, and
Known by the name of “The cow pox”. R Lier & Co, Milan (1923, p 84)

Jin H, Lu B, Zhou H, Ma C, Zhao J, Yang CF, Kemble G, Greenberg H (2003) Multiple amino
acid residues confer temperature sensitivity to human influenza virus vaccine strains (FluMist)
derived from cold-adapted A/Ann Arbor/6/60. Virology 306(1):18–24

Jin H, Zhou H, Lu B, Kemble G (2004) Imparting temperature sensitivity and attenuation in ferrets
to A/Puerto Rico/8/34 influenza virus by transferring the genetic signature for temperature
sensitivity from cold-adapted A/Ann Arbor/6/60. J Virol 78(2):995–998

Khan AS, Ma W, Ma Y, Kumar A, Williams DK, Muller J, Ma H, Galvin TA (2009) Proposed
algorithm to investigate latent and occult viruses in vaccine cell substrates by chemical
induction. Biologicals 37(3):196–201

1 Live Attenuated Viral Vaccines 41

http://www.ich.org/LOB/media/MEDIA425.pdf
http://www.ich.org/LOB/media/MEDIA429.pdf


Killeen KP, DiRita VJ (2001) Live attenuated bacterial vaccines. In: Ellis R (ed) New vaccine
technologies. Landes Biosciences, Georgetown, TX, pp 151–170

Kuehn BM (2010) FDA: benefits of rotavirus vaccination outweigh potential contamination risk.
JAMA 304:30–31

LaBarre DD, Lowy RJ (2001) Improvements in methods for calculating virus titer estimates from
TCID50 and plaque assays. J Virol Methods 96(2):107–126

Lander MR, Chattopadhyay S (1984) A Mus dunni cell line that lacks sequences closely related to
endogenous murine leukemia viruses and can be infected by ectropic, amphotropic, xenotropic,
and mink cell focus-forming viruses. J Virology 52(2):695–698

Levenbook IS, Pelleu LJ, Elisberg BL (1987) The monkey safety test for neurovirulence of yellow
fever vaccines: the utility of quantitative clinical evaluation and histological examination.
J Biol Stand 15:305–313

Maudru T, Peden KW (1998) Analysis of a coded panel of licensed vaccines by polymerase chain
reaction-based reverse transcriptase assays: a collaborative study see comments. J Clin Virol 11
(1):19–28

Monath TP (1996) Yellow fever vaccines: the success of empiricism, pitfalls of application, and
transition to molecular vaccinology. In: Plotkin SA, Fantini B (eds) Vaccinia, vaccination, and
vaccinology. Elsevier, Paris, pp 157–182

Murphy TV, Gargiullo PM, Massoudi MS, Nelson DB, Jumaan AO, Okoro CA, Zanardi LR, Setia
S, Fair E, LeBaron CW, Wharton M, Livengood JR (2001) Rotavirus intussusception
investigation team. Intussusception among infants given an oral rotavirus vaccine. N Engl J
Med 344(8):564–572 (Erratum in: N Engl J Med 2001 May 17; 344(20):1564. Livingood JR
[corrected to Livengood JR])

Nalca A, Zumbrun EE (2010) ACAM2000: the new smallpox vaccine for United States strategic
national stockpile. Drug Des Devel Ther 25(4):71–79

Nissom PM (2007) Specific detection of residual CHO host cell DNA by real-time PCR.
Biologicals 35:211–215

Norrby E (2007) Yellow fever and Max Theiler: the only nobel prize for a virus vaccine. J Exp
Med 204(12):2779–2784

Onions D, Egan W, Jarrett R, Novicki D, Gregersen JP (2010) Validation of the safety of MDCK
cells as a substrate for the production of a cell-derived influenza vaccine. Biologicals 38
(5):544–551

Parks CL, Lerch RA, Walpita P, Wang HP, Sidhu MS, Udem SA (2001) Comparison of predicted
amino acid sequences of measles virus strains in the Edmonston vaccine lineage. J Virol 75
(2):910–920

Pasteur M (1881a) An address on vaccination in relation to chicken cholera and splenic fever. Br
Med J 2(1076):283–284

Pasteur ML (1881b) On chicken cholera: study of the conditions of non-recidivation and of some
other characteristics of this disease. Science 2(33):55–57

Pearce JMS (2002) Louis Pasteur and rabies: a brief note. J Neurol Neurosurg Psychiatry 73(1):82
Plotkin S (2003) Vaccines, vaccination, and vaccinology. J Infect Dis 187:1347–1359
Plotkin S (2008) Correlates of vaccine-induced immunity. Clin Infect Dis 47:401–409
Plotkin SL, Plotkin SA (2004) A short history of vaccination. In: Plotkin SA, Orenstein WA (eds)

Vaccines, 4th edn. W.B. Saunders, Philadelphia, pp 1–10
Poon LL, Mak PW, Li OT, Chan KH, Cheung CL, Ma ES, Yen HL, Vijaykrishna D, Guan Y,

Peiris JS (2010) Rapid detection of reassortment of pandemic H1N1/2009 influenza virus. Clin
Chem 56(8):1340–1344

Ranheim T, Mathis PK, Joelsson DB, Smith ME, Campbell KM, Lucas G, Barmat S, Melissen E,
Benz R, Lewis JA, Chen J, Schofield T, Sitrin RD, Hennessey JP Jr (2005) Development and
application of a quantitative RT-PCR potency assay for a pentavalent rotavirus vaccine
(RotaTeq). J Virol Methods 131(2):193–201

Riedel S (2005) Edward Jenner and the history of smallpox and vaccination. Proc (Bayl Univ Med
Cent) 18(1):21–25

42 M.S. Galinski et al.



Roland KL, Tinge SA, Killeen KP, Kochi SK (2005) Recent advances in the development of live,
attenuated bacterial vectors. Curr Opin Mol Ther 7(1):62–72

Rubin SA (2011) Toward replacement of the monkey neurovirulence test in vaccine safety testing.
Procedia Vaccinol 5:261–265

Schofield TL (2009) Maintenance of vaccine stability through annual stability and comparability
studies. Biologicals 37(6):397–402 (discussion 421-3)

Shahabuddin M, Sears JF, Khan AS (2001) No evidence of infectious retroviruses in measles virus
vaccines produced in chicken embryo cell cultures. J Clin Microbiol 39(2):675–684

Sheng-Fowler L, Lewis AM Jr, Peden K (2009) Quantitative determination of the infectivity of the
proviral DNA of a retrovirus in vitro: evaluation of methods for DNA inactivation. Biologicals
37:259–269

Siddiqi SH, Libonati JP, Middlebrook G (1981) Evaluation of a rapid radiometric method for drug
susceptibility testing of mycobacterium tuberculosis. J Clin Microbiol 13:908–912

Siegrist CA (2008) Vaccine immunology. In: Plotkin SA, Orenstein WA, Offit PA Vaccines. 5th
edn. Saunders, China, pp 17–36

Theiler M, Smith HH (1937) The use of yellow fever modified by in vitro cultivation for human
immunization. J Exp Med 65:787–800

Théodoridès J (1989) Pasteur and rabies: the British connection. J R Soc Med 82(8):488–490
Umino Y, Saito S, Fukuda A, Hishiyama M, Sugiura A (1990) Improvement in potency assay of

measles-mumps-rubella trivalent vaccine: interference between components and measures for
its elimination. J Virol Methods 27(2):159–168

United States Pharmacopeia and The National Formulary, USP <61> (2014) Microbiological
examination of nonsterile products: microbial enumeration tests, 37th edn

United States Pharmacopeia and The National Formulary, USP <62> (2014) Microbiological
examination of nonsterile products: tests for specified microorganisms, 37th edn

United States Pharmacopeia and The National Formulary, USP <63> (2014) Mycoplasma tests,
37th edn

United States Pharmacopeia and The National Formulary, USP <71> (2014) Sterility tests, 37th
edn

United States Pharmacopeia and The National Formulary, USP <81> (2014) Antibiotics—
microbial assays, 37th edn

United States Pharmacopeia and The National Formulary, USP <85> (2014) Bacterial endotoxins
test, 37th edn

United States Pharmacopeia and The National Formulary, USP <88> (2014) Biological reactivity
tests, in vivo, 37th edn

United States Pharmacopeia and The National Formulary, USP <785> (2014) Osmolality and
osmolarity, 37th edn

United States Pharmacopeia and The National Formulary, USP <791> (2014) pH, 37th edn
United States Pharmacopeia and The National Formulary, USP <921> (2014) Water determina-

tion, 37th edn
United States Pharmacopeia and The National Formulary, USP <1057> (2014) Biotechnology-

derived articles—total protein assay, 37th edn
United States Pharmacopeia and The National Formulary, USP <1235> (2014) Vaccines for

human use—general considerations, 37th edn
United States Pharmacopeia and The National Formulary, USP <1237> (2014) Virology test

methods, 37th edn
US Code of Federal Regulations 21 CFR § 610.10 Potency
US Code of Federal Regulations 21 CFR § 610.11 General safety
US Code of Federal Regulations 21 CFR § 610.12 Sterility
US Code of Federal Regulations 21 CFR § 610.14 Identity
US Code of Federal Regulations 21 CFR § 610.18 Cultures
US Code of Federal Regulations 21 CFR § 610.30 Test for mycoplasma
Valbuena G, Walker DH (2013) Approaches to vaccines against orientia tsutsugamushi. Front Cell

Infect Microbiol 2:170

1 Live Attenuated Viral Vaccines 43



van Elden LJ, Nijhuis M, Schipper P, Schuurman R, van Loon AM (2001) Simultaneous detection
of influenza viruses A and B using real-time quantitative PCR. J Clin Microbiol 39(1):196–200

Vesikari T (2012) Rotavirus vaccination: a concise review. Clin Microbiol Infect 18(Suppl
5):57–63

Victoria JG, Wang C, Jones MS, Jaing C, McLoughlin K, Gardner S, Delwart EL (2010) Viral
nucleic acids in live-attenuated vaccines: detection of minority variants and an adventitious
virus. J Virol 84:6033–6040

Weissmahr RN, Schüpbach J, Böni J (1997) Reverse transcriptase activity in chicken embryo
fibroblast culture supernatants is associated with particles containing endogenous avian
retrovirus EAV-0 RNA. J Virol 71(4):3005–3012

World Health Organization (1956) Yellow fever vaccination monograph series no 30 (part 2)
World Health Organization (1979) Wkly Epidemiol Rec 54:329
World Health Organization (1980) Global commission for certification of smallpox eradication.

The global eradication of smallpox: final report of the global commission for the certification of
smallpox eradication. World Health Organization, Geneva

World Health Organization (1998) Wkly Epidemiol Rec 73:105–108
World Health Organization (2007) Expert committee on biological standardization, 56th report,

WHO technical report series, no 941
World Health Organization (2010) Statement of the global advisory committee on vaccine safety

on rotarix. http://www.who.int/vaccine_safety/committee/topics/rotavirus/rotarix_statement_
march_2010/en/

Yang DP, Goldberg KM, Ma XD, Magargle W, Rappaport R (1998) Development of a fluorescent
focus identification assay using serotype-specific monoclonal antibodies for detection and
quantitation of rotaviruses in a tetravalent rotavirus vaccine. Clin Diagn Lab Immunol 5
(6):780–783

Yeolekar LR, Dhere RM (2012) Development and validation of an egg-based potency assay for a
trivalent live attenuated influenza vaccine. Biologicals 40(2):146–150

44 M.S. Galinski et al.

http://www.who.int/vaccine_safety/committee/topics/rotavirus/rotarix_statement_march_2010/en/
http://www.who.int/vaccine_safety/committee/topics/rotavirus/rotarix_statement_march_2010/en/


Chapter 2
Inactivated Viral Vaccines

Barbara Sanders, Martin Koldijk and Hanneke Schuitemaker

2.1 Introduction to Vaccines Based on Inactivated Viruses

The first report of “virus” inactivation for vaccine purposes was described in 1886
when Daniel Elmer Salmon and Theobald Smith immunized pigeons with what they
thought was a heat-killed hog cholera “virus” (Salmon and Smith 1886). Although in
reality it was a cholera-like bacterium, it seeded the scientific community with evi-
dence that immunization with inactivated pathogens can provide protection against
infectious disease. Research continued for at least 15 years when at the beginning of
the twentieth century the first killed (bacterial) vaccines for humans were developed
for typhoid fever, cholera, and plague (Wright and Semple 1897; Haffkine 1899). The
foundations of immunization with inactivated virus preparations were also laid at the
end of the nineteenth century with Pasteur’s partially inactivated rabies virus (Pasteur
et al. 1885), which was cultured in rabbit spinal cords. However, inactivated viral
vaccine development was only truly launched with the discovery of cell culture
procedures that supported the replication of viral pathogens in vitro, outside the host
organism, thus allowing the large scale production of viruses as a source for whole
inactivated vaccines. This breakthrough was attributed to Enders, Weller, and
Robbins who received the Nobel Prize in 1954 for their discovery on how to cultivate
poliovirus in fibroblasts in vitro (Enders et al. 1949; Weller et al. 1949).

In general, all inactivated viral vaccines follow a similar production course in
which the pathogen is first cultivated on a substrate to produce large quantities of
antigen. Historically, vaccine manufacturers have been using primary cells, tissues,
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fertilized eggs, and even whole organisms as substrates for virus propagation (Hess
et al. 2012; Barrett et al. 2009). Today, vaccine manufacturers are increasingly
shifting toward virus growth on continuous cell lines. This brings certain advan-
tages such as reduced production costs, increased vaccine safety, and relatively
straightforward upscaling (Barrett et al. 2009). Once the virus has been propagated,
it is often purified and concentrated prior to inactivation. Inactivation can be per-
formed using chemical or physical methods or a combination of the two. A wide
range of well-established and novel inactivation agents or methods have been
described to successfully inactivate viruses for vaccine purposes. Examples are
ascorbic acid (Madhusudana et al. 2004), ethylenimine derivatives (Larghi and
Nebel 1980), psorlens (Maves et al. 2011), hydrogen peroxide (Amanna et al.
2012), gamma irradiation (Martin et al. 2010a; Alsharifi and Mullbacher 2010), UV
treatment (Budowsky et al. 1981), heat (Nims and Plavsic 2012), and many more
(Stauffer et al. 2006). Nonetheless, only formaldehyde and β-Propiolactone (BPL)
are widely used for inactivation of licensed human viral vaccines for decades.

Historical events have shaped the way in which inactivated vaccines are currently
developed and characterized today. The Cutter incident in 1955 was one of the worst
pharmaceutical disasters in the US. history. Here, 380,000 doses of inactivated
poliovirus vaccine (IPV), produced at Cutter laboratories, were administered to
healthy children. However, these vaccines contained replication competent polio-
virus due to inadequate purification of the viral harvest during production. The
presence of cell debris in the vaccine pools prevented suitable exposure of the viral
particles to formaldehyde and therefore complete inactivation (Offit 2005). As a
consequence, 40,000 children who received the vaccine contracted abortive polio-
myelitis, 51 were permanently paralyzed, and five died (Nathanson and Langmuir
1963). Federal requirements for vaccine manufacturers were immediately revised in
reaction to the Cutter incident creating a better system of regulating vaccines.
However, the legacy remains and vaccine manufacturers should always exercise
utmost caution when inactivating pathogens to ensure complete inactivation.

Two inactivated vaccines have led to the development of enhanced disease, and
even deaths, when the vaccinated persons encountered the pathogen. Indeed,
clinical trials with a formalin-inactivated respiratory syncytial virus (RSV) in naïve
infants had a disastrous outcome. Not only did the vaccine fail to prevent disease,
80 % of vaccine recipients were hospitalized after encountering circulating RSV as
compared to hospitalization of only 5 % in the control vaccine group. Furthermore,
two vaccine recipients died as a consequence of the vaccine induced enhanced
disease (Kapikian et al. 1969; Kim et al. 1969; Castilow et al. 2007). The enhanced
disease was later attributed to an unfavorable immune response due to a skewed
Th2 response and lack of antibody affinity maturation after vaccination (Delgado
et al. 2009; Johnson and Graham 2004). Furthermore, a large portion of vaccine-
induced antibodies were directed to nonprotective epitopes as formalin treatment
had altered the epitopes which induce functional (neutralizing and fusion inhibiting)
antibodies that are assumed to be required for protection (Murphy and Walsh 1988).

A formalin-inactivated measles vaccine was licensed in 1963 and unfortunately
resulted in a similar, albeit less severe, outcome. The vaccine did induce neutralizing
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antibodies, however, immunity waned rapidly and recipients regained susceptibility
to measles. When contracted, a more severe, atypical measles disease developed
(Griffin and Pan 2009). As with RSV, the enhanced disease was associated with a
lack of cytolytic T-cell response and low avidity antibodies (Polack et al. 1999,
2003), linked to the formaldehyde-induced alteration of the measles F protein
(Annunziato et al. 1982). In general, it has been suggested that the carbonyl groups
on vaccine antigens introduced by formaldehyde treatment induce profound effects
on immunogenicity which may tip the balance between protection and adverse
effects, or enhanced disease (Moghaddam et al. 2006). These unfortunate events
serve as a warning to all vaccine developers; inactivation of a pathogen does not
necessarily translate into a vaccine that by default elicits protective immunity, viral
epitopes necessary for induction of protective immunity should be preserved after
inactivation.

These past events have shaped the manufacture and regulatory control of inac-
tivated vaccines today resulting in vaccines with extremely high safety profiles
which protect millions of people against a range of pathogens. The realization that
inadequately inactivated viruses could result in such tragedy instigated the need for
the exertion of control over the production process. It is for this reason that today
inactivation processes require vigilantly designed and validated inactivation assays
to ensure pathogens are inactivated with utmost certainty. Concurrently, the suc-
cessfully formulated inactivated viral vaccines on the market today have a height-
ened safety aspect as compared to live attenuated viral vaccines. The fact that the
pathogen is completely inactivated directly negates reversion to a virulent phenotype
within the vaccine recipient. Moreover, these inactivated vaccine viruses are non-
transmissible as their live attenuated counterparts. Indeed, reversion and transmis-
sion are the greatest drawbacks of attenuated vaccines and have been observed in the
past with the attenuated poliovirus vaccine (Henderson et al. 1964), yellow fever
vaccine (Lindsey et al. 2008), and rotavirus vaccine (Patel et al. 2009). The improved
safety profile of inactivated vaccines entails that they are also suitable for the rapidly
increasing group of immunocompromised individuals (Ljungman 2012).

To achieve such a high degree of safety, the analyses of virus inactivation are
crucial for production of an inactivated vaccine. The kinetics of inactivation (KOI)
must be completely understood and to ascertain the completeness of inactivation the
test for effective inactivation must be validated and well characterized with respect
to sensitivity and robustness. The KOI will differ per pathogen and inactivation
method, therefore, to ensure the safety of the inactivated vaccine bulk, the inacti-
vation process should be studied extensively, where observation of a reproducible
KOI is essential. Quantification of viral infectivity in either the vaccine bulk or
in-process intermediates is usually achieved by an in vitro cell culture-based assay,
however this can also be done in vivo. Generally, either the cell line used for virus
propagation or an alternative cell line, demonstrated to be equally susceptible, is
inoculated with the (inactivated) virus sample to amplify any potential infectious
unit present. Presence or absence of virus in in vitro cultures can be detected by
various methods; for lytic viruses this is enabled by monitoring of cytopathic effect
(CPE), for nonlytic viruses methods based on genome amplification (PCR) or

2 Inactivated Viral Vaccines 47



antigen detection (immune-fluorescence or ELISA) can be used. In addition, a
second step involving inoculation of amplified material in an appropriate in vivo
model followed by monitoring for the onset of disease symptoms, can be
performed.

Since testing for effective inactivation is dependent on assay sensitivity, sample
volume, and the absence of interference by inactivated particles, the assay used to
confirm completeness of inactivation (COI) should be designed to be easily scaled
up, with high sensitivity and rigorous controls for assay sensitivity and matrix
effects. Specifically, positive controls including samples spiked with a known
concentration of virus to confirm susceptibility of the cell cultures. Furthermore,
negative matrix controls are taken along to ensure no other components in the
formulation induce cell death or interfere with assay sensitivity. When making an
inference on the COI, two variables play a role. The first one relates to the sensi-
tivity of the COI assay which must be characterized to assign a minimum number of
infectious units (i.e., lower limit of detection) that can be detected using the assay.
The second one relates to the sampling size; the larger the volume of the test
sample, the higher the chance of detecting a potential infectious unit in the entire
batch. The combination of these two variables allows the manufacturer to either
specify a maximally tolerable level of outgoing infectivity (Cornfield et al. 1956) or
adhere to a predefined criterion. The World Health Organization (WHO) and
European Pharmacopoeia (Ph. Eur.) have stipulated guidelines for testing for
effective inactivation with a minimum sample, expressed in volume or number of
doses, which must be tested. Furthermore, cell types, duration of incubation, and
dilution of vaccine sample prior to inoculation are parameters that can influence the
sensitivity of the COI and thus must be thoroughly optimized. The testing for COI
for the different vaccines will be discussed per vaccine in more detail later in this
chapter.

Once inactivated, the viral bulk is typically further purified to remove contami-
nants, this can be achieved by utilizing various techniques, examples are: ultrafil-
tration, size-exclusion chromatography (SEC), and sucrose gradient centrifugation.
Furthermore, tests are required to assess the purity of the vaccine product, such as
testing for the absence of contaminants arising from the production process such as
host cell protein and DNA. Additionally, to ensure no modification of epitopes
occurs during inactivation, as was observed with RSV and measles in the past, the
immunogenic potency of the inactivated virus particle must be measured. This can
be achieved by measuring the immune response before and after immunization
in vivo, for example the Rat potency assay which is used to measure poliovirus
neutralizing antibodies after immunization of rats with an inactivated poliovirus
vaccine (van Steenis et al. 1981). In vivo immunogenicity testing can also been
correlated to in vitro cell-based potency assays; such as the D-antigen ELISA which
quantifies the antigenic content of inactivated poliovirus particles and is conse-
quently used for dosing of the vaccine (Beale 1961). Different in vitro quality control
systems to monitor antigenic integrity of an inactivated vaccine have been developed
for rabies (Rooijakkers et al. 1996a, b), influenza (Di Trani et al. 2003), poliovirus
(Morgeaux et al. 2005), and hepatitis A virus (Poirier et al. 2010). Naturally, the
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development of such assays requires knowledge of the neutralizing epitopes nec-
essary for an adequate immune response, and consequently, protection.

Not only do inactivated vaccines possess a higher safety profile as compared to
live vaccines, they are also generally less reactogenic, relatively straightforward,
and technically feasible to produce with fewer regulatory hurdles for licensure
(Zepp 2011). However, inactivated vaccines are typically associated with a lower
immunogenicity which can imply the necessity of multiple doses or adjuvant
addition which consequently raises the costs of goods and vaccine pricing.
Therefore, choosing an inactivated vaccine approach is in general a trade-off with
on one hand increased safety (if inactivation is of course complete) and a fast
pathway to regulatory approval, but on the other hand the risk of reduced antige-
nicity of the immunogen which often requires adjuvant addition and/or multiple
doses which not only raises production costs but also the complexity of formulation
and administration.

Today, there are six licensed viral vaccines that are inactivated with either
formaldehyde or BPL. Formaldehyde is used for the inactivation of Poliovirus
(PV), Hepatitis A Virus (HAV), Japanese Encephalitis Virus (JEV), and Tick Borne
Encephalitis Virus (TBEV) to generate vaccines. BPL is used for the inactivation of
Rabies and Influenza virus vaccines, however, there are also licensed vaccines
against these infections that use formaldehyde as inactivating agent. This chapter
will focus on the background, inactivation procedures, and analyses of inactivation
of the six currently licensed inactivated viral vaccines categorized per inactivation
method. Furthermore, attention will be paid to new inactivated viral vaccines in
development.

2.2 Inactivated Vaccines Based on Formaldehyde
Inactivation

Formaldehyde is the most widely used inactivating agent for vaccine purposes and
many pathogens have been subjected to the irreversible modifications formaldehyde
inflicts by cross-linking of various amino acids. Here, we describe the history,
kinetics, and mechanism of formaldehyde inactivation, and subsequently the vac-
cines which currently use this inactivation agent.

For the sake of clarity and ease of referencing, nomenclature referring to either
formaldehyde or formalin will reflect the terminology used by the original authors.
For reference, 37 % w/v formaldehyde (13.3 M) equals 100 % formalin and a
1/4,000 dilution of formalin is thus identical to 0.009 % formaldehyde (i.e., 3.3 mM
or 100 µg/ml formaldehyde).

Formaldehyde, with chemical formula CH2O, is the simplest member of the
aldehydes, a group of organic compounds containing a carbon double bonded to
hydrogen and a varying side chain. Formaldehyde exerts its effect by a great
diversity of modifications (methylol groups, Schiff bases, and methylene bridges)
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and the precise mechanisms are subject of investigation in several recent studies
(Metz et al. 2004, 2006; Thaysen-Andersen et al. 2007). These modifications cul-
minate in inactivation, stabilization, or immobilization of proteins with consequent
loss of viral infectivity.

The first successful use of formaldehyde treatment was in the field of toxin
inactivation. Here, Glenny and Hopkins accidentally discovered (Brown 1995) that
residual traces of formalin—used for cleaning—rendered batches of diphtheria
toxin non-toxic in guinea pigs (Glenny and Hopkins 1923). At the same time
Ramon demonstrated that diphtheria toxoid, prepared by incubation with formalin
at 37 °C for several weeks, retained its antigenic qualities (Rappuoli 1994; Wassilak
et al. 2004). A similarly developed tetanus toxoid by Ramon and Zoeller was used
to vaccinate humans against tetanus in 1926 (Wassilak et al. 2004). The form of the
toxin which results from denaturing with formaldehyde is called an anatoxin,
“toxoids”, or “formalin-toxoids”, and is used in vaccinations worldwide. Following
the discovery of diphtheria and tetanus toxoids, formaldehyde was applied in the
1930s for the preparation of whole inactivated viral vaccines by inactivation of
Russian Autumnal Encephalitis (Halstead and Tsai 2004), (a synonym for JEV),
and TBEV (Smorodintsev and Ilyenko 1960).

The development of a formalin-IPV in the 1950s by Salk followed the previous
attempts undertaken in the 1930s which had resulted in paralysis and several deaths
due to incomplete inactivation of active virus (Brodie and Park 1936). At the time, it
was largely believed that long lasting immunity required the administration of a live
vaccine for successful immunization and protection, as was observed with the live
attenuated small pox and yellow fever vaccines. However, Salk’s prior experience
with formalin-inactivated influenza (Salk and Francis 1946) prompted him to believe
that inactivated vaccines were possible and stimulated his research on PV inacti-
vation using formalin. Aware of the disastrous events that came to pass with the first
generation of inactivated PV vaccines, Salk vigilantly investigated formalin inacti-
vation to guarantee safety of the vaccine preparations and established the principle of
inactivation which started with the description of PV inactivation in 1953. At low
temperatures the activity of formaldehyde is relatively low and might, thereby, be
more selective in destroying infectivity without impairing too greatly the antigenic
activity of the virus. Salk therefore inactivated PV using a 1/250 dilution of 37 %
formaldehyde (corresponding to a final concentration of 0.4 % formalin) at the
temperature of melting ice (Salk 1953). In the meantime, virus cultivation methods
improved (Farrell et al. 1955) and higher titers of virus required up to 3 weeks of
inactivation (Salk et al. 1954). To be able to inactivate also more potent batches of
virus, Jonas Salk modified his inactivation process, now using a higher temperature
(35–37 °C) and a lower concentration of formalin (1/4,000–1/8,000). The resulting
process demonstrated linear inactivation kinetics and was able to inactivate also
more potent batches of PV in a comparable timeframe (Salk et al. 1954; Salk and
Gori 1960). Figure 2.1 is a graphical representation of an inactivation kinetics curve
and illustrates Salk’s determination of the minimum required inactivation time.

A different approach was advocated by Swedish scientist, Sven Gard. In his
experience, the thermal inactivation of PV at 37 °C was in the order of magnitude of
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1–2 log units in 3 days (1=3–
2=3) log per day). With the aim of eliminating the

thermal component from the PV inactivation, Gard selected 25 °C where the
thermal inactivation was only 0.3 log units in 5 days (0.06 log per day), together
with 0.006 M formaldehyde (Gard 1957a, b). However, using these conditions a
significant deviation from Salk’s linear relationship was observed (Gard 1957a, b;
Gard and Lycke 1957; Gard et al. 1957; Lycke et al. 1957). To date, these
observations are referenced to as evidence that the kinetics of formaldehyde inac-
tivation is not linear or first-order (Bahnemann 1990; Brown 1993). In fact, whereas
the kinetics of inactivation did not follow a first-order inactivation when performed
at 4 or 25 °C, no deviation from first-order was observed at 37 °C (Salk and Gori
1960). Similarly, the inactivation of HAV—a process based on the principles of
Salk—for the VAQTA vaccine showed no evidence of departure from linearity
through 7 logs of inactivation (Armstrong et al. 1993).

A key consideration of Gard for selecting a lower inactivation temperature than
Salk was the prevention of thermal inactivation of PV. In 1957, Charney et al.
(1957), studied both formalin and thermal inactivation at 37 °C. Their results
indicated that, contrary to the previously perceived thermal inactivation of
0.3–0.6 log per day (Gard 1957a, b), the thermal inactivation could be limited to
0.2 log per day and the addition of cations further improved thermal stability of PV
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Fig. 2.1 Inactivation kinetics of poliovirus at 36–37 °C according to Salk’s first-order hypothesis
(Salk et al. 1954). The rate of destruction of infectivity in the bulk is followed by determining, for
example, viral titers (Tissue Culture Infectious Dose 50 %, TCID50) (1). A straight line is drawn
through these experimentally attained data points and extrapolated to the point indicating complete
absence of infectivity at the intercept of x-axis (2). Followed by taking into account the total
volume (i.e., 50 L) to be inactivated (3) and a safety margin to allow for imperfections in the
sensitivity of the tissue culture system used for detection of residual replication competent virus
(4), the total inactivation time is defined as a total period equal to three times the interval required
for interception of the baseline (χ) which would, in this example, correspond to an incubation time
of 9 days
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(Melnick 1991). Specifically, the addition of 1 M of MgCl2 prevented thermal
inactivation without an effect on the rate of formalin inactivation (Ozaki and
Melnick 1963).

Having established the conditions for PV inactivation, Salk formulated the
principles of inactivation of PV (Salk et al. 1954) which are still used as the basis for
the development of inactivated vaccines (for a comprehensive overview see Pittman
and Plotkin 2004). Briefly, the rate of destruction of infectivity in the bulk is fol-
lowed by measuring for example the viral titer over time, which is measured by
observing the (lack) of cytopathic effect in cells inoculated with the sample. When
taking samples during inactivation, it must be taken into account that the formal-
dehyde present in the in-process sample must be neutralized prior to titration, for
example, by addition of sodium bisulfite. Once viral titers during inactivation are
obtained a straight line is drawn through these points and extrapolated to the point
that indicates complete absence of infectivity. By taking into account the volume of
the bulk that is being inactivated and a safety margin, the inactivation time can be
defined as a total period equal to three times the interval required for interception of
baseline (Salk et al. 1954). This principle is still used to define the minimum time
that is required for complete inactivation (Armstrong et al. 1993; WHO 2002;
Plotkin and Vidor 2004). However, studies investigating the effect of prolonged
inactivation—treatment with formaldehyde beyond the time that is required for
complete destruction of infectivity—showed that after a certain time, antigenicity of
the material will decline (Salk and Gori 1960). Specifically, overtreatment of PV is
defined as a period equal to more than fivefold the time required to reduce infectivity
beyond the point at which it cannot be measured (Salk 1955). In summary, the
inactivation time for PV can be defined as at least 3X but not more than 5X.

The use of formaldehyde for the inactivation of PV has one particular phe-
nomenon that was discovered after Dulbecco demonstrated in 1954 that the number
of plaques obtained for the three poliomyelitis viruses using monolayer tissue of
monkey kidney and monkey testis was proportional to the concentration of virus
(Dulbecco and Vogt 1954). Using this technique, Schultz et al. and Böttiger et al.,
demonstrated in 1957 and 1958, that formalin treatment alone produces a delay in
initiating infection of tissue cultures as evidenced by the rate of appearance of
plaque formation. Since the delay is progressively greater with extended formalin
treatment, it becomes more and more important to prolong the observation period as
complete inactivation by formalin is approached (Schultz et al. 1957; Bottiger et al.
1958). Consequently, large scale tissue culture safety tests include extended incu-
bations—up to 35 days (Beardmore et al. 1957) for the detection of replication
competent virus. Noteworthy here is that fully active PV could be detected within
14 days whereas false negatives occurred with formalin treated virus if not for the
21- and 28-days subcultures (Beardmore et al. 1957). Consequently, design of
methods for demonstrating completeness of inactivation of formalin-inactivated
virus should include verification and challenging of incubation times not only with
fully active virus but also with formalin treated virus. In conclusion, current
guidelines recommend to continue cultures for the detection of residual replication
competent virus for as long as technically feasible (WHO 2002).
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After completion of the inactivation period, it is common practice to demonstrate
that the inactivating agent is active and therefore not rate limiting at the end of
inactivation. One way of demonstrating inactivating capacity at the end of the
incubation period is by spiking a sample with a known concentration of infectious
virus and showing an additional reduction over time in titers of replication com-
petent virus. Alternatively, one can estimate the concentration of residual free
formaldehyde. There are a number of methods available for the determination of
residual free formaldehyde in inactivated vaccines which are based on Hantzsch,
MBTH, Phenylhydrazine, Tryptophan, Chromotropic acid, and Schiff reagents
(Frerichs and Chandler 1980; Chandler and Frerichs 1980). Whereas the different
methods give comparable results with non-neutralized formaldehyde, only the
MBTH, Phenylhydrazine, and Schiff reagent method were accurate with vaccines
in which formaldehyde was neutralized with sodium bisulphate (Chandler and
Frerichs 1980) and of these three methods, the MBTH method is currently pre-
scribed by the Ph. Eur. (2011a) for sodium bisulfite neutralized samples.

2.3 Examples of Formaldehyde Inactivated Vaccines

2.3.1 Inactivated Picornavirus Vaccines: IPV and HAV

Today, two licensed vaccines that are directed at PV and HAV, both members of
the picornaviridae family, are based on formaldehyde inactivated whole viruses.
The IPV was first licensed in 1955 while it took another 40 years before a HAV
vaccine became available on the market. This delay was primarily due to the
inability to propagate HAV to high titers in cell culture. Nonetheless, these two
picornavirus vaccines have a comparable production method, where the well-
established inactivation and testing of IPV has been used as a benchmark for the
HAV vaccine inactivation and testing thereof.

Salk’s extrapolation of the linear regression of viral titers to ascertain com-
pleteness of inactivation to undetectable levels of infectivity resulted in a minimum
inactivation time defined as 3X (Fig. 2.1), which included an incorporated safety
margin for complete vaccine safety (Salk et al. 1954), as described earlier. Today,
the WHO requires a similar extrapolation of inactivation kinetic curves to ensure
sufficient inactivation time, as Salk proposed in the 1950s. The WHO stipulates a
thoroughly studied inactivation curve where the inactivation time used for manu-
facture must exceed the time taken to reduce the virus titer to undetectable levels by
at least a factor of 2 (WHO 2002). After inactivation the bulk must also be tested for
completeness of inactivation, which must be done with sufficient rigor (Bodian
1958) as administration of incompletely inactivated vaccines is an unacceptable
consequence for any manufacturer or regulatory body.

Testing for completeness of inactivation necessitates fixing a maximally
tolerable level of outgoing infectivity, but this level need not necessarily ever be
realized (Cornfield et al. 1956). The test strategy is based on detection of very low
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concentrations of virus; at low concentrations where it is evident that an aliquot
representing only a small percentage of the overall bulk may not contain infectious
virus (USFDA 1998). The probability p that a sample does not contain virus can be
expressed as:

p ¼ V � v
V

� �
n

where n is the absolute number of virus particles distributed in the overall volume
(V) of the sample and v is the volume of the aliquot taken for residual virus testing.
The above equation can be approximated by the Poisson distribution when a small
aliquot of the overall sample is taken V ≫ v:

p ¼ e�cv

c ¼ ðln pÞ=� v

where c is the concentration of infectious virus particles per liter. Together with
assumption on viral dispersion in the vaccine bulk, sensitivity of the detection
system, and the viral concentration capable of inducing infection in man, one can
determine an acceptable volume to test for a satisfactory probability of complete
inactivation (Cornfield et al. 1956; Meier 1957). Therefore, the probability of
detection of infectious virus at various virus concentrations per liter can be cal-
culated, and upon assigning values for c and p one can calculate the testing volume
necessary to measure virus at low levels with high probability of true detection. For
example, a report published in 1956 by the US Public Health Service (Cornfield
et al. 1956) recommended that 1,500 mL be tested from each of the single strain
bulks on the basis of an “acceptable” level of infectivity set at an arbitrary 5
particulates per liter (White 1955). This means that with a bulk containing 5 or
more particulates per liter, sampling 1,500 mL of this bulk should result in a
probability of ≥99.9 % that the sample will contain ≥1 replication competent virus
which should be unequivocally positive in the detection system.

Today, WHO and Ph. Eur. continue to adhere to the statistical sampling described
in the 1950s, and consequently the testing for completeness of inactivation of IPV
requires two samples that are equivalent to 1,500 adult doses to be tested in vitro on a
susceptible cell type. Absence of PV infection in cell tissue cultures inoculated with
these doses for at least 3 weeks is required before the monovalent bulk can be
released for vaccine formulation (Ph. Eur. 2011d; WHO 2002).

The decades of research and experience with IPV has lead to its role as
benchmark for the formalin inactivation of other pathogens in the vaccine field. The
lessons learned in the beginning and middle of the last century had paved the way
for the formulation of the Hepatitis A picornavirus vaccine. As with IPV, the
manufacturability of a Hepatitis A vaccine required the successful propagation of
the virus in a suitable substrate. The breakthrough of HAV growth in MRC-5 and
WI-38 cell culture was achieved at the end of the 1970s by Maurice Hilleman et al.
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(Provost and Hilleman 1979). Not only were these strains adapted to cell culture to
allow large scale vaccine production, they had also lost their virulence during cell
culture adaptation and were considered attenuated. In fact, their use as live vaccines
has also been investigated (Midthun et al. 1991; Provost et al. 1986a). Nonetheless,
development of an inactivated vaccine was favored due to the faster route to reg-
ulatory approval, resulting in a safe and effective formalin-inactivated vaccine in
1986 (Provost et al. 1986b).

Table 2.1 gives an overview of the currently licensed Hepatitis A vaccines.
Manufacturing of these vaccines follows the general flow of events for all inacti-
vated vaccines; virus propagation, harvest and purification, inactivation, further
purification, and testing for residual replication competent virus. All manufacturers
use the diploid human MRC-5 cell line for the propagation of different Hepatitis A
strains of which HM175 and CR326 have been shown to be highly attenuated.
Purification and concentration are followed by inactivation. Specifications for
inactivation conditions such as formaldehyde concentration, temperature and length
of inactivation, are undefined. Instead a manufacturer validated inactivation pro-
cedure is used, with elucidation of inactivation kinetics and extrapolation of the
curve where 100 % inactivation is achieved and multiplication of this inactivation
time by a factor 3 is required, as is the case for IPV (Ph. Eur. 2011b; WHO 1995).
The inactivation kinetics of Merck’s VAQTA vaccine have been described in the
literature and show linear inactivation kinetics for formaldehyde at various form-
aldehyde concentrations tested. Formaldehyde at a concentration of 100 μg/ml and

Table 2.1 Overview of inactivated Hepatitis A vaccines and their properties

Name Havrix Vaqta Avaxim Epaxal

Manufacturer GSK Merck Sanofi Pasteur Crucell Switzerland
Virus strain HM175 CR326 GBM RG-SB
Cell substrate MRC5 MRC5 MRC5 MRC5
Concentration
and
purification

Sterile filtration,
ultrafiltration, gel
permeation
chromatography

Precipitation in
polyethylene
glycol,
chromatography

Sterile filtration,
chromatography,
ultrafiltration,
diafiltration

Ultrafiltration,
ultracentrifugation

Inactivation
parameters

250 μg/ml formal-
dehyde 15 days at
37 °C

100 μg/ml
formalin 20 days
at 37 °C

Formaldehyde
concentration not
specified 14 days
at 37 °C

0.25 % formalin
(w/v) 10 days at
37 °C

Adjuvant Aluminum
hydroxide

Aluminum
hydrophosphate

Aluminum
hydroxide

Immunopotentiating
reconstituted
influenza virosomes
(IRIV)

Antigen per
dose for adult
and child
doses

1440 ELISA
units ≥19 years

50 HAV
Antigen
units ≥19 years

160 Antigen
units >15 years

>24 IU HAV
protein ≥2 years

720 ELISA units
2–18 years

25 HAV
Antigen units
2–18 years

80 Antigen
units <16 years

Reference Andre (1995) Armstrong et al.
(1993)

Vidor et al. (1996) Gluck et al. (1992)
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at a temperature of 37 °C reduced infectious titers to 1 (TCID50)/ml within 48 h
(Armstrong et al. 1993). The reduction in infectivity is quantified by titration in
susceptible cells (i.e., MRC5). During manufacturing of VAQTA, HAV is inacti-
vated during 20 days, which is tenfold the time needed to reach the x-intercept. This
process thus exceeds by far the threefold inactivation time specified by regulatory
authorities; the authors suggest that prolonged incubation of HAV with formalde-
hyde does not compromise the immunogenicity of the virus particle, which is not
the case for PV, as described earlier.

A manufacturer’s validated and thoroughly investigated inactivation procedure
is evaluated for approval by the regulatory authorities. As with IPV, testing for
effective inactivation relies on reproducible inactivation kinetics and the testing of
two samples of 1,500 doses on a suitable substrate, the identical number of doses as
used for the testing of inactivated PV (Ph. Eur. 2011b; WHO 1995).

In contrast to IPV, the Hepatitis A vaccine includes the addition of an adjuvant
for adequate immunogenicity. Most manufacturers of Hepatitis A vaccines have
utilized the well characterized and established aluminum salts as adjuvants that are
thought to strengthen humoral immune responses (Gupta 1998). An exception is
Epaxal, manufactured by Crucell, in which the inactivated Hepatitis A particles are
adsorbed to virosomes of Influenza haemagglutinin, which are argued to stimulate
both cellular and humoral immune responses (Bovier 2008; Bungener et al. 2005).

2.3.2 Inactivated Flavivirus Vaccines: JE and TBE

Two formalin-inactivated vaccines are available for protection against infection
with the flaviviruses JEV and TBEV. JEV is most prevalent in Asian regions
(Gupta 1998) whereas TBE can be encountered in European to Asian regions
(Rendi-Wagner 2008). Due to their limited distribution, vaccines against these
viruses are not produced in quantities for global immunization but instead at
quantities that can supply inhabitants of endemic areas, as well as travelers and
expatriates (WHO 2006b, 2011). Manufacturing of these vaccines occurs mainly in
the endemic areas by local manufacturers; therefore regulations for safe vaccine
production are largely left to the scrutiny of the national regulatory authority. As is
the case for HAV vaccines and IPV, global regulatory authorities such as WHO and
Ph. Eur. do not specify any inactivation conditions. Instead manufacturers are again
expected to demonstrate extensive studies on the inactivation of JE and TBE virus
by using, for example, formalin to create safe vaccine batches. The local national
authority would then determine whether the vaccine inactivation procedure is
sufficient to guarantee a safe, completely inactivated vaccine. The WHO does,
however, give examples of methods that have been used for the inactivation of JEV
and TBE vaccines; for JEV this is stated as 50–60 days at 4 °C with a formaldehyde
concentration of 1 in 2000 (WHO 2007b) although for a Vero-based JEV vaccine
inactivation during several months at 4 °C with a higher formalin concentration of
0.08 % was used (Sugawara et al. 2002). For TBE manufacture a formaldehyde
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concentration of 0.05 % is proposed with an inactivation time of 5 days at 22 °C
(WHO 1999). For WHO approval, testing for completeness of inactivation requires
testing of 25 human doses for JEV (WHO 2007b) and 20 doses for TBE (WHO
1999), while the Ph. Eur. requires a minimum of 10 human doses for TBE (Ph. Eur.
2011f). The vaccine doses are to be amplified on a suitable cell substrate followed
by intracerebral inoculation of mice with the resulting culture fluid.

2.3.3 Formaldehyde Vaccines Summarized

Methods for formaldehyde inactivation vary greatly between vaccines. Differences
lie in formalin concentrations (from 0.08 to 0.009 % w/v), time of inactivation
(from days to months), and temperature (usually 4 or 37 °C). In general, the higher
the formalin concentration and temperature the faster the inactivation, but this may
come at a cost on immunogenicity as thermal degradation and destruction of
important epitopes upon higher formalin concentration is a known phenomenon.
Therefore, an inactivation time must be sufficient to ascertain complete inactivation
but not too long as to destroy immunogenicity, concurrently, a manufacturer should
monitor immunogenicity of the inactivated sample during inactivation to ensure no
loss of antigenic potential. When faced with the development of an inactivated viral
vaccine, an in depth understanding of the particular pathogen’s inactivation kinetics
curve is inevitable as well as the necessity for a robust test for completeness of
inactivation. Only then a reproducible and validated inactivation procedure can be
set in place to ensure that a negative result in the test is a true measure for the
absence of replication competent virus in a vaccine batch.

2.4 BPL Inactivation of Viruses for Vaccine Purposes

β-Propiolactone (BPL) is the second agent that is widely used for the inactivation of
viruses in order to use them as vaccines. BPL is used in the production of Influenza
and Rabies vaccines but is also used for vaccines that are currently being developed.

BPL, a colorless liquid with a slightly sweet odor, is part of the four-member
ring lactones family. The chemical reactivity of the almost planar, energetically
highly strained four-membered ring provides the organic compound with its elec-
trophilic nature and thus the ability to react readily with nucleophiles. While being
stable in concentrated liquid form, in aqueous solutions it is unstable due to rapid
hydrolysis that allows it to react with hydroxyl, amino, carboxyl, sulfhydryl, and
phenolic groups (Hartman and Logrippo 1957). The reactions of BPL with all
solution constituents make BPL in essence a self limiting compound. The rapid
hydrolysis into nontoxic, noncarcinogenic products will completely eliminate BPL
levels from the reaction within 2 h at 37 °C. This gives BPL an advantage over
formaldehyde inactivation where residual formalin must be removed. In addition to
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its self-limiting nature, excess BPL can be neutralized by the addition of thiosul-
phate, for example, when sampling virus during inactivation. This method is pre-
ferred over a high temperature spike for the neutralization of BPL activity as the
latter may have the unwanted side effect of thermal degradation of the virus
(Lawrence 2000). All reactions with BPL are rapid and stable. Alkylation or
acylation reactions with interacting nucleophiles, which are repeatedly present in
large biological macromolecules such as DNA and RNA, are irreversible.

BPL was first produced in 1915 by Johannson (Hartman and Logrippo 1957)
who studied the salt of β-iodopropionic acid. However, it was not until 1941 when a
novel method of synthesis was introduced by Kung to form BPL from ketene and
formalin, that the widespread use of this organic compound began (Hartman and
Logrippo 1957). After the discovery of this novel production method, BPL was
subject to extensive characterization and research leading to the chemical’s fast
introduction into multiple industries with varying roles. BPL has been used as a
sterilizing agent for tissue grafts and plasma, a monomer for the plastic polymer-
ization industry, an intermediate in the synthesis of propionic compounds, and a
virucidal inactivating agent for vaccine purposes (Hartman et al. 1954; Lawrence
1999). The extensive use of BPL in these industries was somewhat reduced when
BPL’s carcinogenic nature was recognized. Rightfully so, the use of carcinogens in
production processes is considered a safety hazard (Hueper 1963). Nonetheless,
BPL has remained essential for the production of the abovementioned licensed
BPL-inactivated vaccines as levels of BPL are completely hydrolyzed during
vaccine production and residual levels verified.

The mechanism of action by which BPL can inactivate viruses is thought to lie
primarily in its direct interaction with nucleic acids (Colburn et al. 1965; Mate et al.
1977; Roberts and Warwick 1963). The alkylation and acylation reactions between
nucleotides and BPL have been extensively studied. It has been shown that BPL
mainly reacts with the Nitrogen-7 atom of guanosine, and to a lesser extent with
adenosine at the N1 position (Hemminki 1981). The BPL-modified guanine is then
misread by the polymerase as an adenine, therefore for every alkylated guanosine a
GC-AT transition mutation is incorporated (Segal et al. 1981). These multiple
mutations in combination with BPL-induced DNA double helix cross-linking
(Perrin and Morgeaux 1995) can render the genomes dysfunctional, ultimately
making the pathogen replication incompetent, leading to its complete inactivation.
As BPL primarily interacts with DNA or RNA, it was assumed that the immuno-
genic epitopes of the protein would remain intact; entailing that BPL-inactivated
viruses would maintain their high immunogenicity, which is not always the case for
formaldehyde inactivated viruses. However, amino acids and proteins also display
nucleophilic moieties with which BPL can readily interact, and so, as with form-
aldehyde, the interaction of BPL with viral proteins could induce conformational
changes on the viral surface. This could result in the alteration of epitopes necessary
for the induction of neutralizing antibodies against the pathogen. Uittenbogaard
et al. have elucidated the alkylation or acylation modifications that BPL induces on
amino acids. They have shown that BPL reacts with nine different amino acids
(Uittenbogaard et al. 2011) which implies that BPL inactivation could result in
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alteration of important immunogenic epitopes necessary for an immune response.
However, BPL will react more readily with nucleotides in DNA and RNA than with
amino acid moieties. BPL mediated alkylation or acylation of viral constituents
induces significant modifications of these complex molecules which prevents viral
replication, upon which the virus particle is considered to be inactivated (Dijkstra
1975; Logrippo 1960; Roberts and Warwick 1963). Overall, the impact of BPL on
immunogenicity varies per pathogen but is lower than the impact of formalin as
BPL interacts with protein moieties to a lesser extent.

Viral inactivation is directly correlated with the nature of the virus, the initial
concentration of BPL, the temperature, and the composition of the solution during
inactivation (Budowsky et al. 1991). For vaccine production, these parameters are
generally set at 4 °C for 18–24 h with a BPL concentration of 0.1–0.25 %, however,
this can differ per pathogen (Lawrence 2000). Understanding of BPL inactivation
kinetics is essential to ensure complete vaccine safety which dictates a reduction of
infectivity of initial virus suspension by 15–20 orders of magnitude. This is based
on various factors such as minimum probabilities of viral presence in a whole batch
and doses necessary for immunization (Budowsky and Zalesskaya 1991). The
magnitude of 15–20 orders of inactivation cannot be determined experimentally but
requires extrapolation of kinetics data obtained from the experimentally detectable
parts of the inactivation kinetics curves (Budowsky and Zalesskaya 1991). Viral
inactivation curves after exposure to BPL are not linear and display a phenomenon
called “tailing”: a reduction in inactivation rate during BPL treatment. This is due to
the decrease in BPL concentration over time that is caused by the reaction of the
agent with virus, water, or medium components, which decreases the rate of
inactivation over time. The kinetics of viral inactivation can be described rather
accurately when the varying BPL consumption rates over the reaction are taken into
account using the following formula:

ln
S0
St

¼ k
k1

A0 1� exp �k1tð Þ½ � Budowsky et al: 1991; Budowsky and Zalesskaya 1991ð Þ

where S0 and St are the numbers of infectious particles before and at time t after
beginning of inactivation, A0 is the initial concentration of BPL, k is the initial
infectivity inactivation rate constant, and k1 is the total rate constant for the con-
sumption of BPL during inactivation. This description of inactivation kinetics
allows, when rate constants are known, the calculation duration of inactivation
necessary to reduce infectivity of the virus to any given extent, which can ensure a
completely inactivated, safe vaccine (Budowsky and Zalesskaya 1991). Figure 2.2
depicts the theoretical BPL inactivation curves as calculated by the above formula,
as well as experimental data. Initial concentrations of BPL and inactivation tem-
peratures are investigated; in all reactions the tailing phenomenon is visible. In the
end, the BPL mediated alkylation or acylation of viral constituents, whether nucleic
acids or proteins has resulted in the organic compounds being used in virus inac-
tivation for decades, with two, currently licensed, human BPL-inactivated vaccines
on the market and multiple vaccines in development.

2 Inactivated Viral Vaccines 59



Fig. 2.2 Kinetics of inactivation graph BPL, theoretical curves (black lines) calculated according
to equation listed above and experimental data (open diamonds) of phage MS2 inactivation at
different BPL concentrations (a) and temperature (b). Taken from Budowsky and Zalesskaya
1991, with permission
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2.5 Examples of BPL-Inactivated Vaccines

2.5.1 Inactivated Influenza Vaccine

The first reports of vaccination against influenza stem from the 1930s (Stokes et al.
1937) which ultimately lead to the licensure of the first inactivated influenza vaccine
in 1945 in the US (Francis et al. 1946; Salk and Francis 1946). Over the course of
more than 80 years, the currently available inactivated influenza vaccines have
undergone several improvements and have shown significant benefits for society
(Clover et al. 1991; Edwards et al. 1994; Gruber et al. 1990; Neuzil et al. 2001;
Wilde et al. 1999), however, breadth of protection and efficacy of currently available
vaccines are still insufficient to diminish the current annual health burden induced by
the virus. Differences in protective efficacy may result from continuing antigenic
variation in the prevalent epidemic strains. Due to this variation, the composition of
inactivated influenza virus vaccine, unlike that of most viral vaccines, must be kept
constantly under review. Accordingly, WHO publishes recommendations concern-
ing the strains to be included in the vaccine twice annually (WHO 2000, 2009a;
Ghendon 1991).

Until recently inactivated influenza vaccines consisted of three inactivated
viruses; two Influenza A strains and one B strain, however, a new pattern of
influenza B circulation has rendered it troublesome to predict the global dominance
of one of the two influenza B lineages (Paiva et al. 2013). Therefore, quadrivalent
influenza vaccines have been developed to ensure broader protection against Type
B influenza viruses as compared to the trivalent vaccines which contained only one
Type B influenza strain from one lineage. The licensed quadrivalent inactivated
influenza vaccines are formulated in the same way as their trivalent counterparts,
however, two influenza B strains, one from the Victoria lineage and one from the
Yamagata lineage, are included in the formulation.

After inactivation the vaccine strains are either formulated as virosomes (Herzog
et al. 2009), whole inactivated virus (WIV), or detergent-treated “split” vaccines,
where the viral envelope is disrupted after inactivation (Wood 1998; Schultz-Cherry
and Jones 2010). All the US-licensed inactivated influenza vaccines are split vac-
cines as “splitting” of the virus is thought to reduce reactogenicity, especially in
children (Verma et al. 2012; Nicholson et al. 2003). However, WIV vaccines have
been reported to induce stronger immune responses in immunologically naive
individuals than split-virus or subunit vaccines (Beyer et al. 1998; Nicholson et al.
1979). Budimir et al. have recently shown that only WIV influenza vaccines, and
not split or subunit vaccines, are capable of inducing cross-protection against
heterosubtypic challenge due to elicitation of a strong CTL response in mice as
whole (BPL) inactivated vaccines are capable of endosomal fusion into the cell
cytoplasm (Budimir et al. 2012). The necessity of an influenza vaccine that can
elicit cell-mediated immunity and the superiority of WIV vaccines over split vac-
cine variants has recently been reviewed (Furuya 2012).
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After harvesting the (reassorted) vaccine strains, purification steps such as fil-
tration or sucrose gradient centrifugation may be performed before inactivation of
the monovalent bulks. Currently, licensed vaccines are inactivated using either BPL
or formaldehyde. Although formaldehyde inactivated vaccines are successful in
eliciting protection against influenza, it has been reported that formaldehyde
interferes with the fusion ability of the inactivated virus particle (Geeraedts et al.
2012) which in turn prohibits an optimal CTL response. This is not observed for
BPL-inactivated influenza virus (Budimir et al. 2012). According to the Ph. Eur
(2011c), the concentration of BPL and formaldehyde cannot exceed 0.1 % (v/v) and
0.02 %, respectively, during the entire inactivation procedure. Other inactivation
parameters, such as time of inactivation and temperature are not specified. As with
formalin-inactivated vaccines, a manufacturer-validated inactivation method must
be demonstrated to the approving regulatory body. The principles of influenza
inactivation have been investigated with respect to initial BPL concentration,
temperature, and composition of the solution where it was shown that inactivation
of influenza A at 20 °C at BPL concentrations of 0.011 or 0.055 M ranges from 35
to 170 min, depending on whether the virus sample is purified or in harvested
allantoic fluid (Budowsky et al. 1991). Testing for effective inactivation is specified
by the Ph. Eur. (2011c), and should be performed by inoculation of either
embryonated hens’ eggs or the cell substrate that was used for vaccine production
with a fixed amount of vaccine product, after which the cultures are tested for
abscense of heamaglutination, which is a surrogate for infectious virus activity.

After inactivation, antigen is purified to reduce nonviral contaminants and
concentrated by various methods such as centrifugation through sucrose gradient,
passage over chromatographic column, dialysis, or filtration. Splitting of the virus
particles is achieved by addition of a solvent (an ether or detergent) during or before
purification which disrupts the viral membrane. Monovalent vaccines are finally
combined to form the final vaccines. Table 2.2 gives an overview of the FDA
approved inactivated influenza vaccines, all of which are split vaccines.

Table 2.2 Overview of FDA approved inactivated influenza vaccines

Vaccine Manufacturer Inactivation agent Splitting agent

AFLURIA CSL BPL Sodium taurodeoxycholate

Agriflu Novartis Formaldehyde CTAB

Flulaval
(Quadrivalent)

ID Biomedical
Corporation of
Quebec

UV + Formaldehyde Sodium deoxycholate

Fluarix
(Quadrivalent)

GlaxoSmithKline Formaldehyde Sodium deoxycholate

Fluvirin Novartis BPL Nonylphenol ethoxylate

Fluzone
(Quadrivalent)

Sanofi Formaldehyde Octylphenol ethoxoylate
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2.5.2 Inactivated Rabies Vaccine

The second currently licensed BPL-inactivated viral vaccine is a rabies vaccine
which has an equally rich history of development. Pasteur introduced an experi-
mental rabies vaccine in 1885 when he observed the rapid decrease of rabies virus
virulence upon air drying of rabies-infected rabbit spinal cords. Serially less dried
rabies-infected rabbit spinal cords containing inactivated—or at least partially
inactivated—rabies viruses induced protection of dogs and later humans against
challenge following inoculation (Bazin 2011; Pasteur et al. 1885). This method of
vaccination, although it was considered a treatment for infected people at the time,
was the foundation for rabies vaccines. However, Pasteur faced significant criticism
from the scientific community as recipients were essentially inoculated with viru-
lent virus at the end of the treatment (Burke 1996; Gelfand 2002; Wu et al. 2011).
This set the incentive to chemically inactivate the rabies virus with phenol in 1908
leading to the first completely inactivated rabies vaccine, despite the disruptive
action of phenol on the antigenic sites on the proteins (Fermi 1908; Semple 1911;
Briggs 2012).

In the 1950s and 1960s the vaccine was further improved by using alternative
substances to cultivate rabies virus, such as chicken and duck embryos (Peck et al.
1955). This due to the fact that vaccines based on adult mammalian nerve tissue
were associated with effects such as encephalomyelitis and demyelination lesions in
the CNS due to the presence of myelin (Bonito et al. 2004; Bahri et al. 1996).
Therefore, the WHO currently does not recommend the use and production of nerve
tissue vaccines (WHO 2005) and has been advocating use of cell culture or
embryonated eggs as production platforms since 1983 (WHO 1984). In the US,
only cell culture derived rabies vaccines are approved for commercial use, however,
some African and Latin American countries continue to produce and use nerve
tissue vaccines by phenol inactivation, where the vaccine production protocol
resembles the methods from a century ago (Briggs 2012). Today, there are two
primary avian cell lines used for rabies vaccine production; purified chick embryo
cell vaccine (PCECV) and purified duck embryo rabies vaccine (PDEV) and
multiple continuous cell lines such as MRC-5, Vero, and primary hamster kidney
cells. However, inactivated vaccines produced on continuous cell lines are not
completely free from adverse reactions. There are reports on reactogenicity in
response to vaccination with the human diploid cell rabies vaccine (HDCRV) which
may relate to the presence of BPL-altered human albumin, added as a stabilizer to
vaccine preparations (Anderson et al. 1987; Swanson et al. 1987). Nonetheless, cell
culture based vaccines are still vastly preferred over nerve tissue vaccines. More-
over, an additional advantage of the use of a cell line platform, for instance Vero
cells, is that they can be cultured in large scale in fermenters on microcarriers which
contributes to standardization, safety, and upscaling of the production system
resulting in constant yields.

Despite the variation in vaccine cell substrates, the majority of the rabies vac-
cines are inactivated in a similar manner using a concentration of not more than
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1:3,500 and up to 1:5,000 v/v of BPL at 2–8 °C for 24 h (WHO 2007a; Ph. Eur.
2011e). However, there are exceptions such as the use of formalin for Primary
Hamster kidney cell culture vaccine (PHKCV). As with the formalin-inactivated
vaccines, the inactivation curves have to be validated and approved by the regu-
latory body. After inactivation, different purification standards can be used such as
ultrafiltration, ultracentrifugation, zonal centrifugation, or chromatography. Once
formulated, the vaccine potency for all these vaccines is determined by quantifying
the degrees of protection against rabies following immunizing and intracerebral
challenge of mice (de Moura et al. 2009; Fitzgerald et al. 1978). Based on the
results of this National Institutes of Health (NIH) test, the vaccine dosing is set at
2.5 International Units/dose. Many regulatory authorities, including the Ph. Eur.
and WHO, have adopted the NIH potency test as the only assay for potency
quantification of inactivated Rabies vaccines, despite the recognition of the fact that
the animal test should be replaced by an antigen quantification procedure (Bruckner
et al. 2003). The vaccine is further tested for complete inactivation by inoculating
the cell substrate used for manufacturing with 25 human vaccine doses or more.
Cultures are examined for the presence of newly produced rabies virus using
immunofluorescence.

2.5.3 BPL-Inactivated Vaccines Summarized

As with the formaldehyde inactivated vaccines, BPL-inactivated vaccines have
varying inactivation procedures, with different temperatures, BPL concentrations,
and inactivation times for complete inactivation. A thoroughly studied inactivation
curve of virus activity is required for validation of inactivation parameters and
confident declaration of viral absence, which a regulatory agency can consequently
approve for vaccine licensure. As compared to formaldehyde inactivation, BPL
inactivation times are significantly shorter where minutes to hours can suffice in
inactivating viral activity as compared to the days or months needed for formal-
dehyde inactivation. Further advantages of BPL inactivation is the lower inacti-
vation temperature which may prevent thermal degradation of important epitopes,
moreover, protein moieties are less likely to be altered by BPL due to the primary
reaction of the compound with nucleic acids. Despite the evident advantages of
BPL, formaldehyde is more widely used for inactivation of pathogens, perhaps due
to historical use of the compound and years of experience which has paved regu-
latory pathways for the licensure. Nonetheless, it is evident that the advantages of
BPL should be considered by vaccine manufacturers for viral inactivation.
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2.6 Inactivated Vaccines in Development

The century old concept of the use of inactivating viruses to elicit protection against
the virulent pathogen continues to bear fruit for humanity. Countless improvements
and innovations in the field of vaccinology, such as the introduction of recombi-
nant, DNA-based, and vectored vaccines have not stopped the use and development
of inactivated vaccines. The relative straightforwardness in which an inactivated
vaccine is produced and licensed, accompanied by the fact that inactivated vaccines
cannot revert as their replication competent counterparts can do, explains the fact
that there are new inactivated pathogens that are being evaluated as vaccine can-
didates. However, inactivation does not always guarantee the creation of a suitable
vaccine as was observed with pathogens such as RSV and measles, therefore
immunogenicity of the novel inactivated particle must always be thoroughly tested.
Furthermore, new inactivation methods are also being investigated to circumvent
the disadvantages of formalin and BPL such as altered immunogenicity due to
epitope masking. This section will provide an overview of novel inactivated vac-
cines in development as well as new inactivation methods.

2.6.1 New Inactivation Methods

The increased safety associated with inactivated vaccines does not entail a spotless
track record, as was described for the formalin-inactivated RSV and measles vac-
cines. The inadequate immune response induced with inactivated viruses is thought
to be due to masking of essential epitopes. This drives the investigation of alter-
native inactivation methods that do not alter epitopes or skew immune responses to
ensure a protective vaccine with high efficiency. Three new inactivation methods,
being hydrogen peroxide treatment, zinc-finger reactive treatment, and gamma
irradiation are described in more detail below. Whether these inactivation methods
will be implemented in the manufacturing of vaccines remains to be determined.

A hydrogen peroxide based vaccine platform has been proposed by Amanna et al.
(2012). Oxidizing agents are an essential part of the mammalian innate immune
system (Valko et al. 2007) and use of such agents, like H2O2, as antimicrobial and
antiseptic agents have been well established (Linley et al. 2012). However, the use of
H2O2 in the inactivated vaccine industry was never considered as H2O2 is believed to
irreversibly damage basic molecular structure of proteins (Skykes 1965). H2O2

inactivation of a range of DNA and RNA viruses showed minimal damage to epi-
topes compared to BPL and formalin. In addition, superiority of H2O2 inactivated
vaccines was demonstrated by the elicitation of a strong neutralizing antibody
response, effective T cell responses, and protection in mice (Amanna et al. 2012).
Furthermore, the use of H2O2 requires a much shorter inactivation time in com-
parison to formalin and decomposes into nontoxic products (water and oxygen).
Mechanism for H2O2 inactivation is the genomic damage induced by hydroxyl
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radical attack on nucleosides resulting in single- or double-strand breaks ultimately
leading to inactivation of the virus (Termini 2000). The authors propose H2O2 as a
feasible, broad-spectrum, and effective inactivation platform.

Conserved zinc-finger motifs within the small, basic, nucleic acid-binding
nucleocapsid proteins of retroviruses are essential for virus replication (Aldovini
and Young 1990). The vital role of this motif has lead to the discovery and
development of various compounds that covalently bind these motifs and abrogate
infectivity of viruses (Rice et al. 1995). Despite the loss of infectivity, the inacti-
vated virus still retains the capacity to enter target cells as well as its structural and
functional integrity (Rossio et al. 1998). To that end, use of zinc-finger reactive
compounds was examined for RSV inactivation with maximum preservation of the
virion surface structure. RSV contains zinc-finger motifs in the M2-1 protein,
necessary for processivity of the viral polymerase (Hardy and Wertz 1998). The
2,2-dithiodipyridine zinc-finger reactive compound was shown to effectively
inactivate RSV and conveyed moderate immunogenicity in cotton rats, which could
be raised dramatically in combination with the ribi adjuvant system (RAS), an oil-
in-water emulsion. However, addition of this adjuvant also induced the enhanced
disease, which was not observed with the inactivated RSV alone (Boukhvalova
et al. 2010). More research would be necessary to produce a safe and immunogenic-
inactivated RSV, however the authors argue the superiority of zinc-finger reactive
compounds over the traditional methods with respect to an unaltered protein
structure and feasibility of upscaling for large scale production.

Gamma irradiation as a physical means of virus inactivation is not a novel
method as it has been used extensively in the past for investigational vaccine
purposes (Campbell 1985; Marennikova and Macevic 1975; Reitman and Tonik
1971; Reitman et al. 1970; Wiktor et al. 1972). It is argued that γ-irradiation is
superior to the conventional chemical methods (formalin and BPL) due to the view
that organisms can be rendered incapable of replication by generating strand breaks
in genetic material without structural destruction of proteins (Furuya 2012). Fur-
thermore, γ-irradiation is associated with high penetration capacity allowing viral
inactivation of large volumes, stored in closed containers, and even in frozen state.
Moreover, there is no need to remove a chemical compound after inactivation
(Furuya 2012). Despite all these advantages no γ-irradiated vaccine exists today,
this presumably due to the success of formalin and BPL which represent well-
established and regulatory-accepted inactivation methods, which manufacturer’s
may prefer for vaccine production. Furthermore, concerns surrounding the safety of
γ-irradiation may also have inhibited its use in the vaccine industry, however, these
concerns may diminish as more research on the application of γ-irradiation is
increasing (Frenzen et al. 2001). Recently, a γ-irradiated Venezuelan equine
encephalitis virus (VEE) strain has shown to convey protection against subcuta-
neous challenge at low doses in mice, however, despite the hypothesis that
γ-irradiation should not affect epitopes, a decrease in antigenicity was observed
after inactivation and protection against aerosol challenge was suboptimal (Martin
et al. 2010a), nonetheless, this VEE vaccine candidate will be further pursued by
the authors, as well as a formalin-inactivated counterpart (Martin et al. 2010b).
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Gamma irradiation has also been proposed for whole inactivated influenza where
improved heterotypic immunity was observed, primarily mediated by cross reactive
T cells (Alsharifi and Mullbacher 2010; Furuya et al. 2010).

2.6.2 New Targets for Whole Inactivated Vaccine
Development

2.6.2.1 Inactivation of Attenuated Viruses

As described earlier in the chapter, attenuated vaccine viruses may revert to a
virulent form which would make them capable of causing the disease against which
they should protect. There are multiple licensed attenuated vaccine viruses that are
currently being considered for inactivation for vaccine purposes.

The oral polio vaccine (OPV) displays frequent reversion to virulence in vaccine
recipients and there are estimates of approximately 400–800 vaccine-associated
paralytic poliomyelitis (VAPP) cases per year globally (John 2002). Despite the
immediate recognition of the fact that OPV strains can revert readily into a path-
ogenic phenotype (Henderson et al. 1964), OPV has been used since the 1960s and
still is being used extensively. However, recently, it has been acknowledged that
use of the oral live attenuated vaccine is at odds with global eradication of polio-
myelitis. Indeed, the number of vaccine-associated poliomyelitis cases is in the
range of wild-type PV induced poliomyelitis cases (WHO 2006a). Although IPV is
a safe alternative, the costs of currently available IPV are too high to implement its
use in low income countries (Heinsbroek and Ruitenberg 2010; Zehrung 2010) and
several options to reduce costs of IPV are being considered (WHO 2009b). In the
era after eradication, IPV use will have to be continued at least for a certain amount
of time. At that time, production of IPV from wild-type PV strains will fall under
strict biosafety measures (WHO 2009c). Even though it is currently not clear
whether an IPV based on OPV strains may be produced at lower biosafety level
after eradication as compared to a wild-type based IPV, there is much research
going on to the inactivation of the OPV strains with formalin to eventually replace
the inactivated PV vaccine based on the wild-type strains. Not only would the
lowering of biosafety level decrease potential costs of goods, replacing the wild-
type strains greatly reduces the risks of poliomyelitis upon accidental outbreaks
from the manufacturing facility, after eradication. The manufacture of Sabin-IPV is
essentially identical to the Salk-IPV process with slight modifications (Westdijk
et al. 2011). The WHO encourages the development of this Sabin-IPV vaccine
(Bakker et al. 2011) and multiple clinical trials have been or are being performed
(Verdijk et al. 2011), moreover, in Japan a Sabin based IPV has recently been
licensed in combination with diphtheria, tetanus, and acellular pertussis (DTaP-
Sabin IPV) (Mahmood et al. 2013). In general, Sabin-IPV displays higher immu-
nogenicity for serotype 1, lower for type 2, and similar for type 3 in comparison to
Salk-IPV, licensure of more Sabin derived IPV’s is foreseen in the near future.
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Monath et al. describe the results of a Phase I study of a BPL-inactivated Yellow
Fever (YF) vaccine, based on the licensed attenuated 17D strain (Monath et al.
2011). The 17D vaccine was developed in 1936 by Max Theiler and today
20 million doses are issued per year. However, yellow fever vaccine-associated
viscerotropic disease (YF-AVD) and yellow fever vaccine-associated neurological
disease (YF-AND) occurring at a frequency of 0.4 and 1.8 per 100,000 doses,
respectively (Lindsey et al. 2008), instigate a need for safer vaccines. Inactivated
vaccines will reduce the adverse effects associated with the vaccine and is predicted
to be less reactogenic as it has been cultivated on Vero cells instead of eggs (Hayes
2010). The alum-adjuvanted, BPL-inactivated vaccine induced neutralizing anti-
bodies in a high percentage of subjects, albeit lower titers than the live vaccine,
whether the lower titers will be compensated for by the higher safety profile is yet to
be determined (Monath et al. 2011).

The oral rotavirus vaccines have also been shown to be disadvantageous with
respect to safety and regional inefficacy to induce an adequate immune response,
consequently, an inactivated counterpart has been proposed for development (Jiang
et al. 2008a). As “conventional” chemical inactivation of rotavirus with formal-
dehyde or BPL treatment has shown to destroy integrity of the immunogenic epi-
topes (Offit and Dudzik 1989; Zissis et al. 1983), a novel heat inactivated rotavirus
vaccine (IRV) has been proposed for development. Rotavirus inactivated at 60 °C
for 2 h has shown to be immunogenic in mice (Jiang et al. 2008b) and gnotobiotic
piglets when administered together with an aluminum adjuvant (Wang et al. 2010).

Another example of inactivation of attenuated virus strains for vaccine purposes
is the inactivation of the attenuated Varicella-Zoster Virus (VZV) Oka/Merck
strain. The live attenuated vaccine provides protection against varicella (chicken
pox) and zoster (shingles), however, despite the high safety profile (Galea et al.
2008), there was stimulus to inactivate this attenuated strain for use in prevention of
zoster in immunocompromised patients (Hata et al. 2002; Redman et al. 1997).
Currently Phase III clinical trials are ongoing for this heat inactivated vaccine which
has been reported to be (almost completely) inactivated by heating at 56 °C for
7 days which reduced the pfu/ml of the live vaccine preparation from 4,000 to
2 pfu/ml in the “inactivated” vaccine (Levine et al. 2000).

2.6.2.2 Inactivation of Wild-Type Viruses

The successes of the current inactivated viral vaccines have stimulated the research
and development of other virus inactivated vaccines using formalin or BPL. A
selection of interesting candidate vaccines is listed below.

Enterovirus 71 (EV71) is a picornavirus capable of inducing hand, foot, and
mouth disease (HFMD) which can lead to serious neurological complications and
even death (McMinn 2002). As with the other picornaviridea vaccines (PV and
HAV) formalin was chosen as inactivating agent to develop an inactivated EV71
vaccine, propagated on Vero cells. In Taiwan, a pilot production procedure has been
developed resulting in an optimized USP and DSP procedure. Inactivation studies
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demonstrated that inactivation of the entire vaccine bulk would require 2.2, 12.6, and
31.6 days at 37, 25, and 4 °C, respectively (Chong et al. 2012). A Phase I clinical
study has been scheduled using this inactivated bulk. In China, there are three Phase
III clinical studies ongoing with a formalin-inactivated EV71 C4 strain grown on
either Vero cells (Li et al. 2012; Zhu et al. 2013) or on human diploid KMB-17 cells
(Dong et al. 2011), all adsorbed to aluminum hydroxide as an adjuvant.

The inactivated flavivirus vaccines against JEV and TBEV, have encouraged
researchers to examine formalin inactivation of another member of the flavivirus
family, namely Dengue viruses. A cell culture adapted Dengue virus type 2
(DENV2) that was propagated on Vero cells was inactivated with 0.05 % formalin
for 10 days at 22 °C and adsorbed to alum hydroxide. This candidate elicited
neutralizing antibodies as well as protection in macaques (Putnak et al. 2005).
However, this monovalent candidate has not been further pursued since its devel-
opment as it has been recognized that Dengue requires a potent vaccine that can
elicit equally protective immune response against all 4 serotypes without risks of
waning immunity (Heinz and Stiasny 2012).

Mosquito-transmitted alphaviruses such as Venezuelan, Western and Eastern
equine encephalitis virus (VEE, WEE, and EEE virus) have been formalin-inacti-
vated for use as vaccines for horses (Zacks and Paessler 2009). However, there are
no commercially available alphavirus vaccines licensed for human use despite their
development and use as investigational vaccines against bioterrorist threats by the
US army. The reason for halted development most likely lies in the only moderate
immunogenicity of this candidate (Edelman et al. 1979; Steele et al. 2007).
Research focusing on the less known alphavirus Ross River virus (RRV), which is
endemic in Australia and Papua New Guinea, causing epidemic polyarthritis
(Harley et al. 2001), has lead to a phase 1/2 dose escalation study using an adju-
vanted, formalin-inactivated RRV vaccine which showed high seroconversion rates
in naïve healthy young adults (Aichinger et al. 2011). Another inactivated alpha-
virus vaccine in development is a chikungunya virus (CHIKV) inactivated vaccine,
which has been studied in mice. Formalin, as well as BPL, inactivated CHIKV
vaccines in combination with three different adjuvants were compared. The alum-
adjuvanted, BPL-inactivated vaccine induced highest antibody titers, however, all
inactivated CHIKV vaccine formulations conveyed some degree of reduction in
viral replication after homologous challenge (Kumar et al. 2012).

Inactivation of respiratory syncytial virus (RSV) with formalin in the 1960s
resulted in hospitalization and even deaths of infants as described earlier in this
chapter. Therefore, inactivation was deemed an unsuitable and even dangerous
method for RSV vaccine development. Nonetheless, a BPL-inactivated RSV vac-
cine supplemented with toll-like receptor (TLR) ligands and with total respiratory
tract (TRT) administration has recently been proposed in mice as a nonreplicating
RSV vaccine without the enhanced disease due to proper immune stimulation
(Shafique et al. 2012). Inactivation was achieved by a 0.025 % BPL concentration
for 16 h at 4 °C. Administration of this vaccine in combination with innate receptor
ligands, induced a protective Th1 immune response. In addition, the protection was
achieved without priming for enhanced disease.
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Another example of a novel BPL-inactivated pathogen is the Severe Acute
Respiratory Syndrome (SARS) Corona Virus propagated on Vero cells. When
immunized in combination with an adjuvant mice and golden Syrian hamsters
conveyed the induction of high titer neutralizing antibodies and protection from
challenge (Roberts et al. 2010).

2.7 Concluding Remarks

Time will tell whether one or more of these vaccines in development will contribute
to the struggle against infectious diseases in the form of a licensed inactivated
vaccine. The extensive knowledge, and experience achieved with the existing viral
inactivation procedures for vaccine manufacture will continue to serve as a foun-
dation of vaccinology for novel inactivated vaccines. Today millions of people are,
and will be, protected worldwide with inactivated viral vaccines. Furthermore, this
number will presumably continue to grow as research in novel inactivated vaccines
expands, as this method of vaccine preparation remains a relatively straightforward
way to produce safe and effective vaccines. The concept of virus inactivation for
vaccine production can be therefore seen as the low-hanging fruit within the tree of
vaccine design, bearing in mind that complete understanding of viral inactivation
and immunogenicity of the resulting particle are essential for success.
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Chapter 3
Recombinant Virus-like Particle Protein
Vaccines

Robert D. Sitrin, Qinjian Zhao, Clinton S. Potter, Bridget Carragher
and Michael W. Washabaugh

3.1 Introduction

Viral diseases offer a major challenge to vaccine development because of the
complex nature of virus structures and the large size of the virus particle needed to
generate an effective immune response. Viral diseases frequently stimulate both
Th2 (antibody-mediated) and Th1 (cell-mediated) immune pathways. Thus, a viral
subunit vaccine candidate should stimulate both immune response pathways and
might require a novel adjuvant that favors the Th1 cell-mediated pathway. In
general, subunit vaccines with smaller molecular weights have failed to elicit a
protective immune response for viral targets. Thus, classical approaches to develop
antiviral vaccines have required the use of attenuated (or inactivated) live viruses
produced in cell culture. Although this approach has been widely successful
(measles, mumps, rubella, rotavirus, varicella, polio, and hepatitis A) and is still in
practice, not all viruses are amenable to replication in cell culture, particularly at
commercial scale.
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With the advent of modern molecular biology, it has become reasonable to
consider the use recombinant DNA approaches to produce modern prophylactic
vaccines. One interesting problem presents itself here, as the viruses themselves are
fairly large (multimillion Dalton molecular weight), and thus pose a special chal-
lenge to cloning such a large entity. In fact, the viruses themselves face the same
problem, in that if they needed to package the genome coding for a multimillion
Dalton entity, they would not have sufficient room inside their viral capsid structure
for such a large genome. They have solved this problem by evolving over thou-
sands of years the ability to produce proteins of modest size (24 kDa and higher),
which self-assemble into icosahedral virus particles after viral replication inside a
host cell (Harrison 1990). In appropriate expression systems, these proteins retain
that ability to self-assemble into virus-like particle (VLP) structures whose surface
is immunochemically comparable to that of the actual virus. This has been a major
success story in vaccines and has enabled the development and commercialization
of vaccines against Hepatitis B (HBV) (Sitrin et al. 1993; Stephenne 1990), Human
Papillomavirus (HPV) (Shi et al. 2007), and recently flu (FDA 2013; Cox 2011) and
Hepatitis E (HEV) (Zhu et al. 2010).

3.2 Common Issues for Recombinant-Derived VLP
Vaccines

3.2.1 Comparison with Other Recombinant Protein Products

In general, production and licensure of recombinant vaccines share many of the
issues important in licensure of recombinant therapeutic proteins and monoclonal
antibodies. Current licensed VLP vaccines use either yeast or Baculovirus
expression systems—both amenable to fermentation or cell culture at relatively
large scale (Cox 2012). The expressed proteins self-assemble during production or
purification to produce VLP entities, often of 20–80 nm in diameter. The EP
monographs (EP 2008, 2010a) describe the expected EU testing and release criteria
for HBV and HPV vaccines, which are presumably similar to the corresponding
FDA release expectations. As is the common practice for recombinant products,
master cell banks and banked viral seed lots are tested and released for freedom
from adventitious agents (viral or bacterial as appropriate). At the completion of
purification, usually to a >95 % value, products are sterile filtered and formulated
onto aluminum salts and other adjuvants. In general, release and characterization
testing procedures are analogous to those used in the Biotech industry for recom-
binant proteins such as purity, and host cell and DNA residuals (EP 2008, 2010a).
Final dosage forms are routinely tested for sterility, adjuvant content and potency.
(EP 2008, 2010a; WHO 2006; CHMP 2006).
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3.2.2 Comprehensive Characterization

Recombinant VLP vaccines, particularly pivotal clinical and process validation lots,
are typically subjected to comprehensive testing analogous to typical testing done on
therapeutic protein products (purity by SDS-PAGE, primary and secondary structure)
as well as further tests to measure tertiary and quaternary structure and properties on
aluminum adjuvant. This additional analytical characterization is above and beyond
the release testing carried out on commercial lots. It has become increasingly clear
that structural and functional methods for analysis of recombinant VLP-based vac-
cines are beneficial during development and postlicensure (Zhao et al. 2012a; Zhao
et al. 2013b). In addition, characterizing in vitro antigenicity, in an epitope-specific
manner, is emerging as an excellent surrogate marker for in vivo immunogenicity or
vaccine efficacy (Shank-Retzlaff et al. 2005; Zhao et al. 2012b). Figure 3.1 sum-
marizes the analytical procedures used to assess primary, secondary, tertiary, and
quaternary protein structure of GARDASIL® and demonstrates the array of testing
technology that can be applied to any recombinant VLP-based vaccine (Sitrin 2010).

A major issue for vaccines is the ability to manage process or facility changes at
commercial scale without the need for repeated clinical trials, which is often the
case for “traditional” vaccines. It is important to establish the link or correlation
between critical product attributes and critical process conditions. A well-defined
process can result in a well-characterized product. This is particularly important for
clinically relevant structural features such as neutralizing and immune-dominant
epitopes for a prophylactic vaccine. Thus, the ability to characterize a recombinant
VLP vaccine offers an excellent tool box to demonstrate “comparability” to license
process or facility changes or upgrades.

Fig. 3.1 Typical analytical techniques applied to VLP vaccines (Sitrin 2010)
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3.2.3 Complexity of Protein Vaccines Versus
Small Molecule Drugs

Complexity is the central theme when dealing with the properties of biologics or
vaccines. Unlike traditional small molecular weight drugs, where high performance
liquid chromatography (HPLC), mass spectrometry (MS), and nuclear magnetic
resonance (NMR) can fully define structure and function, high molecular weight
biological identities display an array of slightly different variations in structures or
conformations which cannot fully define the biological aspects of the structure.
They have unique signatures, or fingerprints, made up of naturally occurring
variations or a complex mixture. These structural variations include heterogeneity
in conformation, partial or full modification of N-terminus, disulfide bond pairing,
degree or variations in glycosylation or phosphorylation, and different levels of
proteolytic clipping of peptide chains occurring during bioprocessing and/or during
storage. The complexity reflected by these arrayed variations in structure or con-
formation may not translate into differences in function. This is why the terms
“comparable” or “equivalent” (vs. “same” or “identical”) have been used when
describing the properties of different batches of products or products made with
slightly different processes or at different scales.

3.2.4 What Is Comparability?

For a given product attribute, there are three facets to consider when it comes to
defining comparability criteria: process comparability, analytical comparability, and
the link of a change to the clinical outcome (“does a change matter?”). Thus, the
premise of a comparability exercise is to gauge the future product attributes, when a
scale change or process improvement is implemented, using the database (or the
fingerprints defined from the past experience) based on the past clinical and
commercial manufacturing batches. A weighted approach needs to be adopted, so
more meaningful assays, such as the potency assays or in vitro functional binding
assays with close links to clinical outcome, can be treated with higher significance.
For HBV and HPV vaccines, mouse potency and mAb based in vitro relative
potency assays have been extremely important in defining the product efficacy
during product development. Orthogonal methods, preferably gauging the bulk
property or the “whole sample” (as opposed to a subset of product) properties, are
often employed to better assess the products. The recently published A-Vax case
study, which explores the use of Quality by Design (QbD) for a VLP vaccine,
discusses weighting in terms of a risk assessment and a control strategy that sup-
ports comparability studies (PDA 2012).

Better understanding of the structural basis for the functions of VLPs would lead
to improved assays to define the specific “fingerprints” and a link to clinical per-
formance. More quantitative analysis and more complete understanding of the
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process should lead to more precise control and management of the chemical or
biophysical complexity in a vaccine product. This increased knowledge would in
turn help to define the design space during process development and process val-
idation to deliver safe and efficacious products.

3.2.5 Special Technology Applied to VLPs

Potency assay: There are unique attributes and tests applied to VLP vaccines that
are not generally used to analyze or test recombinant proteins. One of the most
critical attributes of any vaccine is that of the potency determination. Classically,
in vivo testing (usually mouse or perhaps rat) has been used for release of vaccine
products. The Th1 (cell-mediated) response is becoming increasingly important in
evaluating vaccine clinical performance, and the mouse potency assay (in vivo
immunogenicity) is usually a serology test that only evaluates the Th2 (total
polyclonal antibody-mediated) response in the mouse. Consequently, it has been
difficult to establish an in vitro antigenicity—in vivo immunogenicity relationship
that is also well-correlated with protective immune response in humans. However,
because of their unique icosahedral repeat structures with multiple immunological
surface epitopes, properly calibrated enzyme linked immunoassay (ELISA) tech-
niques can be used for in vitro potency evaluation and release. These require
extensive discussions with regulatory agencies to assure that they are accepted as
clinical surrogates of vaccine efficacy.

Sizing analysis: Another unique testing technology not usually applied to
recombinant protein products is nanometer scale size determination, either by
dynamic light scattering (DLS) or multiangle laser light scattering (MALLS) often
in concert with HPLC size exclusion analysis (HPSEC-MALLS) or field flow
fractionation (See references in Table 3.1). Size determination of products, using
DLS carried out in a routine manner, provides a facile method to track process
consistency over time and provides an early warning of potential shifts in perfor-
mance manifested by changes in size such as aggregation or oligomerization.

Imaging: Finally, because of their large and symmetrical structure, these viral
vaccine products are amenable to imaging using Transmission Electron Microscopy
(TEM), both in negative stain as well as in a frozen hydrated state (cryoTEM), and
by Atomic Force Microscopy (AFM). TEM methods, in combination with modern
computational techniques, can also provide three-dimensional visualizations of
these vaccines, their interaction with relevant antibodies, and their appearance when
adsorbed to adjuvants. In addition, these orthogonal direct visualization methods
aid the interpretation of the data generated by the more indirect light scattering
methods.

3 Recombinant Virus-like Particle Protein Vaccines 85



3.2.6 VLPs Are “Well-Characterized Vaccines”

Based on its design, this recombinant VLP approach yields an entity that could be
considered well characterized, as are the therapeutic protein products that are man-
ufactured in an analogous manner. Thus, unlike the situation for traditional vaccines,
a comprehensive characterization data base provides an excellent and well-accepted
means to carry out future process and manufacturing facility changes without
repeating clinical studies. It should be noted that this database should contain sig-
nificant analytical characterization information above and beyond release data.

3.3 HBV Vaccines

3.3.1 Serum-Derived Vaccine

Hepatitis B vaccine (HBV) products bridge several generations of technology and
demonstrate a steady progression of the application of modern techniques to the
analysis and characterization of vaccines. The original HBV vaccine, Heptavax®,
was licensed by Merck in 1981 (Hilleman 1993). The vaccine antigen, Hepatitis B

Table 3.1 Techniques used in the size analysis of VLPs with or without an in-line separation
process

Method VLP/observation Reference

Methods with in-line separation

High-performance size exclusion
chromatography (HPSEC)

HPSEC with UV or FL detection HPV/30–60 nm Mach et al. (2006)

HPSEC with MALLS HPV/30–60 nm Li et al. (2007), MacNair (2005)

Analytical ultracentrifugation (AUC) HPV/VLP Mach et al. (2006)

Disc centrifugation HPV/VLP Deschuyteneer et al. (2010)

Asymmetric field flow
fractionation (FFFF or AF4)

VLP Pease et al. (2009),
Mohr et al. (2013)

Electrospray differential mobility
analysis (ES-DMA)

Virus/VLP Guha et al. (2012)

Methods without separation

Dynamic light scattering (DLS) Mohr et al. (2013, Sitrin (2010)

Negative-stain TEM Shi et al. (2007)

CryoTEM 3D
reconstruction

Zhao et al. (2014),
Mulder et al. (2012)

Protein tomography Deschuyteneer et al. (2010)

Atomic force microscopy (AFM) Zhao et al. (2012a), (2012b),
Mulder et al. (2012),
Zhao et al. (2006)
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surface antigen (HBsAg), was isolated from human carriers and purified by a
lengthy and extensive process to yield a safe and effective vaccine adsorbed to an
aluminum adjuvant. Most of the analytical testing was designed to assure safety
from potential human viruses likely present in the source serum. In fact, the World
Health Organization (WHO) document on requirements for release of the plasma-
derived HBV vaccine, focuses mostly on safety tests, with expectations for residual
HBV viral DNA, purity by SDS-PAGE (>95 %), and a relative mouse potency
requirement (WHO 1988; Grachev and Magrath 1993). The dose was set from
clinical trials as 20 µg protein determined by UV, micro-Kjedahl, or Lowry.
Potency was measured by an in vivo assay in mice assessed by a total polyclonal
antibody response to the antigen. Given the available technology at the time, this
represented an appropriate panel of tests to characterize this vaccine product.

The Hepatitis B surface antigen, comprised of an approximately 24 kDa
molecular weight protein along with smaller amounts of extended sequences (“Pre
S1” and “Pre S2”) contains very significant hydrophobic sequences, which cause it
to take on lipids from the producing (liver) cells and assemble into a 22 nm VLP.
Early characterization of the product used SDS-PAGE, amino acid analysis, Edman
degradation, HPLC, TEM (22 nm particles), and analytical ultracentrifugation.
(Peterson 1981). Figure 3.2 is a negative-stain TEM micrograph of a clinical lot of
Heptavax® (Hilleman 1993). Note the regular spherical particles of the antigen in
this figure. Lipids, presumably from the host producing cells (phospholipids,
cholesterol, and triglycerides), were critical to structure and immunogenicity as the
protein was insoluble in the absence of lipids (Gavilanes et al. 1982; Peterson et al.
1982; Gavilanes et al. 1990).

Fig. 3.2 Negative-stain TEM micrograph of Heptavax® (Hilleman 1993). Reprinted with
permission
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3.3.2 Yeast-Derived Vaccines

Limited supply of source serum and perceived safety issues led to the development
of the yeast-derived HBV vaccines developed both by Merck (Recombivax HB®)
and GSK (Engerix B®) (Sitrin et al. 1993). These vaccines, expressed in baker’s
yeast, Saccharomyces cerevisiae, were the first application of modern recombinant
DNA technology to commercial products. Although the historical safety tests for
Heptavax® were no longer required, these new vaccines had to meet all of the
newly evolving testing and quality procedures for rDNA products (WHO 1989)
with particular focus on purity (SDS-PAGE), acceptable levels of yeast proteins and
yeast DNA, as determined by hybridization techniques (<10 ng/dose) (EP 2008;
Grachev and Magrath 1993). Although the lipid content changed from human to
yeast lipids, the expressed 24 kDa protein was able to assimilate the yeast lipids and
make VLPs as effective as the VLP antigen isolated from human carriers. At the
time of original licensure, potency was measured by the same technique used for
the serum-derived vaccine, a classical ED50 determination in mice, using the same
specifications (EP 2010b). The product was also tested for sterility, process resid-
uals (formaldehyde or Cesium Chloride), and aluminum (EP 2008) either at the
purified bulk or final container stage as appropriate.

3.3.3 Characterization of the Recombinant HBV Vaccines

Both manufacturers applied available technology to characterize their products.
Merck reported the use of nonreducing gels to demonstrate the extent of cross-
linking of the disulfide containing product into several discrete forms, which were
ascribed different levels of antigenicity (Wampler et al. 1985). In GSK publications,
the recombinant product was compared to the serum-derived product by EM, amino
acid composition, N- and C-terminal data, SDS-PAGE, HPLC, and comparative
immunochemistry (Petre et al. 1987; Stephenne 1990). Original data published by
GSK (Stephenne 1990) indicated consistent levels of lipid (11–15 mcg per 20 mcg
protein), sugars (0.2–0.35 mcg per 20 mcg protein), antigen using a radioimmu-
noassay called AUSRIA (Abbott_Diagnostics 2012), and protein purity (>98 %) in
the bulk product. Further structural studies of the vaccine (Hemling et al. 1988)
confirmed 85 % of the sequence by FAB mass spectrometry of proteolytic and
CNBr digests. Complete structure confirmation was thwarted by the fact that the
protein was 70 % blocked at its N-terminus and contained very hydrophobic
sequences making handling of the protein difficult. The lipid-free protein and many
of its fragments showed propensity to form water-insoluble aggregates.
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3.3.4 Release Strategy and Potency

The doses for the two licensed HBV vaccines are fixed and expressed in terms of
protein mass (µg protein as measured by Lowry or the equivalent) (EP 2008;
Grachev and Magrath 1993). The protein concentration is measured at a bulk
purified stage and this value is used to dilute into the final formulation (adsorption
onto aluminum adjuvant). Potency is then measured on the final formulated drug
product as a separate measurement from the protein dose. Originally, this potency
was determined by an in vivo assay in mice and expressed as an ED50 or relative
ED50 value compared to a standard (Descamps et al. 2011; EP 2010b). An in vitro
potency assay based on the Abbott Auszyme Sandwich ELISA kit was later
developed to replace the in vivo assay (Descamps et al. 2011). When this kit was
discontinued, an in house competitive inhibition ELISA needed to be developed
(Descamps et al. 2011). At Merck, an in vitro sandwich ELISA potency test was
also developed and validated based on the Abbott Auszyme Sandwich ELISA kit
(Schofield 2002). The specifications for Recombivax HB® were based on historical
data with Heptavax®. Using extensive concordance data between the two assays
(Fig. 3.3), new specifications could be established at the crossover points. This
required extensive statistical analysis, given the high variability of the mouse
potency assay. Both assays are described in the EP Monograph (EP 2010b).

Both vaccines are formulated on aluminum adjuvant. GSK uses aluminum
hydroxide and Merck uses amorphous aluminum hydroxyphosphate sulfate. Final
vaccine containers are tested for aluminum, sterility, pyrogens, and potency (EP
2008; Grachev and Magrath 1993).

Fig. 3.3 Correlation between mouse potency and in vitro relative potency (IVRP) assays for the
recombinant HBV vaccine Recombivax HB®. ED50 values are in units of mcg antigen (Schofield
2002). Reprinted with permission
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3.3.5 Modern Characterization Methods

Further characterization of the Hepatitis B antigen by more modern techniques has
been reported as these have evolved. Using a reversed-phase microisolation pro-
cedure and a new matrix 4hcca (4-hydroxy-alpha-cyanocinnamic acid), the sample
could be delipidated and the parent molecular ion (25,438 Da) as well as the two
major tryptic fragments (13,466 and 11,989 Da could be obtained by MALDI MS
(Cohen et al. 2000).

Insights into the maturation of the HBsAg particle and formation during the
manufacturing process were observed using atomic force microscopy (AFM) and
nonreduced SDS gels (Zhao et al. 2006). Progressive formation of the appropriate
disulfide bonds after thiocyanate treatment could be observed as well as changes in
particle flexibility. These are demonstrated in the AFM images in Fig. 3.4 where
Samples A and B are the antigen before and after thiocyanate treatment. The AFM
technique consists of a cantilever with a sharp tip (probe) at its end that is used to
scan the specimen surface. When the tip is brought into proximity of a sample
surface, forces between the tip and the sample lead to a deflection of the cantilever.
These images were obtained in aqueous environments to minimize the deformation
of the lipoprotein particles. The lower figures show the expanded region from the

Fig. 3.4 Atomic force microscopy (AFM) images of HBsAg before (a) and after (b) thiocyanate
treatment (Zhao et al. 2006). Reprinted with permission
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specified portion of the top figures. Note that the protruded surface features of the
HBsAg particles are much better defined after KSCN-induced oxidative maturation
with more interchain cross-linking via disulfide bonds (Wampler et al. 1985). Size
characterization and monitoring of aggregation during processing steps could be
monitored by CD and HPSEC-MALLS (Li et al. 2007).

Further studies on the maturation of the HBsAg particle during manufacture
were carried out using immunochemical techniques by surface plasmon resonance
(SPR) with monoclonal antibodies known to bind clinically relevant sites on the
VLP surface (Zhao et al. 2011a). These tools could also be used to optimize the
vaccine antigenicity and immunogenicity using heat treatment or treatment with
redox mixtures and to enable rapid process monitoring of manufacturing process
intermediates (Zhao et al. 2011b). These modern techniques were summarized as a
“Toolbox” for structural and functional characterization of vaccines that includes
AFM and CryoTEM studies (Mulder et al. 2012) and so would they fulfill the
purpose to demonstrate comparability as mentioned earlier.

3.3.6 CryoTEM Studies

The advantage of CryoTEM is that it provides a very direct means of observing
individual particles in a hydrated sample, simultaneously providing information on
size, shape, morphology, degree of preservation, and aggregation state. It can also
be used to determine the three-dimensional structure of the particles and their
interaction with antibodies, and reveal the mode of interaction between the particles
and their adjuvants (Fox 2012). In this method, a small drop (3 μL of the sample is
placed onto an EM grid covered by a holey carbon support film. The bulk of the
sample is removed to leave a thin film, which is then rapidly plunged into a cryogen
(e.g., liquid ethane) capable of vitrifying the sample (i.e., freezing it without cre-
ating ice crystals). The sample preserved in this vitrified medium is transferred into
the electron microscope using a cryogenic stage that maintains the sample tem-
perature below −170 °C. In order to limit damage to the specimen by the electron
beam, images are acquired using a very low dose of electrons resulting in images
with a low signal-to-noise ratio and limited contrast. The particles are preserved in
their natural hydrated state, and thus images provide an accurate description of the
morphology of the structures and can be used to extract quantitative metrics such as
size distributions and particle fraction counts.

One of the unique advantages of the CryoTEM method is that a three-dimen-
sional map of the structure can be reconstructed by combining particles of the same
morphology and conformation but in different relative orientations. The method is
generally referred to as “single particle analysis” (described in a recent review
(Orlova and Saibil 2011)) and relies on acquiring a large number of images of the
randomly oriented particles, which are two-dimensional projections of the three-
dimensional object. The individual particles are boxed out of the images and iter-
ative computational methods are used to determine the relative orientation of each
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of the two-dimensional projections, which are then backprojected to provide the
three-dimensional object. An alternative method, known as electron tomography
can also provide three-dimensional reconstructions, although usually at a lower
resolution. Analogous to common medical imaging technologies (such as computed
tomography), electron tomography acquires a series of images as the sample is
rotated in known angular increments about an axis perpendicular to the electron
beam. Computational methods are then used to align the images and backproject
them to reconstruct the three-dimensional object (Milne et al. 2013).

Yeast-derived HBsAg particles observed by CryoTEM show fairly regular,
mostly spherical particles with slightly amorphous boundaries (Fig. 3.5) (Mulder
et al. 2012). Further analysis using two-dimensional classification reveals that the
VLP surface shows slight protrusions arranged in a regular pattern (Fig. 3.5 inset).
Particle-size distribution analysis provides a maximum particle Feret diameter
ranging from 18.5 to 22.7 nm (266 particles) and a circularity measure of
0.89 ± 0.03, indicating that the VLP likely deviates from a perfect sphere. Three-
dimensional reconstructions show that particles are structured as an empty spherical
shell with 24 “knuckle”-like protrusions projecting from a smooth surface and
separated by regions of lesser density (Fig. 3.6a, b) (Mulder et al. 2012). The body
of each protrusion (presumed to be S-protein) is partially submerged in what is
presumed to be lipid monolayer. A region of density corresponding to *18 kDa of
protein, protruded into the extracellular space (Fig. 3.6c, d); notably this region of
density would be able to accommodate a tetramer of a stretch of amino acid
residues (aa 105–156) in the antigenic loop most implicated in infectivity and
antigenicity (Le Duff et al. 2009; Salisse and Sureau 2009). Together with previ-
ously published results, the analysis of the three-dimensional cryoTEM map

Fig. 3.5 CryoTEM image
of HBsAg VLPs. Inset is a
two-dimensional class
average (Mulder et al. 2012).
Reprinted with permission

92 R.D. Sitrin et al.



provides a structural model for the HBsAg vaccine particle that is consistent with
previous results regarding the antigenic features, lipid–protein arrangement, and
overall particle architecture (Mangold et al. 1995; Stirk et al. 1992; Le Duff et al.
2009; Salisse and Sureau 2009; Gilbert et al. 2005; Greiner et al. 2010; Short et al.
2009).

3.3.7 Closing Comments of HBV

The three decades of HBV vaccine history offer an excellent case study for pro-
gressive improvements in technology applied to the same product. Continuous
improvement in analytical methods during life cycle management is essential as
technologies in the field evolve. The use of these newer analytical techniques
provides scientists with new tools to improve processes and production steps and
providing additional assurance that a reliable supply of vaccines is maintained.

Fig. 3.6 a/b CryoTEM map of HBsAg. c Structural features of protein containing protrusion and
surrounding lipid layer. d Arrangement of protein and lipid in the HBsAg particle (Mulder et al.
2012). Reprinted with permission
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3.4 HPV Vaccines

3.4.1 History

After over 13 years of development, the U.S. Food and Drug Administration (FDA)
approved in 2006 the first preventive HPV vaccine, GARDASIL®, marketed by
Merck & Co. (Shi et al. 2007). Glaxo SmithKline gained approval of its HPV
vaccine, known as CERVARIX®, in 2007 in Australia, and the European Union,
followed by approval in the US in 2009 (Deschuyteneer et al. 2010). HPV vaccines
are now licensed in over 100 countries. Since their introduction, the yeast-derived
recombinant quadrivalent HPV L1 (Types 6, 11, 16, and 18) vaccine GARDASIL®

and the Baculovirus-derived bivalent vaccine (Types 16 and 18) CERVARIX®

have played an important role in lowering HPV infection rates in teenage girls
(Markowitz et al. 2013) to ultimately reduce incidence of cervical cancer (Dunne
and Datta 2008). It is notable that CryoTEM images were used to visualize what the
vaccines look like to the general public as evidenced by Fig. 3.7 which was
included in a US News and World Report cover story article on the breakthrough
launch of anticancer HPV vaccines (Fischman 2006).

For both products, the development strategy was to clone the L1 protein
(*55 kDa) specific for each serotype in a recombinant expression system, either full
length L1s in yeast (Merck) or as C-terminal truncated proteins in a Baculovirus
expression system (GSK). For all of the HPV serotypes, the L1 protein contains in its
structure the ability to assemble to capsomers of five monomers (MW * 300 kDa),

Fig. 3.7 CryoTEM reconstructions of GARDASIL® (Fischman 2006). Reprinted with permission
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which themselves assemble into icosahedral structures. The final vaccines contain
these VLPs of about 60 nm in size, whichmimic the natural viruses in antigenicity and
immunogenicity. For both products, the vaccines are purified either as capsomers or
VLPs by a variety of chromatographic techniques, with a disassembly/reassembly
(D/R) step added at the end for the Merck vaccine process for some types to further
enhance the particle morphology, homogeneity, and stability. Both products are
formulated on aluminum adjuvantwith theGSKproduct also containing an additional
novel adjuvant (ASO4) to enhance its immunogenicity (Deschuyteneer et al. 2010).

3.4.2 Biochemical Analysis

Using established techniques (Fig. 3.1) for recombinant protein characterization, the
primary structure of the constituent L1 proteins could be confirmed for both vac-
cines. Reduced SDS-PAGE was used to confirm the molecular weights and purities
(Deschuyteneer et al. 2010). Purified L1 VLPs were analyzed by MALDI-TOF MS
on peptide fragments, ISOQUANT® (deamidation), free thiol groups, circular
dichroism (CD), and Fourier Transform Infrared (FT-IR) spectroscopy (WHO 2006;
CHMP 2006). No evidence has been found of N-linked glycosylation since the
observed mass values in SDS-PAGE and in MALDI-TOF MS closely matched the
theoretical values (Cohen et al. 1999). GSK published data on peptide mapping of
the L1 proteins by tandem LC-MS/MS, N- and C-terminal determinations, Differ-
ential Scanning Calorimetry (DSC), TEM (including samples on aluminum adju-
vant), CryoTEM, amino acid analysis, disc centrifugation, and relative antigenicity
(Deschuyteneer et al. 2010).

3.4.3 Sizing Analysis of VLP-Based Vaccines

Particle size is a key attribute unique to VLP vaccines. A variety of techniques have
been applied to determine size and size distribution as shown in Table 3.1. These
techniques are particularly helpful to monitor consistency of full-scale manufacturing
lots either by DLS for GARDASIL® as shown in Fig. 3.8 (Sitrin 2010) or disc
centrifugation for CERVARIX®, as shown in Fig. 3.9 (Deschuyteneer et al. 2010).

3.4.4 Analytical Tools Applied
to the Disassembly–Reassembly Process Products

In the GARDASIL®manufacturing process for some of the types, the purified VLP is
subjected to a disassembly–reassembly (D/R) step in order to create a more stable and
properly assembled particle (Mach et al. 2006). Since this step imparts significant
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Fig. 3.8 Use of dynamic light scattering (DLS) to monitor consistency of manufacture of VLP
vaccine (Sitrin 2010)

Fig. 3.9 Use of disc centrifugation to monitor consistency of manufacturing of CERVARIX®

types 16 (top) and 18 (bottom) involving ten batches (one color/batch) (Deschuyteneer et al. 2010).
Reprinted with permission
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improvements in stability and potency, it is important to determine which charac-
terization tools can discern between VLPs before and after D/R as they would have
verified utility for meaningful parameters. A variety of analytical techniques were
applied to observe the VLPs before and after reassembly. For example, Fig. 3.10
(Zhao et al. 2012a) shows the differences by negative-stain TEM as well as by
AFM. The changes from irregular to well-defined icosahedral structures are partic-
ularly evident in the AFM images. These techniques are especially useful to char-
acterize pivotal samples during process development and manufacturing process
demonstrations.

The improved stability of the VLPs after D/R was evident on differential
scanning calorimetry (DSC) analysis, which measures thermal transitions as a
sample is warmed. A significant upward shift in the lower transition temperature
from 53° to 57° as well as a significant change in the relative observed peak heights
could be observed with four different batches before and after D/R (see Fig. 3.11)
(Zhao et al. 2012a). (Shank-Retzlaff et al. 2006). The results of a cloud point study
also supported the decreased propensity for post-D/R VLPs to aggregate, as com-
pared to pre-D/R VLPs, during thermal treatment (Mach et al. 2006).

Fig. 3.10 Changes in morphology of VLPs before and after disassembly/reassembly (D/R) as
measured by negative-stain TEM (panels a & b), and atomic force microscopy (AFM) (panels
c–f) (Zhao et al. 2012b). Reprinted with permission
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3.4.5 Immunochemical Characterization and Antigen
Quantitation

For GARDASIL®, a panel of highly specific monoclonal antibodies (mAbs) against
L1 protein were used to characterize the purified recombinant VLPs in a set of
various assays, namely, epitope mapping using label-free SPR technology for the
relative footprint size/degree of overlap of different mAbs, inhibitory concentration
at 50 % response (IC50) by competitive ELISA (Zhao et al. 2012b) and affinity of
mAbs to the different epitopes (solution KD determination) (Towne et al. 2013).
The GSK group demonstrated by ELISA that the same protective epitopes were
present in their truncated L1 VLPs as in the full-length L1 pseudovirions (Fig. 3.12)
(Deschuyteneer et al. 2010) and demonstrated binding of protective antibodies to
their truncated VLPs using SPR.

3.4.6 Immunochemical Analysis of D/R Products

Epitope mapping was performed on the different HPV types prior to and after D/R
using an SPR technique with a panel of mAbs that recognizes conformational or
linear epitopes. Along with significant improvements in morphology and stability

Fig. 3.11 Differential scanning calorimetry (DSC) thermograms of four HPV-16 VLP lots of pre-
D/R (traces in dash lines—red) and post-D/R treatment (traces in solid lines—green). D/R refers to
disassembly/reassembly (Zhao et al. 2012a). Reprinted with permission
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profiles, post-D/R VLPs showed markedly higher antigenicity (*2 to 3.5 fold) to
conformational and neutralizing mAbs, whereas the binding to mAbs recognizing
linear epitopes was greatly reduced and for one mAb below the detection threshold
(Fig. 3.13a) (Zhao et al. 2012b; Towne et al. 2013). A much more focused epitope
map was observed for the postreassembly VLPs indicating the decreased hetero-
geneity in different VLP forms (VLP to VLP) and within VLP conformational
heterogeneities (Fig. 3.13b).

3.4.7 Potency Assay

For any new vaccine product, critical attention is required to developing a suitable
potency assay and assuring it correlates with clinical performance. This can be
particularly challenging for a new vaccine product where a clinical correlate does
not yet exist.

3.4.7.1 Dose Versus Potency

As with the case of the Hepatitis B vaccines described earlier, both commercial HPV
vaccines express their doses in terms of protein mass (µg protein as measured by
Lowry or the equivalent). The protein concentration is measured at a bulk purified
stage and this value is used to dilute into the final formulation (adsorption onto
aluminum adjuvant). Relative potency is then measured on the final formulated drug

Fig. 3.12 Binding capacity of monoclonal antibodies to truncated L1-derived HPV-16/18 VLPs
and HPV-16/18 pseudovirions (PsV), as determined by ELISA (Deschuyteneer et al. 2010).
Reprinted with permission
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product as a separate measurement from the protein dose (EP 2010a) by comparison
to a reference (clinical) lot. Originally, this potency was determined by an in vivo
assay in mice and expressed as an ED50 or relative ED50 value compared to a
standard. For GARDASIL®, a unique pair of mAbs for each type was selected to
develop a type-specific sandwich ELISA assay for measuring the specific antige-
nicity of a given VLP preparation in aqueous solution. This ELISA was then
reformatted to become the in vitro Relative Potency (IVRP) assay on the (aluminum
adjuvant-adsorbed) final vaccine product after dissolution treatment and comparison
to a reference standard lot (Shank-Retzlaff et al. 2005). Because four different pairs
of mAbs were used, each antigen could be tested for release and stability in the
presence of the others in the final container. For CERVARIX®, the original in vivo
assay used during program development was also replaced by an in vitro ELISA
assay which was very effective for demonstrating long-term stability of the vaccine
(Le Tallec et al. 2009).

3.4.7.2 Analyzing Adjuvanted Vaccines

Analyzing antigens on adjuvanted vaccines is not as straightforward as analyzing
antigens in solution. The quadrivalent vaccine, GARDASIL®, uses amorphous
aluminum hydroxyphosphate sulfate adjuvant, while the bivalent CERVARIX®

vaccine uses AS04 (500 μg aluminum hydroxide 50 μg 3-O-deacyl-4’-monophos-
phoryl lipid A) (Deschuyteneer et al. 2010). Adsorbed VLPs have been analyzed by

Fig. 3.13 a Relative
immunochemical changes of
HPV-16 before and after
disassembly/reassembly
(D/R). b Relative footprint
before and after D/R (Zhao
et al. 2012b). Reprinted with
permission
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mouse potency, IVRP as well as DSC (Deschuyteneer et al. 2010; Shank-Retzlaff
et al. 2005). The GSK team used DSC analysis to demonstrate consistency of man-
ufacturing and stability of VLPs when adsorbed to aluminum hydroxide (Fig. 3.14)
(Deschuyteneer et al. 2010; Le Tallec et al. 2009). It was concluded that adsorption to
the aluminum adjuvant did not result in significant changes in VLPs structure as
evidenced by similar morphology and antigenicity pre- and post-adjuvant adsorption.
For further discussion on this, see later section for TEM and CryoTEM of VLPs on
aluminum adjuvants without pretreatment.

3.4.7.3 Correlation Between in Vivo and in Vitro Assays

For GARDASIL®, the mouse potency (ED50) assay was performed on BALB/c
mice in which anti-HPV antibodies were measured using an ELISA-based assay
4 weeks postimmunization. This in vivo potency assay was used to establish the

Fig. 3.14 Differential scanning calorimetry (DSC) thermograms of VLPs in solution (a and b) and
of VLPs adsorbed on aluminum hydroxide (c). a DSC profiles of three different batches of HPV-16
L1 VLPs. b DSC profiles of three different batches of HPV-18 L1 VLPs. c DSC profiles of three
different batches of mixed aluminum-adsorbed HPV-16 and HPV-18 L1 VLPs (Deschuyteneer
et al. 2010). Reprinted with permission
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immunogenicity of formulated products in mice. Both IVRP and in vivo mouse
potency assay (ED50) were used to release clinical lots and to characterize the
product stability. By the time of licensure, the correlation between the in vivo and
in vitro assays had been demonstrated and the IVRP assay (see Fig. 3.15) was
approved as the release potency assay (Shank-Retzlaff et al. 2005).

3.4.7.4 Setting Specifications

With the correlation between mouse potency and the IVRP assays established, a
novel “quality-by-design” approach was used to set specifications for GARDA-
SIL®. In this study, a statistical evaluation of variability of the ELISA assay and the
formulation/filling process along with stability variability was used to propose
specifications for the ELISA (see Fig. 3.16) that were confirmed with a specially
designed dose-ranging clinical trial (Capen et al. 2007).

Fig. 3.15 Comparison of
in vitro (IVRP) and in vivo
(mouse potency) assays for
HPV-16 in GARDASIL®.
ED50 values are in units of
mcg antigen a plotted by
sample type (non-reassembled
vs reassembled) and b by
sample age (months)
(Shank-Retzlaff et al. 2005).
Reprinted with permission
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3.4.8 CryoTEM Studies

3.4.8.1 CryoTEM Imaging and Analysis

CryoTEM (see earlier description in Sect. 3.3.6 above) was used to image each of
the four GARDASIL® HPV types as shown in Fig. 3.17 (Zhao et al. 2014). The
majority of the VLPs appear to be fully assembled, are observed to have a range of
sizes, are predominantly spherical or ellipsoidal in shape, with no evidence of
filaments or other large aggregates. These observations are similar to those reported
using negative-staining EM for the C-terminal truncated VLPs in CERVARIX®

(Deschuyteneer et al. 2010).
A set of particles of similar diameter (54 ± 3 nm) were selected from images of

VLPs of type 11 and type 16 and single particle analysis methods were used to
reconstruct three-dimensional maps of these serotypes as shown in Fig. 3.18a, c
(Zhao et al. 2014).

3.4.8.2 VLPs Interacting with Fabs

CryoTEM and single-particle 3D reconstruction was also applied to VLPs inter-
acting with monoclonal antibodies (mAbs), which were known to be protective and

Fig. 3.16 Model used for setting specifications for GARDASIL®. IVRP refers to the in vitro
relative potency assay used to measure vaccine potency (Capen et al. 2007). Reprinted with
permission
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which had been used in the potency assay. To avoid cross particle binding, the
mAbs were digested and then purified into their respective Fabs. After three-
dimensional reconstruction and difference mapping, VLPs can be observed directly
interacting with antibody fragments (see Fig. 3.17 inset). Three-dimensional vol-
umes of decorated particles for two different serotypes were reconstructed using
methods as described above in Sect. 3.3.6. The antigenic site of interaction is quite
different for the two serotypes and their two individual antibodies; for Type 11, the
antigenic site is located at the center of the capsomer (Fig. 3.18b), whereas for
the Type 16 serotype, the antigenic site for this antibody is located off to the side at
the outer edge of the capsomers (Fig. 3.18d) (Zhao et al. 2014).

3.4.8.3 VLPs Interacting with Alum Adjuvant

Images of the VLPs adsorbed to aluminum adjuvant were obtained using CryoTEM
(Fig. 3.19) for GARDASIL® and using negative-staining TEM (Fig. 3.20) for
CERVARIX®. In both cases, intact VLPs can be observed attached to the adjuvant

Fig. 3.17 CryoTEM images of VLPs in GARDASIL® (Zhao et al. 2014). Reprinted with
permission
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particles. For GARDASIL®, tomographic methods were used to obtain three-
dimensional reconstructions of the structures to confirm that the morphology of the
individual is unchanged on binding to the adjuvant (Murphy and Jensen 2007).

3.4.9 Comparability Testing for Life Cycle Management

Extensive characterization provides a database to confirm whether future process
changes yield a comparable product. It is critical to determine which tests confirm
important similarities or differences. For the GARDASIL® VLP, notable changes
could be observed before and after disassembly/reassembly for the TEM, Cryo-
TEM, AFM, DLS, HPSEC, DSC, and stability profiles as well as the relative
response of various surface epitopes. Since improved antigenicity, stability, mouse
potency, and clinical performance were also improved after the D/R step, the utility
of these assays for future comparability studies was verified.

Fig. 3.18 Three-dimensional reconstructions of a HPV-11; b HPV-11 decorated with antibody
fragment H11.B2; c HPV-16; and d HPV-16 decorated with antibody fragment H16.V5 (Zhao
et al. 2014). Reprinted with permission
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Fig. 3.19 HPV VLPs can be observed directly interacting with the alum adjuvant. The VLPs
indicated by the arrows are shown at larger scale in the insets indicating that the VLPs are intact
and retain their morphology and spherical shape upon absorption onto the adjuvant (Zhao et al.
2014). Reprinted with permission

Fig. 3.20 Negative-stain TEM pictures of CERVARIX®, showing that HPV-16 (a) and -18
(b) L1 VLPs (arrows) retain their structure when adsorbed onto aluminum hydroxide
(Deschuyteneer et al. 2010). Reprinted with permission
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3.5 HEV VLP Vaccine

Recently, a recombinant VLP-based vaccine against Hepatitis E virus infection,
Hecolin®, was licensed and launched in China (Zhao et al. 2013a) after demon-
stration of vaccine safety and efficacy with over 115,000 volunteers enrolled in a
large-scale Phase III trial (Zhu et al. 2010). The key antigenic determinants reside
on the viral capsid comprised of a single protein encoded by ORF2. Conformation
epitopes are essential to mimic the virion surface for desired antigenicity and
immunogenicity of the vaccine antigen as evidenced by the antigen-binding activity
to a panel of neutralizing mAbs (Zhang et al. 2005; Li et al. 2009). Analytical
centrifugation (AUC) was used extensively to assess the particle assembly of the
truncated version of the viral capsid protein as a vaccine antigen (Yang et al. 2013).

3.6 Newer VLP-Based Vaccines in Clinical Development

Given the success of the recombinant VLP approach to develop antiviral vaccines
for HBV, HPV, HEV and influenza, this approach is likely to be applied to other
viral vaccines where direct cell culture techniques are problematic. We will discuss
here two such potential products which have advanced into the clinic and meet
potential needs which otherwise could not be targeted by classical vaccine methods.

3.6.1 Chikungunya (CHIKV)

Chikungunya (CHIKV) is an arthropod-borne alphavirus (family Togaviridae). The
alphaviruses are small enveloped positive-strand RNA viruses of 65–70 nm in
diameter. This arboviral disease has been epidemic in Africa and parts of Asia with
transmission occurring through multiple mosquito species. As of 2010 as reported
by the Centers for Disease Control and Protection, more than 35 countries have
documented cases of CHIKV infection excluding those countries where only
imported cases have been documented (Ross 1956).

At present, there are no licensed vaccines or approved antiviral therapy currently
available for the prevention or treatment of CHIKV infection. However, the US
Department of Defense previously studied a live, attenuated vaccine for the pre-
vention of chikungunya disease (Eckels et al. 1970). In that study, 98 % of vaccinees
developed neutralizing antibodies after a single subcutaneous immunization, con-
firming feasibility for a vaccine for chikungunya disease. The Vaccine Research
Center at the National Institute of Allergy and Infectious Diseases has developed a
noninfectious VLP technology to induce robust immune responses for the prevention
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of chikungunya infection (Akahata and Nabe 2012). The CHIKVVLPs developed by
the NIAID contain the E1 and E2 glycoproteins that express the major antigen
determinants and the capsid protein. The VLPs are produced by transient transfection
of an HEK 293 cell line variant with a DNA plasmid encoding the structural genes of
the CHIKV (capsid, E3, E2, 6K and E1, although the 6K and E3 proteins have not
been specifically detected in the VLPs). The enveloped VLPs self-assemble and are
released into the culture medium as approximately 65 nm particles. This vaccine
entered clinical study under IND at the NIH Clinical Center through the VRC
Clinical Trials Core.

3.6.2 Norovirus

Norovirus infection, more commonly known as the “winter vomiting disease”, is
the most common cause of nonbacterial acute gastroenteritis in the U.S., estimated
by the CDC to afflict 23 million people per year (Mead et al. 1999). Recent studies
from the CDC underscore the potential of norovirus infection to lead to severe
complications, especially in children and vulnerable elderly individuals. A sys-
tematic review of studies that employed sensitive molecular assays for diagnosis
revealed that norovirus causes an estimated, annual 64,000 hospitalizations and
900,000 clinical visits among children in industrialized nations and up to 200,000
deaths of children <5 years of age in developing countries (Patel et al. 2008).

Norovirus infection usually presents as acute-onset vomiting, watery nonbloody
diarrhea with abdominal cramps, nausea, and fever. Dehydration is the most
common complication, especially among the very young, elderly, and immuno-
compromised populations and frequently requires medical intervention including
hospitalization. Such outbreaks are also a concern for the military where they
interfere with combat readiness. Outbreaks are now often seen in special circum-
stances such as aboard large vessels or cruise ships.

Takeda Vaccines Inc. is developing a vaccine for the prevention of acute gas-
troenteritis caused by norovirus. The vaccine, Norovirus GI.1/GII.4 VLP (Norovirus
Bivalent VLP) vaccine, consists of norovirus virus-like particles (VLP) formulated
with aluminum hydroxide and monophosphoryl lipid A (MPL) adjuvants. The two
VLPs in the vaccine formulation are a Norwalk virus VLP from genogroup GI.1 and
a norovirus VLP consensus sequence from genogroup GII.4. The norovirus con-
sensus VLP is a construct representing a consensus sequence from several norovirus
GII.4 strains. The two VLPs in the vaccine are intended to provide broad protection
against norovirus infections. The VLPs are produced in a baculovirus/insect cell
expression system. A stable recombinant baculovirus encoding the norovirus VP-1
subunit is prepared in adherent Sf9 insect cells.
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3.7 VLPs are Well-Characterized Vaccines

Based on the above discussed analytical methods, recombinant HPV VLP-based
vaccines can be classified as “well-characterized vaccines,” thus making it possible
to use analytical characterization data (in addition to routine release data) to
implement, after regulatory approval, a process change or scale-up without
requiring a new clinical trial. It is important to have a comprehensive plan for
comparability testing to support postlicensure scale-up, process improvement, and
facility changes. A database is needed to capture the data based on the lots man-
ufactured during process development, and particularly on the lots that had been
used in the clinical trials. A weighted approach should be employed when analyzing
the data, for instance, the potency assay or in vitro antigenicity analysis should
carry more weight than a parameter such as VLP size. Maintaining a dynamic
database on the process experience, on pre- and post-licensure lots, is critically
important for the life cycle management of a marketed vaccine. Clearly, as new
methods for characterizing proteins evolve, they should be applied to VLP vac-
cines. It would be critical to hold retains of pivotal production lots for this purpose.
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Chapter 4
Analysis of Influenza Vaccines

Pierre-Alain Moisset, Jeffrey Pederson and Nathalie Landry

4.1 Introduction

Influenza is a seasonal illness that occurs mostly in the winter periods, from October
to March in the Northern hemisphere and from May to September in the Southern
hemisphere (World Health Organization 2012b). Approximately 3–5 million cases
of severe illness and 250,000–500,000 deaths occur every year worldwide, gen-
erating costs of billions of dollars (influenza and influenza-like illness) (World
Health Organization 2009).

Vaccination has been widely accepted as an important defense against the spread
of influenza virus. Protection levels of approximately up to 70–90 % against clinical
disease in healthy adults have been reported in industrialized countries, provided
there is a good match between the vaccine and the circulating strains (Nichol 2008).
A recent meta-analysis of 31 clinical trials revealed that the pooled vaccine efficacy
was 59 % in the case of drifted strains (Osterholm et al. 2012).

The yearly production of quality-controlled flu vaccines in adequate amounts
requires manufacturers to overcome a significant number of hurdles. Before the first
dose of seasonal vaccine is produced and distributed, many steps have to be fol-
lowed by all manufacturers and although they can influence the decision process,
many parameters are not under their control as outlined in the figure and sections
below (Fig. 4.1).
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4.2 Influenza Vaccine Basics: Hemagglutinin
and Neuraminidase

There are three types of influenza viruses, A, B, and C which can all infect humans
(Young 2000). As influenza A and B strains cause the most disease and outbreaks
in the world, including pandemics, these types have been included in the compo-
sition of the vaccine for the last 40 years.

The common constituents of influenza vaccines are the most abundant surface
glycoproteins from influenza A and B: hemagglutinin (HA) and neuraminidase (NA).

Vaccine formulation,
filling and packaging

Sep Oct  Nov  Dec  Jan  Feb  Mar  Apr  May  Jun  Jul  Aug  Sep  Oct  Nov  Dec

Inject patients

Surveillance for circulating strains

WHO/VRBAC decision 
on strain selection

Manufacturing
of each strain (monovalent)

Seed/reassortant 
candidate testing

Generation of high-growth 
seeds/reassortants

Clinical trial (EMA)

All SRID reagents are 
available

FDA release
Testing (monovalent)

Authorities release testing in 
final bulk/container

Fig. 4.1 Timeline for influenza vaccine manufacturing in the Northern hemisphere (full lines
represent steps performed by authorities, dashed lines represent steps performed by the
manufacturers)
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Influenza A viruses are divided into subtypes based upon the HA and NA glyco-
proteins. Seventeen different subtypes of HA and nine subtypes of NA are known
today (Tong et al. 2012). Only the most prevalent subtypes of HA (H1, H2, and H3)
and of NA (N1, N2) identified in the human population have been included in the
vaccines. Influenza B strains also possess HA and NA glycoproteins. However, they
are not differentiated into subtypes but rather in two antigenically distinct lineages,
B/Yamagata and B/Victoria. As both lineages have been cocirculating in the popu-
lation, they have both been included in the vaccine formulations over the past years.

Virus subtypes differ serologically and antibodies to one subtype do not rec-
ognize other subtypes. Influenza viruses have a high mutation rate and conse-
quently, the antigenic properties of circulating influenza strains are constantly
evolving. Two different mechanisms drive change in influenza viruses; antigenic
drift and antigenic shift. Antigenic drift is caused by point mutations in genes that
alter antigenic properties. For influenza, these point mutations can occur in the HA
and NA genes, which result in minor changes to the amino acid sequence on these
proteins. In turn, these changes in amino acid sequence may allow the “new” virus
to escape detection by the immune system. These variants with new antigenic
properties have a selective advantage if these amino acid substitutions allow escape
from the immune system. Antigenic shifts are caused by an exchange of RNA
between different viruses that coinfect a host. The result is a drastic change in the
virus antigenic properties, creating a virus to which no preexisting immunity exists
in the population. Antigenic shifts are the major cause of Influenza pandemics.

Influenza A infects a wide range of species such as birds and mammals and can
change by both antigenic drift and shift, thus posing a much higher concern than B
strains for the cause of pandemics. Alternatively, influenza B infects almost
exclusively humans, has a threefold lower mutation rate than A strains and evolves
only by antigenic drift (Hay et al. 2001).

Because of the evolving properties of HA and NA, the strains included in
influenza vaccine formulations need to be revised every year. Indeed, as strains
constantly change by antigenic drift, the efficacy of the vaccine gradually decreases
and formulations containing the most updated version of the HA and NA circu-
lating at a given moment need to be manufactured. The influenza activity is con-
stantly monitored around the globe by National Influenza centers and
recommendations for vaccine formulations are emitted twice a year by the World
Health Organization (WHO), one for the Northern Hemisphere and another for the
Southern Hemisphere.

4.3 Egg-Based Manufacturing Process

Vaccination is a safe and cost-effective way to prevent influenza infections. Influ-
enza vaccines have been manufactured using egg-based processes for the last
70 years. Two different types of vaccines have been manufactured: live attenuated
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influenza vaccines (LAIV) and inactivated influenza vaccines (whole, split, or
subunit vaccines). As explained in the sections below, both live and inactivated
vaccines go through the same two initial steps before the actual manufacturing
process takes place, the reassortment and egg adaptation processes.

4.3.1 Reassortment Process

Each year, based on the available epidemiological data, WHO recommends the
virus strains to be included in the next vaccine formulation. The selection process is
complex and will not be covered in detail here.

Generally, the strains that are selected for inclusion in upcoming vaccine for-
mulation do not grow well in eggs. The objective of the selection process is to
identify strains that grow to high titers in eggs or to generate reassortant influenza
strains having high growth properties. Reassortant strains contain the same essential
influenza proteins needed to induce immunity as their wild-type counterparts, HA
and NA, but also viral proteins from another influenza virus which allows them to
grow to higher titers in eggs.

The classical approach to creating reassortants involves co-infection of two dif-
ferent virus strains in eggs to produce a mixed progeny containing genes from both
the wild-type and donor strains. For A strains, this is usually done by coinfecting the
wild-type virus of interest with a select high-growth, attenuated laboratory strain
such as A/PR8/34 (H1N1), A/Okuda/57 (H2N2) or the cold-adapted A/Ann Arbor/6/
60 (H2N2), A/Leningrad/134/57 (H3N2) in chicken eggs (Wareing and Tannock
2001). A subsequent selection process results in a hybrid virus that contains HA and
NA proteins of the wild-type strain and “backbone genes” from the high-growth
donor virus (Kilbourne 1969). For B strains used in inactivated vaccines, the reas-
sortment process is generally not used because a high-growth laboratory strain that
can be easily isolated from the progeny viruses is not yet available. Reassortment in
B strains is performed for the LAIV using cold-adapted B/Ann Arbor/1/66 and B/
USSR/60/69 (Wareing and Tannock 2001).

The second approach, reverse genetics, uses cell lines, cloned viral DNA with or
without helper virus to produce reassortants (Engelhardt 2012). Many variations of
reverse genetics have been published, but the most useful method uses only cDNA
and helper cell lines because it allows the full control on the combination of the
eight segments of viral RNA included in the reassortant without any need for a
selection process (Fodor et al. 1999; Neumann et al. 1999). Nonetheless, because of
its complexity, this approach is currently used mainly for the production of pan-
demic reassortants (see below) or for research purposes, and not for seasonal
production.
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4.3.2 Egg Adaptation Process

The egg adaptation process allows influenza strains to grow to higher titers than
their wild-type counterparts (Robertson et al. 1993; Gambaryan et al. 1999). In
human clinical isolates, HA is responsible for the attachment of the virus to its host
receptor. HA contains amino acids sequences which are “optimized” for human cell
receptors (α2,6 sialosides), but do not allow the virus to attach and replicate effi-
ciently in eggs. This is especially true with B viruses. When these isolates are
passaged into the egg allantoic cavity, key amino acid sequences were shown to
selectively change by substitution, leading most often to the loss of a glycosylation
site in the receptor-binding site of HA and increased affinity for egg receptors, the
α2,3 sialosides (Robertson et al. 1993; Gambaryan et al. 1997). The impact of
egg adaptation on the match between the circulating strain (or isolate) and the egg-
grown virus is not well known (Dormitzer et al. 2012).

Successive passages can also produce other mutations affecting the HA amino
acid sequence without necessarily impacting the receptor-binding functions. It has
been reported to sometimes impact the potency assay (Rodda et al. 1981).

4.3.3 Seasonal Production of Reassortants Influenza Strains:
Variants and Yields

The hemagglutination inhibition assay (HAI) and microneutralization (MN) are two
commonly used tests which can detect subtle differences in the antigenic properties
of hemagglutinin (World Health Organization 2012b). Using specific antisera
against HA, these assays allow segregating influenza strains into clusters of anti-
genically similar HA. These tests, in addition to genotyping, are crucial in the WHO
decision-making process for the inclusion of strains in seasonal vaccines.

Although some isolates or reassortants can share antigenic similarities in their
respective hemagglutinin and neuraminidase, they can nevertheless have different
growth properties in eggs (Robertson et al. 1994). In order to produce efficiently the
required number of doses, manufacturers carefully choose the variant that is anti-
genically indistinguishable from the wild-type strain but has high-growth properties.

A critical consideration when evaluating high-growth reassortants is the avail-
ability of reference reagents. Among the many high-growth reassortants or variants
that are generated for each recommended strain, only a selected few are chosen for
the production of reference reagents (Minor 2010). The selection process is a col-
laborative effort between manufacturers and the laboratories responsible for pro-
ducing the reagents. In a short period of time, manufacturers need to evaluate the
candidate reassortants, share data, and determine which strains should be used for
the production of reference reagents. Four countries, namely the USA, United
Kingdom, Australia, and Japan use a similar decision-making process and have their
respective laboratories for reagent production, CBER, NIBSC, TGA, and NIID.
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4.3.4 Pandemic Production

The outbreak of a pandemic requires manufacturing of massive amounts of vaccines
to supply world demand in a very short period of time (Friede et al. 2011). The same
steps described in the above sections for seasonal vaccine manufacturing also apply
to a pandemic but at an accelerated pace to limit the extent of the outbreak. Pandemic
preparedness encompasses a series of initiatives explored during the interpandemic
period to optimize the manufacturing and supply processes (Kieny et al. 2006).
Initiatives related to the analysis of the virus are discussed below:

Potential pandemic strains are closely monitored worldwide by the WHO sur-
veillance network, using the same analytical tools described above for seasonal
strains. The genetic, pathogenic, and antigenic profiles of the isolates are estab-
lished and they are segregated into subtypes. Nonpathogenic reassortants are pro-
duced from the most representative variants of each subtype (discussed further
below).

In an effort to increase knowledge on the manufacturability and on the clinical
potential of these variants, manufacturers and authorities have been collaborating to
produce limited amounts of different prepandemic vaccines for clinical studies and/or
stockpiling (prepandemic manufacturing) (Abelin et al. 2011). Alternative methods
are being explored to evaluate HA concentration in vaccine (discussed below).
However, to allow the full characterization and release of prepandemic vaccines,
reference reagents must be produced and distributed by at least one of the four reagent
producing laboratories.

Throughout the years, experience has shown that prepandemic and pandemic
strains can indeed be manufactured with the same established processes used for
seasonal strains (Hehme et al. 2002; Stephenson et al. 2003; Hehme et al. 2004).
Nonetheless, clinical studies have also shown that higher doses can be sometimes
required to elicit an adequate immune response for pandemic strains (Treanor et al.
2001). This, added to the fact that a pandemic outbreak would result in an over-
whelming demand for vaccine, led to the implementation of dose-sparing strategies
and new vaccine formulations to improve immunogenicity (Nichol and Treanor
2006). Consequently, the main potency assay, the single radial immunodiffusion
assay (SRID) was adapted and revalidated to take into account novel formulations
(further discussed in sections below).

Some isolates of potential pandemic strains are pathogenic for humans and
poultry, a situation that precludes the use of the classical reassortment method and
egg-based manufacturing in standard conditions. For example, influenza virus of the
H5 and H7 serotypes contains a polybasic cleavage site in the hemagglutinin (HA)
protein. This polybasic cleavage site is the main virulence factor for these avian
strains as it allows for proteolytic HA activation by the ubiquitous protease furin,
resulting in systemic viral spread and lethality. By contrast, the HA from low
pathogenic avian influenza strains (LPAIs) is cleaved by tissue-restricted proteases
with monobasic specificity, resulting in mild disease or even subclinical infection
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(Alexander 2000; Suarez 2010; Veits et al. 2012). Highly pathogenic influenza
(HPAI) strains cannot be produced in embryonic eggs without proper adaptation as
they kill the embryo before the vaccine can be produced. To overcome this, a small
genetic modification of the isolates HA sequence has to be made prior to virus
infection in egg-based manufacturing. The molecular modification is done ex vivo so
reverse genetics is used to produce the reassortant. For example, the reference H5N1
vaccine (NIBRG-14), provided from the UK National Institute for Biological
Standards and Control (NIBSC), is a reassortant virus containing NA and a HA gene
mutated in the polybasic cleavage site region segments of A/Vietnam/1194/2004
(H5N1) virus and the other six gene segments of egg-adapted high growth A/PR/8/
1934 (H1N1) virus (Nicolson et al. 2005). This technology was shown to greatly
improve the readiness to an eventual pandemic by reducing the lead time to available
reassortants. However, the reassortant strains developed for highly pathogenic
pandemic strains contain more mutations in the surface HA glycoprotein than
reassortants produced for seasonal strains, especially in the hemagglutinin cleavage
site or in the surface neuraminidase protein (Bogs et al. 2010; Zhang et al. 2011).

However, one issue to be resolved is that helper cell lines used in reverse
genetics are patented, thus requiring to solve licensing and intellectual property
issues before commercial manufacturing (Webby et al. 2004).

4.4 Novel Production Systems

4.4.1 Cell Culture Based

Most current seasonal influenza vaccines are manufactured using chicken embry-
onated eggs, which is labor-intensive and hard to scale up during a pandemic.
Pandemic influenza strains are often pathogenic to eggs and require adaptation
before vaccine production can be initiated and this process delays the availability of
vaccines. Moreover, egg supply may not be available during a pandemic due to
H5N1 viruses that are highly pathogenic to chickens. Therefore, the WHO has been
encouraging the development of cell-based influenza H5N1 vaccines since 2006
(World Health Organization 2006). Two cell lines, Vero and Madin-Darby Canine
Kidney (MDCK) cells, have been licensed for manufacturing influenza vaccines
(Kistner et al. 1998; Doroshenko and Halperin 2009). In addition to influenza
vaccines, Vero cells have been widely approved for manufacturing other human
vaccines, but MDCK cells are only licensed for influenza vaccines. MDCK cells are
used for the production of a trivalent seasonal vaccine by Novartis.
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4.4.2 Other Technologies

Other technologies have been developed that do not rely on the reassortment or
reverse genetic processes. These technologies do not rely on the growth of influenza
viruses but rather use genetic sequence or production of recombinant antigens. The
production of novel influenza vaccines is made in insect cell culture using the
baculovirus expression technology, in E. coli or in plants. Vaccines made by these
alternative manufacturing technologies have been tested in clinical trials and one
candidate vaccine, FluBlok® has recently received FDA approval. Table 4.1
summarizes the development status of these new vaccines. As they are produced by
novel manufacturing technologies, the use of reference standard potency assays
pose some challenges discussed in the following sections.

Table 4.1 Status of influenza vaccines made by alternative production technologies by end of
2012

Manufacturing
technology

Vaccine type Manufacturer Status

Insect cells Recombinant HA Protein sci-
ences,
USA

Seasonal: approved pandemic:
phase II completed

Insect cells Virus-like particle Novavax, USA Pandemic: Phase I ongoing
(NCT01594320 and NCT01596725)
seasonal: phase II completed
(NCT00903552)

MRC5 cells Live-Ad4-vec-
tored
vaccines

Pax Vax Pandemic: phase 1 completed
(WHO 2012)

E. coli M2 protein with
flagellin

Vaxinnate corp. Seasonal: phase I/II completed with
seasonal vaccine (PLOS ONE 2010,
5, Issue 12, e1442)

E. coli DNA vaccine NIH USA and
CSL Australia

Seasonal: phase I completed
(NCT00995982)

E. coli DNA vaccine NIH USA and
Sanofi Pasteur

Seasonal: phase Ib completed
(NCT01498718, NCT1609998)
pandemic: phase I completed (Lancet
Infect. Dis. 2011 11(12), 916–924)

E. coli DNA vaccine NIH USA and
GSK and CSL

Seasonal: phase I completed
(NCT008558611)

E. coli DNA vaccine NIH USA and
Novartis

Seasonal: phase I completed
(NCT00973895)

Plants Recombinant HA Fraunhofer
USA

Seasonal H1N1: phase I completed
(NCT01177202)

Plants Virus-Like
Particle

Medicago Inc. Seasonal H1N1: phase 1 completed
(NCT01302990)
Pandemic: phase II completed
(NCT01244867)
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4.5 The Influenza Vaccine Potency Assay: SRID

The analytical control strategy for flu vaccines is designed to evaluate safety, purity,
identity, and potency. The control strategy involves substantial testing at numerous
points in the production process (in-process) as well as bulk lot release and final
product testing. This chapter will focus mainly on testing at four stages of pro-
duction: viral seed banks, monovalent virus pool, final bulk, and final drug product.
Certainly, the production system used to manufacture the vaccine must be con-
sidered when defining the number and type of tests required.

Identity testing is typically performed on viral seed banks, at the monovalent
virus pool stage and on final drug product. Haemagglutinin (HA) content (SRID),
HA-inhibition tests, neuraminidase inhibition assays (NA), or other immunoassays
using specific antibodies can serve as identity tests.

Safety tests are numerous and are performed throughout the manufacturing
process. Tests are performed to demonstrate that the virus has been effectively
inactivated. This can be done at various steps of the process (typically at the
monovalent bulk release and final bulk release steps) using egg or cell substrates.
Adventitious agents’ testing is done at different stages of the process. Both in vivo
and in vitro testing can be used to detect a wide variety of potential adventitious
agents. Although culture methods are still widely used, specific PCR assays have
been developed to detect specific viral or microbial agents (e.g., adenoviruses,
retroviruses, mycoplasma). The type and scope of the adventitious agents’ testing
strategy is very dependent on the production system being used. The typical bio-
burden, sterility, and endotoxin tests are performed at different steps in the process
as well as general safety testing on final product.

Purity testing is also highly dependent on the production system. Purity tests will
typically include protein assays such as SDS-PAGE and others, residual nucleic
acid tests, and host-cell proteins. Purity evaluation will also include tests for pro-
cess-related residues such as tests for chemicals used in the virus inactivation step.

Manufacturing yield can be monitored by different tests. The hemagglutination
assay is widely used to evaluate the relative levels of hemagglutinin present in a
sample (Killian 2008). It is a quick and simple assay that can be used with live and
inactivated samples. However, no correlation between results from this method and
HA potency assays can be established and no comparison between virus strains can
be made as each virus strain has its own agglutination properties.

The infectivity of a live sample can be an early indicator of the yield of a
manufacturing process. A high-growth reassortant is expected to replicate effec-
tively in eggs or cell culture and thus to generate higher infectious titers. Infectivity
is determined by three different assays: plaque assays, egg-infective dose 50
(EID50), or tissue culture infective dose (TCID50). Both EID50 and TCID50
assays allow calculating the amount of infectious particles by infecting the substrate
(eggs or tissue culture) with serial dilutions of the sample. Alternatively, plaque
assays are based on the ability for a virus to form plaques in a monolayer of cell
culture overlaid with agarose (Klimov et al. 2012).
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The established potency assay for flu vaccines is the SRID assay. The SRID
assay is discussed in the following sections. Others assays used to measure potency
or content include the NA assay and Hemagglutination titer assay.

4.5.1 Critical Assay Parameters

The SRID has been used as a potency assay for influenza vaccines for over three
decades (Wood et al. 1977). The assay involves the incorporation of strain-specific
antibodies into molten agar, poured into a template, and allowed to set. After the gel
sets, wells are perforated that will be used for the addition of the test sample. Sample
and standards are diluted, detergent is added, and the samples loaded into the wells.
Samples and standards diffuse into the gel and a reaction of the antigen with the
antibody produces a zone of precipitation. This precipitation occurs at the specific
antibody to antigen ratio. Following a period of incubation, drying, and staining, the
agar plate shows a series of concentric circles (Fig. 4.2). By using a reference antigen
of known concentration, a standard curve of zone size can be generated and the
potency of the sample determined relative to the reference antigen. The diameter
of the precipitation ring is proportional to the logarithm of antigen concentration.
Reference standard antigen and antibodies are obtained from WHO essential refer-
ence laboratories (CBER, NIBSC, TGA and NIID). When developing an SRID assay
for flu potency determination, there are a number of critical assay parameters that need
to be considered. These critical parameters include the type of gel used, data capture
and evaluation, use of statistics, reagents used, plate design, and type of calculation.

One of the first considerations is how to pour the gel. In-house fabricated gel
apparatus designed specifically for this application can be utilized. Another option is
commercially available gel pouring templates such as GelBond. GelBond films are a
transparent, flexible polyester films designed to support agarose gels. Regardless
of the apparatus used to pour the gels, the end result must be a homogeneous gel of
uniform thickness. The thickness and uniformity of the gels will impact diffusion of
the antigen into the gel and hence, can impact the potency result generated.
Adherence of the gel to the support surface is also important as air bubbles can
impact diffusion of samples and standards. Air bubbles or uneven surface adhesion
of the gel can cause difficulties when generating sample wells.

Another critical parameter that impacts assay performance is the choice of
instrument for data capture. SRID is dependent upon the ability to measure accu-
rately the diameter of the precipitation zones. This is traditionally done manually
with the use of a ruler or calibrated viewer. Manual data capture is very laborious,
time-consuming, and a contributing factor to assay variability. In addition to the
time it takes to measure the precipitation ring, the data will then need to be man-
ually entered into a software application for analysis. When speed to market is
critical, manual data capture becomes a bottleneck and is not a preferred method of
data capture. It is also a compliance risk to rely on the manual input of data.
Automating the data capture aspect of the SRID assay is critical to improving
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Fig. 4.2 SRID assay showing increasing amounts of antigen within each lane and the
corresponding increase in circle diameter
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productivity and compliance. There are several automation options available. A
densitometer can be used to provide a reliable mechanism to measure ring diameter.
Depending on the sharpness of the precipitation ring, the densitometer does not
provide a completely automated process. Manual adjustment is generally required
to fit an outline to the edge of the precipitation edge. Data analysis occurs using a
separate software application. The ProtoCol System from Synbiosis provides
another automation option. The ProtoCol system provides accurate zone mea-
surements for many strains in seconds. Challenges still exist for the accurate
measurement of zones from certain strains. Sharpness of the precipitation ring is
dependent upon strain type and also the type of production system (i.e., any pro-
duction system other than the traditional egg-based system). The system does flag
“fuzzy” edges and allows manual adjustment. Imaging technology is used to cap-
ture the image and the detected area is converted to a diameter value. Essentially, an
infinite number of measurements are made to generate the diameter value. Data is
directly transferred into a statistical analysis program without the need to re-enter
the information.

As the dose–response curve is nonlinear with SRID, two types of calculations
are mostly used to approximate the HA content: the slope–ratio model or the
parallel-line assay. The slope–ratio model uses the assumption that there is a
common intercept between the reference and test sample. To calculate HA potency,
the slope of the test sample is divided by the slope of the reference antigen and then
multiplied by the reference potency value (Williams 1993). As this calculation
method is simple, it is widely used worldwide. However, obtaining common
intercepts between the product and reference antigen is not always feasible and the
method is considered less robust than the parallel-line assay (van Kessel et al.
2012). Parallel-line assay (PLA) allows calculating potency in samples which
do not share common intercepts. However, PLA requires that the dose–response
(log-transformed) curves from the test samples and reference antigen are parallel
(common slopes). Before any result can be generated by this method, a statistical
test for parallelism must be performed (usually an F-test).

Manufacturers often supply vaccines worldwide and thus need to comply with
different specifications or requirements. For instance, in order to supply the US
market, the potency of all influenza vaccines needs to be calculated using PLA,
although slope-ratio is mostly used elsewhere. Moreover, although formulations are
the same for all markets for a given product, release specifications can vary. For
instance, the US market requires the product to be released according to the average
HA content and standard deviation of n gels. The lower specification limit for the
average HA concentration is equivalent to 90 % of the label claim with a standard
deviation corresponding to 12.3 % with n = 3 gels or 10.0 % for n = 6 gels.
Alternatively, the European Pharmacopeia states that the lower 95 % confidence
limits of the potency assay should indicate a content of at least 80 % of the label
claim. Thus, a single product could have different estimated HA contents or be in or
out of specifications based on the targeted market.
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4.5.2 Assay Validation

SRID is a quantitative assay that requires validation or partial validation for every
new strain tested. SRID falls into the category of a quantitative assay for the active
moiety in a sample of drug substance or drug product. The SRID assay is validated
for both drug substance samples as well as drug product. As a quantitative assay,
the applicable ICH validation parameters include precision, accuracy, linearity,
range, and specificity. Additionally, limit of quantitation is an important parameter
that should be demonstrated during a validation study. The SRID can be sensitive to
small changes in analytical conditions. Thus, a comprehensive robustness evalua-
tion should be undertaken during development and validation.

Challenging specificity of the assay is fairly straightforward for both monovalent
bulk material as well as drug product (seasonal). Specificity is the ability to assess
unequivocally the analyte in the presence of components expected to be present. For
determination of specificity (monovalent bulk), the bulk sample will be tested using
homologous antibodies and antibodies specific for another strain. Zones of precip-
itation should be observed when the monobulk is tested with homologous antibodies
and there should be no precipitation zone with heterologous antibodies. A similar
approach can be taken to test trivalent or quadrivalent materials. A test preparation
can be generated that includes two out of the three or four strains of interest.
Different preparations would be made for each combination of strains. Zones of
precipitation should be observed when testing with homologous antibodies and
precipitation zones should not be observed when testing with heterologous anti-
bodies. Accuracy is inextricably linked to method specificity for SRID as there is not
a viable heterologous assay available to demonstrate accuracy. Assessment of
accuracy of an analytical procedure expresses the closeness of agreement between
the value which is accepted as the true value or an accepted reference value and the
value found. With SRID, the reference material has an accepted true value and is
used in the SRID assay to calculate a relative potency value for an unknown sample.
One approach to demonstrating accuracy of the SRID assay is to perform spike-
recovery studies across the range of the assay. Spiking a known amount of reference
antigen into the test sample should result in an acceptable calculated recovery.

Linearity and limit of quantitation (LOQ) are critical parameters and must be
assessed during validation. Evaluation of linearity is designed to determine if the
SRID assay produces test results which are directly proportional to the concentration
of analyte in the sample. The linear relationship must be evaluated across the range
of the assay and can be done by dilution of the test sample to five concentrations that
span the range of the assay. Visual inspection of the plot of theoretical potency
values verse the observed potency value can be useful. Calculating the correlation
coefficient (R), y-intercept, slope of the regression line, and residual sum of squares
can also be beneficial in assess linearity. An R value of ≥0.95 should be expected.
The LOQ can be, depending upon the strain and other factors, a challenge for SRID.
LOQ evaluation should determine the lowest amount of analyte in a sample which
can be quantitatively determined with suitable precision and accuracy. This is
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generally in the range of 7–10 µg/mL for the SRID assay. The LOQ for SRID can be
determined based upon the standard deviation of the response and the slope.
However, any calculation of LOQ should be confirmed empirically during the
validation. The LOQ should be within the linear range, have acceptable spike
recoveries at that concentration, and have suitable precision. The range of the assay
is determined much like any other quantitative assay. The range of SRID is the
interval between the upper and lower concentrations where it is demonstrated that
the assay provides results that the linear, accurate, and precise.

In 1981, variability of the SRID assay was evaluated across 25 laboratories and
14 countries (Wood et al. 1981). Although this study focused on reproducibility, it
highlights the role assay variability plays in having a quantitative potency assay that
is suitable for its intended use. During validation, determination of assay precision is
an integral part to demonstrating a quantitative assay is fit for purpose. Variability of
the SRID assay is dependent upon numerous factors. One major factor can be the
virus strain used as well as production system. Sharpness of the precipitation ring is
dependent upon strain type and also the type of production system (i.e., any pro-
duction system other than the traditional egg-based system). “Fuzzy” precipitation
rings makes it difficult to measure the zone and cause an increase in assay variability.
Other factors influencing the precision of the method include plate-to-plate vari-
ability, analyst variability, and variability due to different reagent sets. All of these
factors must be assessed during the validation of repeatability and intermediate
precision. Regardless of experimental design, the precision studies must show the
closeness of agreement between a series of measurements obtained from multiple
sampling of the same homogeneous sample under the prescribed conditions. Due to
the nature of the SRID assay, acceptance criteria for precision can be as high as a
RSD of 20 %.

Robustness of any analytical procedure is a measure of its capacity to remain
unaffected by small, but deliberate variations in method parameters and provides an
indication of its reliability during normal usage. This is particularly important for
potency assays such as SRID. There are many steps in the SRID assay that could be
tested to ensure robustness of the assay because many of the critical steps are
performed manually. These include pouring of the gel, incubation times and tem-
peratures, drying time for gels, stability of standards and reagents, and plate storage
time. The outcome of these robustness studies should be an understanding of the
factors which can cause assay variability. System suitability parameters can be
designed around this knowledge of factors influencing assay robustness.

4.5.3 Reference Reagents Quality and Availability

An important rate-limiting step in the pandemic and seasonal vaccine supply process
is the availability of the reference reagents for testing and release of the vaccine.
Currently, approximately 3 months are required from the moment a reassortant/strain
to be included in a vaccine is identified and the time calibrated reference reagents are
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available to manufacturers. Six major steps usually take place during these 3 months:
(1) amplification of the reassortant in sufficient quantities for antiserum and antigen
production, (2) purification of HA by bromelain, (3) sheep immunization and
bleeding, (4) antiserum characterization, (5) antigen calibration, and (6) reagents
filling, packaging, and delivery. Of these six steps, two are critical from a manu-
facturing standpoint.

Antiserum characterization is a critical and rate-limiting step from a manufac-
turing perspective. This is especially true for the seasonal vaccines when three or
four different strains are formulated together. Reference antiserum used must be
specific to its homologous antigen. Cross-reactivity between strains must be kept at
a minimum in order to demonstrate strain identity and to allow accurate quantitation
of each strain.

Antigen calibration is also critical and rate-limiting from a manufacturing per-
spective. The calibration procedure is a cooperative action aimed at producing
comparable and consistent reference antigens. First, the primary antigen, purified
virus, is provided by one of the four reference laboratories. It is characterized for
total protein content by Lowry, nitrogen content, or other recognized protein
methods. The HA-to-protein ratio is then evaluated by densitometry on SDS-
PAGE. With both data, HA content of the reference antigen can be calculated. The
reference antigen can then be used to calibrate secondary antigens supplied by other
reference laboratories by SRID (World Health Organization 2012a). Because each
manufacturer evaluates the amount of antigen produced by comparison with a
reference antigen, the declared potency value has an enormous impact on the
calculated yield. An overestimated reference value leads to a lower global manu-
facturing capacity and vice versa. Moreover, as one reagent lot is not sufficient to
fulfill all the manufacturers demand, multiple reagent lots are used throughout a
manufacturing campaign. Manufacturing consistency can thus only be achieved if
reagents are equally consistent.

Although many efforts are made to standardize reagents across lots and sup-
pliers, differences have been observed between the declared potency values of these
reagents and the values measured by the manufacturers. These in turn have a huge
impact on the estimated potency of the vaccines. Some countries require exclusive
usage of one SRID reagent supplier for potency testing unless specifically autho-
rized (for instance USA and CBER reagents). Thus, a manufacturer producing
vaccines for more than one market could potentially test the same product with
different sets of reagents and obtain significantly different potency results, creating a
discrepancy.

One potentially interesting solution to the issues mentioned at above could be the
use of universal antisera for the quantitative evaluation of HA content in all sub-
types of influenza vaccines. Such an antiserum would require to target a conserved
portion of the hemagglutinin protein. A small region common to A and B strains
has been identified and antisera generated against that epitope (Chun et al. 2008;
Gravel et al. 2010). Interesting results were obtained by alternative methods like
ELISA, but no application in SRID has yet been reported.
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4.5.4 Challenge of Using these Reagents with Novel
Production Systems

The SRID assay is used to evaluate HA content and to monitor potency and stability
of the vaccine over time. Specific reference reagents are produced following the
annual recommendation for vaccine composition by the WHO. The reference
antigen reagents used in the SRID assay come from viruses grown in embryonic
eggs or cell culture and against which a reference antiserum is produced in sheep.

The process by which these reagents are produced limits their applicability for
vaccines made other manufacturing technologies. First, the production of influenza
viruses in a given platform could induce some mutations on the surface proteins of
the influenza viruses against which the reference antiserum is developed. In fact,
influenza viruses have the ability to mutate their surface proteins to adapt to host
cells. Such mutation will occur in any production system supporting the growth of
influenza viruses. For example, influenza viruses isolated from humans have a
preference for alpha 2–6 sialic acid receptors whereas avian influenza viruses would
rather bind alpha 2–3 sialic acid receptors (Gambaryan et al. 1997). In general, a
human strain grown in eggs will produce low virus yields. These yields can be
improved by several passage in embryonic eggs or by using a reassortment process
but unfortunately this process could lead to amino acid mutations in the surface
proteins (HA and NA), especially in the receptor-binding domain of the HA mol-
ecule or in the glycosylation sites found at the tip of the molecule (Robertson et al.
1985, 1991; Gambaryan et al. 1999).

Plant-based or insect cell culture manufacturing technologies use the genetic
information coding for the influenza proteins of a given strain to initiate vaccine
production. Therefore, most vaccine developers using these novel production sys-
tems will use the genetic information of strains recommended by WHO that are
isolated from humans rather than reassortant strains adapted for growth in eggs. It is
believed that human sequences are more consistent to influenza viruses circulating
in humans than egg-grown reassortant strains and are preferred sequences when
developing an influenza vaccine for humans. Also, the recombinant technologies
are not based on the growth of influenza viruses. Therefore, the mutation process
which takes place when an influenza virus adapts to a given cell culture system or
embryonic egg does not occur with recombinant technologies.

One could think that reference SRID reagents that are mostly derived from egg-
adapted virus antigens and associated antiserum will show a bias when evaluating
the HA content of an influenza vaccine made by an novel production system,
especially if this system supports the production of influenza antigens based on
wild-type genetic sequences. In fact, SRID reagents are developed for viruses that
do not match the genetic sequence used by most recombinant technologies.

Typically, 3–9 N-linked glycans are attached to the HA protein backbone
(Schulze 1997). The number and type of attached oligosaccharides strongly depend
on the virus subtype (Gething et al. 1980; Verhoeyen et al. 1980; Hiti et al. 1981)
and strain (Schwarz and Klenk 1981; Wagner et al. 2000). Further, it is known that
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N-linked oligosaccharides attached to the stalk region are highly conserved,
whereas those at the tip of the molecule vary considerably in structure and number
among different influenza viruses (Wagner et al. 2000). Also, N-glycosylation of
HA is dependent on the expression system and could lead to different affinities for
the reference SRID antibody reagent.

4.5.4.1 Proposed Solutions

Develop SRID reagents specific to a given strain/manufacturing technology.
One company developing Influenza Virus-Like Particles produced in insect cells

used that strategy for the release of their trivalent influenza vaccine (Pincus et al.
2010). The authors reported that the egg-derived or the baculovirus-derived SRID
reagents were in correlation for the quantification of H1N1 and B strains but not for
the H3N2 and they concluded that the baculovirus-derived reagents evaluated that
strain with more accuracy.

Evaluate the HA content using a total protein assay and use SRID assay to
evaluate relative content and to monitor stability.

This solution can be used for HA-based vaccine and is not suitable for vaccine
containing several influenza proteins. One example of HA-based vaccine is
Medicago’s VLPs formed of the hemagglutinin protein of the influenza virus
transiently expressed in the plant cells and that assemble into a “carrier” non-
infectious virus-like structure, with a plant lipid bilayer and protruding HA spikes.
Plant-made VLP vaccines are over 90 % pure of HA protein as evaluated by
Coomassie-stained gels and band identification by Western blot analysis and mass
spectrometry. Plant-made VLPs have been tested in three clinical trials (Landry
et al. 2010). The discrepancy between the SRID reading and the total protein assay
varies depending on selected influenza strains (data not shown). For the pandemic
H1 VLP vaccine evaluated during a Phase 1 clinical trial in healthy adults in the
USA (manuscript in preparation), it was agreed with the regulators to base HA
dosages on the total protein assay and to use SRID for relative quantitation and
stability monitoring. Medicago used the HA sequence from the A/California/7/09
H1N1 strain isolated from one patient. That HA sequence shows four amino acids
difference in the HA molecule compared to the X-179A H1N1 reassortant strain
used for vaccine production in embryonic eggs and for the production of SRID
reagents. For that strain, the standard SRID test overevaluated the HA content by
30 %.

Even though the total protein assay was used to standardize vaccine dosages, the
SRID assay was used during stability monitoring and to show variation of potency
overtime.

Develop reference reagents specific for a manufacturing technology.
That is the optimal solution that was adopted for cell-based influenza vaccines.

In the United States, CBER is developing reference reagents for virus grown in both
embryonic eggs and MDCK cell line.

4 Analysis of Influenza Vaccines 129



4.6 New Influenza Vaccine Formulations

4.6.1 Quadrivalent Seasonal Formulation

B strains from both lineages, Yamagata and Victoria, often co-circulate in the
population (Belshe 2010). Thus, there is always a risk that the strain included in the
vaccine formulation does not protect against the most prevalent strain during the flu
season. In fact, the match between the vaccine and prevalent B strains only occurred
in 5 out of 10 flu seasons between 2001 and 2010 (Belshe 2010). To fill this gap,
quadrivalent formulations including B strains from both lineages are now com-
mercially available (quadrivalent influenza vaccine or QIV).

From an analytical standpoint, this new formulation represents a challenge.
Although both lineages are antigenically distinguishable using HAI or microneu-
tralization, once treated and analyzed by immunodiffusion with typical reference
antisera, cross-reactivity between strains was observed (Gupta et al. 2011). In turn,
this leads to two different issues: (1) identity testing is no longer feasible for the B
strains, because an antigen is recognized by the heterologous antiserum and, (2)
overestimation of the potency.

Concerning the identity testing issue, by comparing the results obtained with
CBER reagents to TGA and NIBSC reagents, it was demonstrated that CBER
antisera against B strain lacked specificity for the analysis of QIV samples (in
2011). It was hypothesized that this could be due to differences in the sheep
immunization protocols between CBER and other reference laboratories. Sup-
porting this hypothesis is the fact that CBER later produced more specific antisera
using a modified immunization protocol. This modified protocol resulted in antisera
which could be used for identity testing (Gupta et al. 2011).

The potency overestimation issue is more complex. Even when no evident cross-
reactivity is observed with the identity test using antisera from all reagent suppliers,
variable degrees of overestimation from null to high can be observed depending on
the reagent/supplier used and the strain analyzed. As shown in Fig. 4.3, it is
hypothesized that even with specific polyclonal antisera a small subset of antibodies
react against common epitopes in both B strains leading to increase precipitation
rings. To alleviate this issue, it was recommended to prepare a mixture of reference
antigens in the standard curve for both B strains (Gupta et al. 2011). As reference
antigens behave the same way as samples, thus sharing the same epitopes, no
overestimation is expected.

4.6.2 Formulations Containing Adjuvants

Formulations containing adjuvants have been designed to enhance the immune
reaction to vaccines. Depending on the type of adjuvant, the impact on SRID is
more or less observed.
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Aluminum precipitation or adsorption has been one of the first and the most
widely used form of adjuvantation for vaccines. However, aluminum-adsorbed
influenza vaccines have been shown to be difficult to assay directly by SRID due to
the tightly bound aluminum masking the epitopes recognized by the antiserum. To
measure potency in the final formulation, analytical strategies like desorption have
been used (Sizer et al. 2008). However, in most cases, a theoretical evaluation of the
HA content is made based on the HA content before the addition of the adjuvant.

Other types of adjuvants like oil-in-water emulsions have been used in the last
decades. Although limited literature describes specifically the modifications to the
SRID assay, it is increasingly evident that the addition of these adjuvants affects the
method performance (Baras and Jacob 2010).

Finally, the advantage of adjuvantation is often to reduce the amount of antigen
needed for each dose. Indeed, adjuvanted vaccine doses have been shown to be
effective in doses as low as 3.75 µg/ml (Hehme et al. 2002). On the other hand, this
generates an additional challenge from an analytical point of view, because these
concentrations are well below the SRID limit of quantification is generally around
5–10 µg/ml. Thus, even when adjuvants do not interfere, formulations containing
such low HA content require a modified SRID assay or an alternative potency
assay.

Fig. 4.3 Hypothesis for the overestimation of the HA content in quadrivalent vaccine
formulations (excerpt from Gupta et al. 2011)
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4.6.3 Alternative Potency Assays

Several attempts have been made to replace the SRID assay especially in pandemic
scenarios during which the time required to produce reference reagents delay the
availability of the vaccines on the market. So far, all of the proposed assays can be
used to evaluate HA content and concentration but none of them can really ensure
the potency of influenza vaccines. The main reason for this is that no single method
has achieved all the following characteristics:

• Accuracy and precision greater or equal to the current SRID
• Dynamic range of measurement greater or equal to the current SRID
• Potency measured should correlate with current SRID results
• Capable of measuring potency of vaccine strain subtypes in a trivalent (multi-

valent) vaccine
• Stability indicating—capable of quantifying subpotent vaccines
• Transferable and practical

A recent workshop on Alternative Potency Assays for Influenza Vaccines was
held in London in July 2013. Many alternative assays were presented by flu vaccine
manufacturers, regulatory agencies, and suppliers of analytical technologies. These
included immunological assays like the ELISA, based on conserved antigen
sequences (Gravel et al. 2010; Li et al. 2010) or on glycans for egg-derived
influenza vaccines (Legastelois et al. 2011; Hashem et al. 2013), immunological
assays using surface plasmon resonance (Nilsson et al. 2010), reverse-phase and
size-exclusion HPLC methods (Kapteyn et al. 2006, 2009; Lorbetskie et al. 2011),
and recently isotope-dilution mass spectrometry (Williams et al. 2008) and label-
free MS-based methods (Creskey et al. 2012). Preliminary results from a novel
technology called Titer on Chip™ were also presented (InDevR 2013). This
multiplexed assay, based on microarray technology, relies on monoclonal anti-
bodies that recognize conserved sequences in the different subtypes of influenza
hemagglutinin (e.g., H1, H3, H5, B, etc.). Provided that this technology works
robustly with vaccines from different manufacturers and formulations, it could
potentially achieve many of the desired characteristics for an alternative potency
assay (described above).

The main expected advantage of these alternative methods is their increased
sensitivity over traditional SRID assays and their better accuracy and precision over
a large range of concentration. This is proven particularly useful with the devel-
opment of adjuvanted influenza vaccines that are administered at doses below the
current 15 μg per strain per dose.

Accuracy of SRID for the evaluation of HA content
Interestingly, MS-based assays, RP-HPLC techniques, and immunological assays

revealed important limitations of the SRID assay to accurately quantify the HA
content even in egg-derived vaccines. The HA content of the reference antigen SRID
reagent is evaluated based on a total protein assay and by performing relative quan-
tification of all viral proteins by SDS-PAGE and gel densitometry measurements
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(described above). The reliability of this technique greatly depends on the protein
content, the ability of all proteins tomigrate according to theirmolecular weight and to
be visible on the gel and the absence of protein degradation aggregation. Any inac-
curacy in the HA concentration of the reference SRID antigen reagent will propagate
as inaccuracies in the evaluation of HA content of influenza vaccines released based
on that SRID reagent. One paper describes the difference in HA content values
between the SRID assay and one LC-MS technique (Creskey et al. 2012). The authors
reported that the HA content of the reference SRID antigens evaluated by SDS-PAGE
and gel densitometry represents 66 tomore than 200%of the target value according to
the LC-MS assay. An analysis of seven pandemic H1N1 vaccines revealed that those
vaccines were at the target concentration of 15 μg per dose according to the SRID
assay but between 33 and 67% of the target value according to the LC-MS technique.
The same technique also suggests that the H1N1 component of seasonal trivalent
vaccines is in general better evaluated by SRID than the H3N2 and B components, the
latter being largely overestimated by SRID assays. The LC-MS assay showed good
linearity and accuracy and the conclusions are in accordance with other techniques
such as isotope-dilution mass spectrometry (Williams et al. 2008) or RP-HPLC
(Lorbetskie et al. 2011), and immunological assays (Nilsson et al. 2010).

The SRID assay is a mean by which vaccine doses can be standardized
according to their immunological potential. The case of pandemic vaccines
described above (Creskey et al. 2012) shows that all vaccines had a similar SRID
value despite different total content in HA which can be caused by different
alteration of the HA protein during the process of virus isolation and disruption.

4.7 Conclusion

Influenza vaccines are unique from a manufacturing and analytical perspective. For
seasonal vaccines, as strains change yearly, a “new” vaccine is consequently for-
mulated every year. This constitutes a manufacturing risk as the addition of each new
strain to a formulation can potentially alter the physicochemical and immunogenic
properties of the final product and/or its stability or safety profile. As timing for
delivery of the vaccines to the patients is critical, especially during a pandemic
outbreak, manufacturers put great efforts to go through all the manufacturing process
steps, characterization, and release testing in the shortest amount of time. However,
many bottlenecks in the lead time to market do not depend on the manufacturers.

In the last 10–20 years, the influenza vaccines landscape has tremendously
evolved. Many formulations have been developed to increase vaccine efficacy.
While egg-based manufacturing is the oldest and most common process for vaccine
production, alternative processes aiming at decreasing processing times or cir-
cumventing dependence to eggs are now or soon to be available. Classical SRID is
not always fit for purpose with these newer vaccine formulations. To overcome this,
various analytical strategies and reagents are being developed, but still await the
approval by the authorities.
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Finally, even when the classical SRID is applicable, some issues still remain
with the test. Indeed, one major bottleneck is the supply of reference reagents for
the main potency assay SRID which relies on different interacting entities (WHO,
ERL, manufacturers). In addition to supply issues, many weaknesses were shown
over the years with the robustness/ruggedness of this bioassay. For all of these
reasons, intensive development work is still being done on the analytical tools for
what is an apparently “old” vaccine.
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Chapter 5
Live-Attenuated and Inactivated
Whole-Cell Bacterial Vaccines

Anita H.J. van den Biggelaar and Jan T. Poolman

5.1 Introduction

During the mid-to-late nineteenth century, growing interest in the concept of
pathogen attenuation to allow its safe administration to protect a susceptible subject
against disease or infection, led to the development by Louis Pasteur of vaccines
against chicken cholera, animal anthrax, and the first live-attenuated human vac-
cine, which was for rabies. At the same time, the notion that killed bacteria were
capable of immunizing was being explored in the United States, with the devel-
opment of a killed hog salmonella vaccine, followed by the first human killed
vaccines for typhoid and cholera. Thus, the group of live-attenuated and killed
whole-cell bacterial vaccines includes some of the oldest human vaccines still in use
today. Two of them, namely Bacille Calmette-Guérin (BCG) and whole-cell per-
tussis vaccines, have been administered to billions of individuals over many dec-
ades of use, and continue to be widely used in universal infant vaccination
programs.

For the diseases targeted by live-attenuated and killed whole-cell bacterial
vaccines, the immune mechanisms of protection remain incompletely understood
and serological correlates of protection have not been identified, apart from whole
cell pertussis vaccines for which bacterial agglutination has been proposed as a link
to protection. To some extent this has hindered the development of more effective
vaccines.

The production of live-attenuated and killed bacterial vaccines has been troubled
historically by issues of quality and poor efficacy. Incomplete attenuation is asso-
ciated with the risk of acute infection and disease by the vaccine strain. Production
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of inactivated vaccines of inconsistent potency and quality has led to outbreaks of
disease in countries where vaccine of low potency have been used. Despite these
limitations, live-attenuated and killed whole-cell bacterial vaccines will continue to
be used until new vaccines that provide higher levels of protection become
available.

5.2 Bacille Calmette-Guérin Vaccine

5.2.1 Tuberculosis: Overview of Bacteriology and Pathology

Mycobacterium tuberculosis remains common in the twenty-first century, infecting
not less than one-third of the global population (Donoghue et al. 2010; Robbins
et al. 2009; World Health Organization 2004) and being responsible for an esti-
mated 1.2–1.5 million tuberculosis deaths in 2010 (Lozano et al. 2012). M.
tuberculosis is an aerobic rod with a complex cell wall containing high levels of
mycolic acid: the unique characteristics of the cell wall mean that mycobacteria fail
to decolourise in response to routine Gram staining, giving them their “acid-fast”
characteristic. M. tuberculosis does not produce toxins but causes disease by living
intracellularly in the host, mostly macrophages and granulocytes.

Clinical tuberculosis may take many forms that are influenced by the age and
immune status of the patient, and include latent and active phases that together
make detection and diagnosis challenging. Primary infection usually occurs in the
lung apices after aerosol intake and develops over several weeks into a primary
caseating nodule with systemic dissemination and granuloma formation. A rela-
tively small number of individuals, usually children, develop tuberculous menin-
gitis or miliary (disseminated) tuberculosis soon after primary infection, which are
rapidly evolving life-threatening conditions. In most individuals, the primary
complexes and foci of disseminated bacteria are walled off by the host immune
system by the formation of granulomas, a process taking several weeks. This
process is associated with the development of delayed cutaneous hypersensitivity.
Once concealed, bacilli may lie dormant intracellulary within the host for years or
decades, and the vast majority of M. tuberculosis infected persons (up to 95 % of
infected adults) remain asymptomatic for life (World Health Organization 2004).
Reactivation may occur at any time, but is most frequent during adolescence and
adulthood, often following a period of immune-suppression, and usually involves
reactivation in the lungs but potentially in any organ. Secondary or reactivated
pulmonary tuberculosis causing chronic cough is highly contagious and is the main
transmissible form of the disease.

Of the estimated 8.7 million new cases of active tuberculosis in 2011, the largest
proportions occurred in Asia (59 %; mainly India and China) and Africa (26 %),
compared to 3 % in the Americas (World Health Organization 2012a). Currently,
the highest incidence of new cases per population is in South Africa, where there
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were 993 new cases per 100,000 individuals in 2011. Immune compromised
individuals are at greatest risk of reactivation and disease progression. Thirteen
percent of new tuberculosis cases in 2011 were in individuals infected with HIV,
most of whom (80 %) resided in Africa (World Health Organization 2012a). People
living with HIV and infected with tuberculosis are 21–34 times more likely to
develop active tuberculosis disease than people without HIV (World Health
Organization 2011). Around one-third of annual deaths due to tuberculosis occur in
individuals who are HIV positive (Lozano et al. 2012; World Health Organization
2012a).

The high rates of clinical tuberculosis among HIV-infected persons and persons
receiving cytotoxic therapy point to a critical role of an intact adaptive immune
system in containing the disease. The most important cellular player may be the
macrophage, which has two contradictory roles in tuberculosis. On one hand, Th1-
activated macrophages are capable of controlling the proliferation of M. tubercu-
losis, possibly through production of nitric oxide (Silva Miranda et al. 2012). On
the other hand, uninfected Th2-induced macrophages produce anti-inflammatory
cytokines that result in the development of an “immunosuppressive niche”,
allowing long-term survival of viable bacilli in infected macrophages (Qualls et al.
2010). Granulomas (nodules containing immune cells such as lymphocytes, neu-
trophils, eosinophils, macrophages, fibroblasts, and collagen that are formed when
the immune system tries to bar the mycobacteria that it cannot eliminate) are present
in persons with intact immunity but absent or poorly formed in persons with poor
immune responses, supporting the notion that they are critical for limiting bacterial
growth.

Disease control has been obstructed by the remarkable ability of the M. tuber-
culosis bacillus to persist for decades as latent infection in one-third of the global
population, with the potential for reactivation at any time. Disease control is also
severely hampered by the indolent nature of the disease, which often leads to late
diagnosis allowing exposure of dozens or even hundreds of individuals to the index
case. Antituberculosis drugs have been used for decades, but resistance to these
medicines is growing. In recent years, multidrug resistant strains of M. tuberculosis
have emerged, accounting for around 5 % of all tuberculosis cases globally (World
Health Organization 2012a). Development of new antituberculosis drugs is an
urgent need: an important step forward was the approval by the United States Food
and Drug Administration (FDA) of Bedaquiline in 2012, the first medicine with a
new mode of action in the treatment of TB in more than 40 years and the first and
only one specifically indicated for multidrug resistant tuberculosis. Elimination of
mycobacteria and cure requires unusually long treatment courses (up to 6 months)
as compared to other bacterial infectious diseases. Methods that shorten treatment
length are likely to improve compliance, successful bacterial clearance, and thus
transmission.

5 Live-Attenuated and Inactivated Whole-Cell Bacterial Vaccines 141



5.2.2 Vaccines Licensed and in Use

5.2.2.1 Live-Attenuated Vaccines

Bacillus Calmette-Guérin is a live-attenuated strain of Mycobacterium bovis orig-
inally named after the two French scientists, Calmette and Guérin, who first isolated
the BCG strain early in the twentieth century from a cow with tuberculous mastitis.
The strain was subcultured over a period of 13 years to achieve attenuation. BCG
was first used as a vaccine in humans in 1921 and was included as a pediatric
vaccine in the World Health Organization Expanded Programme on Immunisation
in 1974. In countries of high tuberculosis endemicity, BCG is typically adminis-
tered soon after birth, but can be given at any age; in low endemic countries it is
used to vaccinate high-risk groups (World Health Organization 2004).

Despite the length of experience, the mechanism of action by which BCG
provides protection against M. tuberculosis disease remains incompletely under-
stood. Production of interferon-gamma (IFN-γ) and interleukin-2 (IL-2) by CD4+ T-
helper 1 cells is thought to be critical (Chackerian et al. 2001; Cooper et al. 1993);
however, the immunological interactions are complex with likely important roles
for CD8+ cells and many other effectors of the immune system (Ottenhoff and
Kaufmann 2012; Ritz et al. 2008). Individuals with genetic defects in IFN-γ and IL-
12 pathways are at higher risk of severe disease due to M. tuberculosis and non-
virulent mycobacteria including BCG (Lee et al. 2011).

BCG is believed to be a strong enhancer of the neonatal innate immune system
(Marchant and Goldman 2005; Watkins et al. 2008), inducing maturation of pro-
inflammatory innate immune responses including the production of IL-12 that
regulates the differentiation of naive T-helper cells into IFN-γ producing type 1
cells (Vekemans et al. 2001). A recent study demonstrated that vaccination with
BCG induces two types of immune responses: classic, specific response involving
antigen-specific T cells and memory, and “trained” innate immunity based on
functional epigenetic reprogramming of mononuclear phagocytes involving NOD2-
mediated epigenetic changes at the level of histone methylation (H3K4me3)
(Kleinnijenhuis et al. 2012). This nonspecific maturational effect possibly explains
the success of BCG as a neonatal vaccine (Burl et al. 2010).

In infected humans, BCG-activated T-cell responses are thought to contain the
infection to the lungs, inhibiting haematogenous spread of organisms to peripheral
tissues and the meninges. Thus, the major impact of BCG is the prevention of
fulminant miliary tuberculosis and tuberculous meningitis in children, with efficacy
against these endpoints estimated between 75 and 87 % (Trunz et al. 2006; Walker
et al. 2006). Unlike many other vaccines, BCG does not prevent infection, and
pulmonary M. tuberculosis infection appears to occur in individuals regardless of
BCG vaccination status (Sutherland and Lindgren 1979). BCG does not prevent
reactivation disease in adults and the duration of protection is not known.
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5.2.3 Vaccines and Manufacturers

Current BCG vaccine strains are all derived from the original strain developed by
Calmette and Guérin, and are stored by the World Health Organization as seed lots
of lyophilised bacilli. Most of the currently available vaccines contain one of four
strains, or their derivatives: Pasteur 1173 P2, Danish 1331, Glaxo 1077, or Tokyo
172. Currently used strains show genetic diversity, as well as variability in
immunogenicity and their ability to induce cutaneous hypersensitivity (Milstien and
Gibson 1990). Some strains provide greater protection in animal models than
others, but these strains have also been linked with higher rates of side effects such
as lymphadenitis and osteitis (Alrabiaah et al. 2012; Milstien and Gibson 1990).

Categorizing relationships between strain type, efficacy, and reactogenicity is
confounded because culture methods have important effects on the biochemical
characteristics of strains, which changes their efficacy in animal models (Venka-
taswamy et al. 2012). The evaluation of vaccine efficacy in humans is challenging
because of the indolent nature of the main outcome: tuberculosis disease. Early
studies that examined vaccine efficacy used passive surveillance methods without
rigorous control of case definitions, and lacked methods to accurately characterize
the strains under study. Other confounding factors such as age, disease stage,
immunocompetence of the population studied, BCG administration route, preva-
lence of helminth infections, and prevalence of exposure to environmental myco-
bacteria preclude direct comparison of studies (Fine 1995). Nevertheless, a recent
review concluded that available evidence supports the existence of differences
between BCG strains in terms of immunogenicity and protective efficacy in
humans, but the authors concluded that the data were insufficient to allow identi-
fication of a preferred strain (Ritz et al. 2008).

Worldwide, there are dozens of manufacturers producing BCG vaccines. Vac-
cines differ not only in strain type, but in chemical composition and the concen-
tration of bacilli per dose. The viability of individual vaccines (that is, the
proportion of dead versus live bacilli) also influences their clinical characteristics,
with the total bacteria mass proportional to the degree of local reactogenicity, and
the total number of viable bacteria proportional to the tuberculin sensitivity
(Milstien and Gibson 1990). Vaccine quality was overseen by the World Health
Organization until 1997. Since then, national regulatory agencies are responsible for
quality control.

5.2.4 Limitations of BCG Vaccines

The role of antibodies in preventing and controlling M. tuberculosis infection is
thought to be minimal (Schluger 2001), although some people argue that this is a
neglected area of research. However, since activation of cell-mediated responses
and development of these responses to a level where bacterial replication is

5 Live-Attenuated and Inactivated Whole-Cell Bacterial Vaccines 143



inhibited are slow, M. tuberculosis has many days to replicate unhindered after
infection has occurred. Therefore, although efficacious in preventing severe forms
of tuberculosis, BCG is poorly effective in preventing latent infection and sub-
sequent reactivation. This is of critical epidemiological importance since the
reactivated pulmonary form of tuberculosis is highly transmissible and to large
extent responsible for ongoing circulation of tuberculosis globally.

In vitro or in vivo tests that can measure bactericidal activity post-BCG vacci-
nation are surprisingly nonexistent, and no immune correlate of protection and no
reliable test of a response to vaccination have been identified. The tuberculin skin
test, historically used as an indicator of infection and response to BCG vaccination,
correlates poorly with BCG vaccination and does not reliably predict immunity
(Fine et al. 1986, 1994). The FDA has approved two assays that measure IFN-γ
release from M. tuberculosis-specific T cell: the QuantiFERON®-TB Gold In-Tube
assay (GFT-G-IT; Cellestis Ltd, Australia) and the T-SPOT.TB® assay (Oxford
Immunotec Ltd, UK). These assays show some improvement in detecting active
tuberculosis compared to tuberculin tests, but cannot reliably rule out active
tuberculosis or reliably distinguish between active or latent infection (Diel et al.
2011; Sester et al. 2011). Unlike the tuberculin skin test, assays that measure IFN-γ
appear to be little influenced by prior BCG vaccination (Leyten et al. 2007).

Perforin and granulysin are examples of molecules derived from CD4+ and
CD8+ T cell that display bactericidal activity against intracellular pathogens
(Canaday et al. 2001; Ernst et al. 2000; Woodworth et al. 2008). Upregulation of
granulysin and perforin expression on CD4+ memory T cells by infection or BCG
vaccination suggests a potential role as biomarkers of infection or response to
vaccination, but cannot be hold as correlates of protection (Capinos Scherer et al.
2009; Mueller et al. 2011).

5.2.5 Is There a Future for BCG?

Currently, BCG remains the only vaccine available for the prevention of tubercu-
losis. The global effectiveness of its use is impossible to calculate. BCG does not
prevent the development of latent infection or reactivation and is therefore unlikely
to have halted global transmission of M. tuberculosis in any tangible way. How-
ever, the effectiveness of BCG in preventing childhood deaths from severe, rapidly
progressive disease has been repeatedly demonstrated and justifies its continued
use. The challenge remains to develop a vaccine that can induce sterilizing
immunity in the human host, which has thus far not been feasible in animal
challenge models.

The interests and undertakings in the development of new and more effective
vaccines against tuberculosis are intense. Recently, MVA-Ag85A failed for effi-
cacy, and the future of any of the current experimental vaccines is unsure. However,
even the availability of new vaccines is unlikely to spell the demise of BCG, and its
use in neonates may continue alongside new vaccines in prime-boost scenarios.
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5.2.6 Nonspecific Beneficial Effects of BCG

There are indications that BCG has nonspecific beneficial effects on reducing
overall childhood mortality in low-resource settings with high childhood mortality
rates (Aaby and Benn 2012; Roth et al. 2005, 2006). This effect is thought to be
related to the maturational effect of BCG on the neonatal innate immune system. An
immunological explanation has recently been offered by Netea and colleagues
(Kleinnijenhuis et al. 2012): in a series of human, animal, and in vitro studies, BCG
induced long-lasting epigenetic changes that led to increased proinflammatory
immune responses against challenges with unrelated antigens. Indeed, in mice BCG
led to a 70 % reduction in mortality from an unrelated infection (Candida albicans
infection) when challenged 2 weeks later. Two trials of early BCG vaccination are
planned in Denmark and Australia to study potential nonspecific beneficial effects
on morbidity in young children in high-income settings.

BCG is also licensed and used (intravesically) as a therapy for, and prophylaxis
against, recurrent tumors in patients with carcinoma in situ (CIS) of the urinary
bladder, and to prevent recurrence of Stage TaT1 papillary tumors of the bladder at
high risk of recurrence (product is sold under the trade name TICE® BCG: the
TICE strain was developed at the University of Illinois from a strain originated at
the Pasteur Institute). Although the precise mechanism of action is unknown, it
further stipulates BCG’s immune stimulating effects.

5.2.7 Vaccines in Development

5.2.7.1 Live-Attenuated Vaccines

There are currently two approaches taken in the development of a live-attenuated
tuberculosis vaccine. One approach is to develop an improved BCG strain using
genetic modifications, aiming to increase protection by enhancing certain aspects of
the immune response, thus providing a more predictable and durable response. The
second approach has been to develop a live-attenuated M. tuberculosis strain,
thereby overcoming potential epitopic differences between the BCG strain and M.
tuberculosis. Live-attenuated vaccines may have proved to be particularly useful in
vaccination of symptomatic HIV-positive children who are at risk of tuberculosis
but in whom administration of BCG is contraindicated due to the significant risk of
disseminated BCG disease (World Health Organization 2004, 2010). Live-attenu-
ated vaccines in development are summarized in Table 5.1.

A recombinant BCG30 strain that overexpressed the 85B antigen improved
survival in guinea pigs and was immunogenic in a Phase I study in humans (Hoft
et al. 2008), but is currently on hold.

VPM1002 is a recombinant BCG Prague strain that expresses listeriolysin and
which carries a urease deletion mutation to facilitate listeriolysin activity (Grode
et al. 2005). This candidate enhances CD8+ T-cell activity and is currently being
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investigated in a Phase II study in infants in South Africa (www.clinicaltrials.gov
NCT 01479972).

AERAS-422 is a recombinant BCG Danish strain that expresses perfringolysin
and overexpresses three protective M. tuberculosis antigens. AERAS-422 was
shown to be more immunogenic in mice than the parent BCG strain (Sun et al.
2009). A Phase I study (www.clinicaltrials.gov NCT01340820) in humans was
recently halted due to side effects (Kupferschmidt 2011) but no additional details
are available at the time of writing.

Several groups have attempted to develop live genetically attenuated strains of
M. tuberculosis of which three are most advanced. MTBVAC01 is an attenuated
MT103 strain with an inactivated phoP gene, that is required for intracellular
growth of M. tuberculosis (Perez et al. 2001). MTBVAC01 is attenuated in pre-
clinical testing and reduced bacterial counts in lung and spleen after intravenous

Table 5.1 Live-attenuated vaccine candidates under development for prevention of tuberculosis

Candidate Manufacturer Strain Characteristic Development
phase

Recombinant BCG strains for primary vaccination

VPM1002 Vakzine Pro-
jekt Manage-
ment GmbH

Recombinant
BCG Prague

Enhanced listeriolysin
activity

Phase II

rBCG30 Aeras Recombinant
BCG Tice

Overexpression of M.
tuberculosis 85b
antigen

Reached
Phase I, cur-
rently on hold

AERAS-422 Aeras Recombinant
BCG Danish

Expresses perfringoly-
sin; overexpression M.
tuberculosis 85a, 85b,
and Rv3407 antigens

Phase I:
halted due to
safety
concerns

Attenuated M. tuberculosis strains for primary vaccination

MTBVAC01 Biofabri Genetically
attenuated
S02

Inactivated phoP gene Preclinical

mc(2)6030 – Genetically
attenuated

RD1 and panCD gene
deletions

Phase I
planned

mc(2)6020 – Genetically
attenuated

lysA and panCD gene
deletions

Phase I
planned

mc(2)6435 – Genetically
attenuated

Simian immunodefi-
ciency virus Gag
expression; attenuated
panCD and leuCD

Preclinical

Whole-cell vaccines for therapeutic or prophylactic use

M. vaccae – Inactivated Phase III
complete

M.
smegmatis

– Recombinant
attenuated

Not known
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challenge in animal models (Cardona et al. 2009; Martin et al. 2006; Verreck et al.
2009). Unlike the parent strain, MTBVAC01 does not induce host cell apoptosis
(Aporta et al. 2012). Phase I studies were expected to start in 2012 (http://www.
newtbdrugs.org/blog/announcement-promising-tb-vaccine-candidate-progresses-to-
phase-i-clinical-trials/).

Two mutant strains of M. tuberculosis (mc22020 and mc22030) each contain
double gene deletions that restrict their growth: mc22030 (DeltaRD1 DeltapanCD)
improved survival against tuberculosis in mice (Sambandamurthy et al. 2006,
2005), and both mc22020 (DeltalysA DeltapanCD) and mc22030 administered to
macaques showed intermediate levels of protection against respiratory challenge
with tuberculosis that was less than that afforded by BCG (Larsen et al. 2009).

5.2.8 Whole-Cell Inactivated Vaccines

Infection with M. tuberculosis itself does not convey immunity: that is, both
reactivation and reinfection can occur after initial exposure. Whole-cell preparations
of M. tuberculosis or other Mycobacterium are being investigated primarily as
therapeutic vaccines for use as an adjunct to chemotherapy.

An inactivated whole-cell vaccine of Mycobacterium vaccae has shown mixed
results as a therapeutic vaccine for active tuberculosis to date; with evidence of
enhanced clearance of bacilli from sputum and improvement in radiological lesions.
Evidence of an immunological benefit over chemotherapy was inconclusive (Yang
et al. 2011). A Phase III study conducted in Tanzania that evaluated a five-dose
prophylactic series of inactivated whole-cell M. vaccae administered to BCG-
primed HIV-positive adults showed 48 % protection against the development of
disseminated tuberculosis (not statistically significant) and 39 % against “definite”
tuberculosis (von Reyn et al. 2010).

A live genetically attenuated strain of Mycobacterium smegmatis has also been
investigated, inducing strong bactericidal immune responses, that were dependent
on CD4+ memory T cells, against M. tuberculosis in mice (Sweeney et al. 2011).

5.2.9 Conclusions

M. tuberculosis has caused human disease for thousands of years and remains a
major public health issue. Despite the efforts of a century of investigation, no
broadly effective prophylactic vaccine currently exists. BCG has been used globally
for almost 100 years and has had important impacts on childhood morbidity and
mortality from severe, rapidly progressive tuberculosis. However, BCG has had
little, if any, impact on global disease control. Nevertheless, BCG has an estab-
lished safety record and its use is likely to continue in the long term either as a
standalone vaccine or as a component of prime-boost strategies using new vaccines.
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5.3 Pertussis Vaccines

5.3.1 Pertussis: Overview of Bacteriology and Pathology

Bordetella pertussis is a fastidious, aerobic gram-negative bacillus that was first
identified in culture in 1906 by Bordet and Gengou. The bacterium causes respi-
ratory infections (“whooping cough”) in humans that are characterized by pro-
longed cough (“the hundred days cough”). In young children, disease manifests as a
severe paroxysmal cough with an inspiratory whoop. B. pertussis is highly trans-
missible and acquired directly via the respiratory secretions of close contacts. The
disease begins with mild upper respiratory tract symptoms that last 1–2 weeks
before onset of the paroxysmal stage, which is characterized by intermittent severe
spasmodic coughing episodes accompanied by vomiting or cyanosis, lasting 4 to
6 weeks. The cough gradually resolves during the convalescent phase, which may
continue for many months. Complications, including secondary pneumonia,
encephalopathy, or neurologic damage arising from hypoxia, are more likely to
occur in infants than in older individuals and may be fatal (Cortese et al. 2008;
Crowcroft et al. 2003; Stojanov et al. 2000). In older age-groups, who often have
past exposure to B. pertussis or have been vaccinated, the disease is generally more
mild, paroxysms infrequent and the inspiratory whoop absent, leading to delayed or
missed diagnoses. Complications in adults include pneumonia, rib fracture, and
incontinence. The morbidity and health economic costs associated with pertussis
disease in all age-groups are sizeable (De Serres et al. 2000; Lee et al. 2004;
Pichichero and Treanor 1997).

Pertussis vaccines have been available since early in the twentieth century and
have been highly effective in reducing childhood morbidity and mortality due to
pertussis, as illustrated by longitudinal data from the UK (Fig. 5.1) and Sweden
(Fig. 5.2). Due to efforts increasing pertussis vaccination coverage worldwide
(estimated at 85 % in 2011 (World Health Organization 2012b)), deaths due to
whooping cough more than halved between 1990 and 2010, from an estimated
166,500 cases in 1990 to 81,400 cases in 2010 (age-standardized death rate
declined from 2.3/100,000 to 1.1/100,000) (Lozano et al. 2012). Pertussis vaccines
fall into two broad categories: whole-cell vaccines consisting of suspensions of
killed B. pertussis (Pw), and acellular vaccines (Pa) containing between one and
five purified B. pertussis components that induce an immune response and are
believed to contribute to pathogenesis. Acellular pertussis vaccines were first
introduced in Japan in 1981 and then by most high-income countries in the 1990s
because of their improved reactogenicity profile compared with whole-cell vaccines
(Zhang et al. 2011).

B. pertussis is only found in humans and no animal reservoir is known to exist.
Pertussis is therefore a potentially eradicable disease. However, features of the
available prophylactic vaccines and of the disease itself mean that eradication has
not yet been possible. In vaccinated populations, B. pertussis infections may go
unrecognized because of the absence of classical symptoms such as the inspiratory
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Fig. 5.1 Whooping cough notifications and vaccine coverage 1940–2011 (England and Wales).
Reproduced from http://www.hpa.org.uk/webc/HPAwebFile/HPAweb_C/1317136329151. Data
from the UK Health Protection Agency

Fig. 5.2 Culture-confirmed and PCR-confirmed pertussis cases: Sweden 1986–2000. Reproduced
with permission from Elsevier (Olin et al. 2003)
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“whoop”; laboratory diagnosis may be challenging with cultures usually turning out
negative after the cough has been present for several weeks; and protection and
immunity after infection or vaccination are not lifelong, with natural infections
inducing the longest lasting protection, followed by whole-cell vaccines and the
shortest lived protection by acellular pertussis vaccines (Hallander et al. 2011;
Sheridan et al. 2012). Together these features mean that today, pertussis trans-
mission and circulation continues unabated in all age-groups, including populations
with high vaccine coverage. More positively, a greater awareness among clinicians
of atypical pertussis presentations, improved diagnostic techniques including
polymerase chain reaction (PCR), improved booster vaccination policies that now
target older age-groups, parents, and pregnant women, in addition to infants and
children, and ongoing vaccine development activities, mean that improved pertussis
control may be feasible.

5.3.2 Licensed Vaccines

5.3.2.1 Whole-Cell InactivatedVaccines

Production and testing of killed whole-cell pertussis vaccines began in the early
1920s, soon after the bacterium was first isolated and identified as the causative
agent of whooping cough by Bordet and Gengou in 1906 (Pittman 1991). In the
1940s, pertussis vaccines were combined with diphtheria and tetanus toxoids
(DTPw) for use in infant immunization programs in an ever growing number of
countries (Burgess and Forrest 1996; Centers for Disease and Prevention 2002;
Therre and Baron 2000). Due to extensive efforts and investment by the World
Health Organization and the Global Alliance for Vaccines and Immunization
(GAVI), infant coverage of three doses of pertussis vaccine (whole-cell or acellular
pertussis, combined with diphtheria and tetanus) in 2011 was estimated at 85 %
(World Health Organization 2012b). Most of the world’s unvaccinated children
reside in Southeast Asia, Africa, and Oceania.

Over the decades of whole-cell pertussis vaccine use there have been several
periods during which vaccination in some countries has ceased or decreased to very
low levels. In the 1970s, the safety of whole-cell pertussis vaccines was widely
questioned and public acceptance of vaccination fell. In Japan, infant vaccination
was suspended in 1975 for 6 years after publicity linking pertussis vaccination with
infant deaths. Over this period pertussis incidence increased from 0.2 to 11.3 cases
per 100,000 individuals (Sato and Sato 1999a). In Japan, these events initiated
intense research and development of the first acellular vaccines, which were intro-
duced in 1981 (Sato and Sato 1999b). In the UK, public rejection of vaccination led
to a precipitous drop in infant vaccination coverage from 75 % in 1974 to 30 % in
1978 (Pollard 1980). This was followed by the reappearance of major pertussis
outbreaks in the UK: between 1977 and 1979 there were almost 100,000 reported
pertussis cases, with the highest notification rates in regions with the lowest
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vaccination coverage notification (Pollard 1980) (Fig. 5.1). Confidence in pertussis
vaccination took over a decade to be restored, but coverage in the UK gradually
increased to a new high by the 1990s, with associated decreases in pertussis noti-
fications (Fig. 5.1). In Sweden, where the whole-cell pertussis vaccine in use was
withdrawn in 1979 and an acellular pertussis vaccine was not introduced until 1996,
regular pertussis epidemics occurred during the intervening period (Fig. 5.2), with
the incidence of pertussis decreasing from 89–150 per 100,000 to 17–26 per 100,000
after reintroduction of infant (acellular pertussis) vaccination (Olin et al. 2003).
These events in Japan, the UK, and Sweden serve to highlight the benefits of
continued pertussis vaccination in preventing acute pertussis disease in vulnerable
populations, and in dampening epidemic activity. The initial concern that whole-cell
pertussis vaccination might be linked to encephalopathy and Sudden Infant Death
Syndrome was eventually proven to be highly unlikely and not demonstrable
(Fleming et al. 2001; Gale et al. 1994; Griffin et al. 1990; Heininger 2010; Hoffman
et al. 1987; Miller et al. 1993, 1981; Moore et al. 2004; Walker et al. 1988).

Despite the introduction of acellular pertussis vaccines in countries with estab-
lished economies, today whole-cell pertussis vaccines are still used to immunize
and protect the vast majority of the world’s birth cohorts against whooping cough,
most of whom reside in the developing world (Fig. 5.3).

Tests of potency. Whole-cell pertussis vaccines are suspensions of B. pertussis
grown in liquid or solid media and inactivated by several methods including formalin,
other chemical means, or high temperature. Manufacturing procedures have changed
very little since early in the twentieth century when the first vaccines were developed.

whole cell vaccines

acellular vaccines

mixed

Fig. 5.3 Global pertussis vaccine use. 83.3 % of the world’s annual birth cohort is born in nations
offering whole cell pertussis vaccines (grey) in their pediatric immunization programs; 10 % is
offered acellular pertussis vaccine (white); and 6.4 % a combination of whole cell and acellular
vaccines (grey/white). Source Data on immunization schedules derived from annual WHO/
UNICEF Joint Reporting Form (update of 15 December 2010 (www.who.int/entity/immunization_
monitoring/data/schedule_data.xls). Birth cohort by country estimated from 2008 country-specific
population and birth rates from www.NationMaster.com
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There are pronounced differences in vaccine composition between manufacturers.
This fact, as well as the varying levels of impurities such as lipopolysaccharide (LPS)
in individual products, affects reactogenicity and efficacy (Cherry 1996; Galazka
1993). Estimates of clinical efficacy as well as immune responses to specific antigens
have proven to vary considerably between different whole-cell vaccines (Edwards
et al. 1991; Fine and Clarkson 1987; Steinhoff et al. 1995).

The manufacturing of whole-cell pertussis vaccines is complicated because of
the risk that the expression of virulence/protective components may be downreg-
ulated in vitro, as a result of shifting to the avirulent phase. Manufacturers who are
tempted to focus on high biomass levels during fermentation processes may risk
generating B. pertussis cultures that express low levels of protective components.
This risk is not mitigated by way of a reliable potency assay, since the only required
potency assay (the Kendrick mouse intracerebral challenge assay) does not prevent
the release of poorly efficacious whole-cell pertussis vaccines. The technically
demanding Kendrick test was shown to correlate with clinical efficacy in studies
conducted in the UK, and was adopted by the World Health Organization for the
standardisation of potency in 1964, distinguishing between potent and subpotent
batches (Pittman 1991). However, this test has since shown inconsistent correlation
with immunogenicity and efficacy in humans. This was evidenced during the 1990s'
National Institute of Health-sponsored efficacy trials when Connaught’s whole-cell
pertussis vaccines (that passed the Kendrick potency assay) demonstrated unex-
pectedly low efficacy (Greco et al. 1996; Gustafsson et al. 1996). A comparable
situation occurred in the Netherlands, where a drop in potency (suspected retro-
spectively) of a nationally manufactured whole-cell vaccine remained unnoticed
during the manufacturing and release process and was only detected in the field
when pertussis cases started to rise alarmingly in the country (de Melker et al. 1997;
Health Council of the Netherlands 2004). Poor effectiveness of a whole-cell vaccine
were also documented in Canada and Sweden, where pertussis incidence rates
decreased once a more effective acellular vaccine was introduced (Skowronski et al.
2002; Olin et al. 2003). The most recent evaluations of the efficacy of some whole-
cell vaccines occurred in the 1990s in the context of efficacy trials for the acellular
pertussis vaccines, showing that in the short-term the better whole-cell pertussis
vaccines performed as well, or even better, than acellular pertussis vaccines, but
some seriously underperformed [reviewed in Storsaeter et al. (2007), Zhang et al.
(2012)].

The examples above are evidence of lack of control of vaccine quality and
question the adequacy of the mouse intracerebral challenge test as an indication of
vaccine potency. Few currently available whole-cell pertussis vaccines have been
formally evaluated for efficacy in clinical trials, and given the lack of an immu-
nological correlate of protection and that many countries using whole-cell vaccines
lack comprehensive surveillance systems, the risks of failing to identify low efficacy
of the whole-cell vaccine are substantial. This includes the risk that the currently
used Kendrick test may fail to identify loss of potency, leaving manufacturers of
initially effective whole-cell vaccines at risk of losing potency and of maintaining
poor B. pertussis working seeds.
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A candidate alternative model to the Kendrick intracerebral challenge model is
the mouse intranasal challenge model (Corbel et al. 2004; Corbel and Xing 2004).
This model reproduces clinical efficacy estimates of licensed whole-cell and acel-
lular pertussis vaccines observed in clinical trials and could replace or complement
the intracerebral challenge test (Denoel et al. 2005; Guiso et al. 1999). In addition,
considering that for whole-cell vaccines IgG antibodies against fimbriae (FIM) are
associated with agglutination and hence are considered to be the most important
mechanism of action of these vaccines, the use of the (FIM) agglutination test as an
additional in vitro tool to test release batches could also be considered. Discussion
and decision making are needed on the implementation of new whole-cell pertussis
vaccine potency tests that are better in discriminating between vaccines of different
efficacies than the currently used intracerebral mouse test. There is a particular need
for a more discriminatory test for low-income countries that do not yet have
comprehensive surveillance systems in place, in order to facilitate the purchase and
use of vaccines with acceptable levels of efficacy.

Manufacturers and vaccines. The development of a wide range of combination
vaccines using acellular pertussis components has facilitated vaccine acceptance
and uptake in high-income countries. By contrast, development of broad combi-
nation vaccines that include a whole-cell pertussis component lagged until recently.
At the time of writing there are four manufacturers providing fully liquid whole-cell
pentavalent vaccine combinations (diphtheria, tetanus, whole-cell pertussis, hepa-
titis B, and Haemophilus influenzae type b: DTPw-HB-Hib) with World Health
Organization prequalification status (a prerequisite for use in many developing
countries lacking well resourced regulatory agencies) (Table 5.2).

Limitations of pertussis vaccines. Since the 1940s, pertussis vaccines have been
instrumental in preventing morbidity and mortality due to pertussis in children.
Suboptimal potency and variable immunogenicity and efficacy notwithstanding,
there are other reasons why currently available pertussis vaccines, whole-cell or
acellular, have been unable to halt pertussis transmission or prevent ongoing
infection. The most important of these are the low effectiveness of current vaccines
in preventing subclinical or mild disease (Zhang et al. 2012), and the short-lived
nature of immunity following natural infection and vaccination, estimated to be
between 4 and 12 years after vaccination (Grimprel et al. 1996; Salmaso et al. 2001;
von Konig et al. 2002), implying that no or low impact on B. pertussis transmission
can be expected.

Some studies suggest that the duration of protection may be longer after whole-
cell than after acellular pertussis vaccination (Lacombe et al. 2004; Lugauer et al.
2002; Sheridan et al. 2012; Wendelboe et al. 2005; Zhang et al. 2012). However,
the duration of immunity observed are influenced by the number of doses admin-
istered, the vaccination schedule, the nature of vaccine used, herd immune effects,
as well as the level of circulating B. pertussis in the community under study.
Although no correlate of protection has yet been established, whole cell and
acellular pertussis vaccines are believed to work and activate the host’s immune
system differently. Whole-cell pertussis vaccines induce a Th1-directed immune
response with activation of complement and production of opsonising antibodies
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that contribute to bacterial clearance, with responses to fimbriae playing a key role
(Ausiello et al. 1997; Ryan et al. 1998). Acellular vaccines induce a mixed Th1/Th2
response and it is thought that their mode of action relies more on preventing
adhesion of bacteria to epithelial surfaces and inducing neutralization of pertussis
toxin (Weingart et al. 2000). Pertussis toxoid is typically found in low levels in
whole-cell vaccines, but comprises the principal component in acellular pertussis
vaccines. By contrast, most acellular pertussis vaccines do not include fimbriae that
are responsible for the whole-cell associated agglutination responses. The long-term
implications of these differences are not understood. One study in mice given
whole-cell or acellular pertussis vaccines showed prolonged efficacy against
respiratory challenge with B. pertussis, even when antibodies had decreased to
undetectable levels, suggesting induction of memory cells by both vaccines (Mahon

Table 5.2 Pentavalent whole cell vaccines (diphtheria, tetanus, whole cell pertussis, hepatitis B,
and Haemophilus influenzae type b conjugate vaccine, with World Health Organization
prequalification status (World Health Organization 2012c)

Vaccine Manufacturer (country) Presentation

Quinvaxem™ Berna Biotech Korea Corpo-
ration (a Crucell Company)
(Republic
of Korea)

Single-dose vial

Liquid

Diphtheria–tetanus–pertussis
(whole cell)–hepatitis
B–Haemophilus influenzae
type b

Biological E Limited (India) Single-dose vial or
10-dose vial

Liquid mixed with lyoph-
ilised Hib component

Diphtheria–tetanus–pertussis
(whole cell)–hepatitis
B–Haemophilus influenzae
/Emphasis> type b

Biological E Limited (India) Single-dose vial or
10-dose vial

Liquid

Tritanrix™ Hib GlaxoSmithKline Vaccines
(Belgium)

Two-dose vial

Liquid mixed with lyoph-
ilised Hib component

Tritanrix HB+Hib GlaxoSmithKline Vaccines
(Belgium)

Single-dose vial

Liquid mixed with lyoph-
ilised Hib component

Zilbrix™-Hib GlaxoSmithKline Vaccines
(Hungary)

Single-dose vial

Liquid

Diphtheria, tetanus, pertussis,
hepatitis B, and Haemophilus
influenzae type b conjugate
vaccine adsorbed

Serum Institute of India Ltd
(India)

Single-dose vial, two-
dose, and 10-dose vial

Liquid mixed with lyoph-
ilised Hib component

Diphtheria, tetanus, pertussis,
hepatitis B, and Haemophilus
influenzae type b conjugate
vaccine adsorbed

Serum Institute of India Ltd
(India)

Single-dose vial, two-
dose, and 10-dose vial

Liquid

Hib Haemophilus influenzae type b
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et al. 2000). However, long-term bacterial clearance was significantly higher in
whole-cell vaccinated mice than in mice who received acellular vaccine (Mahon
et al. 2000), as also demonstrated more recently in a retrospective human cohort
study, where just one priming dose of killed whole-cell pertussis vaccine was linked
to longer durability of protection (Sheridan et al. 2012; Liko et al. 2013).

As immunity wanes into adolescence and adulthood, individuals become sus-
ceptible to subclinical or clinical infections that are then transmitted to family
members, with high risk of adverse outcomes for very young, unvaccinated, or par-
tially vaccinated infants (Crowcroft et al. 2003; de Greeff et al. 2012; Edwards 2005).
The failure of both whole-cell and acellular pertussis vaccines to arrest transmission is
evident in the evolving epidemiology of the disease, where disease incidence peaks
are observed in adolescents and adults, in addition to their young unvaccinated infant
contacts (Campbell et al. 2012; Winter et al. 2012; Zepp et al. 2011).

Is there a future for whole-cell pertussis vaccines?Whole-cell pertussis vaccines
have the advantage of low production costs, higher immunogenicity and adjuvant
effect (Vogel et al. 1987), and longer duration of protection compared to acellular
vaccines (Sheridan et al. 2012; Witt et al. 2012). Furthermore, high efficacy whole-
cell vaccines may be more effective than the highest efficacy acellular vaccines
(Sheridan et al. 2012; Zhang et al. 2012). The major disadvantages of whole-cell
pertussis vaccines relate firstly to their greater local and systemic reactogenicity
compared to acellular vaccines (Jefferson et al. 2003; Zhang et al. 2011), which seems
to increase with the more vaccine doses received, making them unsuitable for use in
adolescents and adults. However, decades of use and intensive epidemiological
investigations have proven the safety of whole-cell pertussis vaccines (Howson and
Fineberg 1992). The second disadvantage is the current limitation in potency testing
methods, meaning that there is an ongoing risk that suboptimal whole-cell pertussis
formulations are being administered to infants worldwide. An alternative standard-
ized measure of potency, like the mouse intranasel challange model, is needed.

Pentavalent combination vaccines containing whole-cell pertussis are becoming
the current standard of care in developing countries. As global poliomyelitis
eradication becomes a reality, immunization with low-cost inactivated poliovirus
(IPV) vaccine incorporated into pediatric combination vaccines (preferably hexa-
valent; protecting against diphtheria, tetanus, pertussis, hepatitis B, H. influenzae
type B, and IPV) using whole-cell pertussis vaccines may be the preferred way to
ensure high coverage of all antigens. However, development of whole-cell pertussis
and IPV vaccine combinations is hindered by an anticipated interaction between
IPV and thiomersal. In the 1950s, thiomersal used as preservative in a combined
DTPw and IPV vaccine was described as “detrimental to the poliomyelitis virus”
(Davisson et al. 1956). More recently, the effect of thiomersal on IPV potency under
conditions of long-term storage at +4 °C was reinvestigated. Loss of potency of
type 1 polio virus antigen to undetectable levels after 4–6 months was reported,
whereas for types 2 and 3 the potency loss was within the expected range (not more
than 10 % loss per year of storage) (Sawyer et al. 1994). Thiomersal is used during
the production of whole-cell pertussis vaccines to inactivate the bacterium and
toxins and to maintain a sterile production line.
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Although thiomersal is largely removed following the purification procedure,
traces of thiomersal remain present. In addition, thiomersal is added back as a
preservative in multidose vials. The National Institute of Public Health and Envi-
ronmental Protection (RIVM) in the Netherlands developed a combined DTPw and
IPV vaccine in 1962 that used 2-phenoxyethanol rather than thiomersal as pre-
servative. This vaccine was tested in clinical trials in Africa (Rumke et al. 1993). A
combined DTPw, IPV, and H. influenzae type b vaccine that also used 2-phen-
oxyethanol as preservative was produced by Sanofi Pasteur (Pentacoq) (iDrugInfo.
com 2000–2012). A hexavalent whole-cell pertussis vaccine combination con-
taining IPV was recently shown to be immunogenic in infants (Quiambao et al.
2012). For currently licensed vaccines, substituting thiomersal with an alternative
preservative has the potential to modify the stability, safety, and effectiveness of
these vaccines. The replacement of thiomersal as a vaccine preservative would
therefore require manufacturers to establish through nonclinical and clinical trials
that the vaccine when formulated with the substitutive preservative is noninferior in
its safety and effectiveness.

Although a first priming with killed whole cell pertussis vaccines appears ben-
eficial (Sheridan et al. 2012; Liko et al. 2013), countries currently using acellular
pertussis vaccines in infants are unlikely to return to using whole-cell pertussis
vaccines since this would require public acceptance of higher levels of reactoge-
nicity in infants. However, whole-cell pertussis vaccines combined with other
vaccine antigens of other pathogens will likely remain the vaccine of choice for
infants in low-income countries because of the lower cost, and superior duration of
protection as compared to acellular pertussis vaccines.

5.3.3 Vaccines in Development

5.3.3.1 Live-AttenuatedPertussis Vaccines

Despite the enormous impacts that pertussis vaccines have had in preventing mor-
bidity and mortality in children due to pertussis, better vaccines are needed (Poolman
et al. 2011; Storsaeter and Wolter 2006). Development of live-attenuated pertussis
vaccines administered via the intranasal route has been ongoing since the 1990s.
Live-attenuated vaccines aim to replicate natural infection, potentially inducing
broad mucosal and systemic immunity against multiple virulence factors, and
potentially resulting in improved bacterial clearance and longer lasting immunity.
Two live-attenuated candidates have been evaluated in animal models. The most
advanced live-attenuated vaccine candidate is BPZE1, which has been genetically
detoxified by altering or replacing genes for pertussis toxin, tracheal cytotoxin, and
dermonecrotic toxin (Locht et al. 2004; Mielcarek et al. 2006b). BPZE1 showed high
efficacy in protecting infant and adult mice against respiratory challenge by B.
pertussis and related species, and appeared to induce durable immunity (Feunou
et al. 2010b; Kammoun et al. 2012; Skerry et al. 2009). Passive transfer of antibodies

156 A.H.J. van den Biggelaar and J.T. Poolman



to unvaccinated mice resulted in bacterial clearance (Skerry et al. 2009). Immunity
appeared to be dose-dependent and was thought to be due to the generation of
humoral responses and induction of CD4+ T cells (Feunou et al. 2010a; Mielcarek
et al. 2010). BPZE1 is proposed for use as a single intranasal dose for infants as
young as at the day of birth (Mielcarek et al. 2006a). A Phase I clinical study in
adults with BPZE1 has recently been completed and demonstrated that BPZE1 was
safe and induced pertussis-specific IgG responses in those participants in whom
intranasal immunization resulted in nasopharyngeal colonization (approximately
40 %) (www.clinialtrials.gov NCT01188512) (Locht and Mielcarek 2012). BPZE1
is also being investigated for utility as a carrier for other antigens (Ho et al. 2008).

Another live-attenuated pertussis vaccine candidate in early development is the
aroQ mutant strain. Deletion of the aroQ gene results in reduced propagation
capacity of the bacterium. A single intranasal dose induced humoral and cell-
mediated responses in mice, and protection against respiratory challenge (Cornford-
Nairns et al. 2012).

Licensure of a live-attenuated vaccine would represent the first major develop-
ment in pertussis vaccination since the availability of acellular pertussis vaccines
around 30 years ago. Live-attenuated vaccines could potentially be given very early
in life, giving protection to an age group at most risk of severe disease and death
due to pertussis. However, the potential for reversion and safety aspects associated
with live-attenuated vaccines, in particular when administered intranasally, will
need to be carefully monitored. Furthermore, very little is known about the prin-
ciple of mucosal colonization of the upper respiratory tract by commensals shortly
after birth and the activation of early immune maturation and how this may be
disrupted or enhanced by intranasal B. pertussis immunization. Furthermore, the
extent and durability of immune response in humans remains unknown. Indeed,
since immunity is not lifelong after natural infection, lifelong immunity after
vaccination may not be possible to be achieved.

5.3.4 Conclusion

Whole-cell pertussis vaccines were some of the first vaccines to be widely used in
children, and are one of the oldest vaccines still in use. Extensive experience over
many decades confirms the safety and effectiveness of whole-cell pertussis vaccines
in preventing pertussis disease and deaths in children. Limitations of vaccination
including incomplete and short duration of protection, and the lack of any available
vaccine for use in neonates in whom the disease is most severe, remain to be
overcome. Recently, several high-income countries (including but not limited to the
UK, the US, and France) have started to recommend and practise immunization of
pregnant women with acellular pertussis as a mean to protect newborns against
pertussis infections in the first 3 crucial months in life. The efficacy of maternal
immunization and the risk for potential interference with subsequent infant acellular
pertussis vaccine priming is at this moment in time still unknown.
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In view of the shorter duration of protection induced by acellular than whole-cell
pertussis vaccines, as well as the lower cost of whole-cells vaccines over acellular
vaccines, it is anticipated that the WHO Strategic Advisory Group of Experts
(SAGE) for low-income countries will continue to recommend the use of whole-cell
vaccines (World Health Organization 2005). Thus, whole-cell pertussis vaccines
now incorporated into pentavalent and soon to be hexavalent vaccines are likely to
remain the standard in low-income countries for years to come.

5.4 Cholera Vaccines

5.4.1 Cholera: Overview of Bacteriology and Pathology

Cholera is a severe acute diarrheal disease caused by infection of the small intestine
with the gram-negative bacterium Vibrio cholerae. Humans are the only vertebrate
hosts and transmission to humans is by drinking water in which V. cholerae either
occurs naturally or that has been contaminated by feces of an infected person, or,
less frequently, by eating contaminated fish and shellfish. The risk of localized
cholera outbreaks is high due to the highly variable incubation period of V. cholerae
that can be as short as 2 h and as long as 5 days. As a consequence many indi-
viduals may become infected before the source of contamination is identified. It is
estimated that there are 3–5 million cholera cases and 100,000–120,000 deaths due
to cholera each year.

V. cholerae is one of the most common organisms in surface waters of both
marine and freshwater habitats. Between epidemics, viable Vibrios are present in
water surfaces predominantly in a dormant, nonculturable state, and are able to form
biofilms that provide a microenvironment facilitating environmental persistence
(Alam et al. 2007). Vibrios “re-emerge” after years of seeming absence when a
combination of favorable environmental conditions appears right. Attached to
plankton that act as hosts for the dormant cholera organism, Vibrios can travel long
distances either by hitchhiking with plankton on ocean currents across thousands of
kilometers and over periods of months and years, or by means of ballast water of
cargo ships crossing the world’s oceans (Rivera et al. 2012). Alternatively, it has
been suggested that Vibrios can also travel through air as hitchhikers attached to the
surface of adult nonbiting midges (observed mainly with Chironomus sp.) that are
carried by the wind and that transmit the bacteria from one body of water to another
over large areas (Paz and Broza 2007).

V. cholerae is a noninvasive human pathogen that colonizes the small intestine
and produces an enterotoxin, cholera toxin (CT) that activates adenylate cyclase in
intestinal epithelium cells, converting these cells into pumps that extract water and
electrolytes from blood and tissues, pumping it into the lumen of the intestine. The
clinical result is profuse, painless, watery diarrhea that can quickly lead to severe
dehydration and death if treatment is not given promptly. Mortality rates for
untreated cholera bare as high as 50–60 % (Harris et al. 2012). Oral Rehydration
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Therapy, which involves the drinking of a solution of salts and sugars (30 ml sugar:
2.5 ml salt: 1 l of water) is a simple treatment to avert cholera deaths, provided that
noncontaminated drinking water is available. It is well established that antibodies to
V. cholerae LPS confer protection against disease, probably by sterically hindering
the bacteria from adhering to the mucosal surface. In addition, antibodies directed
against CT can prevent disease. Cholera toxin consists of one toxic A subunit and
five identical B subunits. The B subunit (CTB) is the binding portion of the toxin and
it is nontoxic in itself. Anti-CT antibodies are almost exclusively directed against the
CTB portion and prevent the toxin from binding and thereby limit the symptoms of
disease. Antibody responses against CTB and V. cholerae LPS are believed to act
synergistically rather than additively (Svennerholm and Holmgren 1976).

There are currently 139 known V. cholerae serogroups (classified based on LPS-
O antigens); however, only two, serogroups O1 and O139 cause outbreaks (World
Health Organization 2001). Until 1992, when the O139 Bengal strain emerged in
Bangladesh, O1 had been the only serotype known to cause epidemic cholera, and
still causes the majority of outbreaks. V. cholerae serogroup O1 has two biotypes;
classical and El Tor (the latter can be distinguished from classic biotypes by the
production of haemolysins). Each biotype has three distinct serotypes; Ogawa,
Inaba, and Hikojima (O antigen factors AB, AC, and ABD, respectively). Sero-
group O139 is currently confined to the Southeast Asian region and is thought to be
a more virulent serogroup variant of the El Tor biotype. O139 and the O1 El Tor
strains are closely related in most parts of their genomes but carry different O
antigen genes, suggesting the transfer of O139-specific genes from an unknown
donor into a recipient El Tor strain (Nair et al. 2002).

Although personal hygiene measures, food safety and sanitation are fundamental
to prevent and control cholera, vaccines are also a key preventative, particularly in
settings where good hygiene measures are hard to achieve and where cholera
epidemics are most likely to occur. Cholera vaccines target three different popu-
lations: 1. Travelers into endemic settings (who are mostly immunologically naive);
2. Populations living in areas facing epidemic cholera outbreaks (who are also
typically immunologically naive); and 3. Populations living in cholera-endemic
areas (who acquire immunity with prolonged duration of exposure, i.e., with
increasing age). In practice, immunization against cholera is predominantly used by
the first target group: travelers. Nevertheless, following recent cholera outbreaks in
Zimbabwe in 2008–2009 and in Haiti in 2010–2011, WHO now recommends
immunization with currently available cholera vaccines (in conjunction with the
usually recommended control measures) in areas where cholera is endemic or
epidemic. At the start of the outbreak in Haiti in October 2010, only one cholera
vaccine, Dukoral® (SBL Vaccines, Sweden), was licensed and WHO prequalified,
with fewer than 300,000 doses available. WHO has since begun stockpiling cholera
vaccines in order to be able to immediately respond to an outbreak, initially aiming
to stockpile vaccine sufficient to allow vaccination of one million people (World
Health Organization 2012d).
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5.4.2 Vaccines Licensed and in Use

The cholera vaccines that are currently available are all oral whole-cell killed
vaccines. Dukoral™ and Shanchol™ (Shantha Biotechnics, India) are both liquid,
drinkable vaccines, and both are currently WHO prequalified. OraVacs™
(Shanghai United Cell Biotechnology Co., Ltd., China) is the only oral inactivated
cholera vaccine in capsule form, but is only available to the Chinese market. One
live-attenuated oral cholera vaccine has been licensed in the past, CVD 103-HgR:
however, production of this vaccine was suspended in 2004.

5.4.3 Whole-Cell Inactivated Vaccines

Since cholera vibrios and the toxin they produce remain localized to the intestinal
surface and lumen and exert their action locally on the epithelium, local intestinal
immunity is of critical importance for protection. This has favored the concept of
oral cholera vaccines as the most efficient way to induce local protective secretory
IgA antibody responses (Clemens et al. 2011). Earlier parenteral inactivated whole-
cell cholera vaccines had limited efficacy (approximately 50 %) and a low duration
of protection (6 months only) on top of a high reactogenicity profile, and are
currently no longer used. Even though the human intestinal mucosa generally
displays immune tolerance to nonliving foreign material and commensal flora
(meaning that exposure does not induce an immune response), oral inactivated
cholera vaccines have proven to be very successful in preventing cholera.

Since V. cholerae is a strictly human pathogen, there is no valid animal model to
predict the protective efficacy of vaccines. Moreover, killed Gram-negative bacteria
are not immunogenic when administered by the oral route in animals. Demon-
strating the protective effect and immunogenicity of oral whole-cell killed cholera
vaccines therefore relies on clinical studies in humans. Although intestinal IgA and
IgG responses are probably the best correlate of protection, they are difficult to
assess in large clinical studies. Therefore, serum IgG or IgA titres against CTB or
cholera LPS, or vibriocidal titres are used as markers of vaccine immunogenicity,
and are used for consistency studies and for comparing different preparations or
regimens of the same vaccine. Of notice, the rabbit ileal loop technique has been
used and discussed as a tool to preclinically evaluate the possible relative protective
efficacy of different cholera antigens or vaccines: in this model, the ileal loops of
immunized New Zealand rabbits are challenged with graded doses of fully virulent
V. cholerae bacteria and the dose of bacteria causing 50 % fluid accumulation
(ED50) in the loops is determined (Svennerholm 2011).
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5.4.4 Vaccines and Manufacturers

Dukoral™. This was originally manufactured by the Swedish National Bacteriol-
ogy Laboratory (SBL). The vaccine contains a mixture of whole-cell inactivated V.
cholerae of four different O1 strains, comprising the classical and El Tor biotypes of
both the Inaba and Ogawa serotypes, combined with 1 mg recombinant CTB
(rCTB) (Table 5.3). The addition of CTB significantly adds to the level of pro-
tection induced (Clemens et al. 1990). Whereas the first formulation of the vaccine
contained native CTB (purified from V. cholerae Inaba 569b), this has been
replaced with rCTB in 1992 (a protein of 102 amino acids, produced in V. cholera
strain 213 of serotype Inaba, biotype Classical, with a delete CT A subunit gene).
The rCTB differs from native CTB in that the former contains up to seven extra
amino acids at the N-terminal: however, no differences in immunogenicity or safety
between rCTB and the previously used native CTB could be detected by direct
comparison (Sanchez and Holmgren 1989). Detailed information on CTB can be
found in Chap. 6 on Bacterial Subunit Vaccines.

To induce protection, adults require two doses of the vaccine and children
2–6 years of age require three doses, given with an interval of 1–6 weeks. To induce
prolonged protection, booster doses should be given to adults every 2 years and
every 6 months to children aged between 2 and 6 years of age. This is particularly
important in endemic settings. Dukoral™ is administered in a bicarbonate buffer to

Table 5.3 Oral inactivated cholera vaccines

Dukoral™ Shanchol™ Oravacs™
No. Vibrio 1 × 1011 1.5 × 1011 5 × 1010

Strains O1 Inaba Classical, Cairo
48, heat-inactivated
(2.5 × 1010)

O1 Inaba Classical, Cairo
48, heat-inactivated
(2.5 × 1010)

O1 Inaba
Classical

O1 Inaba El Tor, Phil 6973,
formalin-inactivated
(2.5 × 1010)

O1 Inaba El Tor, Phil 6973,
formalin-inactivated
(5 × 1010)

O1 Inaba El
Tor

O1 Ogawa Classical, Cairo
50, heat-inactivated
(2.5 × 1010)

O1 Ogawa Classical, Cairo
50, heat-inactivated
(2.5 × 1010)

–

O1 Ogawa Classical, Cairo
50, formalin-inactivated
(2.5 × 1010)

O1 Ogawa Classical, Cairo
50, formalin-inactivated
(2.5 × 1010)

–

– O139, 4260B, formalin-
inactivated (5 × 1010)

–

CTBa Recombinant (1 mg) No Recombinant
(1 mg)

Formulation Drinkable Drinkable Capsule

WHO-PQ Yes—since 2001 Yes—since September
2009

No

a Cholera toxin B subunit
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protect the immunogenicity of the acid-labile CTB subunit against stomach acid,
and intake of food and drink is recommended to be avoided 1 h before and after
vaccination in order to evade increases in gastric acid production.

The shelf life of Dukoral™ when stored between +2 and +8 °C is 3 years. After
dissolving in water and addition of the buffer, the mixture should be drunk within 2 h.

Dukoral™ was the first oral (liquid) inactivated cholera vaccine to be tested in a
large field trial in a cholera-endemic country. Of the many clinical trials performed,
the efficacy of Dukoral™ against cholera was established in three pivotal ran-
domized placebo-controlled trials, involving in total 112,639 subjects (30,812
received the assigned number of active Dukoral™ vaccine doses), and including
13,670 children aged 2–5 years (4,919 received the assigned number of active
vaccine doses). Study populations included people from endemic areas (Bangla-
desh) and epidemic regions (Peru): for the cholera indication no formal efficacy
studies have been performed in naive travelers.

Together these clinical studies show that Dukoral™ affords protective efficacy
against cholera in all age-groups in both endemic areas (Bangladesh) and epidemic
areas where cholera had not been as prevalent previously (Peru Military). The large
clinical trial in Bangladesh (endemic area) clearly established that Dukoral™
conferred significant protection against cholera (Clemens et al. 1988), demon-
strating a short-term protection (6 months) of 85 % in both children and adults, and
60 % protection 2 years postimmunization in adults. In children aged 2–5 years, the
duration of protection was much shorter than in the older population, although the
initial response to vaccination was similar. For children under 6 years of age,
protection in the first 6 months was only 35 % when vaccinated with the whole-cell
killed vaccine not containing CTB, but was 100 % for the combined whole-cell and
CTB vaccine: thereafter protective efficacy was similar. Overall, vaccine-induced
protection against Classical strains was slightly superior, especially during the 2nd
year, compared to that against El Tor strains (Clemens et al. 1990).

Due to the similarity between CTB and the heat-labile enterotoxin (LT) of
enterotoxigenic Escherichia coli (ETEC), Dukoral™ has the potential to cross-
protect against ETEC infections. In clinical studies with the native CTB-containing
Dukoral™, short-term protection was found in endemic populations in Bangladesh
(protection against LT-ETEC diarrhea was 67 %), and in travelers to endemic areas
(Finnish travelers to Morocco reported protective efficacy against LT-ETEC diar-
rhea of 60 % and all traveler’s diarrhea of 23 %; the US students in Mexico reported
protective efficacy against any ETEC diarrhea of 50 %). Considering that protection
is only short-term (3–6 months), the Dukoral™-induced protection to ETEC may
be considered adequate for travelers who can be revaccinated for each new trip;
however, in endemic areas protection is too short-lived to be useful.

Dukoral™ was introduced in Sweden in December 1991, approved in the
European Union (EU) through a centralized procedure in April 2004, and is reg-
istered worldwide in 37 countries outside the EU. Dukoral™ is on the WHO list of
prequalified vaccines and obtained WHO registration in 2001. Dukoral™ is indi-
cated for the active immunization against cholera infection of adult and children
≥2 years of age, who will be visiting areas with ongoing or anticipated epidemics,
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or who will be staying in areas of risk. In some countries, Dukoral™ is also
indicated for the active immunization against ETEC of adults and children who will
be visiting areas posing a risk of diarrheal disease caused by ETEC.

Shanchol™ (mROC-Vax, Shantha Biotechnics). This contains V. cholerae O1
Inaba El Tor and Classical strains, O1 Ogawa Classical strain, as well as an O139
strain (Table 5.3). The latter makes this vaccine a favorable candidate for immu-
nization in the Southeast Asian region where serogroup O139 is causing cholera
outbreaks. However, since Shanchol™ does not contain CTB, the vaccine may be
less protective compared to Dukoral™. Additionally, it contains double the amount
of LPS compared to Dukoral™. An advantage of Shanchol™ over Dukoral is its
low cost and hence attractiveness for the endemic market—which was also the main
driver for its development.

Shanchol™ was developed from the earlier ORC-Vax™: a whole-cell killed oral
cholera vaccine that was developed and licensed in Vietnam 1997 for use in its
public health program. ORC-Vax™ was produced by the Vietnamese government-
owned producer VaBiotech as a two-dose course for children ≥1 year old and adults.
Between 1998 and 2009 more than 20 million doses were administered to children
and adults in high-risk areas of Vietnam. Because the Vietnamese national regula-
tory authority is not recognized by WHO, the vaccine could not be considered for
international use. To serve the wider global community, technology was therefore
transferred to Shantah Biotechnics in India, where the vaccine was licensed in 2009
and sold under the trade name Shanchol™ as a two-dose vaccine, again for use in
individuals ≥1 year of age. In September 2011, Shanchol™ received WHO pre-
qualification based on the results of a placebo-controlled clinical trial in India
involving 66,900 individuals of ≥1 year of age: the protective efficacy achieved in
this trial was 17 % in children <5 years, and 66–81 % in older individuals (Sur et al.
2011). Protective efficacy over a follow-up period of 3 years was 43 % in those
<5 years of age, and 61–88 % in older age-groups. Clinical trials for Shanchol™ are
ongoing and include a Phase IV follow-up study in India to study the immunoge-
nicity and safety of a one-dose versus two-dose booster regimen given 5 years after
the initial two doses (NCT01579448); a feasibility and effectiveness study of mass
cholera vaccination to reduce V. cholerae diarrhea in a high incidence urban area in
Bangladesh, in which participants are randomized to receive behavioral intervention
in addition to vaccine, vaccine only, or no vaccine nor intervention (NCT01339845);
and a Phase II trial evaluating whether in children (1–17 years of age) and adults
(≥18 years) a 28-day dosing interval results in improved immune responses to the
second dose compared to the 14-day interval (NCT01233362).

Shanchol™ is inexpensive (US$1.25/dose) and does not require a buffer, and is
therefore well suited for use in low-income countries. It has a shelf life of
24 months when stored at +2–8 °C.

Oravacs™ (Shanghai United Cell Biotechnology Co., Ltd.). Less information is
available for Oravacs™, which is an oral cholera vaccine consisting of rCTB and
inactivated whole-cell V. cholerae O1 Classical biotype or El Tor biotype, pre-
sented in an enteric-coated capsule. Oravacs™ is indicated for protection against
cholera and traveler’s diarrhea caused by ETEC in children 2 years of age and
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older, teenagers, and adults having contact or in risk of contact with the disease.
The recommended immunization schedule consists of three doses, with one capsule
taken on day on 0, 7, and 28. The vaccine should be stored in a dry place at +2–8 °C
and has a shelf life of 24 months.

5.4.5 Limitations

Limitations of currently available whole-cell killed cholera vaccines are that mul-
tiple doses are needed (at least 2) and that efficacy is suboptimal in young children.
Of note, due to the inclusion of rCTB the short-term efficacy in young children is
relatively higher for Dukoral™ as compared to Shanchol™, which may be
imperative in epidemic outbreak situations. At the other hand, a disadvantage of
Dukoral™ compared to Shanchol™ is that it less protects against the more virulent
serogroup O139 that is emerging in the Asian region (rCTB will likely give some
protection).

Arguments against the use of oral cholera vaccines in outbreaks include the
priority of water provision and cholera treatment measures, low compliance to a
multiple-dose regimen due to migration of the target populations, the period
required for a two-dose vaccine to generate immunity, the logistic challenges in a
setting of inadequate infrastructure and human resources, cold chain requirements,
difficulty in transport of bulky vaccine, and clean water requirements for the buffer.
In response to these logistical concerns, a vaccination campaign with Shanchol™
was initiated in the region of Boffa, in Guinea, in April 2012 (Zorlu 2012): not only
is this the first vaccination campaign attempting to control cholera during an active
epidemic in Africa, it also aims to collect needed data to get a better understanding
into how to optimize the implementation of a vaccination program in response to a
cholera outbreak, and to support the development of intervention criteria for the
control of cholera in outbreak situations.

5.4.6 Is There a Future for Inactivated Vaccines?

Despite the paradigm that the intestinal mucosa induces immuno-tolerance against
nonliving foreign material or commensal flora, oral inactivated cholera vaccines are
effective in preventing cholera disease. The existing inactivated vaccines are
effective in preventing disease both in children of 2 years old and above in both
endemic and immunologically naïve populations. Both Dukoral™ and Shanchol™
meet the criteria set by the ad hoc Cholera Vaccine Working Group for the per-
formance and characteristics of cholera vaccines for use in public health settings in
developing countries, including an efficacy rate of at least 50 % at 2 years of follow-
up; a maximum of two doses for initial vaccination, and effectiveness in children
from the age of 2 years.
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5.4.7 Vaccines in Development

5.4.7.1 Live-Attenuated Vaccines

A live-attenuated oral vaccine may have the advantage over inactivated oral cholera
vaccines that it colonizes the intestines, and given in a single dose may provide
greater and longer lasting protection. Additionally, more antigens can be preserved
or overexpressed, so that a near wild-type-like immune response can be generated.
A potential hurdle is that the extensive attenuation of key virulence antigens in
order to reduce reactogenicity may also lower the immunogenicity of the vaccine.
One live-attenuated oral cholera vaccine has been licensed in the past, CVD 103-
HgR: production of this vaccine was suspended in 2004.

CVD-103-HgR (PXVX-0200; Orochol™/Mutacol™). This was the first suc-
cessfully developed and only ever-licensed live-attenuated oral cholera vaccine,
administered as a single dose. This vaccine—initially developed by the Center for
Vaccine Development at the University of Maryland in the 1980s—was derived
from Classical O1 Inaba 569B strain, and genetically engineered to express CTB
(two gene copies) with most of the active A subunit deleted (deletion of a 550 bp
XbaI-ClaI fragment internal to the gene encoding the A subunit) to remove toxicity,
and harbored a mutation of the haemolysin gene to induce further attenuation
(deletion of a 400 bp HpaI fragment internal to the haemolysin gene and insertion
of a 4.2 kbp fragment from Shigella flexneri mercury resistance (mer) genes into the
hlyAs). DNA hybridisation studies on samples taken from the master seed bank and
from two production lots grown for up to 17 generations did not identify any
rearrangements, hence indicating stability of the genetic modifications (Favre et al.
1996).

In a challenge study involving US volunteers, a single dose of 2–8 × 108 live
vaccine cells was found to confer 80–100 % protection against challenge with wild-
type Vibrios at 3 months postimmunization (Tacket et al. 1999). Based on these
results, the vaccine was licensed in 1993 as a travelers’ vaccine for adults and
children ≥2 years in several countries: two formulations were available, one for the
travelers market (2–10 × 108 CFU) and a higher dosage for endemic populations
(2–10 × 109 CFU). A single dose was sufficient to induce protective immune
responses 8 days postimmunization. Although the vaccine was well tolerated by
Chilean infants in a clinical trial setting, the vaccine was never recommended for
children under 2 years of age. In the Chilean trial, the vaccine was offered to 312
infants aged 3–17 months old; however, because of its unpleasant taste, only 37 %
of the children actually took the vaccine (Lagos et al. 1999).

In a large postlicensure field efficacy trial in Indonesia involving >67,000 sub-
jects, (including children >2 years of age), the vaccine showed very low efficacy
(less than 18 % at 1 year follow-up; 2.3 % after 2 years). A very low cholera
incidence was put forward as a possible explanation for this disappointing result
(Richie et al. 2000). In a retrospective cohort analysis, CVD 103-HgR was found to
induce a protective efficacy as high as 79 % (95 % CI 72–84 %) when the vaccine
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was used in a mass vaccination campaign to control a cholera outbreak in Micro-
nesia (Calain et al. 2004).

The live-attenuated oral vaccine has a history of safe use with a very low
incidence of adverse reactions. There are no reports of toxic or allergic reactions in
vaccine recipients. Data from clinical trials have demonstrated that less than 30 %
of vaccine recipients excrete detectable numbers of the genetically modified bac-
teria for a maximum of 7 days (Levine et al. 1988; Simanjuntak et al. 1993). In a
clinical trial involving 245 Indonesian children, V. cholerae CVD 103-HgR was
isolated from the stool culture from only 1 out of 174 family contacts examined
(Simanjuntak et al. 1993).

Hundreds of thousands of doses of this oral live-attenuated oral cholera vaccine
have been administered worldwide before its production was halted in 2004. Pa-
xVax is currently undertaking efforts to bring the vaccine back to market. The US
FDA has accepted an Investigational New Drug application for the product (coded
PXVX-0200) and a Phase I clinical trial is underway in the US involving 60 adult
volunteers aged 18–15 years (INCT01585181). If successful, PaxVax would be the
first to bring a cholera vaccine to the US market.

Peru 15 (CholeraGarde™) is a live genetically attenuated nonmotile V. cholerae
O1 El Tor Inaba strain, originally isolated in Peru in 1991 (Chowdhury et al. 2009).
The vaccine strain (developed at Harvard University in the 1990s) harbors deletions
in the ctxa gene encoding the CTA subunit, the rtxA gene encoding the RTX toxin,
and the zot and ace genes. It also lacks flagella, rendering it nonmotile and
nonrecombinational.

A single oral dose has been shown to be safe and immunogenic in US volunteers
as well as in adults and toddlers in Bangladesh. In a human challenge study, 59 US
volunteers were randomly allocated for vaccination (2 × 108 CFU) and challenged
with O1 El Tor: 98 % of vaccinees showed at least a fourfold increase in vibriocidal
titres and the vaccine was 100 % protective in preventing moderate-to-severe
diarrhea. Between 2005 and 2007, age-descending trials were performed in Ban-
gladesh, including subjects as young as 9 months old: 70 % of children aged
9–23 months old developed significant vibriocidal antibody responses to a single
dose (Chowdhury et al. 2009). However, an age-related decrease in response was
seen in children and infants as compared to adults. To increase responses to CTB,
Peru-15 was genetically reengineered to express and secrete higher levels of CTB
(by cloning ctxB onto a glnA balanced-lethal plasmid under the transcriptional
control of a strong constitutive promoter), resulting in Peru-15pCTB (Roland et al.
2007; Chowdhury et al. 2009). In mice and rabbits, Peru-15pCTB secreted 30-fold
more CTB than the parent strain and elicited 30-fold higher anti-CTB serum IgG
responses. A Phase I safety and immunogenicity clinical trial has been completed in
the US involving 64 adults aged 18–45 years old healthy adults (NCT00654108).

The Peru-15 blueprint was transferred to O139, resulting in a candidate vaccine
that was safe and immunogenic in volunteers and provided 83 % efficacy against
experimental O139 challenge 1 month after immunization (Coster et al. 1995).
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V. cholerae 638. The live-attenuated oral cholera vaccine candidate V. cholerae
638 was constructed in the 1990s in Cuba from O1 El Tor Ogawa strain C7528 by a
deletion of the CTXϕ prophage and inactivation of the HA/P gene by insertion of
the Clostridium thermocellum endoglucanase A gene (celA) into the haemagglu-
tinin/protease hapA gene (Benitez et al. 1999). The Finlay Vaccine Institute in Cuba
is aiming to further develop this vaccine candidate and have it WHO prequalified
for use in cholera-endemic countries. In a Phase I clinical trial, a single dose
(1 × 109 CFU) was demonstrated to be immunogenic and protective in an exper-
imental cholera challenge model involving healthy Cuban adults (Garcia et al.
2005). Next, its safety and immunogenicity was confirmed in a placebo-controlled
clinical Phase II performed in an endemic cholera setting in Mozambique in which
healthy adults received a single dose of 2 × 109 CFU (Garcia et al. 2011).

Others. Other live-attenuated cholera vaccines that are under development
include V. cholerae IEM 101/108 and VA1.3/VA1.4. IEM 101/108 is being
developed in China, and is derived from an O1 El Tor Ogawa strain that naturally
lacks the gene for CT and several other virulence factors. VA1.3/VA1.4 is being
developed by government-run research laboratories in India and is derived from a
nontoxigenic O1 El Tor strain to which the ctxB gene was added to produce CTB,
but is otherwise devoid of CT.

5.4.8 Conclusions

The currently available oral killed whole-cell cholera vaccines appear to be rela-
tively effective and safe, preventing 50–60 % of cholera episodes during the first
2 years after completion of the primary vaccination schedule. The impact and cost-
effectiveness of implementing oral cholera vaccines into the routine vaccination
schedules of endemic countries will depend on the prevalence of cholera, the
frequency of epidemics, and access to basic services providing rapid rehydration
therapy. Whole-cell/rCTB cholera vaccines are beneficial for travelers to zones
where cholera and travelers’ diarrhea are a risk. Live-attenuated vaccines that
induce protective immunity after a single dose may eventually be available and help
to protect people living in low-income countries at risk of cholera outbreaks.

5.5 Typhoid Fever Vaccine

5.5.1 Typhoid Fever: Overview of Bacteriology
and Pathology

Enteric fever is an acute feverish illness caused by ingestion of food or water con-
taminated with Salmonella enterica serovar Typhi (typhoid fever) or Paratyphi A, B, or
less frequently, C (paratyphoid fever). S. enterica are rod-shaped facultative-anaerobic
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Gram-negative bacteria that are commonly found in rawmeat, chicken, and egg shells.
The global annual incidence of enteric fever is around 21 million cases, including
200,000–600,000 deaths, and mainly involves typhoid fever (an estimated 17 million
cases per year) (Crump et al. 2004). Incidence is the highest in Asia and Northern
Africa.

Central to the pathogenicity of serovar Typhi is its capacity to invade intestinal
epithelial cells. When left untreated, infections can become life-threatening due to
perforation of the wall of the small intestine, intestinal bleeding, dissemination of
the infection into the blood stream and potentially the brain, and inflammation of
other organs such as the gallbladder and the heart. High-risk groups include trav-
elers to endemic areas, and infants, children and young adults residing in endemic
areas. Disease peaks in younger age-groups when endemicity is higher (Crump
et al. 2004; Lin et al. 2000) (Fig. 5.4). A sero-epidemiological study in Nepal has
indeed provided evidence that S. typhi-specific bactericidal antibody titres increase
with age in an endemic setting (Pulickal et al. 2009): this naturally acquired
immunity may involve antibody responses against immunodominant antigens such
as the somatic O antigen, the Vi capsular polysaccharide, iron-regulated outer
membrane proteins (OMP), and porins. Although a correlate of protection has not
yet been identified, serum IgG antibodies (seroconversion) and gut-derived IgA
antibody-secreting cells are putatively immunological surrogates of protection
(Pasetti et al. 2011), as well as that cell-mediated immunity is assumed to play a
role. Typhoid vaccine development has been hindered by the facts that Salmonella
enteric serovar Typhi infections are restricted to humans and that no serological
correlate of protection has yet been identified. Human challenge models in which
volunteers deliberately ingested wild-type Salmonella serovar Typhi Quailes to
study vaccine efficacy and pathogenesis were done in the 1960–1970s. The human
challenge model may undergo a revival due to the availability of the highly sen-
sitive TSB-bile blood culture PCR system that allows faster (less than 8 h) and more

Fig. 5.4 Age-related distribution of typhoid fever depending on endemicity. Endemicity was
defined based on incidence per year with high endemicity >100 cases/100,000; medium
endemicity 10–100/100,000; and low endemicity <10/100,000. Reproduced with permission from
the World Health Organization (Crump et al. 2004)
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sensitive detection of S. typhi infection and hence quicker intervention options as
compared to time-consuming conventional blood culture and PCR methods (Zhou
and Pollard 2010).

5.5.2 Vaccines Licensed and in Use

The first S. typhi vaccines developed were heat-killed and acetone-killed whole-cell
vaccines. Due to their high reactogenicity, including local inflammation, pain,
systemic fever, malaise, and disease-like symptoms, these vaccines are no longer
recommended for use (Garmory et al. 2002). Currently, there are two typhoid
vaccines on the market: a multidose oral live-attenuated vaccine (Ty21a), and a
parental single-dose Vi capsular polysaccharide vaccine.

5.5.3 Live-AttenuatedVaccines

Ty21a was developed in the 1970s and currently still is the only licensed live-
attenuated typhoid vaccine available (now produced and marketed as Vivotif™.
Ty21a is derived from a wild-type S. typhi Ty2 strain and has been attenuated
through chemical mutagenesis. The attenuating genetic alternations are to a large
extent still uncharacterized. One of key mutations is the absence of a functional
galactose-epimerase (galE) gene (Kopecko et al. 2009). Since galactose is incor-
porated into the core oligosaccharide and O-polysaccharide (O-PS), the absence of
galE leads to the formation of rough LPS during growth in the absence of exogenous
galactose. Since O-PS is the main antigenic determinant on the cell surface, Ty21a is
supplied with a limiting source of exogenous galactose during the production pro-
cess to allow minor, self-limiting replication and expression of O antigens via a non-
galE-dependent pathway. Following oral vaccine administration, the presence of
low concentrations of galactose in the intestines facilitates the production of suffi-
cient amounts of O-LPS and brief in vivo multiplication of the vaccine strain and
induction of a protective local immune response. Ty21a is believed to remain locally
in the intestine and has never been detected systemically or in stool after the usual
dose. In addition to the multiple mutations in the galactose metabolism, synthesis of
the Vi polysaccharide capsule is mutated, leading to a further attenuation. Mutations
have been stable for Ty21a master—and working seed lots (MSL and WSL) pro-
duced since 1980 until at least 2005 (Kopecko et al. 2009).

Given the close homology in many key antigenic determinants between S.
enterica serovars Typhi and Paratyphi A and B (among which are the outer
membrane proteins OMP C and OMP F, and the O12 LPS, although the latter is not
expressed by all S. typhi) (Liu et al. 1991; Nikaido 2003), Ty21a has the potential to
elicit cross-protection against paratyphoid fever (Levine et al. 2007). Two large
field trials in Chile found that Ty21a conferred moderate protection (49 %, CI is
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8–73 %) against paratyphoid B infections, but not paratyphoid A—which was
explained by the low number of paratyphoid A cases (only three cases in the
vaccine group and four cases in the placebo group) (Levine et al. 2007). Recently,
Ty21a was shown to induce cross-reactive LPS-specific humoral immune responses
(including antibody-secreting cells, memory B-cells and serum titres) in vaccinated
adult volunteers, with cross-reactive responses being higher for S. paratyphi B than
S. paratyphi A (Wahid et al. 2012). The same was found using whole bacteria as
antigen sources (Pakkanen et al. 2012). Up to today, it remains unclear whether
Ty21a has any potential to induce cross-protection against Paratyphi A, or whether
this is restricted to Paratyphi B only.

The immunization regimen for Ty21a is 3 or 4 doses (varying per country),
given 2 days apart, with one dose containing at least 2 × 109 viable organisms in
lyophilised form. Three oral doses of Ty21a administered in enteric-coated capsules
have been shown to confer 67 % protection against typhoid fever for 3 years po-
stimmunization, with a sustained (62 %) protective efficacy over a period of 7 years
(Levine et al. 1999).Targeted vaccination strategies with Ty21a is widely used and
accepted; however, more often in mass vaccination programs, and not as routine
immunization.

5.5.4 Limitations

Ty21a is used mainly as a travelers’ vaccine for the US, EU and other high-income
markets. Ty21a is infrequently used in endemic settings for several reasons. First of
all, the vaccine possesses low thermal stability, having a shelf life of 18 months
when stored between 2 and 8 °C, and 14 days only at 25 °C whilst quickly losing
viability when exposed to elevated temperatures (Corbel 1996). Increasing the
vaccine’s heat stability would be a considerable improvement. One such possibility
may be foam drying as demonstrated by Ohtake et al. (2011): a foam-dried live-
attenuated S. typhi Ty21a vaccine was stable for approximately 12 weeks at 37 °C
(i.e., the time required for the vaccine to decrease in potency by 1log10 CFU), and
showed no loss in titre at 4 and 25 °C following storage for the same duration. The
foam-dried vaccine induced higher immune responses (serum LPS-IgG titres) in
mice compared to the commercially available vaccine. As proposed by the authors,
the enhanced heat stability of the Ty21a oral vaccine could mitigate risks of vaccine
potency loss during long-term storage, shipping, and delivery to geographical areas
with warmer climates.

A second limitation is that to achieve immune protection, 3–4 doses of Ty21a
need to be taken at 2 day intervals. This is associated with a risk of noncompliance
in settings where intake is not controlled. Vaccines requiring only one dose to reach
comparable long-lasting immunogenicity would be preferable.

Thirdly, Ty21a is currently only available in enteric-coated capsules that are
recommended for use in adults and children over 5 years of age. A liquid formu-
lation that would allow immunization of younger children (≥2 years old) is licensed
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and has been marketed; however, it is currently not produced, despite the need to
immunize children younger than 5 years of age as they particularly are at high risk
in more endemic settings (Fig. 5.4).

Finally, the price of the vaccine is prohibitive for developing countries that have
restricted national health budgets.

5.5.5 Is There a Future for “Ty21a”, the Only Live-
Attenuated Salmonella typhi Vaccine?

Ever since its launch in the early 1980s, Ty21a has been a successful vaccine with
an extremely good safety profile and inducing protection for at least 5–7 years
against S. typhi infections. The only other S. typhi vaccine that is currently on the
market is a parenteral single-dose Vi capsular polysaccharide vaccine. Nonetheless,
there are many other typhoid vaccines in development, including a Vi capsular
conjugate vaccine that is likely to show superior immunogenicity as compared to
the plain polysaccharide vaccine, and several genetically attenuated vaccines (dis-
cussed below). The future will determine how well these new vaccine candidates
compare to the long-standing Ty21a live-attenuated vaccine.

S. typhi Ty21a has also been tried and used as a vaccine delivery vector for
several heterologous targets, including other bacterial targets such as Shigella
sonnei and dysenteriae antigens (Black et al. 1987; Formal et al. 1981), anthrax
antigens (Osorio et al. 2009), and more recently also anticancer siRNAs (Xu et al.
2009). The future of Ty21a as a vaccine vector may hence be promising.

5.5.6 Vaccines in Development

5.5.6.1 Live-Attenuated Vaccines

With the modern era of molecular biology, new genetically attenuated S. typhi
strains that harbor precise attenuating mutations have been engineered. Genetic
attenuation initially focused on serovar Typhi derivatives with either single or
double aro mutations affecting the purine and aromatic biosynthetic pathways,
rendering the vaccine strain nutritionally dependent on substrates that are unavail-
able in mammalian tissues. This prevents the bacterium from proliferating in
mammalian cells whilst growing long enough to stimulate immune responses.
Although these aro mutants were attenuated and highly immunogenic, human
volunteer studies demonstrated that immunization with these mutant strains gave rise
to bacteraemia in some cases. This fuelled a search for additional attenuating
mutations which, when introduced into an aro mutant, would offer a vaccine with
retained immunogenicity that did not cause bacteraemia. Genetically, live-attenuated
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strains that are currently in development (Table 5.4) aim at equal tolerability as
Ty21a, superior immunogenicity and protection, and the requirement of just a single
oral dose.

CVD 909 (Center for Vaccine Development, University of Maryland, Baltimore,
U.S.) harbors three genetically attenuating mutations (Tacket and Levine 2007): 1.
Deletion in aroC/aroD, as mentioned earlier; 2. A mutation in the htrA gene
encoding for a heat shock protein, which further impairs the ability of the vaccine
strain to survive and replicate in host tissues; and 3. Replacement of the highly
regulated promoter PtviA with the constitutive promoter Ptac to induce continuous
expression of Vi (during infections with wild-type S. typhi Vi expression is turned
off), and increase vaccine immunogenicity and protective efficacy. Of note, in a
heterologous prime-boost study, mucosal priming with CVD 909 was found to
enhance immune responses induced by subsequent parenteral administration of the
Vi polysaccharide vaccine, as characterized by persistent Vi-specific IgA B memory
cells (Wahid et al. 2011).

M01ZH09/Typhella (Emergent BioSolutions, Rockville, U.S.) (Jain 2009; Tran
et al. 2010) is a drinkable, single-dose live-attenuated typhoid vaccine based on a
proprietary spi-VECTM platform, with two independently attenuating deletions: one,
again, in the aroC gene; and an additional one in ssaV, a gene encoding for a structural
component of the Salmonella pathogenicity island-2, SPI-2, a type III secretion
system. Consequently, the ability of the vaccine strain to survive in the bloodstream is
impaired, hence eliminating the risk of postimmunization bacteraemia (Hindle et al.

Table 5.4 Main genetically live-attenuated typhoid vaccines in development

Vaccine Strain Genetic
attenuation

Product
profile

Trials

CVD909 Ty2a aroC/aroD-deletion
mutation htrA

Oral Phase I safety study in
healthy adults completed

PtviA replaced with
Ptac,

Prime-boost study (CVD909
prime + polysaccharide Vi
booster) completed

M01ZH09/
Typhella

Ty2a mutations aroC and
ssaV

Oral
(drinkable)
≥2 years of
age

Phase II immunogenicity,
safety and tolerability study
in healthy adults completed

Phase II immunogenicity,
safety and tolerability study
in children aged 5–14 years
living in typhoid endemic
area in Vietnam completed

Endemic
and
travelers

Phase II human typhoid
infection study ongoing

Ty800 Ty2a phoP/phoQ
mutations

Phase I/II dose-ranging
safety and immunogenicity
study in healthy adults
completed

a Ty2 is parent strain of Ty21a
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2002). M01ZH09 has been demonstrated to be safe and immunogenic in studies
involving the UK and the US healthy adult volunteers, and healthy 5–14 years old
Vietnamese children living in an endemic setting (oral single dose) (Tran et al. 2010).
In the last trial, 51 % of vaccine recipients shed the S. typhi vaccine strain in stools
after vaccination: one subject excreted the vaccine strain on day 3, but no shedding
was observed on day 4 and beyond. In the study with UK and US adult volunteers,
shedding of S. typhi in stools was reported for slightly longer duration.

Ty800 (AVANT Immunotherapeutics) was developed by deletion of the phoP/
phoQ genes in the S. typhi strain Ty2. PhoP/Q is required for survival in macro-
phages, and mutations in phoP/Q result in a marked decrease in virulence (Charles
et al. 2009). Initially, these genetic deletions were constructed in the aromatic
amino acid auxotrophic vaccine strain S. typhi 514Ty (Ty2 ΔaroA hisG46)
(Ty445); however, given that very large doses of Ty445 were well tolerated, Ty800
(not including the ΔaroA hisG46 mutations) was developed with the aim of
enhancing immunogenicity (Hohmann et al. 1996).

S. paratyphi A. Several genetically attenuated S. paratyphi A vaccine strains
have been developed, including the candidate vaccine CVD 1902 that is currently
tested in a Phase I clinical trial. This genetically live-attenuated vaccine strain
harbors deletions in the guaBA and clpX genes, introduced in wild-type S. paratyphi
strain ATCC 9150. A deletion in the guaBA locus impedes virulence by inhibiting
guanine nucleotide biosynthesis (Wang et al. 2001), whereas a deletion in clpX
(encoding ATPase) results in flagella overexpression and hence is aiming at
increased immunogenicity (Tomovasu et al. 2002). This is the first live-attenuated
S. paratyphi A vaccine tested in humans.

5.5.7 Invasive Nontyphoidal Salmonella (INTS)

While nontyphoidal Salmonella (NTS) has long been recognized as a cause of self-
limiting gastroenteritis, NTS serovars Typhimurium and Enteritidis are emerging as
important causes of invasive bloodstream infection in sub-Saharan Africa, in par-
ticular in young children suffering from malaria and malnutrition, and adults with
HIV. Full genome sequencing of an invasive prototype S. typhimurium strain from
Malawi revealed that the strain manifested considerable genomic degradation,
including complete loss of some genes and the presence of multiple pseudogenes,
some of which are also found in S. typhi or S. paratyphi A.

Several live-attenuated S. enterica serovar Typhimurium and S. enterica serovar
Enteritidis strains have been developed and tested as vaccine candidates preclini-
cally (Simon et al. 2011; Tennant et al. 2011). Using two invasive NTS (iNTS)
strains isolated from the blood of toddlers in Mali (wild-type strains S. typhimurium
I77 and S. enteritidis R11), prototype live-attenuated vaccine strains CVD 1921 and
CVD 1941 were constructed by deleting guaBA, encoding guanine biosynthesis,
and clpP, encoding a master protease regulator. An additional deletion in fliD
yielded strains CVD 1923 and CVD 1943, respectively, which export flagellin
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monomers. Oral immunization with CVD 1921 or CVD 1923 protected mice
against lethal challenge with wild-type iNTS Typhimurium I77. Immunization with
CVD 1941, but not CVD 1943, protected mice against lethal challenge with S.
enteritidis R11. Moreover, vaccine-induced immune responses, including serum
anti-LPS and anti-flagellum IgG antibodies gradually increased during the immu-
nization course. Having demonstrated preclinical proof of concept, live-attenuated
S. typhimurium and S. enteritidis candidate vaccine strains carrying mutations in
guaBA and clpPX are expected to move to Phase I human trials.

5.5.8 Conclusions

Ty21a is an effective live-attenuated vaccine offering protection against typhoid
fever, and some cross-protection against paratyphoid B. The vaccine is suitable for
travelers to endemic countries, but its physical characteristics and dose require-
ments make it less suitable for high-risk endemic settings.

Several genetically attenuated S. typhi vaccine strains harboring precise atten-
uating mutations are currently undergoing evaluation in clinical trials, and may in
the future offer live-attenuated typhoid vaccines with higher stability and a one-dose
only immunization regimen: however, at the time of writing no genetically live-
attenuated bacterial vaccine has yet received regulatory approval. In addition, two
S. typhi capsular polysaccharide Vi conjugate vaccines are under development:
Vi-rEPA (Vi bound to recombinant exoprotein A of Pseudomonas aeruginosa) and
Vi-CRM197 that the Novartis Vaccines Institute for Global Health (NVGH) with
funding from the Welcome Trust may try developing into a bivalent combining
it with the S. paratyphi A O-specific polysaccharide conjugated to CRM197

(O:2-CRM197). Conjugate approaches are also being taken independent of each
other by the NVGH and University of Maryland Center for Vaccine Development
(with funding from Wellcome Trust) to develop an O antigen glycoconjugate
vaccine against iNTS.

5.6 Conclusion

The techniques for producing whole-cell and live attenuated vaccines date back
more than a century. Since that time, highly sophisticated molecular methods for
identifying, reproducing, and manufacturing specific antigens targeting bacterial
diseases have been developed. Nevertheless, the production of live-attenuated and
whole-cell vaccine continues, with their administration to many thousands or
millions of individuals each year. The theoretical advantages of administering live-
attenuated vaccines, which includes induction of a broader and longer lasting
immune response, the need for fewer doses, and the possibility to immunize very
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young children, means that investigation of live-attenuated vaccine options to
prevent bacterial diseases continues unabated. New whole-cell vaccines are also
being investigated as part of the fight against tuberculosis. However, the continued
success of live-attenuated and whole-cell vaccines will depend upon the parallel
development of methods that reliably assess the quality, potency, immunogenicity,
and efficacy of these vaccines.
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Chapter 6
Analytical Control Strategy of Bacterial
Subunit Vaccines

Shwu-Maan Lee, Vincent Turula, Bradford Powell,
Mikkel Nissum, Mariagrazia Pizza, Claudia Magagnoli
and Niranjan M. Kumar

6.1 Introduction

The success of vaccines and their positive impact on public health cannot be
overstated. Vaccines have evolved through history and can be classified into two
broad groups by composition, which generally relates to their chronology of dis-
covery. Traditional vaccines are based on the administration of either live, atten-
uated organisms, or inactivated/killed organisms. Vaccines in this group include
well-recognized products such as cowpox (for preventing smallpox), varicella
(chickenpox), MMR (measles, mumps, rubella), IPV (polio), hepatitis A, and the
seasonal flu (influenza) vaccines. These attenuated or killed whole microbe type of
preparations helped to establish the early notion of immune prophylaxis, which
gave rise to modern vaccinology beginning in the nineteenth century with the
famous early studies of microbial pathogens, infectious diseases, and new medical
treatments. New treatments appearing in this period included a second type of
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vaccine developed against epidemic bacterial microbes including cholera (caused
by Vibrio cholerae), chicken cholera (Pasteurella munticoda), and anthrax
(Bacillus anthracis). This second group of vaccines is based on the administration
of inactive microbial components, which were originally classified as toxoid-type
vaccines as they principally contained inactivated bacterial toxins. Their develop-
ment coincides with the discoveries of serum-derived treatments (antitoxin; i.e.,
immune therapy) against the devastating childhood diseases of diphtheria and
bacterial influenza. Today, the general heading of subunit vaccines includes
products comprising purified protein antigen, sometimes covalently bound to
microbe-specific carbohydrate, and nearly always including an adjuvant of some
type to enhance immune activity. Products for immune therapy such as monoclonal
antibodies have grown into the largest class of biological products, and are not
generally used as prophylactic vaccines (however, see Chap. 17 for one exception
which targets immune regulators called dendritic cells). This chapter concerns a few
of the most prominent subunit and toxoid type vaccine products.

There are several types of subunit bacterial vaccines, and all employ extracted,
purified, or engineered components from one or more pathogens. These are purified
substances that range from secreted proteins, membrane proteins, outer vesicles
membranes, capsular polysaccharides, or inactive toxin or toxin fragments (Levine
2004; Plotkin et al. 2008;Hilleman 2000). For toxoid-type vaccines, the immunogenic
components are chemically or genetically modified so as to remove toxic activity
(Galazka 1993). The recombinant subunit approach has become popular for toxoid
and nontoxin antigens, wherein a gene of the target vaccine is transferred to a non-
pathogenic expression organism, expressed, purified, and tested (Liljeqvist and Ståhl
1999a, b; Gentschev et al. 2001). Pertussis toxoid, produced by Bordetella pertussis
with specific mutations in its toxin gene, is included as an active component of an
acellular Pertussis (aP) vaccine (Del Giudice et al. 1998; Del Giudice and Rappuoli
1999). A recent and effective type of bacterial derived subunit vaccine is the surface
protein from the outermembrane vesicles (OMV)ofGram-negative bacteria (Rinaudo
et al. 2009; Rappuoli 2007). Production occurs via fermentation, either a recombinant
expressed or purified subunit protein vaccine in a heterologous expression system
(e.g., bacteria or yeast) or purified from large amounts of the pathogenic organism
(Plotkin et al. 2008). In general, with bacterial derived protein vaccines both universal
and strain specific, such as in Meningitides serogroup B vaccine design have been
pursued (Rinaudo et al. 2009). Compared to traditional whole-cell preparations,
subunit vaccines contain fewer antigens and simpler total composition. This well-
defined and pure composition is intended to improve the safety profile, analytical
testing, and regulatory review of a subunit vaccine as a new drug entity (Levine 2004).
However, the loss of multiple antigens often compromises immunogenicity in scope
and longevity. Consequently, subunit products require additional immune stimulation
in the form of an adjuvant, such as aluminum salts (Newman and Powell 1995).

In this chapter, the analytical control strategy supporting bacterial subunit
derived proteins is described using a few licensed and new products as examples.
General descriptions and details of the critical assays are presented for the well-
established licensed vaccines of Diphtheria, Tetanus, acellular Pertussis toxoid
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vaccines (DTaP), and DTaP combination vaccine, plus more recent Cholera and
Meningococcal B OMV products, as well as the existing and next generation
subunit Anthrax vaccines.

6.2 Diphtheria, Tetanus, Acellular Pertussis Toxoid
Vaccines, and DTaP Combination Vaccine

This section summarizes testing principles and strategy for diphtheria, tetanus, aP
toxoid vaccines, and DTaP combination vaccine. DTP is the first combination
vaccine used to immunize infants and children in 1948. Over the years, other
vaccines were added to the combination and whole-cell pertussis antigen was
replaced with less reactogenic aP antigens (Skibinski et al. 2011).

The testing of toxoid vaccines presents a challenge; chemical inactivation creates
heterogeneity in the product and it is difficult to characterize biochemically, even
using state-of-the-art techniques. Thus, the analytical strategy supporting the
qualification of toxoid vaccines is generally composed of classical methods given
their reliability of performance.

Analysis of diphtheria and tetanus vaccines includes testing of toxin and toxoid.
Toxin tests include measurement of antigen content by limit of flocculation (Lf),
toxicity of the purified toxin before inactivation (integrity), total protein by protein
nitrogen, and purity based on antigen content and protein nitrogen. Toxoid tests
include residual formaldehyde inactivation agent, residual process impurities
(ammonium and sulfate), potency, specific toxicity to verify the completeness of
inactivation and irreversibility to assure toxoid does not revert back to be toxic upon
storage.Most of the methods are available in the European Pharmacopeia (EP),WHO
technical reports and NIH guidance documents. In some instances, a comparison of
these three references is provided. The aP vaccine described here is a single-com-
ponent pertussis toxoid. Testing of pertussis toxin (PT) with respect to purity and
biological activity includes SDS-PAGE, HPLC, Western blot, process-related
impurities (blue dye and fetuin), hemagglutination, ADP-ribosylation, and Chinese
Hamster Ovary (CHO) toxicity. Testing of unadsorbed pertussis toxoid includes
measurement of residual hemagglutination, inactivation kinetics, CHO toxicity, and
residual inactivation agent, peroxide. Testing of adsorbed toxoid includes histamine
sensitization assay (HIST), reversion to toxicity, potency, and percent adsorption.
Testing of DTaP combination includes percent adsorption, identity, specific toxicity,
general safety, formaldehyde, aluminum, endotoxin, and thimerosal. Thimerosal as a
preservative for human formulations was removed or reduced to trace amounts in all
vaccines for children 6 years of age and younger (CDC 2012). However, the pre-
ponderance of available evidence has failed to demonstrate serious harm associated
with thimerosal in vaccines (Orenstein et al. 2013).

The ongoing effort to establish international reference standards and to stan-
dardize assays for vaccine evaluation is also summarized.
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6.2.1 Tetanus Toxoid Vaccine

Tetanus vaccine is used to prevent a deadly tetanus disease characterized by con-
vulsive tonic contractions of voluntary muscles. The causative agent is a Gram-
positive, spore-forming, strict anaerobic microorganism, Clostridium tetani. Teta-
nus toxin is an exotoxin with a heavy chain of about 100 kDa and a light chain of
about 50 kDa linked by disulfide bonds. The most widely used chemical detoxi-
fication reagent is formaldehyde; the treatment results in intramolecular and inter-
molecular cross-linking (Wirz et al. 1990).

The production of tetanus toxoid vaccine involves the following steps:

1. Production of tetanus toxin by fermentation of C. tetani.
2. Purification of tetanus toxin; ammonium sulfate fractionation is the most

common method.
3. Inactivation of toxin by formaldehyde treatment.

A list of testing for tetanus vaccine is outlined in Table 6.1.

Table 6.1 Testing for tetanus vaccine intermediate (toxin), bulk, final bulk, and final containers

Material General tests Product specific tests

Toxin Bioburden Antigen concentration by limit of
flocculation (Lf/mL)a

Toxicity of purified toxin (L+/10 or
L+)

Minimum lethal dose (MLD)

Antigen purity (Lf/mg protein
nitrogen)

Bulk purified toxoid pH Antigen concentration by Lf/mLa

Endotoxin Characterization (SDS-PAGE)

Sterility Antigen purity (Lf/mg protein
nitrogen)

Appearance Process-related impurities (e.g.,
ammonium and sulfate)

Residual inactivation agent
(formaldehyde)

Absence of toxin and irreversibility of
toxoid

Potency (tested as adsorbed toxoid)a

Adsorbed toxoid (final bulk
and containers)

Aluminum Potencya

pH Identitya

Sterility % Adsorptiona

Thimerosal (if
applicable)

Specific toxicity

General safety
a The step-by-step procedure is included in a WHO publication (WHO 2013b)
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6.2.1.1 Antigen Content by Limit of Flocculation (Lf), Ramon Assay
(Ph. Eur. 2.7.27)

The content of toxin or toxoid in a sample can be expressed as a flocculation value
using the Ramon assay. In this assay, antitoxin is added in increasing concentra-
tions to series of tubes containing a constant amount of toxin or toxoid. At the
equivalence point of toxin/toxoid and antitoxin, flocculation occurs in one or more
tubes. The first tube in which flocculation occurs is used to determine the Lf value
of the sample.

Lf refers to the amount of toxin or toxoid that when reacted with 1 international
unit of antitoxin gives a flocculation in the shortest period of time. The Lf value
shall be determined by comparison with a reference material calibrated against the
International Reference Reagent of Tetanus Toxoid for flocculation test or approved
equivalent (WHO 1990).

6.2.1.2 Toxicity of Purified Tetanus Toxin (L+/10, L+ and MLD)

L+/10 is defined as the minimum amount of toxin which, when mixed with 0.1 IU
of antitoxin kills an animal of a defined weight in 4 days. L+ is defined as the
minimum amount of toxin which when combined with 1 IU of antitoxin kills an
animal of a defined weight in 4 days (WHO 1965). MLD is the smallest amount of
toxin that, when injected by a given route, causes death of the treated animals
within a stated period of time (Wirz et al. 1990).

6.2.1.3 Antigen Purity (Lf/Mg Protein Nitrogen)

Purity (or specific activity) is expressed as Lf/mg protein nitrogen and WHO
requirement is a minimum value of 1,000 (WHO 2014a).

Protein nitrogen is determined by the micro-Kjeldahl method. The proteins are
first precipitated with 5 % trichloroacetic acid (WHO 1965) and subsequently, the
precipitate is collected and washed. The Kjeldahl method starts with a sulfuric acid
digestion to convert nitrogen in the sample to ammonium hydrogen sulfate. Upon
alkaline addition, the liberating ammonium is distilled into HCl and titrated with
NaOH (Ph. Eur. 2.5.9). Without precipitation, the micro-Kjeldahl determines the
total nitrogen.

6.2.1.4 Characterization by SDS-PAGE

SDS-PAGE for tetanus toxoid can only be used qualitatively for purity assessment
due to cross-linking to itself and to the impurities during formaldehyde inactivation.
Figure 6.1 shows tetanus toxoid under reducing conditions. The dominant band on
the gel is a tetanus toxoid monomer which migrated between 200 and 116 kDa
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molecular weight standards. The reducing conditions did not separate the heavy and
light chains because they have been cross-linked during formaldehyde treatment.
The high molecular weight cross-linked molecules are also visible in most of the
preparations.

6.2.1.5 Process-Related Impurity: Ammonium and Sulfate

Ammonium forms colored complex with basic tetraiodine mercurate. A limit assay
is established by comparing color intensity of test sample with 1 ppm ammonium
standard after complex formation (Ph. Eur. 2.4.1 Method A).

Sulfate is precipitated with barium chloride in acid. After precipitation, the
opalescence of test sample and 10 ppm of sulfate standard (potassium sulfate) is
compared (Ph. Eur. 2.4.13).

6.2.1.6 Absence of Tetanus Toxin and Irreversibility of Toxoid

The bulk-purified TT should be tested to ensure that reversion to toxicity cannot
take place on storage. The purified bulk toxoid should be diluted in order to obtain
the same concentration as that present in the final bulk except the presence of
adjuvant. Divide the dilution in two equal parts. Keep one part at 2–8 °C and the
other at 37 °C for 6 weeks. Both dilutions are tested in the same way. A total of 15
guinea pigs, each weighing 250–350 gm and that have not previously been treated
with any material that will interfere with the test, is used in the test. Five milli Litre
of each dilution is injected subcutaneously into two groups of five guinea pigs. The
additional five guinea pigs should receive subcutaneously at least 500 Lf of the

Fig. 6.1 SDS-PAGE analysis
of tetanus toxoid samples
under reducing conditions.
Tetanus toxoid before (lane 1)
and after treatment (lanes
2–8) under various
experimental conditions for
microencapsulation.
Reproduced with permission
from Elsevier (Alonso et al.
1994)
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nonincubated bulk purified toxoid in a volume of 1 mL (to test for the absence of
toxin). The bulk-purified toxoid complies with the test if during the 21 days fol-
lowing the injection no animal shows signs of or dies from tetanus. If more than one
animal dies from nonspecific causes, the test may be repeated; if more than one
animal dies in the second test, the toxoid does not comply with the test (Ph. Eur.
0452). The procedure varies slightly in different guidelines; however, they follow
the same general principles (WHO 2014a; NIH 1952). A comparison is provided in
Table 6.2.

6.2.1.7 Specific Toxicity

This method is included in Ph. Eur. 0452 under production, general provisions,
specific toxicity for adsorbed tetanus toxoid vaccine. It is also cited in Section A
3.5.2.5 of WHO document (2014a) for final bulk. Inject subcutaneously at least five
single human doses (SHDs) to each of the five guinea pigs and observe 21 days for
paralysis. The specific toxicity test for final bulk may be omitted once consistency
of manufacturing is established (WHO 2014a).

6.2.1.8 Potency for Adsorbed Tetanus Toxoid

Potency is determined by administration of the vaccine to animals (guinea pigs or
mice) followed either by challenge with tetanus toxin (method A or B) or by
determination of antitoxin in the serum of the guinea pigs (method C). Methods

Table 6.2 Comparison of three guidelines for the absence of tetanus toxin and irreversibility of
toxoid

Ph. Eur. 0452 WHO (2014a) US (NIH 1952)

Irreversibility
of toxoid

Toxoid tested at the
same concentration as
final bulk (e.g., 12 Lf/
mL) and kept at 37 and
5 °C for 6 weeks. Each
of 5 guinea pigs
receives 5 mL of toxoid.
Observe for 3 weeks

Section A 3.4.5:
For bulk purified
toxoid, similar to
EP

Not described

Absence of
toxin

Guinea pigs are injected
with 1 mL of 500 Lf of
toxoid and observed for
21 days for sign of
tetanus intoxication

Section A 3.4.4:
Bulk purified tox-
oid follows the
same procedure as
Ph. Eur.

Section 2.2: Inject sub-
cutaneously into at least
4 guinea pigs weighing
300–400 gram ≥5 sin-
gle human doses
(≥2.0 mL) produced no
symptoms of tetanus
toxin poisoning for
21 days
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A or B are used during development and whenever revalidation is needed following
significant manufacturing process changes. Method C is used in the interest of
animal welfare. The potency of the vaccine should be determined by comparison
with an appropriate reference material calibrated against the International Standard
for tetanus toxoid adsorbed (Ph. Eur. 2.7.8).

The WHO International Standard preparation of tetanus toxoid adsorbed has
been defined in IU based on the results obtained in guinea pig challenge assays. The
4th International Standard for Tetanus Toxoid adsorbed was established in October
2010 to have a unitage of 490 IU/ampoule (Tierney et al. 2011).

Method A: Challenge test in guinea pigs

For each assay, three groups of animals (sufficient number of animals to obtain a
valid assay) are immunized subcutaneously with three twofold to 2.5-fold dilutions
of the vaccine under test and three groups are given three analogous dilutions of the
standard. The dilutions were made in saline. After 28 days, animals are given a
paralytic or lethal challenge with 1 mL of toxin containing 50 LD50 per animal.
Dilutions of both preparations must be such that the intermediate dose protects
about 50 % of the animals. The number of guinea pigs without paralysis should be
counted 5 days after injection of the challenge toxin. Results of the assay are then
statistically analyzed for determination of vaccine potency.

Method B: Challenge test in mice.

Method B is very similar to method A, except 5-week-old mice are used, the
immunization dose is 0.5 mL and the challenge dose is 50 LD50 in 0.5 mL, given
after 28 days. The number of mice without paralysis is counted 4 days after
challenge.

Method C: Determination of antibodies in guinea pigs

One mL of the vaccine or reference standard dilutions are injected subcutaneously
to each guinea pig, a blood sample is obtained 35–42 days later, and the relative
antibody titer is determined by (1) Enzyme-linked immunosorbent assay (ELISA)
or (2) toxin-binding inhibition assay.

Method C (1) ELISA plates are coated with tetanus toxoid and peroxidase–con-
jugated rabbit or goat antibody against guinea pig IgG is used in detection.

Method C (2) For toxin–binding inhibition assay, tetanus toxin or toxoid is added to
serial dilutions of test and reference sera; the serum/antigen mixtures are incubated
overnight. The unbound toxin or toxoid is determined by ELISA with plates coated
with antitoxin and peroxidase-conjugated equine anti-tetanus IgG is used for
detection.

All the three above methods are multi-dilution assays, which should be used to
establish production consistency, product shelf life, and calibrate reference prepa-
ration. Potency for lot release following licensing can be simplified as a one-
dilution assay. Multiple-dilution assay is carried out only periodically, or when
manufacturing changes occur with the need to justify to the regulatory authorities.
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The single dilution assay involves the selection of a dose of the reference vac-
cine, expressed as a fraction of 40 IU (SHD), that elicits a minimal protective effect
and comparing its effect with the response elicited by the same fraction of a human
dose of the test vaccine. If the response to the test vaccine is significantly greater
than the response to the reference vaccine, the potency of the test vaccine is sat-
isfactory (WHO 2014a).

The approach taken by the USA is described in the “Minimum Requirements,”
often referred to as the NIHmethod (NIH 1952). Minimal acceptable potency in these
documents is defined as the capacity of a test dose of vaccine to induce an antibody
response that reaches or surpasses the threshold of 2 units/mL. A suitable reference
antitoxin, to which “units/mL” have been assigned, is used to control the activity of
the test toxin, which is used to measure the neutralizing activity of the sera induced in
guinea pigs, in an in vivo assay. The US potency assay development history was
reviewed, together with an overview of the possibility of using alternative, nonanimal
methods to measure neutralization in the assay. Toxin neutralization in vivo is cor-
related with biological protection, but antigen antibody binding by ELISA in vitro
could not distinguish between neutralizing antibody and nonneutralizing antibody
(Keller 2011). The EP, WHO, and US methods are briefly summarized in Table 6.3.
For routine lot release, validated serological assays are being used that offer signif-
icant advantages in terms of reduction in animal numbers (Stickings et al. 2011). The
test methods are generally proposed by the manufacturer and evaluated by the reg-
ulatory authorities; there are no universally accepted methods.

Table 6.3 Summary of potency assay for adsorbed tetanus vaccine from different guidelines

EP (Ph. Eur. 2.7.8) WHO (2013b, 2014a) USA (NIH 1952)

Immunize groups of guinea
pigs or mice with test and
reference vaccines. After
28 days, challenge animals
with tetanus toxin and
observe tetanus paralysis for
5 days (guinea pigs) or
4 days (mice). Alternatively,
at 35–42 days, test sera by
ELISA or toxin binding
inhibition assay. Compare
results with reference stan-
dard calibrated in interna-
tional units

Same as Ph. Eur. Immunize four or more gui-
nea pigs with 1 SHD of
vaccine and collect the
immune serum 6 weeks
later. A defined dilution of
immune serum pool is com-
bined with a standardized
quantity of tetanus toxin and
then injected into test ani-
mals. Protection of test ani-
mals, which equates to
toxoid potency, is deter-
mined using two guinea pigs
or three mice. The two con-
trol guinea pigs injected with
toxin must die in 4 days,
whereas the test animals
should survive for 96 h or
more

The potency of tetanus vac-
cine used for the immuniza-
tion of children should be
≥40 IU/single human dose

Minimum requirement is ≥2
antitoxin units/mL
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6.2.2 Diphtheria Toxoid (DT)

Diphtheria is an acute, often fatal bacterial disease caused by toxigenic strains of
Corynebacterium diphtheriae. Diphtheria toxin is the major virulence factor of
these microorganisms and the clinical manifestations of the disease are due mainly
to the presence of circulating toxin in the bloodstream of the infected individuals.
Active immunization against diphtheria is based on the use of formaldehyde-
detoxified preparation of diphtheria toxoid (DT). The production of Diphtheria
vaccine utilizes similar methods as those described in Sect. 6.2.1.

Diphtheria toxin is secreted by C. diphtheriae as a single polypeptide proenzyme
of 58,342 Da, but purified preparations of toxin frequently contain a heterogeneous
array of molecular species. In most preparations, a fraction of the toxin has been
cleaved by contaminating trypsin-like proteases, yielding a nicked form containing
two fragments: A (21.2 kDa) and B (37.2 kDa), held together by a disulfide bridge.
It is the nicked form that is believed to be responsible for the biological effects of
diphtheria toxin. Fragment A is a potent ADP-ribosylating enzyme and fragment B
recognizes mammalian cell surface receptors. Formaldehyde detoxification cross-
links the two fragments and stabilizes the molecule (Carroll et al. 1988; Pappen-
heimer 1984). Diphtheria toxin has the capacity to block protein synthesis in
cultured mammalian cells, thus causing cell death. This capacity was utilized for an
in vitro neutralization assay to determine antibody titer using Vero cells. Table 6.4
outlines the testing strategy for diphtheria vaccine.

6.2.2.1 SDS-PAGE of Diphtheria Toxin and Toxoid

Diphtheria toxin and 10 experimental toxoids were analyzed on a 10 % reducing
SDS-PAGE (Fig. 6.2). The diphtheria toxin used in this study was almost com-
pletely nicked. The bands of the A and B fragments appeared at higher apparent
masses (27 and 43 kDa, respectively). Higher formaldehyde concentrations
increased the intensity of the 58-kDa toxoid band by cross-linking of the A and B
fragments and broadened the band. In the meantime, formaldehyde shifted the A
and B fragments to lower molecular weight species (Metz et al. 2003)

6.2.2.2 Antigen Content by Limit of Flocculation (Lf)

The quantitation is based on flocculation of toxoid and antitoxin at the equivalence
point. The test is carried out with antiserum calibrated against the WHO reference
reagent of DT for flocculation test. The Lf dose of toxin is equivalent to about
2.5 µg protein (Pappenheimer 1984).
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Table 6.4 Summary of testing for diphtheria vaccine including toxin intermediate and final
product

General test Product specific test

Toxin Bioburden Antigen concentration by Lf
(Lf/mL)a

Toxicity (L+/10 or L+)

Minimal lethal dose (MLD)

Antigen purity (Lf/mg protein
nitrogen)

SDS-PAGE

Bulk purified toxoid pH SDS-PAGE

Endotoxin Antigen concentration by Lf
(Lf/mL)a

Sterility Antigen purity (Lf/mg protein
nitrogen)

Appearance Process-related impurities (ammo-
nium and sulfate)

Inactivation agent (formaldehyde)

Specific toxicity

Absence of toxin and irreversibility
of toxoida

Potencya (tested adsorbed)

Adsorbed toxoid (final bulk
and containers)

Aluminum Potencya (if not already performed)

Thimerosal (if
applicable)

Identitya

pH % Adsorptiona

Sterility Specific toxicity (if not performed
earlier)

a The step-by-step procedure is included in a WHO publication (WHO 2013b)

Fig. 6.2 SDS-PAGE of diphtheria toxin and toxoid. Lane 1 Dipththeria toxin, Lanes 2–11
Experimental toxoids prepared with increasing formaldehyde concentrations. Reproduced with
permission from Elsevier (Metz et al. 2003)
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6.2.2.3 Toxicity of Diphtheria Toxin

L+ is the minimum amount of diphtheria toxin that, when mixed and injected with
1 IU of specific antitoxin, kills an animal with a defined weight in 4 days (WHO
1965).

Minimum lethal dose (MLD) refers to the minimal amount of toxin that, when
inject into a 250-g guinea pig, will cause death on the 4th or 5th day. The best
purified preparation of toxin contains about 25 MLD/µg protein (Pappenheimer
1984).

The cell toxicity effect of diphtheria toxin can also be measured in Vero cell
culture by titration of toxin with a fixed amount of antitoxin.

In the Vero cell culture, Phenol red is added to the medium as pH indicator.
When pH drops from alkaline to acidic, this indicator changes color from red to
orange to yellow. In the presence of excess of toxin cells are rapidly killed and the
medium remains red. In the wells with excess antitoxin, the Vero cells survive and
secrete acid metabolites, which induce a visible change of color from red to yellow.
The point of equivalence is determined by twofold titration of the crude toxin.
Using a spectrophotometer, the equivalence point can be determined more accu-
rately (Aggerback and Heron 1991).

6.2.2.4 Antigen Purity

Purity (or specific activity) is expressed as Lf/mg protein nitrogen and a minimum
value of 1,500 Lf/mg protein nitrogen is the WHO requirement (WHO 2014b).

6.2.2.5 Specific Toxicity (Ph. Eur. 0443)

Five SHDs of vaccine are injected subcutaneously into each of five healthy guinea
pigs, each weighing 250–350 gm, that has not previously been treated with any
material that will interfere with the test. If within 42 days of the injection, any of the
animals show signs or dies from diphtheria toxemia, the vaccine does not comply
with the test. If more than one animal dies from nonspecific causes, the test can be
repeated once; if more than one animal dies in the second test, the vaccine does not
comply with the test.

If this in vivo method is used for validation during the production stage of the
vaccine, it may not be necessary to test the product at the final stage.

6.2.2.6 Absence of Toxin and Irreversibility of Toxoid (Ph. Eur. 0443)

A solution of bulk purified toxoid containing 100 Lf/mL is prepared using the same
buffer solution as for the final vaccine without adsorbent. The solution is divided
into two equal parts; one is maintained at 2–8 °C, while the other is kept at 37 °C
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for 6 weeks. A Vero cell cytotoxicity assay is used to detect active diphtheria toxin
in the presence and absence of diphtheria antitoxin. The toxoid sample fails the
irreversibility test if toxicity neutralizable by antitoxin is present in either sample.

The guidelines vary slightly as outlined in Table 6.5.

6.2.2.7 Potency for Adsorbed Diphtheria Toxoid (Ph. Eur. 2.7.6)

This section describes potency method for DT per Ph. Eur. 2.7.6.
The potency is determined by administration of the vaccine to guinea pigs,

followed either by challenge with diphtheria toxin (method A or B) or by deter-
mination of the titer of antibodies against diphtheria toxin or toxoid in the sera of
guinea pigs (method C). The potency of the vaccine is calculated by comparison
with a reference preparation, calculated in International Units.

Method A or B is used during development of a vaccines or whenever revali-
dation is needed following a significant change in the manufacturing process. In the
interest of animal welfare, method C is used whenever possible.

Table 6.5 Comparison of three guidelines for diphtheria toxoid specific toxicity and
irreversibility

Ph. Eur. 0443 WHO (2014b) US (NIH 1947)

Specific
toxicity

Inject five single
human doses into at
least five guinea pigs
and observe 42 days

A 3.4.4: For bulk
purified toxoid use
1 mL containing at
least 500 Lf for each
of the five guinea pigs,
observe 42 days

Inject subcutaneously
≥5 SHDs (≥2.0 mL)
into guinea pigs and
observe 30 days
without evidence of
diphtheria toxin
poisoningCell culture test system

may be used

A.3.5.2.5: For final
bulk, use the same
procedure as Ph. Eur.

Absence of
toxin and
irreversibility
of toxoid

Prepare diphtheria
toxoid at 100 Lf/mL
and incubate for
6 weeks at 2–8 °C or
at 37 °C. Study toxic-
ity in Vero cell, with
and without antitoxin

A3.4.5: Dilute diph-
theria toxoid to the
same concentration as
final bulk; incubate for
6 weeks at 2–8 °C or at
37 °C. Inject 10 SHDs
(5 mL) to each of the
five guinea pigs and
observe 42 days. Only
required for purified
toxoid bulk but not for
final bulk

Not described

Intradermal test in
guinea pigs and cell
culture toxicity test are
also considered
suitable
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Method A: Intradermal challenge test in guinea pigs
At least six groups of guinea pigs are injected subcutaneously with 1.0 mL of
graded doses of test vaccine and reference preparation. The dilution should not be
more than 2.5-fold from each other and the intermediate dilution should result in an
intradermal score of approximately 3 (3 of the 6 challenge sites free from reactions)
when 1.0 mL dose is used. After 28 days, shave both flanks of each guinea pig and
inject 0.2 mL of each of the six toxin dilutions (containing 0.0512, 0.0128, 0.0032,
0.0008, 0.0002 and 0.00005 Lf) intradermally into six separate sites on each of the
vaccinated animals in such a way as to minimize interference between adjacent
sites. Examine all injection sites 48 h after and record incidence of specific diph-
theria erythema. Record also the number of sites free from such reactions as the
intradermal challenge score. Obtain relative potency by parallel-line quantitative
analysis using skin test scores to calculate dose-response curve.

Method B: Lethal challenge test in guinea pigs
Groups of guinea pigs are immunized with test samples and reference vaccine
dilutions for 28 days and challenged subcutaneously with 1.0 mL of 100 LD50 of
toxin. Count the number of survived animal after 4 days. Calculate relative potency
using statistical methods based on animal survival.

Method C: Inject subcutaneously to each guinea pig 1 ml of the diluted vaccine.
Take a blood sample from each vaccinated and control animals 35–42 days later.
Determine antibody titer by a sandwich ELISA or Vero cell assay.

The Vero cell assay relied on metabolic inhibition (method 1) or on cytotoxicity
(method 2) as the endpoint and the cells are inspected microscopically or visually.

Method 1: The diphtheria toxin causes a cytopathogenic effect on Vero cells leading
to cellular lysis. Antibody directed against diphtheria toxin may inhibit this effect.
Consequently, the potency of a diphtheria vaccine may be indirectly determined
with the help of this cell culture system if different serum dilution from immunized
animals is cultured with a constant toxin concentration.

Method 2: Thiazolyl blue MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide] is reduced to a blue/black formazan product by the mitochondrial
dehydrogenase of viable cells, and thus serves as a quantitative measure of living
cells present, indicating when toxin has been neutralized by the antitoxin.

The Ph. Eur. challenge model in guinea pigs was used in establishing the 4th
International Reference Standard for DT Adsorbed with a unitage of 213
IU/ampoule by the WHO Expert Committee on Biological Standardization in
October 2009 (WHO 2014b). Additional collaboration study was performed using
guinea pigs and mouse serological assays. Results suggest that Vero cell assay may
be suitable for future replacement standards (Stickings et al. 2010) (Table 6.6).
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6.2.3 Acellular Pertussis Vaccine

Pertussis vaccine is used to prevent a childhood disease, whooping cough, caused
by infection with B. pertussis. The first generation of the vaccine is the whole-cell
pertussis vaccine, which contains inactivated bacteria (see Chap. 5) and is still used
in most parts of the world. In higher-income countries, the whole-cell pertussis
vaccine has been replaced with the less reactogenic aP vaccine.

The licensed aP vaccine contains up to five purified pertussis antigens, namely,
pertussis toxoid, filamentous hemagglutinin (FHA), pertactin (69 kDa protein), and
fimbrial agglutinogens 2 and 3. Pertussis toxoid is the essential component of the
vaccine and a single-component pertussis toxoid vaccine is used to demonstrate the
testing principle and strategy in this chapter, even though there is still debate on
what components are required for protection (Tondella et al. 2009; Poolman and O
Hallander 2007). The multiple component pertussis vaccine is discussed further in
Sect. 6.2.3.13.

The production of the single-component aP vaccine involves the following steps:

1. Fermentation of B. pertussis
2. Purification of PT by affinity columns (Sekura et al. 1983)
3. Detoxification of PT by hydrogen peroxide treatment in the presence of ferric

sulfate and EDTA (Sekura 1988).

Testing of PT, hydrogen peroxide inactivated pertussis toxoid and adsorbed
toxoid (final bulk) is summarized in Table 6.7.

Table 6.6 Summary of diphtheria potency assays from different guidelines

EP (Ph. Eur. 2.7.6) WHO (2014b and 2013b) USA (NIH 1947)

Immunize groups of guinea
pigs with test and reference
vaccines. At 28 days, chal-
lenge the animals with
diphtheria toxins lethally
(4-day read) or by skin test
(2-day read). Alternatively,
at 35–42 days, test sera by
ELISA or by its ability to
neutralize diphtheria toxin
inhibition of Vero cell cul-
ture. Compare results with
reference standard calibrated
in international units

A.3.5.2.6: Same principle as
EP. In addition to guinea pig
challenge assays, WHO also
allows immunization in mice
with antibody levels titrated
by toxin neutralization tests
such as Vero cell assay
(mice are not sensitive to
diphtheria toxin challenge).

Immunize at least four gui-
nea pigs with no more than
one-half of the total human
immunizing dose of the test
vaccine and collect the
immune serum 4 weeks
later. A defined dilution of
the immune serum is com-
bined with a standardized
quantity of diphtheria toxin
and then injected into two
naïve guinea pigs. Protection
of test animals equates to
toxoid potency. The L+ dose
of the toxin is confirmed in
the death of at least two
control guinea pigs

Potency used in immuniza-
tion of children should be
≥30 IU/single human dose

Minimum requirement is ≥ 2
antitoxin units/mL for the
pediatric dose
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6.2.3.1 Purity of Pertussis Toxin and Toxoid by SDS-PAGE

Pertussis toxin is the major virulence factor of B. pertussis. After being purified by
Affi-Gel blue and fetuin-Sepharose 4 B affinity columns, its purity was verified by
SDS-PAGE shown in Fig. 6.3 (Sekura et al. 1983).

Once PT is chemically detoxified by hydrogen peroxide in the presence of Fe+3

and EDTA (Sekura 1988), the structure becomes heterogeneous and characteriza-
tion became difficult. Corbel et al. (1999) showed that the bands on the SDS-PAGE
became fussy and broadened for the detoxified protein (Fig. 6.4).

6.2.3.2 Product-Related Impurities

The contaminant level of pertussis antigens had to be established as part of the
product characterization, because trace amount of some pertussis antigens may play
a role in protection or toxicity. Using Western blot and monoclonal antibodies
specific to FHA, adenylate cyclase, pertactin, and fimbriae, the assay sensitivities
are defined and the purified toxin is tested. The other potential toxic contaminants
include heat labile (dermonecrotic) toxin and tracheal cytotoxin. Heat labile toxin
can be detected by observing dermonecrotic activity after subcutaneous injection of

Table 6.7 Testing of a single-component acellular pertussis vaccine

Stages General test Product specific test

Purified
toxin

Protein Purity and characterization (SDS-PAGE,
Western blot, and reverse-phase HPLC)

Process-related impurities (blue dye and fetuin)

CHO toxicitya

ADP-ribosylation

Hemagglutination (HA)

Unadsorbed
toxoid

Protein Inactivation kinetics

UV spectrum Residual HA

Endotoxin (LAL) Residual CHO toxicitya

SDS-PAGE

ADP-ribosylation

Residual inactivation agent (hydrogen peroxide)

Adsorbed
toxoid

Sterility Histamine sensitizationa

Endotoxin Irreversibility of toxoid

Aluminum Potency

Thimerosal (if applicable) % Adsorption

pH
a The step-by-step procedure is included in a WHO publication (WHO 2013b) for whole-cell
pertussis vaccine, which is also applicable to acellular vaccine
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the test material into the nuchal area of suckling mice (WHO 2013b). Tracheal
cytotoxin, a disaccharide-tetrapeptide with molecular weight of 921 Da, can be
tested by HPLC (Cookson et al. 1989).

Fig. 6.3 Panel a Purified pertussis toxin on 5 % native gel. Panel b Pertussis toxin on 15 % SDS-
PAGE. Reproduced with permission from The American Society for Biochemistry and molecular
biology (Sekura et al. 1983). Lanes 1 and 3 reducing samples, Lanes 2 and 4 nonreducing samples

Fig. 6.4 Comparison of native and detoxified pertussis toxin on a 15 % SDS-PAGE with
Coomassie blue stain. Reproduced with permission from Elsevier (Corbel et al. 1999)
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The limits for pertussis impurities are defined in the EP (Ph. Eur. 1356, pertussis
vaccine, acellular, component, adsorbed). The limit of adenylate cyclase is 500 ng
per dose, for tracheal cytotoxin, no more than 2 pmol per dose and for dermone-
crotic toxin, three unweaned mice each injected with 0.1 mL, containing the
equivalent amount of antigenic fraction or component present in one dose, should
show no dermonecrotic reaction within 48 h.

The active ingredient of one commercial aP bulk vaccine is a hydrogen peroxide
inactivated pertussis toxoid at 40 µg per dose. The pertussis antigen contamination
level verification was a critical part of the comparability study when postlicensure
process changes were submitted for regulatory approval.

6.2.3.3 Process-Related Impurities

Assays for residual levels of ligands used in affinity purification (e.g., Blue dye and
fetuin) are included in the impurity profile. Cibacron Blue F3G-A absorbs at
610 nm with an extinction coefficient of 13,600 M−1 cm−1 (Lowe and Pearson
1984) and a limit assay can be established based on UV/Visible absorbance scan.
Residual fetuin can be tested by a suitable immunological method (ELISA or rocket
electrophoresis) using purified rabbit anti-fetuin antibody.

6.2.3.4 HPLC Characterization of Pertussis Toxin

PT contains 6 subunits with an A-B structure and molecular weight of 117 kDa. The
A component is composed of a single S1 subunit with ADP-ribosyl transferase
activity. The B oligomer, consists of single S2, S4, and S5 subunits and two S3
subunits, mediates receptor binding and intracellular translocation (Tamura et al.
1982). Reverse-phase HPLC has been used to separate the subunits and LC-MS/MS
used in the subunit sequence determination (Tummala et al. 2008). The subunits 1, 2,
and 5 of PT were observed to undergo oxidation under normal storage conditions as
ammonium sulfate suspension at 2–8 °C (Fig. 6.5).

After detoxification with hydrogen peroxide, there was no clear separation of
toxoid subunits in the reverse-phase HPLC. Two-dimensional liquid chromatog-
raphy-tandem mass spectrometry, ultra performance liquid chromatography/Mass
spectrometry, and capillary liquid chromatography/MALDI tandem mass spec-
trometry were used to analyze the tryptic digest of pertussis toxoid. Hydrogen
peroxide treatment in the presence of Fe+3 modified nearly all the methionine and
tryptophan residues and a large percentage of cysteine, aspartic acid, and histidine.
Some tyrosine, Phenylalanine, proline, and glutamine were also modified (Tum-
mala et al. 2010, 2013). This type of product characterization is laborious and
unpractical for routine analysis. Instead, loss of biological activities (histamine
sensitization, CHO toxicity, and hemagglutination) is measured routinely following
detoxification.
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Of the components used in the formulation of multicomponent aP vaccines, only
PT has significant intrinsic toxicity. The other components, FHA, pertactin, Filbriae
2 and 3 have not been shown to exert toxic effects. The safety testing is imple-
mented to regulate the residual PT activity in the product. There is no general
agreement on choice of assay or acceptable limits for residual toxicity.

6.2.3.5 Hemagglutination Assay for Toxin and Unadsorbed Toxoid

PT causes goose red blood cell to agglutinate; it is a rapid assay used for process
monitoring during PT purification (Sekura et al. 1983). Hemagglutination activity
requires only the B subunit of PT, which provides the binding function. Detoxifi-
cation of PT with hydrogen peroxide in the presence of EDTA and Fe+3 brings
hemagglutination activity down to <1 % (Sekura 1988).

6.2.3.6 CHO Cell Toxicity for Toxin and Unadsorbed Toxoid

Exposing CHO cells in culture to PT results in a clustered growth pattern (Hewlett
et al. 1983). The clustering of CHO cells correlates with ADP-ribosylation of a 41-
kDa protein in CHO cells and thus a true measure of PT activity for both A and B
subunits (Burns et al. 1987). The CHO cell assay has been used as an in vitro test

Fig. 6.5 Reverse-phase HPLC separation of pertussis toxin. Reproduced with permission from
Elsevier (Tummala et al. 2008)
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to detect residual active PT in the vaccine. It has been suggested that toxoid
aggregation could give false-negative results with formaldehyde-inactivated vac-
cines (Kataoka et al. 2002). Moreover, adjuvant can cause CHO cell death (Corbel
and Xing 2004) and a porous cell culture insert is used to prevent vaccine adjuvant
from directly contacting the CHO cells (Isbrucker et al. 2014).

6.2.3.7 ADP-Ribosylation

The S1 subunit of PT harbors ADP-ribosyl transferase activity with a GTP-binding
protein (G protein) being the natural substrate; this enzymatic assay can be used to
quantify PT and monitor the extent of detoxification. A fluorescent-tagged synthetic
peptide homologous to the carboxy-terminal 20 amino acid sequence of the alpha
subunit of G protein was used as the substrate for enzyme assay. The tagged peptide
and the ADP-ribosylated product were separated by HPLC with fluorescent
detection (Cyr et al. 2001). The assay could detect as little as 2 ng toxin and worked
well with adsorbed product to detect the residual toxin activity (Yuen et al. 2002).

6.2.3.8 Kinetics of Inactivation

Kinetics of inactivation should be established as part of the manufacturing process
validation (WHO 1998). Hemagglutination assay and ADP-ribosyl transferase
assay have been used to establish the inactivation kinetics to demonstrate the
consistency of inactivation (Sekura 1988).

6.2.3.9 Histamine Sensitization Test (HIST) and Irreversibility
of Pertussis Toxoid (Ph. Eur. 2.6.33)

HIST is the official Pharmacopeia test used for detecting residual PT activity in the
adsorbed vaccine. Groups of at least 10 mice, of suitable strain, age, and weight, are
injected intraperitoneally with between 1 and 2 human doses of the adsorbed test
vaccine. The first group receives vaccine stored at 2–8 °C (test for residual PT); the
second group receives vaccine incubated at 37 °C for 4 weeks (test for irrevers-
ibility of toxoid), and the third group receives diluent (negative control).

In addition, a positive control group of mice is injected with an equivalent
volume of reference PT preparation at a dose that has been defined in the validation
stage as demonstrating the assay sensitivity.

If a reference group of mice is used, it may be injected with a reference PT
preparation at a dose previously set as the allowable upper limit of PT in the
product, according to historical safety data. Alternatively, a reference vaccine with
established clinical safety may be used instead of the reference toxin preparation.

Five days later, animals are challenged intraperitoneally with histamine solution
(2 mg histamine base in ≤0.5 mL) and the number of mice dying within 24 h is

206 S.-M. Lee et al.



recorded. If a reference group is included, the vaccine complies with the test for
residual PT if the percentage of deaths in the first group is not greater than that in
the reference group. The vaccine complies with the test for irreversibility of per-
tussis toxoid if the second group also complies with these criteria. If no reference
group is included and no animal dies, the preparation complies with the test.

The mice strain is suitable if its LD50 is between 6 and 50 IU. The test is not
valid if one or more mice in the negative control group die following histamine
challenge and the histamine sensitivity does not meet the defined limit (e.g., at least
30 % of the mice die in the positive control group).

The aP vaccine licensed in the United States follows a slightly different protocol
and acceptance criteria. The USA, WHO and EP procedures together with HIST
theory and history were reviewed by Arciniega et al. (2011). The key differences
between the three guidelines are summarized in Table 6.8.

The assay procedure varies from one laboratory to the other. In an international
collaborative study involving six laboratories, HSD50 values obtained in this study
differ significantly between laboratories (Xing et al. 2002).

Table 6.8 Comparison of HIST protocol between USA, WHO, and Ph. Eur.

Ph. Eur. 2.6.33 WHO (2013a)
Appendix 3

USA (Arciniega et al.
2011)

Mice ≥10 mice Appropriate
number

20 mice
15–20 gm
4–5 weeks old, female

Amount
injected

1–2 human doses
intraperitoneally

1–2 SHDs
intraperitoneally

One human dose in
0.5 mL
intraperitoneally

Histamine
formula

2 mg histamine base/
≤ 0.5 mL

1–2 mg hista-
mine base

1 mg histamine base/
0.5 mL

Challenge date
after injection

5 days 4–5 days 5 days

HSD50 6–50 IU Not specified 10–100 ng

Allowed death
in control

0
(No control mouse should
die for the assay to be
valid)

≤5 % ≤10 %

Allowed death
in sample

0 (no test mouse should die
for the assay to pass)

PT activity ≤
clinical lots

≤10 %

Retest criteria
after initial
failure

Could be repeated if one
mouse dies

Two consecu-
tive assays must
pass

Retest two consecutive
times and both must
pass

The assay passes if total
death in all valid
assays ≤ 5 %
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In the subsequent international collaboration study involving ten laboratories for
the aP and the combination vaccines, use of a validated procedure and inclusion of a
common reference standard were shown to greatly improve HIST between labo-
ratory agreements and reduce repeat testing. A potency of 7,500 IU/vial was
assigned to the Ph. Eur. Biological reference preparation for PT (Xing et al. 2010).

Concerns about the reliability of the lethal endpoint have been reported (Xing
et al. 2010) and alternative endpoint measurement has been proposed. Jensen et al.
(2012) developed a dermal temperature-based HIST assay and estimated a sensi-
tivity of 5 ng PT per human dose of pertussis vaccine using this modified proce-
dure. In this method, the change in body temperature after histamine challenge is
measured and sensitized mice show a sharp decrease in body temperature following
histamine challenge. The dermal temperature-based method, which has been
incorporated to the HIST procedure used routinely in Japan, has been shown to be
as sensitive as the method based on rectal temperature measurement (Ochiai et al.
2007). The use of a histamine-sensitization test based on body temperature mea-
surements as endpoints in mice has been approved in Ph. Eur. 2.6.33.

HIST is difficult to standardize, its precise mechanism is unknown, the amount
of PT that is unsafe for human is also unknown, and therefore it was regarded as a
priority for replacement by in vitro methods. A new in vitro test system was shown
to be a potential alternative to the current HIST. The in vitro test system is based on
two assays, the HPLC assay measuring ADP-ribosyl transferase activity of the S1
subunit of PT described in Sect. 6.2.3.7 and a fetuin binding ELISA based on the
activity of the B protomer. A mathematical formula showed a good agreement with
HIST results, based on dermal temperature reduction after histamine challenge. A
regression factor should be established for each type of vaccine (Yuen et al. 2010).
Arciniega et al. (2011) have expressed concerns about how an acceptance limit
could be set for residual PT activity using the dual in vitro assay. Subsequent
international collaborative study did not establish a direct correlation between the
in vitro assays and the in vivo HIST (Xing et al. 2012). Several workshops have
been held to discuss alternatives to the histamine sensitization test and a working
group was established for ongoing discussions (Bache et al. 2012; Isbrucker et al.
2014).

6.2.3.10 Potency

According to Ph. Eur. 2.7.16, two serological potency assays are available for aP
vaccine.
Method A: Serology in mice
Six groups of 5-week-old healthy mice are injected intraperitoneally or subcuta-
neously with 0.5 mL of three dilutions of either the test vaccine or a reference
vaccine (for example, a batch shown to be effective in clinical trials, or a batch
representative thereof). The mice are bled 4–5 weeks later and antibody titer is
determined by ELISA using plates coated with each pertussis antigen (if the test is
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for multicomponent aP vaccine). Antibody titer is calculated in relative terms to a
reference serum.
Method B: Serology in guinea pigs
Immunize at least six groups (three dilutions each for test and reference vaccines) of
guinea pigs with 1.0 mL of vaccine subcutaneously. Bleed the animal 35–42 days
later. Determine antibody titer by ELSA coated with purified antigen.

No completely satisfactory method is available for monitoring pertussis potency.
Immunogenicity assays are useful for checking consistency in comparison to a
clinical trial lot, but do not necessary correlate with protection.

A modified intracerebral challenge assay (MICA, modified Kendrick test) has
been used in Japan, Korea, and China as the potency assay for release with a
specification of ≥4 unit/dose; vaccines regulated using this approach have been
shown to be effective in controlling pertussis (Tondella et al. 2009). MICA appears
to be a suitable model to assess the potency of aP vaccines of different antigen
compositions (Knezevic et al. 2008), but it is also a consistency test whose cor-
relation to protection has not been demonstrated.

The modified Kendrick test is described here. Groups of mice are injected
intraperitoneally with 0.5 mL serial dilutions of the reference and the test vaccines.
At 3 weeks after immunization, mice are challenged intracerebrally with a B.
pertussis suspension prepared from a 20–24 h culture grown on Bordet-Gengou
agar or other suitable medium. The bacteria suspension is adjusted in such a way
that each challenge dose of not more than 0.03 mL contains 100–1,000 times of
LD50. The mice are observed for lethal effects over the next 14 days. The potency is
estimated in terms of international units by parallel-line assay. The modification
from the original Kendrick assay includes a longer interval between immunization
and challenge (3 weeks instead of 2 weeks) and using a special mouse strain
(Corbel and Xing 2004).

In an international collaborative study initiated in September 2006, JNIH-3 aP
vaccine reference was found to give similar dose-response lines to a variety of aP
vaccines and DTaP formulations, irrespective of the differences in aP components.
The WHO working group established it as the First International Standard for aP
vaccine in MICA. (WHO 2013a) JNIH-3 contains lyophilized PT and FHA
adsorbed onto aluminum phosphate with an assignment of 34 IU per ampoule
(Gaines-Das et al. 2009).

6.2.3.11 Percentage Adsorption

For low or moderate level of adsorption, there is sufficient amount of antigen in the
supernatant (unadsorbed material) to be determined by a protein assay. For high
level of adsorption, a more sensitive immunological assay is used to determine the
unadsorbed antigen in the supernatant.
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6.2.3.12 Residual Inactivation Agent (Hydrogen Peroxide)

Residual hydrogen peroxide is tested with Quantofix Peroxide test sticks purchased
from Sigma Aldrich. It is a limit assay with 10 ppm sensitivity (10 µg/mL solution).

6.2.3.13 Process and Testing of Multicomponent Acellular Pertussis
Vaccine

Two approaches have been followed to produce multicomponent aP vaccines. In
the first approach, vaccine components have been co-purified and the purified
material is detoxified with formaldehyde. The second approach is to purify each
component individually, detoxify when required and blend to produce the vaccine
bulk (Corbel and Xing 2004). For example, DAPTACEL, a DTaP combination
vaccine licensed in the USA, contains five pertussis antigens. PT, FHA, and pert-
actin are purified separately from B. pertussis culture supernatant and fimbrial
agglutinogens 2 and 3 are co-purified from the bacteria cells. PT is detoxified with
glutaraldehyde and FHA is treated with formaldehyde. The individual antigens are
adsorbed separately onto aluminum phosphate and combined.

Due to the toxoiding process, these vaccines do not have a defined chemical
composition. To monitor consistency, biological testing is required. Ph. Eur. 1595
describes testing for adsorbed, co-purified aP vaccine and Ph. Eur. 1356 describes
testing for adsorbed, individually prepared and purified aP vaccine. Most of the
methods have been discussed earlier in Sect. 6.2.3. The testing not mentioned in
subsections of Sect. 6.2.3 is outlined below.

a. Specific properties of the additional components.
(1) FHA: Hemagglutination and inhibition by specific antibody. PT and FHA both

have hemagglutinating activities and they are discerned with FHA specific
antibody.

(2) Pertactin and fimbrial agglutinogens 2 and 3: reactivity with specific antibody.
(3) Pertussis toxoid: The toxoid induces in animals the production of antibodies

capable of inhibiting all PT activities. For example, CHO neutralization assay
demonstrates CHO activity of PT neutralized by the antibody produced from
pertussis toxoid.

(4) For individually purified antigen, the purified components must be charac-
terized separately by physicochemical, immunological, or biological assays
before detoxification.

b. Antigen content: Immunochemical methods are used to determine quantitative
antigen composition. The ratio of each antigen to total protein is within the
limits established for the product.
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c. Potency: Antibodies to each individual pertussis antigen are measured and
compared to the reference vaccine (Ph. Eur. 2.7.16). For example, potency of
DAPTACEL is determined by the antibody response of immunized mice to
detoxified PT, FHA, pertactin, and fimbrial agglutinogens as measured by
ELISA.

d. Final container identity testing: Specific antisera to the components are used.

6.2.4 Testing of DTaP Combination

6.2.4.1 Percent Adsorption

The supernatant of the adsorbed vaccine is tested for D, T, or aP component using
suitable immunological methods. In the DTaP vaccine reported by Bergfors et al.
(2003), the manufacturer used Rocket electrophoresis to determine % adsorption for
D and T toxoids and used ELISA for aP adsorption. Coombes et al. (2009)
developed a capture ELISA and a direct ELISA to measure percent adsorption for
Diphtheria component in combination vaccines. Another capture ELISA for percent
adsorption of tetanus toxoid in combination vaccines was reported by Coombes
et al. (2012). In addition, the step-by-step procedure for D and T capture ELISA
was provided by WHO (2013b).

6.2.4.2 Identity

Each component is identified by a suitable immunological method. Although Ph.
Eur. 1931 and WHO guidelines (1990, 2013b) describe dissolving adjuvant or
eluting toxoid, the ELISA identity test can work without dissolving adjuvant or
eluting toxoid.

6.2.4.3 General Safety (Innocuity)

Half a human dose (<1 mL) is intraperitoneally injected into each of 5 mice
(17–22 gm) and at least one human dose (<1 mL) is injected into each of 2 guinea
pigs (250–350 gm); all animals should survive at least 7 days without showing
significant signs of toxicity (WHO 1990).

The USA procedure uses 0.5 mL vaccine for each of the 2 mice and 5.0 mL for
each of the 2 guinea pigs (21CFR610.11).
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6.2.4.4 Specific Toxicity (Ph. Eur. 1931)

For Tetanus, see Sect. 6.2.1.7. Inject subcutaneously at least 5 SHDs to each of the
5 guinea pigs and observe 21 days for paralysis.

For Diphtheria, see Sect. 6.2.2.5. Inject subcutaneously at least 5 SHDs to each
of the 5 guinea pigs and observe 42 days for diphtheria toxemia.

The same animals are used for both DT and TT tests and are observed for
6 weeks to cover the observation period specified for DT.

For pertussis component, see Sect. 6.2.3.9 for histamine sensitization.

6.2.4.5 Aluminum Adjuvant

The aluminum adjuvant in the vaccine is first digested with a mixture of nitric and
sulfuric acid at high temperature and then measured by atomic absorption (May
et al. 1984) or by titration (Ph. Eur. 2.5.13).

6.2.4.6 Thimerosal

Thimerosal is determined by a spectrophotometric assay (Shrivastaw and Singh
1995b).

6.2.4.7 Formaldehyde

A colorimetric reaction was described by Nash (1953), which depends on the
synthesis of diacetyldihydrolutidine from acetylacetone and formaldehyde in the
presence of excess ammonium salt (Hantzsch reagent). The diacetyldihydrolutidine
formed is yellowish-green and highly absorptive at 412 nm. A standard curve with
formaldehyde can be established as a quantitative assay. Ph. Eur. 2.4.18 (method A)
described it as a limit assay by visually comparing vaccine dilution with 20 µg/mL
formaldehyde solution after the reaction. The limit established by WHO (1990) was
0.2 gm/L.

Another formaldehyde colorimetric assay was described by Shrivastaw and
Singh (1995a). In this system, formaldehyde reacts with phenyl hydrazine/potas-
sium ferricyanide and chloroform in the presence of methanol to form a colored
complex. The adsorbed product is tested without having to remove the adjuvant.

6.2.4.8 Endotoxin (Ph. Eur. 2.6.14)

To quantify endotoxins in the vaccine samples, amoebocyte lysate from the
horseshoe crab (Limulus polyphemus or Tachypleus tridentatus) is used. There are
three techniques for this test: the gel-clot technique, which is based on gel
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formation; the turbidimetric technique, based on the development of turbidity after
cleavage of an endogenous substrate; and the chromogenic technique, based on the
development of color after cleavage of a synthetic peptide-chromogen complex.

6.2.4.9 PH, Sterility, Appearance

These compendial methods are not described here.

6.2.4.10 Potency

The animal potency tests currently required by WHO, the EP, and FDA differ.
Despite these differences, the potency tests have been adequate to ensure sufficient
immunogenic activity of the vaccines to induce protective immunity in target
populations.

It is recommended to perform potency testing after combination of the individual
diphtheria and tetanus toxoid components in Diphtheria and Tetanus Toxoid vac-
cines for pediatric use (Federal register 2005)

For TT potency, see Sect. 6.2.1.8 and for DT potency, Sect. 6.2.2.7
The US method allows D and T potency to be tested in the same group of guinea

pigs (NIH 1953; Keller 2011).
For aP potency see Sect. 6.2.3.10.

6.3 MenB OMV: Outer Membrane Vesicles

The epidemiology of endemic meningococcal disease in many developed countries is
currently caused by serogroup B meningococcus, responsible for septicemia, men-
ingitis, and killing children and young adults in few hours (Feavers et al. 2012). In the
past, the vaccine approach to group B meningococci has largely focused on OMPs
(Outer Membrane Proteins) as part of OMVs (Outer Membrane Vesicles) that were
prepared by detergent extraction from the bacterium. Antigen presentation in the
vesicle structure has the main advantage to preserve the physicochemical organiza-
tion of the OMPs and consequently their immunogenicity (Holst et al. 2009).

Until recently, OMV vaccines were the only formulations licensed against
serogroup B meningococcal disease. Efficacy has been demonstrated by their ability
to control clonal epidemics, and strain-specific vaccines, such as MenBvac (NIPH)
and MeNZB (Chiron, later Novartis Vaccines) have been successfully used to
combat outbreaks in Norway and New Zealand, in the 1990s and early 2000s,
respectively (Fredriksen et al. 1991; Holst et al. 2005).

Unfortunately, this approach is very successful in providing protection against
homologous strains but not against heterologous strains due to sequence and
antigenic variability of the main antigenic components. During the last decade, a

6 Analytical Control Strategy of Bacterial Subunit Vaccines 213



new generation of vaccines has been developed with the aim of providing broader
coverage and the first multivalent serogroup B (4CMenB) vaccine named Bexsero®

has been recently licensed for human use in Europe starting from 2 months of age.
The vaccine includes the OMV MeNZB vaccine as one of the components (Serruto
et al. 2012).

The concentrated OMV antigen is a stable colloidal suspension that consists of
small membranous spherical vesicles in which the native complex antigen com-
position of the subcapsular cell surface of Neisseria meningitidis serogroup B is
highly conserved. As a result, the OMV particles contain the most abundant sur-
face-exposed proteins, (PorA and PorB are the main components), several less
abundant proteins, and low amounts of LPS, embedded in the vesicles as presented
in Fig. 6.6. Additional components such as phospholipids and CPS (Capsular Poly
Saccharides) are also part of the vesicle structure.

The OMV particles are produced by fermentation of the appropriate N. menin-
gitides strain, followed by concentration and bacterial inactivation with DOC
(deoxycholate), also mediating OMV formation. The OMVs are then separated,
sized, and purified by centrifugation and sonication steps, followed by a final
filtration step using a 0.22-μm membrane (Frasch et al. 2001).

Quality and consistency of OMV concentrated bulk production is monitored by
adherence to release the specifications as listed in Table 6.9.

Due to the complex structure and presence of several antigenic components, all
with different highly informational structures, the OMV particles present many
analytical challenges. Dedicated analytical methods are required to characterize the
OMV particles on a molecular level and to monitor key components of these
complex structures.

Fig. 6.6 Schematic model of OMV (strain NZ 98/254 -MeNZB): OMVs are portions of the outer
membrane of the MenB, extracted with detergent in the form of vesicles [Figure adapted from
Holst et al. (2009) with permission]
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Table 6.9 Example of OMV (as component of MeNZB) bulk release specifications

Critical
quality
attribute

Analytical method Release
specification

Stability
indicating

Rationale

Identity Western blot Presence of class 1
(P1.4), class 3 (ST
4), class 5 (OPC),
LPS 3, 7, 9

Yes The test indicates
positive reaction to
antibodies directed
against LPS and
the most crucial
protein antigens
eliciting responses
in humans (the
most important is
PorA or Class 1)

Protein
content

Lowry 450–1,240 μg/ml Yes The test measures
the total amount of
proteins present in
OMV, including
the major immu-
nogenic antigens
PorA and PorB

Protein
pattern

Coomassie SDS-
PAGE

Purity: conform
70 kDa: 1–12 %;
80 kDa: 1–4 %;
Class 1: 13–25 %;
Class 3: 20–55 %;
Class 4: 7–15 %;
Class 5: 1–5 %;
NspA: 1–7 %

Yes The test measures
by electrophoresis
the presence and
relative percentage
of the main protein
antigens. More-
over, it evaluates
(as purity) their
content respect
total lane proteins

DOC/
protein

Enzymatic reac-
tion followed by
colorimetric test

0.1–0.4 μg/μg No The test measures
the presence of
residual DOC
impurity in the
OMV bulk

LPS/
protein

RP-HPLC 0.04–0.12 μg/μg No The test evaluates
the LPS total
amount in the
OMV bulk by
chromatographic
determination of
3OH 12:0 fatty
acid component of
Lipid A

Endotoxin/
protein

Kinetic chromo-
genic LAL

<20,000 IU/μg Yes Due to the pres-
ence of LPS in the
vesicles extracted
from the bacteria,
the OMV purified

(continued)
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Four quality attributes of the OMVs requiring specific analytical focus were
explored by extended physicochemical characterization and are described in the
subsequent sections. These analytics are aimed to antigen structural understanding
and can be used as additional tools in case of comparability studies.

6.3.1 OMV (MenB NZ) Dimensions and Morphology

Chemical composition and quantity of the single constituents are not the only
parameters sufficient for characterizing the OMVs as vaccine component. Vesicle
dimensions, morphology, and homogeneity are important structural features that
may influence immunogenicity and thus need to be controlled. One example of the
importance of vesicle integrity is related to the LPS component of the OMV. LPS

Table 6.9 (continued)

Critical
quality
attribute

Analytical method Release
specification

Stability
indicating

Rationale

bulk presents some
endotoxicity. The
test evaluates the
LPS bioavailabil-
ity, influenced by
Lipid A insertion
in the vesicle
bilayer

DNA/
protein

Fluorimetry ≤0,035 μg/μg No The test measures
the presence of
residual DNA
impurity in the
OMV bulk

pH Potentiometry (Ph.
Eur.)

7.0–8.3 Yes The test measures
the pH of the
OMV bulk
suspension

Sucrose % Spectrophotometry 2.7–4.1 % No The test measures
the quantity of
sucrose, added to
the OMV suspen-
sion as
preservative

Sterility Membrane filtra-
tion (Ph. Eur.)

Sterile No The test measures
sterility of the
OMV drug sub-
stance, required
before vaccine
formulation
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endotoxicity is reduced when the Lipid A moiety is inserted into the vesicle lipid
bilayer (Tsai et al. 1989). Consequently, evaluation of the OMV bulk vesicle
integrity is important as it relates to pyrogenicity.

Here, we show three different and complementary analytical methods to study
OMV size, morphology, and dimensional distribution: DLS (Dynamic Light
Scattering), TEM (Transmission Electron Microscopy), and SE-HPLC (Size
Exclusion Chromatography).

OMV dimensions are in the subvisible range (0.001–100 µm) and can be
measured by in-batch DLS able to determine the vesicles average diameter and the
population polydispersity in a fast and simple manner (Dahneke 1983).

DLS was applied to OMV bulk characterization and comparability studies
between different production campaigns and during manufacturing development to
evaluate in-process parameters of the sonication step necessary to improve material
filterability and homogeneity.

The average vesicle diameter of OMV bulk production (determined from data on
more than 40 lots) resulted between 97 and 154 nm. PdI (polydispersity Index,
distribution confidence ratio related to Z-average measure), estimating the width of
the distribution was typically determined to be in the range of 0.1 and 0.3 and
indicated, as expected, presence of a multimodal distribution.

Figure 6.7 shows a representative DLS output dataset for OMV bulk. The upper
panel reports the input parameters for the analysis. In the lower panel, a Gaussian

Fig. 6.7 Representative DLS output data for OMV bulk production. Highlighted in red are Z-
average diameter (d.nm, average diameter in nanometers of the populations) and PdI (distribution
confidence ratio related to Z-average measurement)
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distribution is visible for the vesicles population with an average diameter
(Z-average diameter (d.nm)) of 99 nm and a polydispersity index (PdI) of 0.14.

Dimensional data obtained by DLS were integrated and confirmed by use of
complementary TEM analysis. TEM provides information on vesicle morphology
and integrity. In addition, TEM can be used to localize antigens on the vesicle
surface.

OMVs were analyzed by TEM in negative staining mode by using uracil acetate
and 4 % glutaraldehyde. The negative staining TEM allowed examination of the
vesicles’ external surface by visualizing shape and integrity.

A set of 14 OMV concentrated bulk lots were analyzed. The vesicles consisted
mainly of rounded shaped vesicles, with dimensions in the range of 50–200 nm (in
agreement with DLS data), presenting light or dark tonalities, possibly connected to
concavity/convexity. A representative OMV TEM picture is shown in Fig. 6.8.

The TEM images can be used to evaluate vesicle integrity. TEM images can also
be applied to gain information on antigens localization on the OMV surface. By
utilizing anti-LPS (3, 7, 9) antibodies and immunogold staining, LPS can be
localized on the vesicle surface as small dark dots (Fig. 6.9).

SE-HPLC was applied to separate chromatographically the dimensional com-
ponents of the OMV bulk solution to complement the DLS in-batch analysis. The
results showed that SE-HPLC is able to discriminate up to 4–5-dimensional pop-
ulations differing in size when applied to the OMV batches.

The chromatographic separation resulted not completely quantitative due to
retention of liposomal vesicles by the column matrices tested. However, the

Fig. 6.8 Representative TEM image of OMV concentrated bulk. The bar on the left represents
200 nm
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SE-HPLC analysis remains a relevant complementary method to DLS for the
investigation of vesicle degradation.

Figure 6.10 shows the chromatographic profiles of two OMV bulk lots produced
at different times and analyzed by SE-HPLC. The individual peaks were fraction-
ated and analyzed by DLS and TEM for characterization. Compared to the un-
fractioned sample (about 100 nm size average and 86 % integrity by visual TEM
evaluation), the main peak in lot 1 (Fig. 6.10 upper panel, red frame) was shown to
contain intact OMVs of about 100 nm size average and 97 % integrity and the
second fraction (Fig. 6.10 upper panel, blue frame) smaller vesicles with 82 %
integrity. In the third fraction (Fig. 6.10 upper panel, green frame), no intact ves-
icles were detected by TEM, suggesting presence of membrane fragments and
cellular debris. Lot 2 (Fig. 6.10 lower panel) was found to be similar to the lot 1 but
with minor differences in the vesicle populations of smaller size as well as in the
membrane fragments/cellular debris content. In this case, the main peak (Fig. 6.10
lower panel, gray frame), was found to consist of a homodisperse population of
vesicles of about 100 nm average diameter when analyzed by DLS.

The effect of physical and chemical stress on vesicle integrity, dimensions,
morphology, and homogeneity was investigated to identify conditions that may
induce the release of free LPS from the membrane. LPS forms stable spherical
membrane structures with proteins and phospholipids where the toxic lipid part of
LPS (Lipid A) is buried into the interior of the membrane. Approximately 4–8 % of
LPS (calculated as LPS/protein ratio) remains as an integrated part of the vesicle
(Lyngby et al. 2002). This structural organization is extremely important because
the toxicity of LPS is substantially reduced when integrated in the OMV compared
to free LPS in solution (Lyngby et al. 2002; Tsai et al. 1989).

Fig. 6.9 Immunogold staining of LPS (3, 7, 9) on the OMV surface. The bar on the left represents
50 nm
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Studies of OMVs subjected to different types of stress were used to evaluate
whether the described analytical methods (DLS, TEM, SE-HPLC) were also able to
monitor vesicles degradation.

Most of the stress conditions applied, i.e., thermal, pH, or physical stress, did not
cause any degradation of the OMV particles demonstrating indeed the high degree
of stability of this type of particles. Degradation of the vesicular structure was
observed by the use of detergents. Zwittergents (3-(N,N-Dimethylpalmithylam-
monium propansulfonate) were found to be particularly effective in degrading the
OMV membrane. The detergent was used as a 2 % solution in H2O mixed with the
OMV sample in a 1:1 ratio. The resulting solution was incubated at room tem-
perature for at least 2 h before being analyzed by TEM and SE-HPLC analysis.

The analytical data on the OMV bulk material before and after the stress induced
by Zwittergent are shown in the Figs. 6.11 and 6.12 and listed in Table 6.10. The
Zwittergent caused a change in vesicle morphology as observed by TEM
(Fig. 6.11). In Fig. 6.12, the main SE-HPLC peak (yellow frame) represents the
integral OMV MenB NZ vesicles, while the additional peaks represent vesicle
fragments. Addition of Zwittergent caused a major change in the chromatographic
profile with complete absence of the peak representing the intact OMV particles.
Batch DLS data presented in Table 6.10 show differences in the average OMV
diameter before and after stress, but more significantly, a large difference in the
polydispersity index caused by vesicle disruption.

Fig. 6.10 Separation of OMVs on the basis of dimensions by SE-HPLC
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6.3.2 OMV (MenB NZ) Protein Pattern and Content

Characterization of the OMV proteome has been accelerated by the availability of
the neisseria genome sequence and of improved proteomic technologies. In addi-
tion to the most abundant outer membrane proteins, a high number of periplasmic
and cytoplasmic proteins have been identified by 2D-PAGE and mass spectrometric

500nm

Zwittergent

500nm

OMVnz raw

Fig. 6.11 TEM analysis of OMV before (left) and after (right) Zwittergent treatment. The bar at
the lower part of the images represents 500 nm

0.02

0.04

0.06

0.
11

8

10
.7

62

14
.1

33

15
.0

90

17
.0

09

0.020 Zwittergent

OMVnzraw

A
U

0.00

A
U

0.000

0.010

Minutes

0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00 22.00 24.00 26.00 28.00 30.00

Fig. 6.12 SE-HPLC analysis of OMV before (top) and after (bottom) Zwittergent treatment. The
highlighted area indicates the main vesicle peak, disappearing upon stress treatment

Table 6.10 DLS dimensional data on OMV before (top) and after (bottom) Zwittergent treatment

Average diameter (nm) PdIa

OMVnz raw 134 0.2

Zwittergent 114 1.1

The results represent the average of three repetitions
a Polydispersity index
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analyses. In total, more than 100 proteins have been identified in DOC produced
OMVs applying these technologies (Vipond et al. 2006; Ferrari et al. 2006).

The OMV protein pattern is quantitatively dominated by OMPs like PorA and
PorB porins, RmpM (reduction modifiable protein), the OpcA invasin and iron-
regulated proteins like FetA/FrpB, depending on iron-depleted growth conditions.
Each of these proteins was suggested in the past to be possible vaccine candidates.
Based on clinical study results, PorA is considered to be the immunodominant
component of OMV following infant vaccination, although additional proteins may
contribute to the immunogenic effect (Wassil et al. 2012).

(a)

(b)

MW   ------------------ OMV bulk lanes --------------

Main OMV proteins:

1 80 kDa
2 70 kDa
3 Por A (class 1)
4 Por B (class 3) + FbpA
5 RmP (class 4)
6 Opc (class 5)
7 NspA

Fig. 6.13 Panel a SDS-PAGE separation of OMV bulk: lane 1, MW standard, other lanes, OMV
bulk material; panel b single OMV lane electropherogram; other than relative ratio between target
proteins (listed 1–7), their total percentage with respect to total proteins in the lane is evaluated
[Figure adapted from Wassil et al. (2012) with permission]
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SDS-PAGE with Coomassie Brilliant Blue staining and WB against specific
OMPs have been the standard methods used to identify and determine the relative
amount of the main protein antigens in the OMV bulk.

The SDS-PAGE release method monitors relative abundance of eight selected
OMPs considered relevant both quantitatively and immunogenically in the presence
of minimal quantities of several other less abundant proteins. Figure 6.13 shows a
typical SDS-PAGE separation of the OMV proteins. Evaluation of the presence and
relative quantities of the eight proteins identified as important for OMV immuno-
genicity with respect to the total OMV protein pattern is performed by densito-
metric evaluation of the gel lane electropherograms.

One of the specification criteria is based on the relative percentage of the single
target proteins with respect to the total proteins based on band intensity in SDS-
PAGE. A second specification criterion on total purity guarantees that the sum of
the target proteins remains consistent with respect to nonspecified OMV proteins
between different lots as ulterior assurance for standardized immunogenic response.
The contribution of the nonspecified OMV proteins is distributed over a multitude
of proteins that singularly are present in very small amounts and render accurate
quantification challenging. These proteins are OMV derived and as such not
impurities. Potentially they may be involved in the pathogenesis and thus providing
immunity to meningococcal disease (Vipond et al. 2006).

RP-HPLC was applied on OMV bulk to develop a chromatographic method able
to complement/confirm the SDS-PAGE separation method of the main OMV
proteins. The chromatographic profile by UV detection showed the presence of
several protein peaks (Fig. 6.14). To perform a preliminary identification of the
observed peaks, total eluted volume plus three fractions of the RP-HPLC profile

Fig. 6.14 RP-HPLC chromatographic profile of OMV and fractioning for peak identification
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were collected and analyzed by SDS-PAGE, reference SDS-PAGE characterization
results were used for comparison (Fig. 6.15). Comparable profiles were obtained for
OMV bulk directly loaded on SDS-PAGE and OMV total fraction, although dif-
ferences in the relative protein concentration were observed, probably due to
sample dilution with mobile phase during RP-HPLC elution.

In order to achieve a more comprehensive characterization of the OMV protein
composition, mass spectrometric technologies are currently being developed. A
large number of less abundant protein accounts for approximately 33 % of non-
specified OMV proteins. These proteins are either difficult to detect or not detect-
able at all using SDS-PAGE or RP-HPLC. Consequently, more sensitive methods
are required for their identification and quantification. Mass spectrometry is a
powerful technology able to identify all proteins in very complex mixtures in a
quantitative manner and represent an ideal tool for the analysis of the OMV pro-
teome (Tani et al. 2014). The about 100 proteins of the OMV proteome and the
limited dynamic range required to quantify most of these proteins allow for good
coverage in a single LC-MS/MS run. Such a method will enable the assessment of
lot-to-lot consistency on a proteome-wide level.

Fig. 6.15 The main protein peaks identified on the chromatogram (top panel) by comparison with
SDS-PAGE of the corresponding fractions (bottom panel) are reported. The RP-HPLC method
could provide advantages as potential release method. Identification of main OMPs in RP-HPLC
separation (top panel) peak at 4.5 min assigned as PorB class 3; peak at 5.26 assigned as PorA
class 1; and peak at 6.5 min Rmp class 4
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6.3.3 OMV (MenB NZ) LPS Quantification

LPS are structural constituents of OMV particles and cannot be avoided in deter-
gent extracted material as mentioned earlier. However, endotoxicity of LPS in the
final vaccine is reduced by two factors: first, the insertion of Lipid A into the vesicle
membrane bilayer, and second, by adsorption of the OMV particles to Alum
adjuvant in the final formulation.

Potential endotoxicity needs to be strictly monitored and therefore OMV bulk
material is analyzed for LPS content in terms of total content via chromatographic
determination and bioavailability via a chromogenic LAL test. In both cases, the
values are expressed in relation to the total protein content.

The release method used for quantification of total LPS is based on the one
developed by Lyngby et al. (2002). This analytical method determines the total
quantity of LPS present in OMV independently of its bioavailability.

Quantification of LPS in the OMV is performed via determination of a fatty acid,
3-hydroxy-lauric acid (3-hydroxy-lauric, 3-OH-12:0), considered a marker mole-
cule for the analysis because it is a specific part of the Lipid A component of N.
meningitidis (Fig. 6.16). The method is based on precipitation of LPS from the
OMV solution by addition of cold ethanol and NaCl, TFA (trifluoroacetic acid)
hydrolysis for releasing fatty acids, their derivatization as phenacyl esters to allow
quantification by RP-HPLC. A conversion factor taking into account fatty acid and
LPS molecular weights, and the estimated 2:1 molar ratio between 3-OH-12:0 and
LPS are then used to calculate the LPS content.

In order to ensure accuracy of the method, quantitative LPS precipitation from
the OMV particles is critical. This cannot be evaluated by addition of the purified
analyte 3-OH-12:0 since free fatty acids do not precipitate in the conditions used for
LPS precipitation. Instead, purified commercial Escherichia coli LPS (a commercial
rough strain from E. coli J5 Rc mutant) with a short chain of the lipopolysaccharide

Fig. 6.16 N. meningitidis LPS structure: schematic representation of LPS, constituted by a polar
oligosaccharide and nonpolar lipid portions; in addition by polar phosphates groups of Lipid A or
other polar substituents that can decorate the core [Figure adapted from Alexander and Rietschel
(2001) with permission]
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(LPS), structurally related to N. meningitidis LPS was used successfully to dem-
onstrate quantitative OMV precipitation.

OMV samples were spiked with purified E. coli LPS before precipitation; 3-OH-
14:0 fatty acid, common to N. meningitidis and E. coli LPS was used for recovery
evaluation as shown in Fig. 6.17.

Complete precipitation of LPS from OMV and accurate quantification was
confirmed by GC-FID (Gas Chromatography with Flame Ionization Detector) in the
precipitated OMV fraction by performing methanolysis on the precipitate followed
by n-hexane extraction before GC analysis. Recoveries of 105 and 118 % with
respect to the E. coli LPS spike were obtained.

Fig. 6.17 Representative RP-HPLC chromatograms of OMV with (bottom) and without (top)
E. coli LPS spike, respectively. The peak representing 3-OH-14:0 used for accuracy evaluation is
indicated in the figure
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The GC analytical method was optimized to enable quantification of LPS in
OMV without the need of the precipitation step. An additional advantage of this
approach, besides the simplification of the analytical procedure, is the assessment of
the complete lipid pattern of the vesicle.

Figure 6.18 shows a representative GC profile of OMV bulk with the optimized
method without the precipitation step. Identification of the fatty acid peaks present
in the sample was performed by comparison with a BAME (Bacterial acids methyl
esters) standard analyzed under the same conditions and confirmed by MS/MS
detection.

The analysis of fatty acids present in the OMV bulk shows the presence of short
chains, mainly with 16, 14 and 12 carbons. The only unsaturated fatty acids are the
16:1 and 18:1. These findings are in agreement with literature data (Rahman et al.
2000) indicating as major phospholipids component of N. meningitidis the 16:0
acyl chain followed by the 16:1 and 14:0 fatty acids. The high abundance of 12:0
can be ascribed to it originating from both LPS and phospholipids.

6.3.4 OMV (MenB NZ) Other Components Characterization

Additional important component of the OMV particles are CPS (Capsular Poly-
Saccharide) fragments deriving from the bacterial capsule. In fact, in the production
process deoxycholate induces vesicle circularization as well as bacterial disruption
and inactivation. Consequently, during vesicle formation part of the capsule is
inserted in the OMV bilayer and not successively removed by purification.

From lipopolysaccharide

From phospholipids

12:0
3OH-12:0
3OH-14:0

•12:0  (dodecanoate)
•14:0 (tetradecanoato)
•16:19 (cis-9-hexadecenoate)
•16:0   (hexadecanoate)
•18:19 (trans-9-octadecenoate)
•18:0   (octadecanoate)
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Fig. 6.18 Lipid pattern of OMV by GC-MS. GC profile of BAME standard (top) and GC profile
of OMV bulk (bottom)
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MenB Capsular Polysaccharide is constituted by a polysialic chain α(2 → 8) N-
acetyl neuraminic acid) of about 200 residues (about 80 kDa) in which the sialic
acid (SA) is linked between position 2 and 8 (Fig. 6.19). This molecule retains
structural homology to polysialylated components of human fetal and adult neural
tissues resulting in a poor immunogen and precluding the development of an anti-
MenB vaccine based on capsular polysaccharides. This is in contrast to MenC CPS,
differing only in the SA linkage (between position 2 and 3), which is a highly
efficacious vaccine (Khatami and Pollard 2010).

Although the theoretical risk that a MenB vaccine based on CPS might induce
autoimmune disease in vaccinated persons was disqualified by several studies
(Stein et al. 2006; Howitz et al. 2007), monitoring CPS presence in the OMV bulk
intermediate remains important for product knowledge and process consistency
reasons.

Presence of CPS in OMV bulk material was confirmed by DOT Blot using anti-
CPS monoclonal antibodies and NMR. Quantification was performed by evaluation
of CPS moieties by MEKC-UV (Micellar Electrokinetic Capillary Chromatogra-
phy) and/or total SA quantification by HPAEC-PAD (High-Performance Anionic
Exchange Chromatography—Pulsed Amperometric Detection) after chemical
hydrolysis upon verification that SA contribution by sialylated LPS is negligible.

MEKC-UV can successfully separate small compounds as well as macromole-
cules, by use of a micelle–forming surfactant solution giving rise to separations into
the fused silica capillary. The hydrophobic interactions between the analytes of
interest and the micelles contribute to improve the separation selectivity, which is
also based on the differential charge/radius ratio.

MenB CPS is partially degraded during the necessary lysis of the vesicles giving
rise to a family of peaks with a specific electrophoretic mobility that can be baseline
separated by MEKC and monitored by UV detection of the SA moieties. Although
complex, such peak pattern allows a reliable CPS identification since a set of
specific signals are associated to this relevant component. In Fig. 6.20, the Micellar
CE profile (MEKC-UV detection) of an OMV sample after lysis (obtained by
heating at 90 °C after SDS addition) is shown (OMV, middle). Comparing this
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Fig. 6.19 Meningococcal group B CPS structure α(2 → 8) N-acetyl neuraminic acid)—a single
moiety of SA is represented
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profile to that of purified CPS pretreated in the same way (CPS, bottom), it becomes
clear that in the OMV sample, the polysaccharide component is present as a
composite profile including several peaks corresponding to oligosaccharides of
different length as demonstrated by an OMV sample spiked with CPS before lysis
(OMV+ CPS, top).

Due to matrix complexity, quantitative CPS evaluation in OMV required
building the standard curve directly on the sample by spiking of different standard
amounts (standard additions method). In this case, purified commercial colominic
acid (CA), presenting the same structure as MenB CPS, was used as quantification
standard.

Figure 6.21 shows in the upper panel superimposed electropherograms of an
OMV-bulk sample spiked with different CA standard amounts. Traces are nor-
malized on the internal standard signal present in each run. The lower panel pre-
sents the related standard curve, built by plotting on the x axis of the graph the
values of mg/ml of CA standard added to the sample, and on the y-axis, the value of
the sum of the areas of all the peaks belonging to the CPS distribution. Using this
calibration curve, the CPS content of the original OMV sample can be calculated
extrapolating the concentration value at zero addition.

The CPS content determined using MEKC-UV and expressed as CPS/OMV
total proteins ratio for more than 20 OMV lots resulted always lower than 5 %.

Alternatively, MenB CPS can be determined applying different strategy: acidic
hydrolysis of CPS to SA units and quantification via HPAEC-PAD chromatogra-
phy, using conditions suitable for monosaccharide separation.

Figure 6.22 presents the HPAC-PAD elution pattern of an OMV-bulk sample
after hydrolysis. Apart from the SA peak, other monosaccharides released from
chemical hydrolysis of the sample and present in the chromatogram were identified
by use of the appropriate purified standards run under the same chromatographic

Fig. 6.20 MEKC-UV electropherograms of OMV (middle trace, blue), purified MenB CPS
(bottom trace, green), and OMV + MenB CPS (top trace, black)
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conditions: KDO, from the LPS inner core, glucose and fructose mainly as com-
ponents of the sucrose added as stabilizer, and glucose from OMV glycosylations.
Fucose was added as internal standard.

With the HPAEC-PAD quantification method, the CPS/protein ratio was
determined to be in the range of 2–6 %, in line with the MECK-UV results.

Since an additional source of SA can be sialylated LPS in OMVs, the SA
released by a chemical hydrolysis approach accounts for both CPS and LPS.
Hydrolysis by enzymatic means, utilizing different neuraminidases, can alterna-
tively break any SA linkage α(2 → 3, 6, 8, 9), or selectively only the α(2 → 3, 6),
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Fig. 6.21 Upper panel superimposed electropherograms of an OMV bulk sample spiked with
different CA standard amounts; lower panel example of resulting standard curve
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related to LPS, allowing to determine the CPS contribution of SA. The contribution
to SA by LPS evaluated by the enzymatic approach was found to be negligible with
respect to that deriving from CPS.

Potentially other components of the bacterium could be included in OMVs
during the vesicle budding process. Further characterization was mainly focused on
those molecules that could induce endotoxin-like actions, i.e., stimulating a com-
plex intracellular signaling pathway that leads to the production of inflammatory
cytokines, such as IL-6, IL-1, and TNF (McDonald et al. 2005).

One set of studies was aimed to verify the presence of the bacterial peptido-
glycan (PGN) in OMV of N. meningitidis group B bulk samples. PGN is composed
of carbohydrate chains of β-(1 → 4)-linked, N-acetylglucosamine and N-acety-
lmuramic acid, cross-linked by short peptide chains (Vollmer et al. 2008), as
schematically reported in Fig. 6.23.

PGN presence was evaluated through the identification by GC of a specific and
univocal component of PGN, monosaccharide N-acetyl-muramic acid, whose
structure is presented in Fig. 6.23.

Monosaccharides from OMV bulk samples were analyzed by GC as acetylated
O-methyl glycosides. Because of the presence of 3 % sucrose in the matrix, samples
were ultrafiltered to reduce the sucrose content, then derivatized with methanolic
HCl and a successive extraction with n-hexane allowed to remove the lipid com-
ponents as FAME (Fatty Acid Methyl Esters).

The methanolic polar phase, containing the OMV monosaccharides as acetylated
O-methyl-glycosides, was analyzed by GC with mass spectrometric detection
equipped with a positive electron ionization mode source to allow univocal com-
ponents identification through retention time comparison with standards and mass
fragmentation pattern of the monosaccharides.

Figure 6.24 reports a representative GC-MS profile for OMV bulk in relation to
its monosaccharide content. The acetylated O-methyl glycoside profile obtained
confirmed the presence of monosaccharides belonging to the lipooligosaccharide
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Fig. 6.22 HPAC-PAD elution profile of OMV after chemical hydrolysis
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structure: Gal, GlcN, Hep, Kdo, sialic acid. The latter can either derive from li-
pooligosaccharide or capsular polysaccharide (Pavliak et al. 1993) since it is a
constituent of both structures. The predominance of glucose originates from sucrose
(contained in 3 % as stabilizer) that was not entirely removed by ultrafiltration.

No traces of muramic acid (Mur) were detected in the saccharidic pattern of
OMV. To confirm these results, Fig. 6.25 presents a comparison of the standard
Mur elution (19.5 min, black trace) with the Mur spiked OMV sample (red trace),
and the OMV sample without spike (blue trace). In the OMV sample without spike,
no peaks corresponding to Mur were identified.

Fig. 6.23 Schematic representation of bacterial peptidoglycan, left side, and structure of NAM N-
acetyl-muramic acid (2-N-acetyl-3-O-lactyl-glucosamine), right side

Fig. 6.24 GC-MS chromatogram (enlarged) of acetylated O-methyl glycosides of OMV bulk.
Glucose comes from remaining traces of sucrose in the sample
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To increase sensitivity, a split of 1:50 was also used for OMV sample injection
(green trace). The split allows a part of the sample injected by the syringe to be
vaporized and escape through the split vent. A split ratio 1:100 (as normally used
for the presented analyses) indicates that 100 parts are injected and 1 part goes to
the column. A twofold quantity of sample is analyzed by split 1:50. The absence of
Mur was confirmed also in this case.

The analysis was repeated on four lots. In all cases, no N-acetyl muramic acid
was detected by the comparison of OMV sample w/o spike of the target Mur
monosaccharide.

6.3.5 Overall Conclusions

The concentrated MenB OMV vaccine/vaccine intermediate is a stable colloidal
suspension that consists of vesicles preserving the subcapsular cell surface com-
position of N. meningitidis serogroup B.

Due to the complex structure and presence of several antigenic components, the
OMV particles present several analytical challenges. Here, we have described most
of the classical and novel analytical methods required to characterize the OMV
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particles at a structural and molecular level. Chemical composition and quantity of
the single constituents are necessary but not sufficient for a complete character-
ization of OMV as a vaccine antigen. A comprehensive dimensional and mor-
phologic characterization of the OMV particles can be obtained only by applying a
number of analytical methods that target different properties of sizing and
appearance. DLS, EM, and SE-HPLC represent complementary methodologies to
detect vesicle degradation in forced degradation studies.

The OMV protein pattern is quantitatively dominated by OMPs like PorA and
PorB porins. PorA is considered the immunodominant constituent of OMV in
infants, but additional proteins may contribute to the immunogenic effect. The
identity and relative amount of the main protein antigens in the OMV bulk are
classically determined by the analysis of specific OMPs by SDS-PAGE with
Coomassie Brilliant Blue staining and WB. In order to achieve a more compre-
hensive characterization of the OMV protein pattern mass spectrometric technol-
ogies are currently being developed. Mass spectrometry has been proven to be
capable of simultaneously identifying and quantifying proteins out of complex
mixtures and is ideally suitable for the OMV proteome.

LPS presence in OMV is monitored at bulk release both as total quantity and as
bioavailable LPS. In addition to the physicochemical release test method by RP-
HPLC specific for the MenB LPS quantification, an orthogonal GC-FID method has
been developed to confirm LPS quantification results and to obtain a more com-
prehensive view of the OMV lipid pattern.

Presence of additional potential immunogenic OMV components was evaluated
in addition to OMPs and LPS. The focus was on components that could have an
impact on the safety and potency of the vaccine. The absence of significant
quantities of PGN was verified. In addition, orthogonal methods for the monitoring
of CPS were demonstrated to give consistent and reliable results.

6.4 Cholera Vaccine: Cholera Toxin B Subunit Derived
Vaccine

6.4.1 Introduction

V. cholerae is a Gram-negative bacterium and the causative agent of cholera.
Cholera is one of the dreaded epidemic and pandemic diseases. The disease has the
unusual ability to spread rapidly to large numbers of people, to spread interna-
tionally and to kill a high proportion of those affected (WHO Cholera: global
surveillance summary 2008; Bishop and Camilli 2011). Cholera is a rapidly
dehydrating, watery diarrheal disease caused by intestinal infection with the bac-
terium V. cholerae, mainly of serogroup O1 that produces cholera toxins (CT). The
division of V. cholera into O serogroups is based on its major surface antigen, the
heat stable endotoxin. The endotoxin is a LPS, where the lipid portion of the
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molecule is embedded in the cell wall and polysaccharide extends out from the
surface of bacteria (Bishop and Camilli 2011). The classical biotype predominated
up until the current pandemic, when the El Tor biotype surfaced and has since
entirely replaced the classical biotype. Both the classical and O1 El Tor biotypes
consist of two O1 serotypes: Ogawa and Inaba. A new serogroup, O139 was
reported to be causing significant cholera-like disease in India and Bangladesh in
1992 (Ramamurthy et al. 1993; Cholera Working Group ICDDR, Bangladesh 1993;
WHO 1991; 2000; Sack et al. 2004). Serogroup O139 appears to have arisen from
O1 El Tor by the acquisition of a new LPS and capsule-encoding locus (Waldor and
Mekalanos 1994). In fact, outside of the LPS locus, O139 shares the majority of
traits with O1 El Tor. Although both serogroups O1 and O 139 can elicit serum
antitoxin responses, infection with one serogroup has not been shown offer cross
protection against the other (Albert et al. 1994). By contrast, the O1 El Tor and
classical biotypes, despite having identical O-antigen loci, exhibit many genotypic
and phenotypic differences.

V. cholerae survives passage through the stomach and colonizes the epithelial
surface of the small intestine. V. cholerae uses adhesion factors, some of which may
remain to be elucidated, that include: O1 LPS (Chitnis et al. 1982); GlcNAc-
binding protein (GbpA) (Kirn et al. 2005); a protein (TcpF) secreted by the toxin
coregulated pilus (TCP) biogenesis apparatus (Kirn and Taylor 2005); outer
membrane protein OmpU (Sperandio et al. 1995); and CT, although this has only
been implicated in an adult rabbit model (Pierce et al. 1985). TCP facilitates inter
bacterial interactions that are important for colonization (Taylor et al. 1987; Her-
rington et al. 1988; Asaduzzaman et al. 2004). An effective cholera vaccine could
prevent colonization by inducing the production of antibodies that directly neu-
tralize the function of key colonization factors and/or facilitate phagocytosis and
killing through bacterial opsonization (Bishop and Camilli 2011).

6.4.2 Cholera Vaccines

The following oral cholera vaccines are licensed and available without and with
rCTB:

1. Killed Whole Cell (WC) of V. cholerae O1 (classical and El Tor, Inaba and
Ogawa) plus recombinant CT B (rCTB*) subunit vaccines—Dukoral™.

2. Killed WC (Modified WC-only) of V. cholerae (serogroups O1 classical and
E1-Tor; possibly O139) and no clinical evaluation to date. This vaccine is
formulated without rCTB vaccines—Shanchol™ or mORCVAX.

3. Killed Whole Cell-only of V. cholerae (serogroups O1 classical and E1-Tor;
possibly O139) and no clinical evaluation to date—ORC-Vax™.

In this chapter section, we focus on CT derived B subunit protein (CTB) con-
taining cholera vaccines and the vaccine analytical characterization and testing
strategy for drug substance (bulk) and drug product (final product) release, stability,
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and rationale for inclusion of recombinant rCTB based on guidelines for the pro-
duction and control of inactivated oral cholera vaccines (WHO requirements as
adopted in 2001; Annex 3, Guidelines for the production and control of inactivated
oral cholera vaccines, WHO Technical Report, Series No. 924, 2004).

More details on licensed and in-use whole-cell inactivated and live-attenuated
cholera vaccines can be found in Chap. 5 in this book.

6.4.3 Dukoral™

Dukoral was developed in Sweden and first licensed in 1991 and is currently
produced by Crucell. It is licensed in >60 countries, primarily as a vaccine for
travelers to cholera-endemic areas. However, it has also been used in crisis situa-
tions in Indonesia, Sudan, and Uganda, and in a demonstration project in an
endemic area of Mozambique. Dukoral is a monovalent vaccine based on formalin
and heat-killed WCs of V. cholerae O1 (classical and El Tor, Inaba and Ogawa)
plus rCTB subunit (see Package Insert and also Chap. 5 of this book). The B
subunit of CT was originally produced chemically (WC-BS) but is now produced
by recombinant technology (WC-rBS). B subunit and recombinant B subunit are
identical in terms of immune response (Jertborn et al. 1992; Sanchez and Holmgren
1989). To protect the CT B subunit from being destroyed by gastric acid, the
vaccine should be given with a bicarbonate buffer (Clemens et al. 1986). The
vaccine is provided in 3-ml vials together with the bicarbonate buffer (effervescent
granules in sachets). Vaccine and buffer are mixed in 150 ml of water for persons
aged >5 years and in 75 ml of water for children aged 2–5 years (Crucell Product
Package Insert and Chap. 5).

6.4.4 Rational for Inclusion of Cholera Toxin B Subunit
(CTB) in the Vaccine

Cholera toxin is an oligomeric protein complex secreted by the bacterium V.
cholerae and is the pathogenic agent responsible for the symptoms of cholera. The
holotoxin, like many other bacterial toxins, is built up from two subunits A and B.
The A-subunit, itself built up by two peptides A1 and A2, exerts the toxic enzy-
matic activity of the toxin. The B-subunit, in the form of a homopentamer, binds the
toxin heterohexamer to GM1 ganglioside receptors on mammalian cell surfaces and
facilitates entrance of the A subunit into the cell but has no toxic effect in itself. The
A subunit bears the ADP-ribosyl-transferase activity, which deregulates the G
protein causing activation of adenylate cyclase. The B subunit alone is considered
nontoxic. In vitro, CT B subunit (CTB) is an efficient mucosal adjuvant and carrier
molecule for the generation of mucosal antibody responses and/or induction of
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systemic T-cell tolerance to linked antigens. Due to the ubiquitous occurrence of the
GM1 ganglioside receptor on eukaryotic cell membranes, CTB can be used in a
wide variety of model systems. CTB is also used for tract tracing in neurological
research, taking advantage of its high affinity to GM1 gangliosides and retrograde
transport (Tayot et al. 1981; Spangler 1992; Merritt et al. 1994, 1998).

The vaccine contains whole-cell bacteria to create an antibacterial response and
the B subunit of CT to create an antitoxin response. A majority of the antibodies
against CT, obtained either after natural disease or immunization, is directed against
the B-subunit. Also, because most part of the A-subunit is embedded within the
ring-formed homopentameric structure of the B-subunit (see Fig. 6.1), antibodies
against the A subunit, even if they were induced, would have little effect on the
neutralization of the toxin. Using the B-subunit alone instead of the whole CT
molecule in the oral cholera vaccine will thus not noticeably reduce the neutralizing
immune response (EMA 2005). The B subunit exists as a homopentamer sur-
rounding the toxic A subunit (CTA) (Merritt et al. 1994, 1998; Dakterzada et al.
2012). A response to the B subunit will also neutralize the toxic effect of the CTA
(Merritt et al. 1998). This is the rationale for inclusion of CTB in the vaccine. The
current vaccine (Dukoral™) formulation contains recombinant XT B subunit
(rCTB) (Fig. 6.26).

Fig. 6.26 X-ray diffraction structure of Cholera Toxin B-pentamer complexed with GM1
Pentasaccharide ganglioside receptors on mammalian cell surfaces and facilitates entrance of the A
subunit into the cell (The 1.25 Å resolution). Figure adopted from reference Merritt et al. (1998).
Printed with permission of NCBI NIH http://www.ncbi.nlm.nih.gov/Structure/mmdb/mmdbsrv.
cgi?uid=8325
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6.4.5 Cholera Vaccine Product Development

The vaccine is formulated as an oral suspension. The antigens are aseptically mixed
with PBS and filled in 3.0 ml doses (EMEA 2005, Crucell Product Package Insert).
This dose of the vaccine was chosen based on knowledge about intestinal immu-
nity, indicating that the oral route is superior to the parenteral for stimulating an
immune response in the gut (Jerborn et al. 1993). The only additive PBS was
chosen to control the pH and salt concentration, in order to improve the stability of
the antigens. Regardless of the fact that the vaccine is intended for oral adminis-
tration and it is formulated as a sterile product (see Table 6.11 for details).

A bicarbonate buffer is included in the product and is taken with the vaccine in
order to neutralize the stomach acid that otherwise destroys rCTB. The phosphate-
buffered saline (PBS) consist/ml of Sodium dihydrogen phosphate monohydrate
0.576 mg Disodium phosphate dihydrate 3.13 mg, Sodium chloride 8.5 mg and
water for injections add 1 ml (see Product Package Insert, Crucell) (Table 6.12).

Each ingredient is tested and released as per the standard methods described in
EP and these analytical methods can be found in the Pharmacopeia.

6.4.6 Drug Substances (Final Bulks)

The whole-cell bulks are produced using standard manufacturing procedures
(cGMP). A routine in-process and release test for this has been introduced. The
bacterial bulks are produced from established seed-lot systems that are controlled
by standard microbiological and biochemical methods generally used in vaccine
production WHO 1992, Annex 1 (WHO Technical Report, Series No. 822); WHO
2004 Annex 3 (WHO Technical Report, Series No. 924).

Table 6.11 The complete composition of the WC of V. cholerae O1 (classical and El Tor, Inaba
and Ogawa) plus recombinant cholera toxin B (rCTB) subunit vaccines is given

Ingredient Reference Amount Function

Recombinant CTB 1 mg Active
ingredient

Vibrio cholerae O1 Inaba classical biotype, heat
inactivated

Ph. Eur. 25 × 109

bacteria
Active
ingredient

Vibrio cholerae O1Inaba El Tor biotype,
formalin inactivated

25 × 109

bacteria
Active
ingredient

Vibrio cholera O1Ogawa classical biotype heat
inactivated

25 × 109

bacteria
Active
ingredient

Vibrio cholerae O1Ogawa classical biotype,
formalin inactivated

25 × 109

bacteria
Active
ingredient

Phosphate-buffered saline pH 7.2–7.4 Ad 3 ml Buffer
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The active substances (bulk vaccine) are

1. rCTB subunit and
2. Four whole-cell bulks;
2a. V. cholerae O1 Inaba, classical biotype, heat inactivated,
2b. V. cholerae O1 Inaba, El Tor biotype, formalin inactivated
2c. V. cholerae O1 Ogawa, classical biotype heat inactivated and
2d. V. cholerae O1 Ogawa, classical biotype, formalin inactivated.

6.4.7 Vaccine Product and Analytical Development

6.4.7.1 RCTB Bulk (Drug Substance)

Initially during the development of vaccine production native CTB was used (the
initial clinical studies) (EMEA 2005; Clemens et al. 1986; Peltola et al. 1991), and
the current vaccine contains a recombinant CTB (rCTB) (EMEA 2005; Scarpella
et al. 1995). Both molecules have been extensively characterized and shown to be
comparable and identical, except for six short peptide native CTB extensions at the
N-terminal in rCTB (EMEA 2005; WHO 2004). The rCTB is a protein of 102
amino acids containing one disulphide bridge (cys 9-cys 86). It is produced in V.
cholerae strain 213 of serotype Inaba, biotype classical with a deleted CTA gene.

6.4.7.2 Characterization of rDNA-Derived B-Subunit (RCTB)

Rigorous characterization of the rDNA-derived B-subunit product should be
undertaken using a variety of analytical techniques exploiting several different
properties of the molecule, including size, charge, and amino acid composition.

Table 6.12 The buffer sachet contains the following ingredients as specified in European
Pharmacopeia

Ingredient Reference Amount Function

Sodium hydrogen Ph. Eur. 3. 6 g Effervescentagent

Carbonate

Citric acid
anhydrous

Ph. Eur. 1.45 gm Effervescent agent

Raspberry flavor Monograph 70 mg Aroma

Saccharin sodium Ph. Eur. 30 mg Sweeting agent

Sodium carbonate Ph. Eur. 400 mg Effervescent agent

Sodium citrate Ph. Eur. 6 mg Effervescent agent

Water, purified Ph. Eur. Disappears during manufacture Granulating liquid
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Techniques suitable for such purposes include SDS-PAGE, size exclusion, and
reverse-phase chromatography. Sufficient sequence information should be obtained
by direct sequencing and by peptide mapping, or another appropriate molecular
techniques. For example, mass spectrometry, in comparison with natural CTB. The
identity of the product should be confirmed by at least partial N-terminal and C-
terminal amino acid sequencing. Several lots of the product should be as fully
characterized as possible (Annex 3, WHO 2004).

6.4.7.3 Biophysical Characterization of RCTB

Mass Spectrometry Analysis

Five or six molecular species with different molecular mass corresponding to dif-
ferent N-termini were found in MS analysis (EMEA 2005). The findings are con-
sistent with what was found in N-terminal analysis where six different N-termini
were detected, all of them extensions of the native CTB up to seven amino acids.
No truncated forms compared to native CTB were found. The results are due to the
construct of the vector and expression cassette and the variants found were the
expected, based on the construct and forms in between (EMEA 2005).

RP-HPLC Analysis

After long time storage of the rCTB under refrigerated conditions and shorter under
RT, there is a tendency of a shoulder of the peak found in the RP-HPLC which is
explained to be related to the presence of low proteolytic enzyme activity, probably
due to a type I signal peptidase. In no case has a sequence shorter than the native
CTB been seen and the protease activity has been shown to decrease in later
manufacturing batches. In view of the route of administration, the risk associated
with the peptidase activity in the formulation is negligible when administered to
humans and of no significance to the safety of the product (EMEA 2005).

MS have been used to determine the molecular weight and functional tests (GM1
binding, binding to monoclonal antibodies) have been performed. The DNA
sequence has been confirmed and it is deemed unlikely that a protein emanating
from the correct DNA sequence, with the molecular weight expected from the N-
and C-terminal analyses and reacting comparably with native CTB in functional
assays would differ from the expected structure (EMEA 2005).

Analytical methods and release specifications for rCTB bulk
rCTB bulk analytical methods and release specifications are shown in

Table 6.13.
rCTB bulk stability indicating methods and release specifications are shown in

Table 6.14.
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Table 6.13 Examples of rCTB (as a component of recombinant cholera toxin B subunit) bulk
release specifications

Critical qual-
ity attributes

Analytical method Release specification Rationale

Physical
appearance

Visual inspection Clear, colorless to
weakly yellow solu-
tion. Some particles
may occur

This test evaluates
physical appearance of
the bulk solution and
should be free of
aggregates and extrane-
ous particles

pH Potentiometry 7.0–7.6 The test measures pH
of the whole-cell bulk
suspension

Identification Ouchterlony
immunoelectrophoresis

Immunological iden-
tity with rCTB and
CTB

The test measures
immunological identity
with rCTB and CTB by
specific B subunit
antibodies

Sterility Membrane filtration
(Ph. Eur.)

Sterile The test measures ste-
rility of the rCTB drug
substance, required
before vaccine
formulation

Purity RP-HPLC <10 % unrelated
proteins

The test evaluates the
total % of unrelated
proteins in the rCTB
bulk by reverse-phase
chromatography

Purity SDS-PAGE Not more than 2
bands visible; one
major at 12 kD and
one minor if present
at 23 kD

The test measures by
electrophoresis the
presence of antigen
bands. One major band
representing rCTB and
a minor band repre-
senting high molecular
weight. It also evaluates
purity of the bulk

Purity SE-HPLC Area of pentamer
peak >90 % of inte-
grated area

Size exclusion chroma-
tography determines
area of B subunit pen-
tamer peak of rCTB
and % of integrated
area

Antigen
concentration

Mancini >1 mg rCTB/ml The test measures anti-
gen concentration as
measured by single
radial immunodiffusion

Protein
content

Kjeldahl >1 mg protein/ml The test measures pro-
tein nitrogen and

(continued)
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rCTB bulks are stored for a period of 36 months at 2–8 °C and it is substantiated
by stability data. A shoulder is seen in the main peak in RP-HPLC chromatograms
of samples stored for 6 months at 25 °C. Upon even further storage, this shoulder
may even turn into a distinct peak and could also be detected in samples stored at
5 °C. This phenomenon was not observed in samples stored at −70 °C. It was
shown that this was the result of cleavage of the longer N-terminal extra amino
acids present in rCTB into shorter extensions, due to the presence of minute
amounts of the signal peptidase I, responsible for cleavage of the signal peptide at
the N-terminal of the rCTB molecule. However, no cleavage product shorter than
native CTB has been found (EMEA 2005).

Whole-cell monovalent bacterial bulk (Drug Substance) analytical methods,
release and stability specifications are shown in Table 6.15.

Table 6.13 (continued)

Critical qual-
ity attributes

Analytical method Release specification Rationale

estimates protein con-
tent in the bulk

Antigenic
purity

Antigen content/pro-
tein content

NLT 0.8 mg rCTB/
mg protein

The test measures
absorbance at 280 and
310 nm to determine
rCTB purity. It evalu-
ates the ratio of rCTB
and protein content in
the bulk

Table 6.14 rCTB stability indicating methods and release specifications

Critical quality
attributes

Analytical method Release specification

Physical
appearance

Visual inspection Clear, colorless to weakly yellow solution.
Some particles may occur

pH Potentiometry 7.0–7.6

Sterility Membrane filtration (Ph.
Eur.)

Sterile

Purity RP-HPLC <10 % unrelated proteins

Purity SDS-PAGE Not more than 2 bands visible; one major at
12 kD and one minor if present at 23 kD

Purity SE-HPLC Area of pentamer peak >90 % of integrated
area

Antigen
concentration

Mancini >1 mg rCTB/ml

Protein
nitrogen

Kjeldahl >1 mg protein/ml

Antigen con-
tent/protein
content

Absorbance at 280 and
310 nm by
spectrophotometry

NLT 0.8 mg rCTB/mg protein
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Drug Substance Stability Indicating Methods (Whole-Cell bulks)
Whole-cell monovalent bacterial bulk (Drug Substance) stability indicating

methods, and release specifications are shown in Table 6.16.
Whole-cell bulks (heat and formalin inactivated) are stored for a period of

3 years under refrigerated conditions and it is substantiated by stability data. The
testing meets the EP and the WHO requirements (WHO 1992, Annex 1 (WHO
Technical Report, Series No. 822); WHO 2004 Annex 3 (WHO Technical Report,
Series No. 924). The other ingredient of the preparation is a PBS which constituents
and testing meet the EP requirements (Ph. Eur.).

Table 6.15 Stability indicating release specifications for monovalent bacterial bulks

Critical quality
attributes

Analytical method Release specification

Physical appearance Visual inspection Beige opalescent suspension

Sterility Ph. Eur. direct
inoculation

Sterile

Homogeneity Visual Homogeneous suspension. No visible
aggregation

Innocuity Mouse weight-gain
assay

No decrease in weight, no signs of
morbidity

pH Potentiometry 6.7–7.6

O1-LPS content Inhibition ELISA Tested and reported

Table 6.16 Release and shelf life specifications for final bulk lot

Test attribute Test method Specification

Physical appearance Visual control Beige opalescent suspension

PH Ph. Eur. 6.5–7.4

Homogeneity Visual control Homogeneous suspension

Purity Gram staining

Antigen
concentration

Only gram-negative rods

O1-LPS Inhibition
ELISA

No visible aggregation

rCTB Mancini ≥750 ELU/dose

Residual
formaldehyde

Ph. Eur. 0.8–1.2 mg/dose

Sterility Direct
inoculation

<6.7 mM

No microbial growth

Identity Slide
agglutination

Agglutination with Inaba and Ogawa specific
antibodies

Identity with B subunit (rCTB/CTB)

Ouchterlony
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Drug Product Formulation
The vaccine is formulated with the monovalent cholera bulks (see Table 6.11). As
the bacteria are inactivated, live count can for this reason not be performed. The
amount added is instead added based on the bacterial content prior to inactivation.
The PBS buffer, the monovalent bulks and the rCTB bulk is aseptically mixed and
stirred to homogeneity. Each vial is sealed with a rubber stopper and a screw cap
with a safety ring (EMEA 2005).

The vaccine production process has been appropriately validated and is sub-
stantiated by batch analysis data, which conform to the preset acceptance criteria for
including the final lot and final bulk specifications. Homogeneity of the bulk was
maintained throughout the filling process, as demonstrated by measurements of the
optical density at 600 nm of samples withdrawn during and after filling. Envi-
ronmental monitoring and media fills also showed the aseptic nature of the process.
Thus, the production process for the vaccine is shown to be suitable and to con-
sistently yield a product of the desired quality (EMEA 2005).

Final bulk lot of vaccine release analytical methods and their specifications are
shown in Table 6.16.

Final bulk lot of vaccine stability indicating analytical methods and their spec-
ifications are shown in Table 6.17.

Whole-cell (killed) rCTB finished product release analytical methods and their
specifications are shown in Table 6.18.

As per WHO guidelines for the production and control of inactivated oral
cholera vaccines (Annex 3, WHO 2004), analytical methods should be appropri-
ately validated.

Table 6.17 Release and shelf life specifications for final lot

Test
attribute

Test method Specification

Sterility Ph. Eur. direct
inoculation

No microbial growth

Identity Slide agglutination Agglutination with Inaba and Ogawa specific
antibodies

Ouchterlony Identity with B subunit (rCTB/CTB)

Table 6.18 Release and shelf life specifications for WCK-rCTB finished product

Test
attribute

Test method Specification

Identity Slide
agglutination

Agglutination with Inaba and Ogawa specific
antibodies

Control of
labeling

Visual inspection Labeling in accordance with specifications
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6.4.8 Potency/Immunogenicity

At present, there is no animal potency or immunogenicity assay that can be rec-
ommended for use as a reliable indicator of the protective efficacy of inactivated
oral cholera vaccine in humans or for the detection of subpotent batches. There is as
yet no internationally accepted direct method for measuring the potencies of such
oral products that guarantees that protective immunity will be elicited in the target
population. At present, there is no animal model that can meaningfully be used to
measure or predict the potency of these vaccines in humans (Annex 3, WHO 2004).
Tables 6.7, 6.8 and 6.9 shows release and shelf life analytical methods for final bulk
lots.

6.4.9 General Toxicity Assay

The mouse weight-gain assay in the testing of the cholera whole-cell bulks is aimed
at indicating general toxicity as extra precaution in addition to the abnormal toxicity
test according to Ph. Eur. This is due to the lack of a meaningful animal model for
toxicity testing of oral killed whole-cell cholera vaccine. The assay has, however,
not been validated for the purpose of detecting residual CT in the routine testing of
the bulks or at the finished product stage which is required according to the WHO
requirements. Therefore, the manufacturer has introduced a properly validated GM1
ELISA for routine testing of bulks for the detection of residual CT (EMEA 2005;
Annex 3, WHO 2004).

6.4.10 Conclusion

CT is a multifunctional protein that is quite remarkable in many respects. CT was
initially thought to be another enterotoxic protein that caused the life-threatening
symptoms of cholera, however, numerous studies showed that CT possessed many
unique features. Besides its unique structure, mode of intracellular trafficking, and
ADP-ribosyltransferase activity. CTB possesses a multifaceted character with
regard to functionality. The major contribution of this unique toxin has been in the
field of Immunology, functioning as an effective immunogen, adjuvant, or an
immunomodulator and holding promise in the area of therapeutics against various
types of autoimmune diseases. Moreover, this toxin has a remarkable property for
downregulating inflammatory reactions. The molecular mechanisms of its action
could open avenues toward development and design of new anti-inflammatory
agents for modulating various immune disorders in the foreseeable future (Merritt
et al. 1998).
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The currently licensed WCK-CTB vaccine has a higher efficacy in children <6
years of age (see Chap. 5 in this book). This vaccine is also considered disad-
vantageous in terms of high cost and need for cold chain distribution, and leaving
room for an improved cholera vaccine for use in developing countries (Lopez et al.
2008; Cumberland 2009). In contrast, WCK without CTB vaccine produced
affordably in Vietnam and technology transferred to Shantha Biotechnics (Shan-
chol, Sanofi Pasteur India) to produce and market internationally (Thiem et al.
2006; Anh at el. 2007; Mahalanabis et al. 2008). This vaccine is similar to Dukoral,
except that the formalin-killed classical Ogawa strain Cairo 50 was replaced with
strain 569B, in order to increase the amount of the putatively protective TcpA
antigen, which is more efficiently expressed by strain 569B (Trach et al. 1997). Two
doses of the Vietnam vaccine were shown to be safe, immunogenic, and 66 %
protective 8–10 months after immunization for children 1–5 years of age and for
older vaccines (Trach et al. 1997).

Though an affordable oral cholera vaccine (WCK without rCTB) has been
developed by collaborative efforts from vaccine manufacturers (Vietnam, Shantha
Biotechnics, India) and WHO for use in endemic regions, the current challenge for
improvement of cholera vaccines during the coming years is the most effective
protection of children in developing countries. Children are the most at risk from
cholera due to a lack of preexisting immunity (Benenson et al. 1968a, b, c; Mosley
et al. 1968; Deen et al. 2008), and a poor vibriocidal response has been observed for
children to V. cholera vaccines or natural infection (Deen et al. 2008).

There are number of studies that are in progress to develop cholera vaccines with
better characteristics of cross-serogroup protection, protection of children, and
longer term protective memory (Bishop and Camilli 2011). A number of protein
antigen candidates have been investigated using LPS-protein conjugates, outer
membrane proteins (OMP), and adsorbed with LPS (Sengupta et al. 1992). Prior
studies have shown the presence of anti-El Tor TcpA antibodies in pooled human
serum and anti-TcpA seroconversion for 93 % of patients in Bangladesh (Hang
et al. 2003; Larocque et al. 2008) and anti-TcpA responses have now been corre-
lated with protection. In vivo-induced antigen technology has also been used to find
immunogenic V. cholerae proteins expressed in vivo, including the type IV pilus
proteins TcpA and PilA (Hang et al. 2003). The V. cholerae hemolysin HlyA
generates a particularly robust and long-term memory T-cell response, making it a
potentially useful immunogen that has not yet been extensively investigated (Weil
et al. 2009). Proteomics of stool bacteria, although not yet carried out in a quan-
titative manner, may reveal insights into antigens expressed in the ‘hyperinfectious’
state that may also yield candidate protein antigens for inclusion in future cholera
vaccines (Larocque et al. 2008). The WHO has issued an updated recommendation
that states that vaccination should be used to help control of endemic and epidemic
cholera. The availability of an affordable and a safe, feasibly delivered, effective
oral vaccine that can be used in resource-limited regions, together with a new
pipeline candidate vaccines that may be available in single-dose regimens and long-
term protection in children and adults in the future to help fight cholera (WHO
2010; Shin et al. 2011).
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Recent insights into correlates of protection, epidemiology and pathogenesis, as
well as well characterization of biological vaccine with advance analytical methods,
quality and consistent manufacturing may help us design improved vaccines.

6.5 Anthrax Protective Antigen

6.5.1 Introduction to Biodefense Vaccines

Recently, a weapons of mass destruction advisory panel reported to the United
States congress that biological agents and not nuclear weapons represent the most
significant world threat (A report of the National Biodefense Science Board 2010).
Vaccines intended for prophylaxis against potential biological warfare threats
(biothreats) require special care and procedures because their effectiveness cannot
be tested in human challenge studies. They also entail added safety risk and pre-
cautions due to handling of the dangerous infectious microbes they target, essential
to confirming efficacy in animal models that predict effectiveness in humans.
Alternatively, it is difficult to conduct human efficacy clinical trials for new or
existing medical countermeasure (MCM) against natural zoonotic infection, such as
tularemia, plague, or viral equine encephalitis, because such outbreaks are unpre-
dictable and entail geographical challenges. Instead, licensure in the United States
for these MCMs will only be possible using the “Animal Rule” of the FDA, which
allows for a demonstration of efficacy in one or more well-characterized animal
models which are demonstrated to be relevant to both the disease and its proposed
prophylaxis or treatment in humans (Wolfe et al. 2013).

6.5.2 Animal Rule

Vaccine development and ultimate licensure of a Biodefense (BD), countermeasure
vaccine is different than that followed for non-BD vaccines. The FDA’s Animal
Rule was promulgated a decade ago to address the dilemma of not being able to
conduct human efficacy trials for biothreats, and its application is based on dem-
onstration in at least two mammal species with evidence of relevance to humans in
disease pathology and physiologic/immunological mechanisms of protection (21
CFR 601, 21 CFR 314, FDA 2002 and Also see recent comment periods Federal
Register 2009, 2014). This does not mean that studies in two animals is sufficient
for a BLA, and may require more, depending on current understanding of the
disease and treatment. Thus, testing under the Animal Rule serves as a surrogate for
human clinical efficacy studies. Effectiveness must be tested in relevant models and
using live, virulent agent. For biothreats of highest military/homeland security
concern, the treatment must be protective against organism delivered via the aerosol
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mode of exposure. The Animal Rule applies to any new drug designed against
biothreats, including vaccines being developed for general use prophylaxis or
postexposure prophylaxis, and therapeutics. To clarify some misconceptions, the
FDA Animal Rule is not a fast track or accelerated route to licensure, and its
purpose is for development of a product for human use, not animal protection. New
BD vaccine products still encounter the conventional challenges of a new biological
product development, including documentation of methods suitable to define
product composition, in process control, release, stability, formulation, safety, and
administration. Due to the requirement for demonstrating efficacy against virulent
agent, a layer of complexity is added to the standard requirements and for devel-
opment and validation of analytical methods for any new drug entity. In particular,
nonclinical animal studies for potency require that scientists, technicians and
operators to maintain top secret security clearance and work within specially
designed, licensed, and monitored biological containment facilities. Within these
constraints, a candidate must have robust institution sponsorship and programmatic
funding to navigate a long and expensive path to a narrow market. Such costs and
risks are a principal disincentive to the development of BD vaccine products by
industry (Lang and Wood 1999). In response, government agencies have provided
the means and funding to help offset these risks and help drive innovation in an
effort to supply stockpiles needed for emergency response to biothreats (Matheny
et al. 2007).

6.5.3 Anthrax Background

One of several microbial candidates believed to pose great risk as a potential
biological weapons threat is the bacterium B. anthracis, the cause of the infection
anthrax (Wistreich 2001). Anthrax is of particular concern because the infection can
occur via inhalation and the etiological agent (spores) is resistant to extreme
environmental conditions and so can be weaponized. Awareness, responsiveness,
and development of medical countermeasures begun during the Gulf War of the
early 1990s (Desert Storm) accelerated after the September 2001 adulteration of the
US mail with Anthrax spores. Since then, the United States government has initi-
ated a program to increase awareness, and has established a strategic plan and
system for the detection and response to bioterrorist attacks (Wistreich 2001).
Humans contract anthrax almost exclusively from contact with, ingestion of, or
inhalation of B. anthracis spores. Cutaneous anthrax results from a break in the skin
and has a mortality rate of about 20 % in untreated cases. Incubation is usually
2–3 days, although it can occur within 12 h and as late as 2 weeks. A small papule
appears, followed by a surrounding ring of vesicles about 24 h later. The lesions
ulcerate and become black and edematous. In pulmonary anthrax, inhaled spores
are carried by macrophages from the lungs to adjacent lymph nodes. The spores
germinate, multiply, and cause septicemia. Primary inflammation of the lungs
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(pneumonia) may not be detectable (Leppla 2002). Clinical presentation progresses
much faster (1–7 days) and mortality is high without immediate antibiotic treatment
or prior prophylaxis.

6.5.4 Evolution of the Anthrax Vaccine, Anthrax Vaccine
Adsorbed

The existing or first generation anthrax vaccine, called Anthrax Vaccine Adsorbed
(AVA), originated with studies performed in the 1950s and was first licensed for
use in humans in 1970. AVA is produced from culture filtrates of an avirulent,
nonencapsulated mutant of the B. anthracis Vollum Strain known as V770-NP1-R.
AVA, which does not contain B. anthracis cells or spores, is a mix of cellular
products and contains all three toxic components of lethal factor (LF), edema factor
(EF), and protective antigen (PA). However, PA is the principal protein ingredient
and primary immune-protective component of AVA (Morb and Mort Weekly
Report 2000). The vaccine is now manufactured by Emergent BioSolutions, Inc.,
USA under the label of BioThrax® AVA (BioThrax® Package Insert—Anthrax
Vaccine Adsorbed). To date, more than 11.6 million doses of BioThrax® (Anthrax
Vaccine Adsorbed) have been administered to more than 2.9 million individuals.
BioThrax® is indicated for the active immunization of individuals between 18 and
65 years of age at high risk of exposure to anthrax. BioThrax® is not licensed for
use in a postexposure setting. The safety and efficacy of BioThrax® have not been
established in pregnant women, nursing mothers, pediatric populations, or geriatric
populations (BioThrax® Package Insert—Anthrax Vaccine Adsorbed).

BioThrax® is a sterile, milky-white suspension for intramuscular injections made
from cell-free filtrates of microaerophilic cultures of an avirulent, nonencapsulated
strain of B. anthracis. The production cultures are grown in a chemically defined
protein-free medium consisting of a mixture of amino acids, vitamins, inorganic
salts and sugars. The final product, prepared from the sterile filtrate culture fluid
contains protein, including the PA protein, released during the growth period, and
contains no dead or live bacteria. The final product is formulated to contain 1.2 mg/
mL aluminum, added as aluminum hydroxide in 0.85 % sodium chloride. The
authors note that elemental aluminum varies among anthrax vaccines, ranging
0.6–2.4 mg/mL in vaccines described below. The final product is formulated to
contain 25 µg/mL benzethonium chloride and 100 µg/mL formaldehyde, and added
as preservatives (FDA 2012). The Final Drug Product also contains amino acids,
vitamins, inorganic salts and sugars (CDC 2012). Some early lots of AVA appeared
to contain small amounts of LF and lesser amounts of EF, as determined by
induction of antibody responses in the animals, although this has not been reported
in human vaccines. No detectable EF was found by Western blotting analysis.
ELISA studies found LF to be present in the range of 10–30 ng/mL of fermentation
filtrate before aluminum hydroxide adsorption (Joellenbeck et al. 2002). Mouse
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macrophage cytotoxicity assay showed that LF is present in a biologically inactive
form. Although it is clear that PA by itself is an effective immunogen, it is unknown
whether the small amounts of LF or EF that may be present in some lots of the
vaccine contribute to protective efficacy (Plotkin et al. 2008).

An FDA approved potency assay for BioThrax® measures survival of vaccinated
guinea pigs that are challenged with *500 LD50 of Vollum 1B strain spores
injected via intradermal route on the side of the abdomen opposite the vaccination
site. Assay details can be found in Gu et al. (2007).

The vaccine is stored at 2–8 °C and is stable for 3 years after a successful potency
test results. This vaccine is administered under the skin (subcutaneous, s.c.), rather
than directly into the muscle (intramuscular, i.m.). Since subcutaneous administra-
tion may be partly responsible for the high number of observed local side effects
“(temporary soreness, redness, swelling, itching, and lumps at the injection site in
30 % of male recipients and 60 % of female recipients),” the CDC and collaborators
are conducting a human clinical trial of BioThrax® to compare reactogenicity and
immunogenicity via the s.c. and i.m. routes of administration. Following the study,
the sponsor will present the entire results of the trial to FDA for consideration in
elimination of additional doses from the licensed BioThrax® schedule. The sponsor
will also supplement clinical data with results from parallel nonhuman primate
(NHP) challenge studies plus additional research on immunologic correlates of
protection (CDC).

6.5.5 Other Anthrax Licensed Vaccines

The Center for Applied Microbiological Research (Porton Down Salisbury, Wilt-
shire, UK) developed a similar Anthrax vaccine precipitated by the sterile cell-free
culture filtrate of a derivative of the attenuated, unencapsulated Stern stain 34F2
with aluminum potassium sulfate (Hambleton et al. 1984). This vaccine was first
administered to humans in the early 1950s and licensed in 1979 (Plotkin et al.
2008). The vaccine contains thimerosal as a preservative. The method to test thi-
merosal is discussed elsewhere in the chapter (Shrivastaw and Singh 1995a, b). The
UK vaccine is administered intramuscular in a regimen of three 0.5 mL doses at 0,
3, and 6 weeks, with a booster dose 6 months after the third dose. Subsequent
booster doses are given annually (Turnbull 1991).

A vaccine consisting of a suspension of live spores (similar to Stern strains),
named STI-1 for the Sanitary-Technical Institution, has been used for humans in the
Soviet Union and its subsequent independent republics since 1953. This vaccine,
manufactured by Tblisi Scientific Research Institute of Vaccines and serums (Tblisi,
Georgia), the Institute of Microbiology [Kirov (Viatka), Russia Federation], is
given by scarification through a 10- to 20-mcL drop of vaccine containing 1.3 to
4 × 108 spores or subcutaneously. The initial dose is followed by a second dose
21 days later, with yearly booster (Plotkin et al. 2008). The Lanzhou Institute of
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Biological Products (Lanzhou, Gansu, People’s Republic of China) produced in the
1960s another live spore human vaccine given by scarification. This vaccine is
based on avirulent strain A16R and a single dose contains 1.6 to 2.4 × 108 colony-
forming units. A single booster dose is given 6–12 months after the first vaccination
(Plotkin et al. 2008).

In the USA, the principal purchasers of the vaccine are the Department of
Defense and the Department of Health and Human Services. Ten million doses of
AVA have been purchased for the US Strategic National Stockpile for use in the
event of a mass bioterrorist attack, used primarily for immunization of troops and
defense contractors. However, due to the lengths of time to reach full immunity
(18 months for the primary series of 3–6 doses), known reactogenicity, a record of
adverse events, and governmental funding for discovery research and product
development, there has been renewed interest and effort for the development of an
improved anthrax vaccine.

It has been suggested that other antigens in addition to PA would confer
improved protection, including those from the spore surface, the vegetative cell
capsule and S-layer, as well as LF and ET toxin components (Cote et al. 2012; Kaur
and Bhatnagar 2011; Friedlander and Little 2009). These approaches are still early
in development. However, as supported by an abundance of basic information plus
preclinical and clinical data, the next vaccine after AVA (second generation) will
likely be a liquid formulation of rPA combined with an aluminum salt adjuvant.
The remainder of this section focuses on the analysis of human anthrax vaccines,
including both recombinant PA (rPA) subunit vaccines, as the leading second-
generation candidate product form under development, and AVA (BioThrax) for
which solutions to efficacy and potency have been pioneered. The current approach
from funding agencies and regulatory bodies is that the new rPA vaccines are
noninferior to BioThrax.

6.5.6 Pathophysiology and the PA Subunit Approach

Anthrax disease is caused by the gram-positive spore-forming bacterium B. an-
thracis. It is the only member of the genus Bacillus capable of causing lethal
epidemic disease in humans and other mammals, though closely related B. cereus
and B. thuringiensis species cause human gastroenteritis outbreaks and nosocomial
pseudoepidemics (Al-Abir et al. 2011; Jackson et al. 1995). The anthrax toxin is a
binary exotoxin comprised from three protein modules: PA functions as a trans-
porter after biding to either lethal factor, forming lethal toxin (LeTx), or to edema
factor, forming edema factor (EdTx). Once internalized, LF causes macrophage
lysis, immune-system suppression, and death (Agrawal 2004; Friedlander 1986).
As a calmodulin-dependent adenylate cyclase, EF stimulates production of the
secondary messenger 3′-5′-cyclic adenosine monophosphate (cAMP), contributing
to the establishment of infection and anthrax pathophysiology (Liu et al. 2013).
Being central to both LeTx and EdTx holotoxins, PA is so named because by itself
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it can induce antibodies that protect against both LeTx and EdTx and confer pro-
tective immunity against the disease.

PA is a 735 amino acid protein (82,684 kDa), also known as PA83. PA83 binds
to a cell surface receptor, where it is cleaved by a furin-like protease, to yield an
active 63 kDa fragment (PA63) and an N-terminal 20 kDa fragment (PA20) of
unknown function (Hammamieh et al. 2008). Cleavage is essential for toxin action,
as PA harboring mutations in the furin cleavage site is completely nontoxic to
murine macrophages and devoid of pathogenic effects in vivo in sensitive mice
when reconstituted with LF (Brey 2005). Current understanding models effector-
bound PA63 holotoxin as an octomer (e.g., PA8LF4), which is endocytosed and
then translocates effector (e.g., LF) into the acidified endosome (Feld et al. 2010).
Although the key targets LT and ET causing host lethality are still unknown, it is
believed that pathophysiology results from their coordinately damage to two dis-
tinct vital systems composed of myeloid cells and hepatocytes (Liu et al. 2013; Cote
et al. 2011). As PA is essential to the function of both toxins and anthrax patho-
physiology, PA is the proposed primary immunogen for an improved human
anthrax vaccine against the biothreat posed by B. anthracis spores.

The subunit PA anthrax vaccine has been shown in numerous animal studies to
confer protective immunity against lethal aerosol challenge (Little et al. 2006, 2007;
Williamson et al. 2005; Laird et al. 2004). A variety of adjuvants have been shown
to be effective for inducing protective immunity of PA formulations in animal spore
challenge studies, including aluminum salts, Saponin Monophsophoryl lipid A, and
spore antigens (Ivins et al. 1998; Berthold et al. 2005; Cote et al. 2012; Peachman
et al. 2012). Nevertheless, the aluminum hydroxide salts of alum (aluminum
hydroxide gel) or Alhydrogel® (aluminum oxyhydroxide gel) are the adjuvants
used in the currently licensed vaccine and the leading second-generation anthrax
vaccine candidate products. While the choice of these formulations is based on
ample prior testing and evidence, the deposition of a protein antigen active ingre-
dient onto an aluminum salt presents challenges for the design and use of stability
methods, as is discussed further below.

6.5.7 Recombinant PA (RPA)

The first rPA was expressed in, and purified from, the supernatant of a nonsporo-
genic, avirulent B. anthracis strain (Ivins et al. 1995, 1998; Farchaus et al. 1998).
Substantial effort was given to reducing fragments observed as a major source of
impurities (Rhie et al. 2005; Jendrek et al. 2003; Ramirez et al. 2002; Miller et al.
1998). Other popular derivations express and produce rPA in E. coli (Brown et al.
2010; Laird et al. 2004; Gwinn et al. 2006; Williamson et al. 2005), as pioneered by
demonstration of unusually pure rPA protein from inclusion bodies (Gupta et al.
1999). In one of these processes, soluble rPA is expressed in relatively high
amounts in the periplasm of E. coli from shake flasks and bioreactors and purified
using Q-Sepharose-HP and hydroxyapatite chromatography, and routinely found to

252 S.-M. Lee et al.



be 96–98 % pure. Yields of purified PA varied depending on the method of pro-
duction; however, medium cell density fermentations resulted in approximately
370 mg/L of highly pure biologically active PA protein. These results exhibit the
ability to generate gram quantities of PA from E. coli.

Following is a discussion of the analytical approaches used in the development
of rPA anthrax vaccines. Some of these methods have translated for use as release
assays.

6.5.8 Analysis of the Recombinant Anthrax Protective
Antigen

6.5.8.1 Animal Survival Models and Protective Immunity

Protective immunity is accessed via animal survival studies against an aerosol
challenge of B. anthracis spores. A number of animal models have been used
including mice, guinea pig, rabbit, and up to NHP models. An FDA advisory
meeting report has indicted that both the NHP and the New Zealand white (NZW)
rabbit are considered animal models of choice to generate pivotal animal survival
data for assessing the efficacy of a PA-based vaccine (FDA 2010). Animals are
vaccinated and then challenged with a targeted dose of LD50 spores from the Ames
isolate of B. anthracis and monitored for survival. The LD50 of Ames spores in
NZW rabbits is 1.1 × 105 spores (Pitt et al. 2001). Since survival data alone is no
longer sufficient, a primary goal of such studies is to define antibody response in a
given animal model for developing a serological correlate of protective immunity,
as described next. Concentration of protective antibody can be demonstrated as a
correlate of protection if an increase in the amount of inoculated vaccine immu-
nogen produces increased survival after challenge and increased antibody response.
A correlate of protective immunity against anthrax has been identified for NZW
rabbits immunized with a recombinant PA (rPA) vaccine formulated with alumi-
num hydroxide adjuvant (Alhydrogel) (Little et al. 2004a, b; Pitt et al. 2001). Due
to the presence of PA as principal immune component, animal models and potency
tests for AVA (BioThrax) have served as the benchmark for development and
regulatory oversight of similar requirements for rPA subunit vaccines. Human
protection obviously cannot be test; the approach is to compare human serology to a
comparative, Human Equivalent, response in a model animal. This also applies to
the notion of potency.

6.5.8.2 Potency Assays

Due to considerations of animal welfare, assay variability, plus the high cost and
security requirements for handling biological threat agent such as viable anthrax
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spores, the FDA and NIH have issued goals to replace assays of lethal animal
challenge. As a result, immunogenicity assays are developed as potency tests and
serological surrogate of protection. Two potency assays for anthrax vaccines have
centered on measuring the activity or concentration of specific antibodies, based
either on quantitative anti-rPA IgG ELISA or on macrophage lysis tests known as
toxin neutralizing antibody assay (TNA). Both have been compared and serological
correlates of protection for each have been established in rabbits for a recombinant
anthrax vaccine (Parreiras et al. 2009; Little et al. 2004a, b; Pitt et al. 2001). An
FDA effort to justify either the ELISA or TNA approach for potency measurement
has indicated that the ELISA may not be as reliable (Brady et al. 2010). A TNA has
been validated that measures the functional ability of antisera to specifically protect
J774A.1 cells against B. anthracis LeTx cytotoxicity using human and rabbit
antisera produced against the AVA vaccine (Hering et al. 2004). An important
additional concern for potency testing is the maintenance of recombinant LF protein
(rLF) and macrophage cell lines as critical reagents for TNA-based assays.

6.5.8.3 Biophysical Methods for Lot Release

Although specific lot release strategies are proprietary for rPA products in devel-
opment, the general approach follows FDA guidelines for API release and DS
release, including tests for identity, strength, purity, and potency of API, residual
concentrations (antibiotics, endotoxin) strength of excipients, preservatives, stabi-
lizers, and adjuvants.

The purity of the PA product has been characterized by reversed-phase high-
pressure liquid chromatography (Farchaus et al. 1998), sodium dodecyl sulfate
(SDS)-capillary electrophoresis, capillary isoelectric focusing, native gel electro-
phoresis, and SDS-polyacrylamide gel electrophoresis (PAGE). Methods for rPA
identity, quality, strength, and structural characterization have included PAGE, Ion
exchange chromatography (IEX), isoelectric focusing IEF/cIEF, RP-HPLC, HP-
SEC, peptide mapping (LC/MS), circular dichroism (CD), differential scanning
calorimetry (DSC), intrinsic fluorescence (Wagner et al. 2012; Soliakov et al.
2012), and light scattering.

6.5.8.4 Stability

While a standard ensemble of release and stability tests applies to rPA for insuring
consistency in purity, strength, and quality, cumulative evidence has indicated that
deamidation is the principle stability issue confronting rPA as API and formulated
DP (Verma et al. 2013; D’Souza et al. 2013; Powell et al. 2007; Ribot et al. 2006;
Zomber et al. 2005). Figure 6.27 illustrates correlation between the progression of
charged isoforms, loss of biological activity, and increased deamidation at specific
sites (Powell et al. 2007). Fragmentation, oxidation, and aggregation are also
associated with rPA degradation though to lesser extents than deamidation.
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Fragmentation has largely been resolved with preparations of higher purity,
including expression in E. coli and improved purification schemes, as noted above.
Structural properties and quality attributes of rPA in these respects have been
measured by a variety of methods which require supplementary preanalytical
techniques to desorb protein from the adjuvant matrix in formulated product, as
discussed below.
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Fig. 6.27 Multiple-site deamidation and decreased biological activity correlate with increased
isoform complexity of different rPA preparations. Comparison of isoform complexity and
biological activity with percent deamidation at multiple Asn sites in different rPA preparations.
A Native PhastGels of whole PA protein preparations as designated below. Horizontal guidelines
aid in comparing vertical positions of protein isoforms between gels. B Cytotoxic activities of
same PA preparations given in EC50 (ng/mL) with standard deviation in brackets. C Relative
deamidation for seven Asn residues in each protein preparation (abscissa) expressed as percent
deamidated (ordinate). Samples, vertically aligned with gel images in A, comprise: a List
Biologicals; b R&D rPA lot 121096a; c R&D rPA lot 121096b; d rPA lot 022795b. Residues (1)
N602; (2) N408; (3) N719; (4) N601; (5) N466; (6) N713; (7) N537; M mean. The figure is
adopted from Powell et al. (2007) and reproduced with permission from John Wiley and Son
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6.5.8.5 Quality

As discussed, charge heterogeneity is a principal concern for rPA release and
stability. Charge isoforms in the anthrax toxin proteins were noted since their first
isolation and this phenomenon is now known to be caused by deamidation at
specific asparagines (Powell et al. 2007). Of the PAGE methods employed, the
native PhastGel (GE Healthcare) provides a rapid and simple analysis for screening
rPA charge isoforms (Ribot et al. 2006; Powell et al. 2007). Standard and two-
dimensional PAGE provide better separation for analysis of whole protein and
isoforms (Powell et al. 2007; Zomber et al. 2005). While anion exchange chro-
matography (IEX) has been used to isolate isoforms for structural and functional
study (Ribot et al. 2006), isoelectric focusing (IEF) in gel and capillary format
(cIEF) have been useful in monitoring rPA charge heterogeneity (Ribot et al. 2006;
Powell et al. 2007; Zomber et al. 2005). Peptide mapping and amino acid
sequencing by mass spectrometry (LC/MS and LC-MS/MS) enable the direct
connection between charge heterogeneity and deamidation, as noted above (Verma
et al. 2013; D’Souza et al. 2013; Powell et al. 2007; Zomber et al. 2005). Figure 6.2
shows a ribbon structure depiction of rPA and the most labile asparagines (Powell
et al. 2007). An important general finding from this work, applicable to all protein
products intended for use in humans, is the demonstration that computer algorithms
for predicting deamidation are not yet sufficiently accurate to eliminate deamidation
as potential route of product degradation. Such models are built on peptide data,
and proteins deamidate differentially as has been shown by empirical evidence
(D’Souza et al. 2013; Powell et al. 2007; Zomber et al. 2005). For example, in rPA,
AsnN537 showed the highest percent of deamidation at all stages of purification
tested, although its predicted rate of deamidation ranked 10th by, and alternatively,
other asparagines of higher predicted rates were unmodified (Fig. 6.28).

Direct correlation between isoform complexity and percent deamidation has
been observed such that each decreased with purity and increased with protein
aging or forced stress (Powell et al. 2007; D’Souza et al. 2013). rPA with more
isoforms and greater deamidation displayed lower activities for furin cleavage,
heptamerization, and holotoxin formation (Powell et al. 2007) and has been con-
firmed in other rPA products both as pure protein (Zomber et al. 2005) or bound to
adjuvant (D’Souza et al. 2013), including observation that ASN 713 and 719
deamidation rapidly when rPA is adjuvanted on Alhydrogel® (D’Souza et al. 2013).
To further explore whether deamidation of rPA affects vaccine immunogenicity,
recombinant “genetically deamidated” forms of rPA using site-directed mutagenesis
that replaced six deamidation-prone asparagine residues with aspartate, glutamine,
or alanine. While the structure and biological function of the six-Asp mutant rPA
was not significantly altered relative to the wild-type rPA protein product, its
immunogenicity as an aluminum-adjuvanted vaccine was significantly lower than
the wild-type rPA vaccine formulation by TNA (Verma et al. 2013). This confirmed
that specific deamidation of rPA adversely affects the immunogenicity of rPA, and
suggests that concurrent deamidation six sites may be a threshold for such effect.
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6.5.9 Adjuvanted Formulated Vaccine

As a formulated drug product, rPA is combined with an adjuvant since it is not
protective by itself, and aluminum salts such as Alhydrogel® are used in current
development of second-generation anthrax vaccines. In order to apply structural
assays developed on soluble rPA, the methods must be modified, first to remove
(desorb) protein from the adjuvant and then to adjust acceptance criteria. Desorp-
tion methods must strip protein from the aluminum depot, in sufficient amount and
without altering quality, and then leave it in a matrix suitable for analysis. Assay
specifications and acceptance need to be reestablished since some alteration occurs
as protein is bound to and then removed from aluminum salts.

Bound rPA can be desorbed from Alhydrogel by 18-h exposure to 25 mM
phosphate ion to yield test material that confirms to rPA standard by SDS-PAGE
and HP-SEC (Jendrek et al. 2003). Recovery drops from 75 to 12 % in the presence
of 10 mM EDTA. Analysis since then has shown that the native structure of rPA,
which binds two moles of 2 mol of calcium in Domain 1 per mole of protein, is not
disrupted by adjuvanting and that Alhydrogel does not bind residual calcium
(Soliakov et al. 2012). Other successful methods have been developed for
desorption, including the use of chaotropic agents or detergents for subsequent
analysis by SDS-PAGE, RP-HPLC, cIEF, and LC-MS.

To circumvent the complications of desorbing protein prior to analysis, in situ
methods have been developed to characterize rPA structure as bound to Alhydro-
gel®. There is a concern that structural and functional properties of rPA may alter

Fig. 6.28 Comparison of computational and observed deamidation in rPA. a Table comparing rank
order of observed Asn deamidation to that predicted by rate at www.deamidation.org using the
protein database identifier for PA (1ACC). Abbreviations as follows: Asn site, amino acid coor-
dinate of Asn as defined in Fig. 6.2. t1/2, half-life in days of deamidation calculated from the
theoretical coefficient of deamidation; rank order for propensity of deamidation as listed by:
P predicted rate calculated by the Robinson algorithm; F observed percentage for fresh PA protein;
T observed percentage for treated PA protein; 0 no deamidation observed; b Projection of seven
observed sites of deamidation onto the three-dimensional structure of PA. Arrows mark deamidated
Asp with numeric designation by coordinate number, as defined in Fig. 6.5; pink dots projection of
original asparginyl side group. Color scheme as follows: domain 1 (orange, residues 1–258)
contains two calcium-binding sites, the cleavage site for furin class proteases, and the binding site
for EF and lethal LF. Domain 2 (red, 259–487) forms most of the channel and protein–protein
interactions. Domain 3 (green, 488–595) may play a role in oligomerization. Domain 4 (blue,
596–735) is responsible for binding the cell surface receptor; c following page, Projection of seven
observed Asn deamidation sites onto a space-filling model of the X-ray structure of monomeric PA,
and rotated 1808 around its long axis for full viewing. Color scheme as for panel B except domain 1
is pink; d projection of seven observed Asn deamidation sites onto the modeled structure of PA
heptameric prepore (PA63)7, central pore axis angled slightly down and left, and one LF-binding
domain (pink) removed (dotted trapezoid), to expose buried sites and position others for viewing.
Deamidation at residue N537 is highest among all samples tested, while deamidation at residues
N408 and N466 statistically correlate with loss of PA biological activity. Same coloration as in
panel C except LF/EF factor binding sites are shown in orange. The figure is adopted from Powell
et al. (2007) and reproduced with permission from John Wiley and Son
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after long-term adsorption to aluminum adjuvants, leading to instability of quality
and efficacy (Wagner et al. 2012). Several studies describe dynamic changes in rPA
structure and immunogenicity while it is adsorbed to Alhydrogel® (Wagner et al.
2012; Solaikov et al. 2012; Hu et al. 2012; Ganessan et al. 2012; Watkinson et al.
2013), and deamidation appears to increase with contact of rPA to Alhydrogel®

(D’Souza et al. 2013). As yet, there is no direct connection between changes in
secondary structure and loss of protection against a lethal challenge. Nevertheless,
aluminum adjuvants including Alhydrogel® clearly increase the stability of thawed
rPA protein in vitro and in vivo (Watkinson et al. 2013).

6.6 Conclusions

Recombinant bacterial subunit vaccines are 1. Purified surface and secreted pro-
teins, 2. Genetically Detoxified virulence factors, 3. Mutated chemical proteins, and
4. Polysaccharide-protein complexes. These are made by manipulating bacterial
pathogen’s reverse vaccinology and structural vaccinology and cloning and
expression in heterologous host and thereby expressing and purifying these
recombinant bacterial subunit vaccines. These subunit vaccines offer few major
advantages and disadvantages (Unnikrishnan et al. 2012), which can be summa-
rized as follows:

Advantages Disadvantages

• Well-characterized products • Manufacturing process highly complex and
demanding

• Increased safety and efficacy • Usually need proper adjuvants

• Only the useful and more potent
antigens can be included in the vaccine

• Subjected to post-translational modification and
not guaranteed in a heterologous system

Subunit vaccines, containing specific antigens or their respective genes from
pathogenic organisms, are regarded as one of the safest, although their efficacy is
lower than that observed for vaccines consisting of whole, attenuated cells. To
increase efficacy, one strategy would be to obtain a universal vaccine against many
isolates of specific bacterial species is to include more than one antigen into the
vaccine prototype as noted above. And the other way to enhance and/or modulate
the host immune response is to deliver a vaccine with an appropriate adjuvant. The
tremendous progress of proteomics during the past few years has contributed to
every successive stage of antigen characterization (Adamczyk-Poplawska et al.
2011).

In summary, recombinant DNA technology has enabled the rationale design of
vaccines against complex human diseases, including of subunit vaccines as
described in this chapter. Despite excellent evidence of success of recombinant
vaccines in preclinical and clinical studies, few recombinant vaccines are licensed
for human use. This can however be attributed to the intense regulatory process
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revolving around recombinant vaccine production. In the case of medical coun-
termeasures against biological threats such as anthrax, there are additional rules and
regulations including adherence to biosecurity licensing and oversight plus dem-
onstration of proposed human efficacy via the Animal Rule. Improved adjuvant
technologies, new approaches like systems biology, proteomics and genomics, and
rapidly advancing technologies for enhanced manipulation of humoral, cellular, and
innate immunity will all play a role in driving the next generation of protein subunit
vaccines (Unnikrishnan et al. 2012). Finally, with the advent of the first synthetic
bacterium, applications of synthetic biology in vaccine design will be the most
rational approach in the years to come.
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Chapter 7
Bacterial Polysaccharide Vaccines:
Analytical Perspectives

Earl Zablackis, Philippe Talaga and Suddham Singh

7.1 Introduction

The development of conjugate vaccines has improved public health and lowered
incidence of bacterial disease due to their ability to induce memory as well as
impart herd immunity in vaccinated populations. However, global disease burden
still remains high (WHO 2012); therefore, there is still a need for earlier developed
polysaccharide vaccines. Table 7.1 highlights the rationale for continued production
and use of polysaccharide vaccines.

The capsular polysaccharides of pathogenic bacteria are extracellular polysac-
charides that exist on the surface of both gram negative and gram positive bacteria
(e.g., Neisseria meningitidis and Streptococcus pneumoniae, respectively). The
capsule functions include protection against dehydration and modulating the flow of
nutrients to the bacterial cell surface and aid the bacterium in establishing infection.
Bacterial species for which polysaccharide vaccines exist are divided into sero-
groups (or serotypes) that are based on their structurally and immunologically
distinct capsular polysaccharides. Different bacterial species have different numbers
of known serotypes. There are more than 90 serotypes of Streptococcus pneumo-
niae, 6 Haemophilus influenzae serotypes and at least 12 Neisseria meningitidis
serotypes. Different serotypes (or serogroups) of the same organism may have
different infectivity’s. Polysaccharide capsules are immunogenic, however, being T
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cell-independent Type II antigens keeps them from eliciting immunologic memory,
and therefore polysaccharide vaccines require repeated immunizations. In addition,
they are poorly immunogenic in infants, thus the development of polysaccharide-
protein conjugate vaccines to protect infants, the group most at risk for these
bacterial infections. However, the polysaccharide vaccines remain viable vaccines
due to their use with adolescents and adults. Due to the presence of multiple
serotypes, different infectivity of different serotypes, differential geographical dis-
tributions of serotypes, and differential age group prevalence, many polysaccharide
vaccines contain multiple polysaccharide antigens.

There are currently five major vaccines manufactured and licensed against
bacterial pathogens that consist of purified bacterial capsular polysaccharides
(Table 7.2). The vaccines contain from 1 to 23 specific serotype polysaccharides.

The following sections discuss the composition, structure, and the analytical
methodologies used to test and release polysaccharides for vaccine use.

7.2 Polysaccharide Production

7.2.1 Isolation

Bacterial capsular polysaccharides are isolated from fermentation cultures. The
isolation and purification processes will vary depending on the bacterial phenotype

Table 7.1 Polysaccharide vaccine disease burden (adapted from (Jones 2005) see references
therein)

Organism Disease Death rate or morbidity

Streptococcus
pneumoniae

Acute respiratory infec-
tions and meningitis

>1 million deaths (plus many cases
neurological damage)

Neisseria
meningitidis

Meningitis and
bacteremia

500,000 cases/50,000 deaths (plus many
cases neurological damage)

Salmonella enterica
serovar typhi

Typhoid 21.6 million cases, more than 200,000
deaths

Table 7.2 Principal licensed bacterial polysaccharide vaccines

Trade name Manufacturer Valency Bacterial species and strain

Menomune-A/C/
Y/W-135

Sanofi Pasteur,
Inc.

4 Neisseria meningitidis: serotypes
A, C, Y, W-135

Pneumo 23 Sanofi Pasteur
Inc.

23 Streptococcus pneumoniae: serotypes
1, 2, 3, 4, 5, 6B, 7F, 8, 9 N, 9 V,
10A, 11A, 12F, 14, 15B, 17F, 18C,
19F, 20, 22F, 23F, 33F

Pneumovax 23 Merck & Co, Inc.

Pnu-Immune 23 GlaxoSmithKline

Typhim Vi Sanofi Pasteur,
Inc.

1 Salmonella enterica serovar typhi
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(gram class), location of polysaccharide (excreted or membrane bound), and
composition of polysaccharide (backbone sugars, linkage types, side groups, charge
type and charge distribution). Isolation will vary depending on how well the
polysaccharides adhere to the cell membrane, either the wet cell mass is recovered
by centrifugation and the polysaccharides extracted or in the case of secreted
polysaccharides, the polysaccharides are recovered by various filtration methods.
Chemical agents (e.g., Cetavalon,) are often used to assist in isolation of the
polysaccharides depending on the nature of the composition of the particular
polysaccharide.

7.2.2 Purification

Purification as with isolation can be achieved with a variety of methods depending
on the nature of the polysaccharide to be purified. Typical processes include
combinations of selective precipitation, diafiltration, and/or chromatographic steps.

7.2.3 Testing

Testing of polysaccharides encompasses identification, composition, purity, impu-
rities, size, and stability. Polysaccharides used for vaccines are tested to meet
criteria established by the World Health Organization (WHO), Pharmacopoeia, and
individual product licenses with various National Health Authorities. The following
sections describe the test methodologies adapted for vaccine polysaccharides.

7.3 Polysaccharide Composition and Structure

7.3.1 Composition: Repeat Unit

The bacterial capsular polysaccharides are high molecular weight polymers
(ranging typically from less than 50,000 to more than 1,000,000 Daltons (WHO
1966)) consisting of a distinct repeat unit that may be either a single monosac-
charide or an oligosaccharide consisting of two or more monosaccharides. These
repeat units may be branched or linear, typically linked through glycosidic bonds
but in some cases linked through a phosphodiester bond. In addition, they contain a
variety of substituted side groups, e.g., O-acetyl, pyruvate, and phosphoglycerol.
Table 7.3 lists the characteristic repeat units for each of the polysaccharides used in
licensed vaccines today.
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Table 7.3 Licensed bacterial polysaccharide vaccines

Serotype* Primary structure

Lemercinier and Jones (1996)

Lemercinier and Jones (1996)

Lemercinier and Jones (1996)

Lemercinier and Jones (1996)

Heyns and Kiessling (1967)

Stroop et al. (2002)

Jansson et al. (1988)

Reeves and Goebel (1941)

Jones et al. (1991)

Jansson et al. (1985)

Kenne et al. (1979)

Moreau et al. (1988)

Jones and Perry (1957)

Rutherford et al. (1994)

Rutherford et al. (1991)

Jones (1995)

(continued)
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Table 7.3 (continued)

Calix et al. (2011 and 2012a)

Leontein et al. (1981)

Lindberg et al. (1977)

Jones and Lemercinier (2005)

Beynon et al. (1997), Jones 
et al. (2000)

Lindberg (1990), Kamerling 
and Tomasz (2000), Chang et 
al. (2012)

Katzenellenbogen and 
Jennings (1983)

Jennings et al. (1980)

Beynon et al. (1997)

Richards et al. (1989)

Richards and Perry (1988)

Richards et al. (1984), 
Lemercinier and Jones 
(2006)
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7.3.2 Colorimetric Methods: Polysaccharide Quantitation

Traditionally, polysaccharide content (on a dry weight basis) has been estimated
using a range of colorimetric assays specific to a class of monosaccharide (e.g.,
hexose, hexosamine, uronic acid, or methyl pentose) or to functional groups (e.g.,
phosphodiester) that are specific to the polysaccharide antigen. Due to fact that
assays were developed prior to most structures being known and the reference
standard for such methods is typically a pure monosaccharide or similar model
compound, component quantification may not parallel true stoichiometry. Thus,
manufacturers have developed correlations among alternative approaches. Purity
can be calculated based on the method employed, the salt form present, idealized
repeat unit mass, average side chain component mass, and % moisture/solvents.
Table 7.4 lists colorimetric tests that may be appropriate to determine the compo-
sition of polysaccharides, the analyte, and the polysaccharide to which the method
is appropriate. Attention must be paid to the response factors for the sugar units in
the polysaccharide as they may differ from those of a pure monosaccharide refer-
ence standard. Manufacturers address these concerns during method validation.

For simple polysaccharide content measurements where identity is not impor-
tant, e.g., in-process monitoring of polysaccharide yield, it has been common
practice to use a generic colorimetric method specific for a type of monosaccharide
(e.g., Anthrone method for hexose) that is present in each of the polysaccharides,
for all serotypes manufactured as this lowers the number of tests needed for process
monitoring.

7.3.2.1 Uronic Acids

The Carbazole method of Gregory (1960) is used to quantitate uronic acid content
in pneumococcal polysaccharide serotypes 1, 2, 3, 5, 8, 9 N, 9 V, and 22 F. The
polysaccharide is heated with a sulfuric acid/borate solution to release the mono-
saccharides, the sample is then cooled and a solution of carbazole/ethanol added
and allowed to react for 15 min and then absorbance read at 530 nm. Uronic acid
content is quantitated against a standard curve prepared with a glucuronic acid
standard.

7.3.2.2 Hexosamines

Hexosamine content is determined using a modified Morgan-Elson assay (Kao and
Tsai 2004). Polysaccharide (*5 mg) is digested with HCl, cooled, and then reacted
with a solution of acetylacetone/sodium carbonate and then heated again, cooled,
and reacted with Ehrlich’s reagent (dimethylamino benzaldehyde in alcohol), and
absorbance read at 530 nm. Hexosamine content is quantitated against a standard
curve prepared with reference standard glucosamine. A modification of this method
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for quantitating total hexosamine and differentiating galactosamine without inter-
ference from glucosamine is available as well (Blumenkrantz and Asboe-Hansen
1976).

7.3.2.3 Sialic Acid

Sialic acid content is typically determined using the colorimetric method of
Svennerholm (1957). Polysaccharide is hydrolyzed with resorcinol reagent (resor-
cinol/HCl/CuSO4) by heating on a boiling water bath. Absorbance is read at
580 nm. A purified N acetyl neuraminic acid standard is used for the calibration
curve. An additional method by Warren, commonly referred to as the thiobarbituric
assay, is also available (Warren and Odin 1959).

7.3.2.4 Methyl Pentose

Methyl pentose (6 deoxy-hexose) content is determined using the method of Kabat
(1967). Polysaccharide is dissolved in water and hydrolyzed with sulfuric acid.
Samples are allowed to react with cysteine hydrochloride and then the absorbance
read at 396 nm and again at 430 nm. The absorbance difference (to account for
hexose interference) is used to calculate the content against a standard curve pre-
pared with rhamnose reference standard.

7.3.2.5 Total Carbohydrate Via Hexose

The total carbohydrate content of polysaccharides can be determined by a general
test for Hexose content, for example the anthrone method, which has recently been
updated to an automated microtiter plate format (Turula et al. 2010). Sugars react
with the anthrone reagent under acidic conditions to yield a blue-green color.
Polysaccharide is dissolved in water and hydrolyzed with sulfuric acid containing
the anthrone reagent. The solution is then allowed to cool and its absorbance is
measured at 620 nm. There is a linear relationship between the absorbance and the
amount of sugar that was present in the original sample. This method determines
both reducing and non-reducing sugars because of the presence of the strongly
oxidizing sulfuric acid. As with other methods it is nonstoichiometric and therefore
it is necessary to prepare a calibration curve using a series of standards of known
carbohydrate concentration. For general use, Glucose is used as standard.

An alternative anthrone assay has been developed (Rondel et al. 2013) that takes
measurements at two wavelengths (560 and 620 nm) in order to adjust for responses
of both neutral hexoses and uronic acids, thus allowing for simultaneous quanti-
tation of both types of sugars in a single assay.
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7.3.3 Colorimetric Methods: Specific Sugar Substituent’s

7.3.3.1 O-Acetyl

The method of Hestrin (1949) is used to quantitate the number of O-acetyl sub-
stitutions in each polysaccharide. Polysaccharide are dissolved in water and
hydrolyzed with hydrochloric acid in presences of hydroxylamine and ferric
chloride. Upon completion of reaction the absorbance is read at 540 nm. The
amount of O-acetyl is determined against a standard curve of acetylcholine refer-
ence standard.

7.3.3.2 Pyruvate

Pyruvate content can be determined using the diphenylhydrazine method (Slo-
necker and Orentas 1962; Friedemann and Haugen 1943; Anthon and Barrett
2003). Polysaccharide dissolved in water is hydrolyzed with HCl in presence of
diphenylhydrazine. Absorbance is read at 515 nm. Caution should be used when
using the diphenylhydrazine method since other α-keto acids present can interfere.
An alternative method, the definitive lactate dehydrogenase method of Hadjivas-
siliou and Reider (1968) can also be used. Pyruvic acid is cleaved from the poly-
saccharide by acid hydrolysis with 0.4 N oxalic acid. Hydrolysate is neutralized
with CaCO3 and the supernatant is diluted with water, 1 M triethanolamine, and a
solution of NADH added. Absorbance is read at 340 nm and then lactate dehy-
drogenase added and absorbance read at 1 min intervals until constant. The per-
centage pyruvate is then determined by calculation based on weight, initial and final
absorbance values, and correction factors.

Note: most analysis today is performed directly by NMR.

7.3.3.3 Phosphate (PO4)

Phosphorous content of polysaccharides can be determined using one of several
methods e.g., the method of Chen et al. (1956) or Bartlett (1959). In the Chen
method, polysaccharide is dissolve in water and then hydrolyzed in the presence of
sulfuric acid and perchloric acid. Hydrolysate is reacted with ammonium molybdate
reagent and ascorbic acid until blue color stabilizes. Absorbance is read at 820 nm
and PO4 is quantitated against a standard of potassium dihydrogen phosphate or
NIST traceable Phosphorus standard.

In the method of Bartlett (modification of Fiske and SubbaRow method (Fiske
and SubbaRow 1925)), phosphate esters are released from the polysaccharide by
acid hydrolysis (sulfuric acid; H2O2 added mid reaction) to yield inorganic phos-
phate, which is converted to ammonium phosphomolybdate upon the addition of
ammonium molybdate. Ammonium phosphomolybdate is quantitatively reduced to
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a blue molybdenum complex by 1-amino-2-naphthyl-4-sulfonic acid in the pres-
ence of sulfite and bisulfite, the Fiske-SubbaRow reagent. Absorbance is read at
830 nm and PO4 is quantitated against a standard of potassium dihydrogen phos-
phate or NIST traceable P standard.

7.3.4 Chromatographic Methods: Monosaccharide
Composition

There are a variety of chromatographic methods (HPLC, HPAEC, and GC) and
capillary electrophoresis (CE) methods available today for monosaccharide com-
position and quantitation of polysaccharides. The methods depend on specific
hydrolysis conditions to preserve specific structural aspects of the component
monosaccharides. Hydrolysis is then followed by separation of the monosaccharides.
Hydrolysis is optimized to release monosaccharides with as little modification to the
monosaccharide as possible. Hydrolysis may be followed by derivatization (e.g.,
attachment offluorophore tag) prior to chromatographic separation. Separation can be
performed using various technologies, for example by HPLC, HPAEC-PAD/PED
(Lei et al. 2000), GC, GC-MS (Kim et al. 2005), or CE (Lamb et al. 2005).

7.3.4.1 HPLC

7.3.4.2 Fluorescent Labeling

Several different fluorescent molecules are available for tagging monosaccharides
(2-Aminobenzoic acid [2-AA], 2-Aminobenzamide [2-AB], 2-Aminopyridine [2-
AP], and Trisodium 8-aminopyrene-1,3,6-trisulfonic salt [APTS]) by attachment
via reductive amination and then detecting with a fluorescent detector. Separation
can be done via normal phase, reverse phase, or anion exchange HPLC or CE.
Polysaccharide is hydrolyzed to monosaccharide components and then the fluo-
rescent label is added by reductive amination to the released monosaccharides. The
labeled monosaccharides may be cleaned up prior to HPLC or CE analyses.

Monosaccharide composition of pneumococcal polysaccharides has been
accomplished using a fluorescent detection method (Canaan-Haden et al. 2006).
Polysaccharides are subjected to sequential hydrolysis (48 % HF followed by 2 M
TFA). The released monosaccharides are then re-N-acetylated and labeled with 2-
AB by reductive amination in DMSO/CH3COOH. For quantitation of polysac-
charides, a monosaccharide reference mixture (Gal, Glc, Rha, ManNAc, GlcNAc,
and GalNAc) is labeled and used for quantitation of polysaccharides. Labeled
sugars are then separated using rp-HPLC with a 7.8 × 300 mm C18 TSK ODS120T
column and detected using a Fluorescence detector.
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7.3.4.3 HPAEC-PAD

A major improvement in polysaccharide analysis has been the introduction of high-
performance anion exchange chromatography (HPAEC) coupled to pulsed
amperometric detection (PAD). This powerful analytical technique permits detec-
tion of picomole amounts of sugars with minimal sample clean up, and is amenable
to automation using a computer-controlled autosampler. This technique has become
one of the mainstays of analysis for monosaccharide composition analysis as no
derivatization is required. It is essentially the only method for simultaneous iden-
tification and quantitation of unlabeled monosaccharides.

Due to the fact that carbohydrates are weak acids with pKa values in the range of
12–14, and at high pH they become ionized, they can be separated as oxyanions, on
nonporous polymeric stationary phases with MicroBeads having quaternary
ammonium functional groups, by ion-exchange chromatography. Pulsed Ampero-
metric Detection is used since it relies on high pH solutions that HPAEC utilizes. In
the amperometric detection system (electrochemical cell), various potentials are
applied over a specific period of time and a current is generated from the oxidation
or reduction of monosaccharide at the electrode surface. A typical amperometric
detection system contains a working electrode (gold) and a reference electrode. The
cyclic pulse between positive and negative potentials applied to the electrode
maintains a stable active electrode surface by limiting oxidation products from
fouling the electrode over time. The current generated by the oxyanions is pro-
portional to the monosaccharide concentration, thus this system allows for direct
quantitation of monosaccharides without derivatization.

Typical polysaccharide composition analysis is performed by first hydrolyzing
the polysaccharide to release the monosaccharide components. Hydrolysis condi-
tions are optimized to the polysaccharide of interest to preserve the structural
integrity of the particular monosaccharides in the different polysaccharides. TFA is
the most commonly used acid; however, HCl or HF may be used depending on the
nature of the monosaccharides and their linkage within the polysaccharide being
analyzed.

The method(s) used for the hydrolysis of glycosidic linkages can be considered
to be the major limitation of accurate carbohydrate analysis and quantification of
polysaccharides by HPAEC-PAD, as hydrolysis of a complex polysaccharide to
produce a quantitative yield of all the constituent monosaccharides can be difficult.

Acid or base hydrolysis depolymerizes polysaccharides into oligosaccharides,
monosaccharides, or smaller fragments that are polysaccharide specific for the
optimized hydrolysis conditions employed. These hydrolysis products can be
quantified directly by use of HPAEC-PAD or HPAEC-CD (conductivity detection)
for ions. Caution should be used during development of the hydrolysis conditions
due to the fact that aggressive hydrolysis conditions can destroy some components
of the polysaccharide in many cases. Typical HPAEC-PAD chromatograms for
three pneumococcal serotypes are presented in Fig. 7.1.
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Haemophilus Influenzae Type B Polysaccharide

Although there are no polysaccharide-only vaccines containing Hib polysaccharide,
the analysis of Hib polysaccharide is mentioned here because Tsai et al. (1994) first
developed an HPAEC-PAD method to quantitate the polysaccharide of Hae-
mophilus Influenzae type b (Hib) and the methodology is currently used to quan-
titate the unconjugated polysaccharide in Hib conjugate vaccines. The Hib capsular
polysaccharide is a polymer consisting of the repeating unit -3)-β-D-Ribf-(1)-β-D-
ribitol-5-P-(O-, also termed polyribosylribitol phosphate or PRP. PRP is depoly-
merized in NaOH solution to yield ribitol-ribose-phosphate and the quantitation
against a purified PRP is performed after HPAE chromatography using a Dionex
CarboPac™ PA1 column.

Several adaptations and modifications of this method are available for quanti-
fying both total and unconjugated PRP in conjugated Hib and combination vaccines
(Lei et al. 2000; Haan et al. 2013). Bardotti et al. (2000) described an alternative
method for the quantification of PRP based on TFA hydrolysis that resulted in the
quantitative release of ribitol and ribose. The quantitation was against ribitol after
HPAE chromatography using a Dionex CarboPAc™ MA1 column.
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Fig. 7.1 HPAEC–PAD chromatograms of polysaccharide hydrolysates. Each of the polysaccha-
rides (1 μg injected) was hydrolyzed using methanolysis followed by TFA hydrolysis. Adapted
from Talaga et al. (2002), reprinted with permission from Elsevier Limited
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Meningococcal Polysaccharides

Ricci et al. (2001) described an HPAEC-PAD method for Meningococcal type A
polysaccharide based on quantitation of the Mannosamine-6-phosphate released by
hydrolysis with TFA. Bardotti et al. (2008) described the quantitation of MenW135
and Meningococcal type Y also by hydrolysis with TFA followed by HPAEC using
a CarboPAc™ PA1 column. Galactose and glucose were used as analytical and
quantitation standards. Meningococcal type C polysaccharide has been determined
by HPAEC-PAD after hydrolysis with HCl or TFA, as described by Vipond et al.
(2012).

Lei et al. (2000) described a procedure for quantification of free polysaccharides
in tetravalent meningococcal conjugate vaccine after separation from the conjugates
via selective DOC precipitation followed by TFA hydrolysis and then HPAEC
using a CarboPac™ PA10.

Pneumococcal Polysaccharides

Talaga et al. (2002) investigated three different hydrolysis procedures for analysis
of pneumococcal polysaccharides: (1) TFA hydrolysis; (2) methanolysis followed
by TFA hydrolysis; (3) HF hydrolysis followed by TFA hydrolysis. Chromatog-
raphy was performed on a CarboPac™ PA10. TFA hydrolysis was found to be
satisfactory for most of the serotypes based on the identification of quantitative
recovery of at least one monosaccharide to enable quantification. Methanolysis
followed by TFA hydrolysis was most appropriate for serotypes that contained
uronic acids and HF followed by TFA was most appropriate for serotypes con-
taining phosphate residues in their repeating units.

Salmonella Enterica Serovar Typhi Vi Polysaccharides

For the Vi polysaccharide, Micoli et al. (2011) described a strong alkaline hydro-
lysis (2 N NaOH, 4 h at 110 °C) resulting in a single peak by HPAE chromatog-
raphy on CarboPac™ PA1 column. The Vi polysaccharide was quantitated against
a purified Vi polysaccharide hydrolyzed in parallel.

Polysaccharide Substituents

HPAEC with CD has also been used for compositional analysis of bacterial poly-
saccharides. Kao and Tsai (2004) developed procedures for the determination of
O-acetyl, N-acetyl, pyruvate, and phosphate residues in meningococcal, pneumo-
coccal, and Vi polysaccharides. For O–Ac determination, polysaccharide was
hydrolyzed with NaOH (10 mM@ 37 °C) and separated on either Dionex AS11-HC
or AS15 columns. The HPAEC method showed good correlation to the Hestrin
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method (Hestrin 1949) although results were slightly higher using HPAEC. For
phosphate determination, polysaccharide was hydrolyzed with HF (38 %) and sep-
arated on an AS11-HC column. Pyruvate content was analyzed by selective hydro-
lysis (10 mMHCl@ 100 °C for 20 min) of the pyruvic ketal on the Galactose residue
of pneumococcal type 4 polysaccharide. The pyruvate was then separated using
HPAEC with an AS11-HC column coupled with conductivity detector.

HPAEC methods for polysaccharide quantitation should be developed with
adequate controls to maintain the suitability of the methods. Response factors for
each monosaccharide should be calculated for absolute quantitation of monosac-
charides in order to more accurately estimate the polysaccharide content. Equally
important is the use of a suitable reference polysaccharide. Adequate controls for
the hydrolysis and any cleanup steps prior to HPAEC analysis should be built into
the method. Methods should also contain appropriate system suitability to protect
against issues such as detector drift, electrode/conductivity cell fouling etc. A
typical method should have one or more control samples that can be used to
monitor the hydrolysis step, the cleanup step, and the chromatography step.

7.3.4.4 Gas Chromatography (GC)

Polysaccharide characterization is a complex and challenging task due to the
inherent diversity and chain irregularities exhibited by bacterial polysaccharides.
Gas chromatography coupled with mass spectrometry (GC-MS) has been used as a
quantitative tool for polysaccharides analysis for decades. The technique is used to
determine the monosaccharide constituents, linkage position between the mono-
saccharide residues, position of the monosaccharide in the chain (terminal/reducing
end, branched/intra chain), and the ring size (five or six member) (Walford 2010;
Merkle and Poppe 1994). Excellent resolution and robustness are typically asso-
ciated with GC applications due to the large number of theoretical chromatographic
plates and the inherent purity of the final derivatized sample solubilized into organic
solvent. However, polysaccharide samples must undergo a multistep sample
treatment that involves depolymerization into constituent monosaccharides and then
derivatization. Typical detectors used for monosaccharide analysis include the
flame ionization detector (FID) and the mass selective detector (MSD). The latter
provides additional confirmation of peak assignments by analysis of mass spectra as
well as peak purity.

For GC analysis, two general approaches are typically used. The first approach
employs hydrolysis followed by reduction and peracetylation and then GC sepa-
ration and detection either by FID (where retention time of sample is compared to
authentic monosaccharide standard) or MS with chemical ionization using ammonia
to confirm mass of the alditol acetates. The second approach employs permethy-
lation followed by hydrolysis, reduction, and peracetylation then separation by GC
and MS detection. Various hydrolysis and derivatization techniques are used
depending on the nature of the monosaccharides present in the polysaccharide.
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Kim et al. (2005) developed a simple GC analysis method for Pneumococcal
polysaccharides and conjugates. Polysaccharide solutions containing a myoinositol
internal standard were depolymerized to monosaccharide constituents by methan-
olysis (methanolic 3 N HCl @ 121 °C for 2 h). Samples were re-N-acetylated
(methanol/pyridine/acetic anhydride 30 min) following methanolysis then deriva-
tized with TMS to form TMS methyl glycosides (Trisil reagent @ 80 °C for
20 min). Samples were then analyzed by GC-MSD equipped with a capillary
column and separated over a ramped temperature gradient.

Quantitation of polysaccharide is then based on total recovered monosaccharide
relative to authentic monosaccharide standards (except Pn-1 where Pn-1 std is
used). Response factors for each monosaccharide are calculated and applied for
quantitation of each sample. The mass spectra of the TMS methylglycosides yield
identity and peak purity information as well. Results from GC-MS analysis were
comparable to wet chemical colorimetric methods (92–123 %). Example Total Ion
Chromatograms for three pneumococcal serotypes are presented in Fig. 7.2.

7.3.4.5 Capillary Electrophoresis (CE)

Capillary Electrophoresis has become a useful tool for polysaccharide as well as
monosaccharide quantitative analysis. Capillary Zonal Electrophoresis (CZE) has
been shown to be a robust technique for the separation and identification of a
mixture of group A, C, Y, and W-135 polysaccharides (Lamb et al. 2005); addi-
tionally quantitation was achieved without the need for colorimetric assays or
composition analysis.

Free solution capillary zone electrophoresis (CZE) with simple phosphate/borate
separation buffers is used to separate intact, native polysaccharides of meningococcal

Fig. 7.2 GC–MSD total ion chromatograms for the three pneumococcal polysaccharides. The
amounts of polysaccharide tested ranged from 0.1 to 0.5 mg, with 20 μg of myoinositol included
as an internal standard (ISTD). Adapted from Kim et al. (2005) reprinted with permission from
Elsevier Limited
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serogroups A, C, Y, and W-135 (Fig. 7.3). Separation is robust with respect to vari-
ations in test conditions and behaves as expected with respect to changes in temper-
ature, ionic strength, and addition of an organic modifier. Separation of serogroupsW-
135 and Y (repeat unit composed of sialic acid residues alternating with either gal-
actose or glucose, respectively) is achieved using phosphate buffer and is therefore not
dependent on differential complexation with borate. Addition of sodium dodecyl
sulfate to the separation buffer (i.e., MEKC) resulted in peak splitting for all four
serogroups. Changes in polysaccharide size did not affect migration time for the size
range examined, but serogroup C polysaccharide (a sialic acid homopolymer) was
separable from sialic acid monosaccharide. CZE quantification of multiple lots of each
of the four serogroups was compared to wet chemical determination by phosphorus or
sialic acid measurement. Results from CZE determination showed good agreement
with the wet chemical methods. CZE recoveries compared to the wet chemistry results
were 98–103 % for serogroup A, 91–100 % for serogroup C, 97–101 % for serogroup
W, and 97–102 % for serogroup Y (with one exception at 127 %).

Fig. 7.3 Separation of a mixture of four meningococcal native polysaccharides using 40 mM
phosphate/40 mM borate (natural pH) in a bare silica capillary, 37 cm (30 cm effective
length) × 50 μm (I.D.) Separation was conducted using 10 kV (normal polarity) at 20 °C.
Serogroup identity of peaks as marked. Adapted from Lamb et al. (2005), reprinted with
permission from Elsevier Limited
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7.3.5 Nephelometry

Nephelometry can also be used as either an in-process test for yield determinations
or as a bulk polysaccharide quantitation method. Both rate and end point Nephe-
lometry methods can be used. The methodology relies on the formation of anti-
gen–antibody aggregates and detection of these by light scattering. Antiserum is
mixed with antigen and scattered light is measured. The end point nephelometry
method allows the antibody–antigen reaction to go to completion until all possible
complexes are formed. In rate nephelometry the rate of light scatter is measured as
the reagents are added. Reagent is kept constant so the rate of change is directly
related to the amount of antigen in solution. Optimal concentrations of both antigen
and antibody are needed to avoid inhibition of the precipitin reaction (reduction of
antigen–antibody complex) due to excess amounts of antigen and/or antibody.
Antibodies specific to each polysaccharide to be quantitated are needed when using
nephelometry for quantitation of mixtures of polysaccharides.

Vaccine polysaccharides can be quantitated by rate nephelometry (Lee 1983,
1984). Rate nephelometry has been applied to both multivalent pneumococcal
polysaccharide (14 and 23 valent) vaccines and meningococcal polysaccharide
vaccines (4 valent) (Lee 1983). Purified polysaccharide of each type is used as
standards. Specific antisera for each polysaccharide are produced and purified
(compounds such as fibrinogen or lipids in crude sera can interfere with the light
scattering). A polyvalent standard curve containing each polysaccharide in the
vaccine formulation is used to quantitate the polysaccharides. The method can
produce results within 20 % of target on an individual polysaccharide basis and
within 3 % of target on an overall basis. Nephelometry can also be used as an
alternative immunologic technique for polysaccharide identification testing.

7.4 Polysaccharide Identity Tests

The identity of individual bulk polysaccharides used in vaccine manufacture is
required. In cases where other polysaccharides are produced on the same manu-
facturing site, the method should be validated to show that it distinguishes the
desired polysaccharide from all other polysaccharides produced on that manufac-
turing site. The polysaccharide identity has traditionally been determined by a
combination of several methods, including immunologic techniques (WHO, EP
vaccine monographs), wet chemical methods for characteristic carbohydrate and
others components (Table 7.4), and more recently, NMR spectroscopy.

7.4.1 Immunologic Methods

Immunologic methods require access to highly specific antisera that are able to
distinguish between closely related polysaccharide antigens. Commonly used
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formats for this purpose are immunoprecipitation, immunoelectrophoresis, and
enzyme-linked immunosorbent methods (ELISA). The (serological) specificity of
the antiserum should be demonstrated by the absence of cross reactivity with
heterologous polysaccharides manufactured at the same site. The selective nature of
the tests means that although they may confirm the presence of the antigen tested
for, they give no information regarding other material that may be present.

7.4.1.1 Dot Blot

One of the simplest immunologic methods to be applied to polysaccharide identity
testing is the Dot Blot method. It is a non-electrophoretic method where polysac-
charide (antigen) is applied to a membrane, unbound sites are then blocked, a
specific/selective primary antibody added followed by secondary antibody which is
conjugated to an enzyme such as horseradish peroxidase followed by addition of
suitable substrates which results in a colored precipitate. Mixtures of polysaccha-
rides can also be analyzed for the identity of the multiple components with this
methodology if one has selective non-cross-reactive primary antibodies to each of
the polysaccharides in the mixture.

7.4.1.2 ELISA

Enzyme-Linked Immunosorbent Assay (ELISA) methodology is commonly used
for polysaccharide quantitation due to the availability of highly selective antisera-
containing antibodies specific to the polysaccharide to be quantitated. The method
uses standard polysaccharides for identification; these should be qualified reference
polysaccharides with known concentration and stability. The methods also typically
have additional positive controls e.g., in case of test for polysaccharide in a mul-
tivalent product, a positive control lot is used for monitoring assay performance
independent of the production lots tested. This positive control should also be a
qualified test material with known stability and concentration.

The typical method consists of coating a 96-well plate with the polysaccharide
antigen, controls, and standards. The plate is allowed to incubate several hours and
then washed to remove excess antigen (some methods may incorporate a blocking
step after coating and this first wash). Antisera-containing antibodies specific to
individual polysaccharides or specific antibody solutions are then added to the plate
and allowed to incubate for the required time then washed to remove excess
antibody. A secondary antibody that typically has horseradish peroxidase conju-
gated to it is then added and allowed to incubate for the required time and then
washed to remove excess reagents. Finally, enzyme substrate containing a dye is
added and color is allowed to develop the required time and the reaction is stopped
and absorbance measured. Each sample of a multivalent mixture should appear
positive to each of the serospecific antibodies.
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Note: Test may be slightly modified to be a quantitative method for content of
individual polysaccharides.

7.4.2 NMR

NMR spectroscopy is an extremely powerful analytical technique for determining
the composition and structure of polysaccharides. NMR spectra are uniquely
capable of revealing all of the structural features of polysaccharides, within one
analysis, and are sensitive to subtle structural changes. Also, two clear advantages
for performing an NMR analysis on polysaccharides are that NMR is a nonde-
structive method and no chromophore groups or derivation steps are required for
detection.

All chemically different protons have chemically different electronic environ-
ments. Proton NMR spectra contain characteristic signals depending on the elec-
tronic environment of the protons present and their relative intensities can confirm
the proportions of different sugar residue types and substituents. The selectivity of
1D proton NMR permits differentiation between very closely related polysaccha-
rides that differ by only a glycosidic linkage such as Pn 19A/19F (→3)-α-L-Rhap/
→2)-α-L-Rhap). Example proton spectra demonstrating the differentiating ability of
NMR for structurally closely related polysaccharides are presented in Fig. 7.4. Such
differentiation is impossible to achieve with the traditional colorimetric tests.

NMR methods require access either to authentic samples of the polysaccharide
or to reference spectra. Comparison is made visually in terms of the positions,
relative intensities, and multiplicities of significant resonances or by use of other
objective methods. The first approach for NMR identity testing is to compare the
fingerprint NMR spectrum of a test sample with that of a reference sample acquired
under identical conditions. The reference spectrum may have been acquired pre-
viously and stored electronically. For such an approach, all the polysaccharides
produced at the manufacturing site should have a distinctive spectrum. Comparison
of both spectra can be done either visually or with use of other objective methods
such as computer-assisted correlation coefficient calculations for characteristic
regions of the test and reference spectra (Abeygunawardana et al. 2000). If the
degree and location of O-acetyl, affect the appearance of spectra, an in situ de-O-
acetylation can be performed in order to simplify the spectrum. Quantitation of O-
acetyl residues can be achieved the same way by comparison of generated O-acetate
intensities to that of an added internal standard (Jones 2005).

The second approach is to use NMR in a quantitative manner and compare the
intensities of characteristic resonances of different sugars expected to be present in
the polysaccharide test sample. A ratio of the different sugar classes present can be
calculated. Quantitation can be achieved by comparison of these intensities to that
of an added internal standard (Abeygunawardana et al. 2000) or by use of electronic
reference signal i.e., use of ERETIC method (Akoka et al. 1999).
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Fig. 7.4 The identity regions of the 600 MHz 1H NMR spectra for S. pneumoniae serotypes 6A,
6B, 9A and 9 V. Adapted from Abeygunawardana et al. (2000), reprinted with permission from
Elsevier Limited
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The ability to characterize molecules at the atomic level has allowed NMR
spectroscopy to play a leading role in the structural identification of several new
pneumococcal serotypes discovered within serogroups which were considered to
be well-characterized by serological methods (Calix et al. 2011, 2012a, b; Oliver
et al. 2013; Park et al. 2007; Zartler et al. 2009). NMR data identifying the
position of O-acetylation of polysaccharide vaccines have been published; this
allows determination of the position and extent of O-acetylation of polysaccharide
lots which may be important for antigenicity and for the subsequent activation
reaction if based upon hydroxyl groups. For polysaccharides that contain variable
O-acetylation resulting in spectral complexity that hampers the use of NMR as a
polysaccharide identity test, a second spectrum can be recorded after simplifying
the spectrum by performing base-catalyzed de-O-acetylation in the NMR tube.
This approach has been reported for meningococcal polysaccharides (Jones and
Lemercinier 2002), but can be applied to pneumococcal serotypes Pn 1, 7 F, 9 V,
and 18 C as well.

For instrumentation and experimental considerations for use of NMR spectros-
copy in routine GMP use, see USP < 761 >, or EP 2.2.33.

7.5 Polysaccharide Purity

Purity of polysaccharides has been traditionally determined by application of
compendial methods for the levels of impurities present in the polysaccharide bulk
dry powders. Residual components from the culture and purification processes, i.e.,
water, solvents, nucleic acids, and protein that may be present in the polysaccharide
powders are quantitated. Other impurities for which there are no compendial test
methods may be present e.g., phenol, CTAB, various antifoams, and are analyzed
by specific in-house methods by the manufacturer.

7.6 Additional Polysaccharide Characterization

7.6.1 Molecular Size

The molecular size distribution of the purified polysaccharide reflects manufac-
turing consistency and has been documented as an important parameter for the
immunogenicity of polysaccharides preparations. As an indicator of the structural
integrity of the polysaccharides in general, this parameter is of utmost importance
for polysaccharides that are susceptible to depolymerization (for example menin-
gococcal group A and pneumococcal serotypes 6A, 6B, 19A and 19F polysac-
charides). Historically and as stated in WHO and Pharmacopoeia guidelines, the
methods are based on conventional gel filtration chromatography using soft gels
columns, such as Sepharose. After collection and colorimetric analysis of fractions
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or refractive index detection, the results are reported as the distribution coefficient
(KD) determined from the main peak of the elution curve or as the percentage of
material eluting before a defined KD cut-off value. At best, molar mass estimates
relative to secondary polymer standards of known molecular weights averages (e.g.,
dextran or pullulan) can also be calculated.

Development and improvements in the manufacturing process and product
quality of highly crosslinked macroporous gels that can be used at higher flow rates
and pressures has made development of High-Performance Size Exclusion chro-
matography (HPSEC) possible. For such columns to work successfully in water, the
hydrophilicity of the packing material must be increased, either by secondary
treatment of organic gel or by alteration of the synthesis stage using different
monomers.

An HPSEC experiment employing only a single concentration detector (RI or
UV) can be termed Conventional Gel permeation chromatography as the results are
expressed the same way as using soft-gels columns (either by calculating KD or the
relative molecular weights average relative to a secondary series of standards). Such
methods have been developed for meningococcal polysaccharides group A, C, Y,
and W135 (Von-Hunolstein et al. 2003), Haemophilus influenzae type b and
pneumococcal polysaccharides (Bussat et al. 1990). Forced degradation studies
have shown that these methods were sensitive enough to detect molecular size
distribution modifications. For example, the elution profile of Men-A PS (Von-
Hunolstein et al. 2003), PRP, and pneumococcal serotype 19F (Bussat et al. 1990)
changed when stored at 37 °C for different period of time, however, Men-C, Men-
Y, and MenW135 were not depolymerized under such conditions.

The disadvantage of these methods is that SEC columns separate on the basis of
size not molecular weight, which can lead to discrepancies if the standards used for
calibration do not have absolutely the same structures in solution as the samples.
Moreover, other physical parameters of capsular polysaccharides (e.g., absolute
molecular size and weight distribution, rigidity, drainage, shape, and structure) are
very limited.

There is increasing interest in so-called multidetector HPSEC systems,
employing one or more detectors that respond to molecular properties other than
concentration. Static light Scattering (see Fig. 7.5) and viscometry detectors are the
most common detectors in these applications, with the concomitant use of both
devices (along with the required concentration detectors) termed “triple detection”.

Static light-scattering detectors respond directly to the molecular weights of the
sample and do not rely on a column calibration, and can also give information
regarding the size of the polysaccharides (Rg) with the use of Multi-Angle Light-
Scattering detector. Viscometry detectors give the intrinsic viscosity of the poly-
saccharide, a property that can be related to the density of the polysaccharides.
Therefore, triple detection can be used to directly define the distribution of
molecular size, molar mass, and hydrodynamic volume.

These parameters can in turn be used to define changes in the segment density,
rigidity, and structure of the polysaccharides in solution as a function of molecular
size and molar mass. For example, calculation of the Mark–Houwink–Sakurada
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coefficients yields information about the structures of polysaccharides in solution (e.
g., sphere, random coils, stiff coils or rods like conformations).

One such triple detection method has been developed for pneumococcal poly-
saccharides (Bednar and Hennessey 1993) and is used as a release test for molecular

Fig. 7.5 HPLC–SEC elution profile of purified polysaccharide sample ‘BF 7/07 A Pooled’ as
monitored by MALLS superimposed on molar mass versus volume curve. The serogroup X
polysaccharide sample was eluted in PBS, pH 7.4 on a TSK G6000 PWXL + G5000 PWXL
column. Adapted from Xie et al. (2012), reprinted with permission from Elsevier Limited
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size on pneumococcal polysaccharide drug substances. This assay provides a direct
measure of the absolute weight-average molecular mass (Mw) of polysaccharide
size distributions in units of kilodaltons (kDa). Minimum release specifications (a
separate value for each of the 23 serotypes) have to be established on the basis of
production experience and these specifications have to be substantially greater than
the molecular sizes that exhibited reduced polysaccharide immunogenicity.
Replacement of conventional gel permeation chromatography by HPSEC methods
is also possible and a correlation between gel permeation chromatography and
HPSEC has to be established (Bussat et al. 1990) both on native and forced
degraded polysaccharide samples, in order to determine the most relevant HPSEC
parameters for setting new specifications based on these parameters (Thiébaud et al.
2014).

Due to the polyvalent nature of polysaccharide vaccine final formulations, an
HPSEC triple detection method cannot be used to monitor polysaccharide molec-
ular size in the formulated final product and an alternative approach has to be
developed. This can be achieved by adding off-line rate nephelometric detection
(HPSEC/RN) to yield relative molecular size of each serotype in a multivalent
vaccine. Data from the two molecular size measurements is used to establish a
correlation between relative molecular size and absolute weight-average molecular
mass (Mw) and for each serotype, this correlation permits the direct alignment of
the relative mass molecular size specification in the final formulated product with
the Mw specification for the monovalent polysaccharide preparation (Sweeney et al.
2000; MacNair et al. 2005). This procedure has been very useful in characterizing
the stability profile of each pneumococcal polysaccharide in the drug product as (i)
a significant decrease in relative molecular size was detected for serotype 19A and
19F under normal storage conditions at 5 °C, and for serotype 5, 19A, and 19F and
5 under forced degradation by incubation at 60 °C; and (ii) Serotypes 1, 9 V, and
18 C displayed significant decreases in relative antigenicity over time under normal
storage at 5 °C. This loss in size and antigenicity can be attributed to the loss of O-
acetyl residues. However, the decrease in antigenicity could not be definitively
linked to the loss of immunogenicity for these polysaccharides.

Use of HPSEC for MW characterization is limited to the study of the polysac-
charide and conjugate preparations only in appropriate mobile phases that permit
necessary quantitative chromatographic elution for the analysis. For example, when
capsular polysaccharides are lipidated, quantitative elution can be difficult to
achieve due to aggregation of capsular polysaccharides and/or hydrophobic inter-
actions with the stationary phase. In such cases, addition of detergents in the mobile
phase may be necessary (Thiébaud et al. 2014) but detergents may be incompatible
with light-scattering detection. Moreover, quantitative elution of very large
aggregates (and crosslinked conjugates) can be very difficult to achieve due to the
low exclusion limit of HPSEC with respect to the size of such compounds.

Orthogonal methods to HPSEC such as Analytical Ultracentrifugation (AUC) or
Asymmetrical Flow Field Flow fractionation (A4F) can be used to characterize the
hydrodynamic properties of polysaccharides and conjugates in very different
solutions.
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A4F is a family of flexible elution techniques capable of simultaneous separation
based on molar size with the same on-line detectors used in HPSEC. The sample
domain extends from about 1 nm to 100 µm without stationary phase interactions or
large applied forces. This has proven to be complementary to HPSEC for large
polymers such as starches, carrageenans (Bourgoin et al. 2008) etc., however, to our
knowledge, there has been very limited application to vaccine polysaccharides (or
conjugates). The use of on-line Dynamic Light Scattering (DLS) as an additional
detector for both HPSEC and A4F can be advantageous. One big advantage of
adding a DLS detector is the ability to obtain enhanced resolution as compared with
batch mode DLS analysis. Although batch mode is simple and quick, there is the
one drawback of poor baseline resolution (3 to 1 in diameter). Moreover, results
generated by this technology in batch mode can be difficult to interpret on com-
pounds with both high polydispersity and highly intricate motions, both in ampli-
tude and time scales. Therefore, chromatographic separation can help to obtain
more accurate and precise absolute hydrodynamic size (Dh, hydrodynamic diameter
without any calibration).

In an analytical ultracentrifuge, a sample being spun is monitored in real time
through an optical detection system. Monitoring the sedimentation of macromole-
cules in the centrifugal field allows for their hydrodynamic and thermodynamic
characterization in solution, without any interaction from any matrix or surface.
Determination of pneumococcal capsular polysaccharide sedimentation and molar
mass distributions (obtained by sedimentation velocity and equilibrium experi-
ments) and the independent method of HPSEC-MALS-VISc were used to show that
10 polysaccharides from all the serotypes studied had semi-flexible structures in
solution with persistence lengths in the range from 4 to 9 nm. (Harding et al. 2012)

To obtain even more information on the general shapes and the influence of
different counter ions in polysaccharide solutions, Atomic Force Microscopy
(AFM) experiments can also be performed (see Fig. 7.6). The main advantage of
this technology is that direct images of the macromolecules are generated. For
Meningococcal type A polysaccharides, this technique has revealed that ammonium
counter ions were associated with the presence of single polymer chains in an
elongated conformation, whereas sodium counter ions favored the folding of the
chains into a more globular conformation. The addition of calcium ions produced
the aggregation of a limited number of globular polysaccharide chains to form a
“toroidal-like” structure (Foschiatti et al. 2009).

7.6.2 Other Components

Polysaccharide purification processes are not 100 % efficient at delivering only the
polysaccharide of interest. Processing chemicals as well as other biomolecules such
as polysaccharides, lipids, and nucleic acids may be present in the purified poly-
saccharides. NMR analysis can also be used to identify and potentially quantify
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other organic materials present in the polysaccharide preparations such as con-
taminants, process residuals, and product residuals such as cell wall polysaccharide
(CWPS) from pneumococcal polysaccharides (Abeygunawardana et al. 2000).
CWPS is composed of a tetrasaccharide repeating unit joined by ribitol phospho-
diester bonds with phosphocholine substituents. Quantitation has been reported by
use of 1H or 31P NMR analysis, of the phosphocholine moiety (Karisson et al.
1999), or (depending on the serotype), by ribitol analysis with GC-MS and
HPAEC-PAD (Talaga et al. 2002). Residual CWPS may be chemically linked to
the capsular polysaccharide (bound) or present by itself (free); these have been
quantitated by two methods: labeling CWPS with a fluorescent tag followed by
SEC-HPLC-RI/FL and by an NMR method based on self-diffusion rates (Xu et al.
2005). The associated peptidoglycan may be quantified by the same techniques.

Fig. 7.6 AFM image of the Ca2+ salt form of Mn A spray-dried on mica; polymer concentration
5 μg/mL. An enlargement of the object at the bottom left corner is shown in the inset. Adapted
from Foschiatti et al. (2009), reprinted with permission from Elsevier Limited
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7.7 Reference Materials (There are Very Few!)

There are relatively few reference materials available for polysaccharides. Certified
reference materials are available for monosaccharides e.g., Glc, NANA and P,
which can be used with colorimetric assays for polysaccharide quantitation.
However, there is almost a complete lack of suitable reference standards for whole
bacterial polysaccharides used in vaccine production. Such polysaccharide stan-
dards would be ideal for identity testing, quantitation, or molecular size determi-
nation. To date, the only polysaccharide standard available is for Men-C
polysaccharide is available from NIBSC (Vipond et al. 2012).

7.8 Future Developments

Due to the success of polysaccharide conjugate vaccines with their ability to induce
memory response and extended age range, development of new polysaccharide
alone vaccines is limited. However, there is still a large demand for such vaccines
and therefore there is need for modernization of testing programs with implemen-
tation of modern analytical technologies. Just as HPAEC-PAD and NMR have
gradually been implemented as replacement analytical methodologies for vaccine
polysaccharide analysis, other methodologies are being investigated for use as
replacement methodologies. Inductively Coupled Plasma-Atomic emission spec-
troscopy (ICP-AES) MS is currently being used for P content and polysaccharide
quantitation (Swartz et al. 2000). It is certain that as other promising technologies are
developed they will certainly be assessed for application to polysaccharide analysis.
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Chapter 8
Glycoconjugate Vaccines

Neil Ravenscroft, Paolo Costantino, Philippe Talaga,
Roberto Rodriguez and William Egan

8.1 Introduction to Glycoconjugate Vaccines

8.1.1 From Polysaccharide to Glycoconjugate Vaccines

The first glycoconjugate vaccine to be developed and licensed was for the pre-
vention of invasive Haemophilus influenzae type b (Hib) disease in infants and
toddlers. The history of the development of this vaccine, in brief follows. Several
key observations regarding H. influenzae disease were made by Margaret Pittman:
namely, (1) that all invasive H. influenzae disease was caused by encapsulated
organisms; (2) that there were six encapsulated H. influenzae serotypes (designated
by the letters a through f); (3) that essentially all H. influenzae disease was due to
type b; and finally, (4) that the capsules were polysaccharides by composition
(Pittman 1931; Robbins et al. 1984). The age incidence of invasive Hib disease was
subsequently investigated by Fothergill and Wright (1933) who showed that there
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was little disease during the first 3 months of life, with the incidence of disease then
rising steeply after to peak at ca. 12 months of age, and to then drop off with little
disease occurring after the age of 3–5 years. Additionally, and most importantly,
Fothergill and Wright noted that the age incidence of disease was inversely cor-
related with the “bactericidal power of the blood.” Subsequent studies by Alex-
ander, Heidelberger, and Leidy then showed that the increase in the bactericidal
power of the blood with increasing age was due to the acquisition of anti-capsular
polysaccharide antibodies (Alexander and Leidy 1947; Alexander et al. 1944).

Taken together, the above findings pointed toward the development of a purified
Hib capsular polysaccharide vaccine to prevent Hib disease, by analogy to the
purified pneumococcal capsular polysaccharide vaccine that was developed by
MacLeod and associates and shown to be successful in preventing type specific
pneumococcal disease in army recruits (Macleod et al. 1945). A purified Hib cap-
sular polysaccharide vaccine was developed and studied in a large clinical trial of ca.
100,000 infants and young children aged 3 months to 6 years of age in Finland;
approximately 50,000 children received the Hib polysaccharide vaccine and 50,000
received a placebo (Peltola et al. 1977). In children >18 months of age, there was no
Hib disease among the Hib vaccine recipients and 11 cases among the placebo
recipients. However, no protection was seen in children less than 18 months of age.
Furthermore, it was observed that the vaccine was not immunogenic in the younger
children and infants (but was in the older children). Thus, whereas immunity to Hib
disease had been correlated to antibodies against the polysaccharide capsule, chil-
dren less than 18 months of age, the group for whom the incidence of disease is
greatest, did not respond to the purified polysaccharide vaccine.

The solution to this problem stemmed from studies done by Goebel and Avery
during the late 1920s and early 1930s. They showed that, for example, an antigen
prepared by combining the Type 3 pneumococcal capsular polysaccharide with a
protein is capable of inducing in rabbits an active immunity against infection with a
virulent culture of Type 3 pneumococcus (Goebel and Avery 1931). As noted by
Avery and Goebel in this paper, “Since this carbohydrate alone is non-immuno-
genic in rabbits, the antibacterial immunity … can be ascribed only to the antige-
nicity acquired by the polysaccharide through combination with the foreign
protein.” In similar fashion, 50 years later, Schneerson et al. (1980) developed the
basis for a vaccine against Hib disease by conjugating the Hib polysaccharide to
diphtheria toxoid. In modern immunological parlance, they had shown that a T-cell
independent antigen (the Hib polysaccharide) could be transformed into a T-cell
dependent antigen (the polysaccharide–protein conjugate) and serve as the basis for
immunizing infants against Hib disease.

The efficacy of a Hib conjugate vaccine was evaluated in a clinical trial of
61,080 children in the Northern California Kaiser Permanente Care Program
between February, 1988 and June, 1990 (Black et al. 1991). Vaccine efficacy
following either two or three doses of vaccine was 100 %. The efficacy of a second
Hib conjugated vaccine was evaluated (Santosham et al. 1991) in a study of 9038
Navajo or Hopi infants between July, 1988 and August, 1990 (the attack rate in
certain Native American population is 5–10 times that of the general population).
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Vaccine efficacy following two doses of this vaccine was 95 %. Since 1990, the
routine use of the Hib conjugate vaccine in the US has led to an approximately
99 % reduction in invasive H. influenzae disease in infants and young children.

Subsequently glycoconjugate vaccines against other childhood diseases for
which infants do not respond to a plain purified polysaccharide vaccine have been
developed and licensed. These include multivalent vaccines for pneumococcal
disease (e.g., Prevnar-7 and Prevnar-13, Synflorix) and meningococcal disease (e.
g., Menactra, Menveo, Nimenrix). The glycoconjugate vaccine concept is also
being extended to a number of additional pediatric vaccines, including a Group B
streptococcal vaccine. Furthermore, clinical experience has shown that glycocon-
jugate vaccines are also superior to the plain polysaccharide vaccines for use in
older children, adults, and the elderly.

8.1.2 Licensed Glycoconjugate Vaccines

The first glycoconjugate vaccines licensed were developed in the 1980s against Hib
based on the conjugation strategies shown in Fig. 8.1. The saccharide used may be
either a long-chain polysaccharide or an oligosaccharide comprising the repeating
unit of the Hib capsular polysaccharide,, which is activated and attached to the protein

Fig. 8.1 Strategies for the preparation of glycoconjugate vaccines. The purified saccharide may be
(i) randomly activated; (ii) partially fragmented to form active functional groups at both terminals;
or (iii) activated at only one terminal. A recent approach (iv) involves the synthesis of a short
saccharide chain which is conjugated directly to the protein. Lastly, it may be prepared by
(v) biosynthesis. The final structure of the vaccine depends upon the approach adopted. Adapted
from Ravenscroft and Feavers (2006), with permission
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carrier directly or via a spacer. The polysaccharide used as the starting material in the
polysaccharide-based conjugate vaccines is either native or partly size-reduced prior
to random activation (i) and attachment, whereas the saccharide component of oli-
gosaccharide-based vaccines can be generated by fragmentation of the polysaccha-
ride to form active functional groups at both terminals (ii), or at only one terminal (iii),
which may be used directly or modified prior to conjugation (Lindberg 1999). The
third and most recent approach involves synthesis (iv) from readily available
chemical precursors to form a small saccharide chain with a terminal, which is
conjugated directly to the protein (Verez-Bencomo et al. 2004). Although no licensed
products are available, a promising method of glycoconjugate production involves
biosynthesis (v), in which Escherichia coli (E. coli) is engineered to express the
carrier protein and the saccharide-repeating unit, which is polymerized then trans-
ferred to N-glycosylation sites on the protein (Ihssen et al. 2010; Wacker et al. 2002).

The carrier proteins used for Hib conjugates are based on existing protein
vaccines, viz. diphtheria toxoid (DT), tetanus toxoid (TT), CRM197 (a genetically
toxoided, single amino acid variant of diphtheria toxin) and an outer membrane
complex from Neisseria meningitidis group B strain (OMPC). The structure (and
immunogenicity) of the derived conjugate depends on the size (and loading) of the
antigen, the protein carrier, and the conjugation chemistry employed. Polysaccha-
ride-based vaccines use multiple attachment sites resulting in a cross-linked lattice
matrix, whereas oligosaccharide-based vaccines can either have a single terminal
attachment site to give a simple monomeric type of structure or be attached through
both terminals to form a mixture of monomeric and limited cross-linking structures
shown in Fig. 8.1. Although better defined than “traditional” vaccines, these con-
jugates raise new challenges as biological assays are poorly predictive of immu-
nogenicity in humans, and thus quality control is achieved largely by means of
physicochemical methods of analysis instead of bioassays (Brown et al. 2000; Egan
et al. 1995; Holliday and Jones 1999). This has the added advantage of reducing the
amount of animal testing required (Metz et al. 2002). The advances in bioanalytical
technology applied to the molecular characterization of the structurally-defined Hib
conjugates and intermediates has greatly facilitated the rapid development, char-
acterization, and licensure of the meningococcal and pneumococcal conjugate
vaccines listed in Table 8.1. These vaccines are based on the repeating unit of
capsular polysaccharides (Table 8.2) with the specific conjugation approaches
adopted depending on the chemical structure (and size) of the antigen, the protein
carrier used, and the manufacturer’s proprietary technology and experience. The
first meningococcal conjugate vaccine was licensed in 1999 against group C disease
(in the UK) and a 7-valent pneumococcal conjugate vaccine against serotypes 4,
6B, 9V, 14, 18C, 19F, and 23F in 2000 (in the USA). Since then other meningo-
coccal conjugates containing groups A, Y, W saccharides have been licensed as
well as 10- and 13-valent pneumococcal vaccines, with higher valent vaccines in
development. Licensure of the 10-valent pneumococcal conjugate vaccine also
introduced a new carrier protein, delipidated protein D from Haemophilus recom-
binantly expressed in E. coli. and several other carrier proteins are in development
(Forsgren and Riesbeck 2008; Prymula et al. 2006). Although, in principle, the
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Table 8.1 Glycoconjugate vaccines currently licensed in the US, EU or WHOa

Organism Manufacturer
(year
licensed)

Saccharideb Protein
carrier

Conjugation
chemistry

H. influenzae
type b

Wyeth (1988) Hib oligo CRM 197 Reductive
amination

Merck & Co.
(1989)

Hib PS size reduced OMPC Thioether
linkage

Sanofi Pasteur
(1993)

Hib PS Tetanus
toxoid

Cyanylation
chemistry

GSK (1996) Hib PS Tetanus
toxoid

Cyanylation
chemistry

Chiron (1996) Hib oligo CRM 197 Active ester
chemistry

CIGB (2010) Hib oligo (synthetic) Tetanus
toxoid

Active ester
chemistry

SIIL (2010) Hib PS Tetanus
toxoid

Cyanylation
chemistry

Meningococcal Wyeth (1999) C PS size reduced CRM 197 Reductive
amination

Novartis
(2000)

C oligo CRM 197 Active ester
chemistry

Baxter (2000) C De-OAc PS Tetanus
toxoid

Reductive
amination

Finlay
Institute

C PS Mn B
OMPsc

N/Ad

Sanofi Pasteur
(2005)

A, C, Y, W PS size
reduced

Diphtheria
toxoid

Reductive
amination/
hydrazide

Novartis
(2008)

A, C, Y, W oligo CRM 197 Active ester
chemistry

SIIL (2010) A size reduced PS Tetanus
toxoid

Hydrazide/
reductive
amination

GSK (2012) A, C, Y, W PS size
reduced

Tetanus
toxoid

Cyanylation
chemistry

Pneumococcal Wyeth (2000) 14, 6B, 9V, 14, 18C,
19F, 23F PS except
18C (oligo)

CRM 197 Reductive
amination

GSK (2009) 1, 4, 5, 6B, 7F, 9V, 14,
18C, 19F, 23F size-
reduced PS

Protein D;
and TT
(18C) and
DT (19F)

Cyanylation
chemistry

Pfizer (2010) 1, 3, 4, 5, 6A, 6B, 7F,
9V, 14, 18C, 19A, 19F,
23F PS except 18C
(oligo).

CRM 197 Reductive
amination

a List excludes combination vaccines against more than one organism
b PS capsular polysaccharide, oligo oligosaccharide
c OMPs outer membrane proteins
d N/A not applicable
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carrier protein can act as a protective antigen in its own right, no glycoconjugate
vaccines have yet been licensed for such dual use. As described in Sect. 8.7.1, there
are many other bacterial vaccines in development; these are based on surface

Table 8.2 Structures of the repeating units of some of the polysaccharides used in vaccine
production

Polysaccharide Repeat unit

Haemophilus influenzae
Type b (“PRP”)

→3)-β-D-Ribf-(1 → 1)-D-Ribitol-(5 → P→

Neisseria meningitidis
Group A

→6)-α-D-ManpNAc(3/4OAc)-(1 → P→

N. meningitidis Group C →9)-α-D-Neu5Ac(7/8OAc)-(2→
N. meningitidis Group W →6)-α-D-Galp-(1 → 4)-α-D-Neu5Ac(7/9OAc)-(2→
N. meningitidis Group Y →6)-α-D-Glcp-(1 → 4)-α-D-Neu5Ac(7/9OAc)-(2→
Streptococcus pneumoniae
Type 1

→3)-D-AAT-α-Galp-(1 → 4)-α-D-GalpA(2/3OAc)-(1 → 3)-α-
D-GalpA-(1→

S. pneumoniae Type 3 →3)-β-D-GlcpA-(1 → 4)-β-D-Glcp-(1→
S. pneumoniae Type 4 →3)-β-D-ManpNAc-(1 → 3)-α-L-FucpNAc-(1 → 3)-α-D-

GalpNAc-(1 → 4)-α-D-Galp2,3(S)Py-(1→
S. pneumoniae Type 5 →4)-β-D-Glcp-(1 → 4)-[α-L-PnepNAc-(1 → 2)-β-D-GlcpA-

(1 → 3)]-α-L-FucpNAc-(1 → 3)-β-D-Sugp-(1→
S. pneumoniae Type 6A →2)-α-D-Galp-(1 → 3)-α-D-Glcp-(1 → 3)-α-L-Rhap-(1 → 3)-

D-Rib-ol-(5 → P→
S. pneumoniae Type 6B →2)-α-D-Galp-(1 → 3)-α-D-Glcp-(1 → 3)-α-L-Rhap-(1 → 4)-

D-Rib-ol-(5 → P→
S. pneumoniae Type 7F →4)-β-D-Glcp-(1 → 3)-[α-D-GlcpNAc-(1 → 2)-α-L-Rhap-

(1 → 4)]-β-D-GalpNAc-(1 →
→6)-[β-D-Galp-(1 → 2)]-α-D-Galp-(1 → 3)-β-L-Rhap(2OAc)-
(1→

S. pneumoniae Type 9 V →4)-α-D-Glcp(2/3OAc)-(1 → 4)-α-D-GlcpA-(1 → 3)-a-D-
Galp-(1 → 3)-β-D-ManpNAc(4/6OAc)-(1 → 4)- → β-D-Glcp-
(1→

S. pneumoniae Type 14 →4)-β-D-Glcp-(1 → 6)-[β-D-Galp-(1 → 4)]-β-D-GlcpNAc-
(1 → 3)-β-D-Galp-(1→

S. pneumoniae Type 18C →4-)β-D-Glcp-(1 → 4)-[α-D-Glcp(6OAc) (1 → 2)][Gro-
(1 → P→3)]-β-D-Galp-(1 → 4)-α-D-Glcp-(1 → 3)-β-L-Rhap-
(1→

S. pneumoniae Type 19A →4)-β-D-ManpNAc-(1 → 4)-α-D-Glcp-(1 → 3)-α-L-Rhap-
(1 → P→

S. pneumoniae Type 19F →4)-β-D-ManpNAc-(1 → 4)-α-D-Glcp-(1 → 2)-α-L-Rhap-
(1 → P→

S. pneumoniae Type 23F →4)-β-D-Glcp-(1 → 4)-[α-L-Rhap-(1 → 2)]-[Gro-
(2 → P→3)]-β-D-Galp-(1 → 4)-β-L-Rhap-(1→

AAT is 2-acetamido-4-amino-2,4,6-trideoxygalactose, Gro is glycerol, Pne is 2-acetamido-2,6-
dideoxytalose, Sugp is 2-acetamido-2,6-deoxyhexose-4-ulose, and P is phosphate in a phospho-
diester linkage
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carbohydrates of pathogens and utilize the glycoconjugate technology platforms
established for Hib, meningococcal, and pneumococcal vaccines.

Quality control and licensure of glycoconjugate vaccines is based on the bio-
analytical outline first described in the WHO Recommendations for H. influenzae
type b conjugate vaccines (Anonymous 2000) and the European Pharmacopoeia
(Ph. Eur.) monograph 1219. WHO Recommendations for meningococcal group C
and group A conjugate vaccines were published in 2004 and 2006, respectively
(Anonymous 2004, 2006), with a Ph. Eur. monograph 2112 for group C vaccines.
The WHO Recommendations for pneumococcal conjugate vaccines were published
in 2005 (Anonymous 2005) and the serological assessment updated in 2009
(Anonymous 2009), while the Ph. Eur. monographs 0966 and 2150 describe the
criteria for the pneumococcal polysaccharide and conjugate vaccines, respectively.
A new United States Pharmacopeia (USP) chapter <1234> under Vaccines for
Human Use (Anonymous 2013a) describes the best practices for production, con-
jugation, and characterization of polysaccharide and glycoconjugate vaccines;
accompanying guidelines on appropriate analytical methods are in development.
The analysis of glycoconjugate vaccines described by these Recommendations and
Pharmacopoeia can be divided into various subsections as summarized in Fig. 8.2.

Fig. 8.2 Control tests applied to conjugate vaccines. Control tests typically applied at each stage
during the manufacture of the conjugate vaccines are shown. Details are published in World Health
Organization recommendations, European Pharmacopoeia monographs and a United States
Pharmacopeia chapter. Adapted from Ravenscroft and Feavers (2006), with permission
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This chapter will focus on the strategies and analytical methodologies currently
applied and in development for the licensure of glycoconjugate vaccines.

8.2 Polysaccharide

Currently licensed conjugate vaccines are all derived from the corresponding
polysaccharides discussed in this chapter and are required to meet the quality
criteria already established for polysaccharide vaccines.

8.2.1 Polysaccharide Production

Capsular polysaccharides are prepared by fermentation of bacterial cultures followed
by isolation and purification using a combination of selective precipitation, diafil-
tration, and/or chromatographic steps depending on the chemical nature of the
polysaccharide. The final purification step consists of buffer exchange and filtration or
by ethanol precipitation, recovery, and drying, followed by storage of purified
polysaccharide as a dry powder or as a frozen solution. The stability of the poly-
saccharide under specified storage conditions needs to be demonstrated using some of
the techniques described in this section. The purified polysaccharides are subjected to
biochemical testing to show identity, purity, and molecular size of the antigens
according to criteria established byWHO and Pharmacopoeia guidelines. In addition
to the polysaccharide specific release assays, the polysaccharide must contain only
low amounts of impurities, such as protein, nucleic acid, and endotoxin (Fig. 8.2).

8.2.2 Polysaccharide Structure and Identity

Antigen structure/identity has traditionally been determined using a combination of
wet chemical methods for characteristic carbohydrate (sialic acid, uronic acid,
hexosamine, methylpentose) and other (nitrogen, phosphorus,O-acetyl) components
(Table 8.3) and an identity test. Immunological identity methods may involve
immunoprecipitation, immunoelectrophoresis, or enzyme linked immunosorbent
(ELISA) assays, but require access to highly specific antisera that are able to dis-
tinguish between closely related polysaccharide antigens. The selective nature of the
tests means that although they may confirm the presence of the antigen tested for,
they give no information regarding other material that may be present. Given that the
molecular structure of the polysaccharides used for vaccine production have been
elucidated, structural techniques such as nuclear magnetic resonance (NMR) spec-
troscopy can demonstrate identity and give an indication of purity. Proton NMR
spectra contain characteristic signals depending on the electronic environment of the
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protons present and their relative intensities can confirm the proportions of different
sugar residue types and substituents (such as N- or O-acetyl) present in the poly-
saccharide (Lemercinier and Jones 1996, 2000; Jones and Lemercinier 2002; Jones
and Ravenscroft 2008; Jones 2005; Jones et al. 2000). Quantification can be
achieved by comparison of these intensities to that of an added internal standard
(Abeygunawardana et al. 2000). The sensitivity and selectivity of 1D proton NMR
permits differentiation between two closely related polysaccharides that differ due to
a single linkage such as Pn 6A/6B (→3)-D-Rib-ol/→4)-D-Rib-ol) and Pn 19A/19F
(→3)-α-L-Rhap/→2)-α-L-Rhap) as shown in Fig. 8.3, or only in configuration at a
single carbon as between Mn W and Y (→6)-α-D-Galp/→6)-α-D-Glcp).

The ability to characterize molecules at the atomic level has allowed NMR
spectroscopy to play a leading role in the structural identification of several new
pneumococcal serotypes discovered within serogroups, which were considered to
be well characterized by serological methods (Calix et al. 2011, 2012; Oliver et al.
2013; Park et al. 2007; Zartler et al. 2009). NMR data identifying the position of O-
acetylation of polysaccharide vaccines have been published; this allows for deter-
mination of the position and extent of O-acetylation of polysaccharide lots, which
may be important for antigenicity and for the subsequent activation reaction if
based upon hydroxyl groups (see Sect. 8.3.1). For polysaccharides that contain
variable O-acetylation resulting in spectral complexity that hampers the use of

Fig. 8.3 Partial 1H NMR spectra of the anomeric and ring regions of the spectra of closely related
pneumococcal serotype polysaccharides that have the same composition but differ in a single
linkage position. a Pn 6A and b Pn 6B; c Pn 19A and d Pn 19F. See Table 8.2 for the structures of
the polysaccharide repeating units

310 N. Ravenscroft et al.



NMR as a polysaccharide identity test, a second spectrum can be recorded after
simplifying the spectrum by performing base-catalyzed de-O-acetylation in the
NMR tube. This approach has been reported for meningococcal polysaccharides,
but could also be applied to pneumococcal serotypes such as Pn 1, 7F, 9V, and 18C
(Jones and Lemercinier 2002). Finally, NMR analysis can also be used to identify
and potentially quantify other organic materials present in the polysaccharide
preparation such as contaminants and process residuals as well as product residuals
such as cell wall polysaccharide (CWPS) for pneumococcal polysaccharides
(Abeygunawardana et al. 2000). CWPS is composed of a tetrasaccharides repeating
unit joined by ribitol phosphodiester bonds with phosphocholine substituents.
Quantification has been reported by use of 1H or 31P NMR analysis of the phos-
phocholine moiety or by ribitol analysis (GC-MS and HPAEC-PAD), depending on
the serotype (Talaga et al. 2001; Xu et al. 2005a). Residual CWPS may be
chemically linked to the capsular polysaccharide (bound) or present by itself (free);
these were quantified by two methods: labeling CWPS with a fluorescent tag fol-
lowed by SEC-HPLC-RI/FL and an NMR method based on self-diffusion rates (Xu
et al. 2005a). The associated peptidoglycan may be quantified by the same tech-
niques. Capillary zone electrophoresis (CZE) has been shown to be a robust
technique for the separation and identification of a mixture of group A, C, Y, and W
polysaccharides (Lamb et al. 2005); additionally quantification could be achieved
without the need for colorimetric assays or composition analysis (Sect. 8.2.3).

8.2.3 Polysaccharide Composition Analysis

Hib, meningococcal, and pneumococcal polysaccharide composition (and quanti-
tation) is determined by the use of colorimetric assays as shown in Table 8.3, assay
details and expected limits based on dry weight are described in the corresponding
WHO and Pharmacopoeia guidelines.

Chromatographic methods offer greater specificity and sensitivity than colori-
metric assays, and can be applied to quantify saccharide and nonsugar components
of the antigens throughout the conjugation manufacturing process. Depolymeriza-
tion to monomers is achieved by acid or base treatment with quantitation of specific
analytes by use of the chromatographic techniques outlined in Table 8.3. Suitable
polysaccharide reference materials or monosaccharides are required and the depo-
lymerization conditions are product-specific and may not be quantitative for all
components. Hydrolysis is always a compromise of cleavage of glycosidic bonds
and subsequent degradation of the released monomer, thus hydrolysis conditions
that are strong enough to release the hexoses from Mn Y and W cause concomitant
degradation of the labile sialic acid. This problem is exacerbated for multiresidue
pneumococcal polysaccharides that contain both acid-resistant (e.g., uronic acids,
amino sugars) and acid-labile keto and deoxy sugar monomers. Phosphodiester
linkages can be selectively hydrolyzed by use of hydrofluoric acid (HF). Liquid
chromatography (LC) permits direct analysis of the analytes, whereas gas–liquid
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chromatography (GC) and some LC methods require prior derivatization. High-
performance anion-exchange chromatography with pulsed amperometric detection
(HPAEC-PAD) methods have been described for the quantitation of Hib [as
monomer (Haan et al. 2013; Lei et al. 2000a; Sturgess et al. 1999; Tsai et al. 1994) or
ribitol (Bardotti et al. 2000)], meningococcal group A [as mannosamine-6-phosphate
(Ricci et al. 2001)], group C (as sialic acid) and groups Y and W [as glucose and
galactose, respectively (Bardotti et al. 2005, 2012)], as well as pneumococcal
polysaccharides (Yu Ip et al. 1992; Talaga et al. 2002) and the associated CWPS [as
ribitol (Talaga et al. 2001)]. A recent method uses selective trifluoroacetic acid
hydrolyses and a single HPAEC method to analyze multivalent Mn A, C, Y and W
vaccines (Cook et al. 2013). Ionic components of polysaccharide vaccines such as
uronic acids, phosphate and acetate can also be analyzed by HPAEC with con-
ductivity detection (HPAEC-CD) as described by Kao and Tsai (2004). Capillary ion
electrophoresis with indirect detection was used as an alternative method to ion
chromatography for the analysis of O-acetate groups in Pn serotypes 9V and 18C
(Hepler and Yu Ip 1994). Additional specific methods for sialic acid quantitation
have been reported including HPAEC-PAD analysis of the underivatized methyl
glycosides (Turula et al. 2004) and HPLC of a fluorophore-labeled derivative (Hara
et al. 1987). Two approaches for the composition analysis of pneumococcal vaccines
that use derivatization are: reversed phase HPLC of fluorophore-labeled sugars
(Canaán-Haden et al. 2006) and gas chromatography with mass spectrometric
detection (GC-MS) performed after methanolysis, re-N-acetylation and trimethyl-
silylation (Kim et al. 2005). Even though each monosaccharide results in more than
one peak, the high efficiency of separation afforded by GC together with confir-
mation of peak assignment and peak purity by analysis of the mass spectra makes
this hyphenated technique superior to current liquid chromatographic methods.

8.2.4 Polysaccharide Molecular Size Distribution

The molecular size distribution of the purified polysaccharide reflects manufacturing
consistency and indicates the dimensional integrity of the polysaccharide; this is
important for those polysaccharides that are susceptible to hydrolysis (for example
meningococcal group A and pneumococcal serotypes 6A and 19A). The potency of
polysaccharide vaccines requires that they have a molecular size greater than a
specific value defined in the WHO and Pharmacopoeia guidelines. The methods are
based on gel filtration using Sepharose columns with collection and colorimetric
analysis of fractions or refractive index detection and the results are reported as the
distribution coefficient (KD) determined from the main peak of the elution curve or as
the percentage of material eluting before a defined KD cut-off value. However,
depending on the conjugation strategy employed, these minimum size requirements
for the polysaccharide may not apply and time-consuming soft gel analysis has
generally been replaced by high performance size-exclusion chromatography (SEC-
HPLC) with refractive index (RI) or multi-angle laser light scattering (MALLS)/RI
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detectors. SEC-HPLC/MALLS/RI is used as a release test for pneumococcal poly-
saccharides; the absolute weight-average molecular mass (Mw) determined for each
serotype is required to meet minimum release specifications for that particular
serotype (Bednar and Hennessey 1993). This method has been modified for analysis
of the polyvalent pneumococcal polysaccharide vaccine (PV23) by adding off-line
rate nephelometric detection (SEC-HPLC/RN) to yield the relative molecular size of
each serotype; a study aligning the absolute and relative molecular size specifica-
tions for a polyvalent polysaccharide vaccine has been published (Sweeney et al.
2000; MacNair et al. 2005). Stability and forced degradation studies showed that a
decrease in relative antigenicity was accompanied by a decrease in molecular size for
some polysaccharides (Pn 19A, 19F and 5) but not for Pn 1, 9V, and 18C; this was
attributed to losses or shifts of O-acetyl groups. However, a decrease in relative
antigenicity could not be definitively linked to loss of immunogenicity for these
serotypes (McNeely et al. 1998; Sweeney et al. 2000). Lastly, polysaccharides
containing chromophores can also be analyzed by soft gels (Munoz et al. 2000) or
SEC-HPLC with ultraviolet (UV) detection (von Hunolstein et al. 2003).

8.3 Saccharide Intermediate

The saccharide intermediate is defined as the purified polysaccharide that has been
modified by chemical reaction or physical process and activated in preparation for
conjugation to the carrier protein to form the glycoconjugate vaccine. In order to
ensure a reproducible conjugate product by means of consistent application of the
appropriate conjugation stoichiometry, the saccharide intermediate needs to be fully
characterized in terms of structure, active groups, and size distribution. If stored
before use, the stability and structural integrity of the saccharide intermediate and
active groups needs to be demonstrated.

8.3.1 Strategies for Saccharide Modification/Activation/
Processing

Different activation/derivatization strategies can be applied to polysaccharides in
order to make them suitable for covalently coupling to the carrier protein; the
activation strategy employed depends on the polysaccharide structure and has been
the subject of several reviews (Bundle 2011; Costantino et al. 2011; Farkaš and
Bystrický 2010; Zou and Jennings 2009). The aim is to achieve a balance between
sufficient activation of the saccharide to ensure conjugation to the carrier protein in
reasonable yield, while having a low enough degree of activation such that the
structural integrity of the carbohydrate antigen is maintained. Table 8.4 provides a
summary of the common strategies for saccharides activation/derivatization with
the associated quality control testing indicated.

8 Glycoconjugate Vaccines 313



T
ab

le
8.
4

C
om

m
on

sa
cc
ha
ri
de

ac
tiv

at
io
n
st
ra
te
gi
es

an
d
an
al
yt
ic
al

te
st
in
g

Fu
nc
tio

na
l
gr
ou

p
Sa
cc
ha
ri
de

ac
tiv

at
io
n
ch
em

is
tr
y

Sa
cc
ha
ri
de
s

A
na
ly
tic
sa

H
yd

ro
xl

ac
tiv

at
io
n

G
en
er
al

T
he

ac
tiv

e
cy
an
at
e
es
te
r
ge
ne
ra
lly

no
t
is
o-

la
te
d.

C
ol
or
im

et
ri
c
an
d
H
PL

C
as
sa
y
fo
r

hy
dr
az
id
e
in
tr
od

uc
ed

G
en
er
al

T
he

ac
tiv

e
im

id
az
ol
yl
ur
et
ha
ne

ge
ne
ra
lly

no
t

is
ol
at
ed
.
C
ol
or
im

et
ri
c
am

in
o
gr
ou

p
as
sa
y

be
fo
re

an
d
af
te
r
br
om

oa
cy
la
tio

n
in
di
ca
te
s

de
ri
va
tiz
at
io
n.

N
M
R

an
al
ys
is
pr
ov

id
es

de
gr
ee

an
d
po

si
tio

n
of

de
ri
va
tiz
at
io
n
an
d

sa
cc
ha
ri
de

in
te
gr
ity

(X
u
et

al
.
20

05
b)

H
yd

ro
xl

di
ol
:
cl
ea
va
ge

an
d
ac
tiv

at
io
n
(y
ie
ld
s
te
r-

m
in
al

or
in
-c
ha
in

al
de
hy

de
s)

D
io
ls
m
ay

ne
ed

to
ge
ne
ra
te
d
af
te
r

pa
rt
ia
l
re
m
ov

al
of

su
bs
tit
ue
nt
s

C
ol
or
im

et
ri
c
as
sa
y
fo
r
al
de
hy

de
s
in
tr
od

uc
ed

(D
’A

m
br
a
et

al
.
19

97
).
L
oc
at
io
n
an
d
qu

an
-

tifi
ca
tio

n
by

N
M
R

an
al
ys
is
(J
on

es
an
d
R
av
-

en
sc
ro
ft
20

08
)
an
d
m
et
hy

la
tio

n/
lin

ka
ge

an
al
ys
is
(K

im
et

al
.
20

06
a)

T
er
m
in
al

re
du

ci
ng

en
d

(a
ld
os
e
or

ke
to
se
)

G
en
er
at
ed

by
hy

dr
ol
ys
is
(e
.g
.

ac
id
,
pe
ro
xi
de
)

A
ct
iv
at
ed

sa
cc
ha
ri
de

is
ol
at
ed
.
C
ol
or
im

et
ri
c

as
sa
y
fo
r
ac
tiv

e
es
te
r

A
ct
iv
at
ed

sa
cc
ha
ri
de
-A

D
H
is
ol
at
ed

or
fu
rt
he
r

de
ri
va
tiz
ed

w
ith

an
ac
tiv

e
es
te
r.
C
ol
or
im

et
ri
c

as
sa
y
fo
r
hy

dr
az
id
e/
ac
tiv

e
es
te
r
in
tr
od

uc
ed

C
ar
bo

xy
l
ac
tiv

at
io
n

U
ro
ni
c
or

ke
to
-

ac
id

co
nt
ai
ni
ng

A
ct
iv
at
ed

sa
cc
ha
ri
de
-A

D
H

is
ol
at
ed
.
C
ol
or
i-

m
et
ri
c
as
sa
y
fo
r
hy

dr
az
id
e
in
tr
od

uc
ed

Ph
os
ph

at
e

Ph
os
ph

at
e

co
nt
ai
ni
ng

A
ct
iv
at
ed

sa
cc
ha
ri
de

ca
n
be

di
re
ct
ly

co
up

le
d

to
ca
rr
ie
r
or

de
ri
va
tiz
ed

w
ith

am
in
ol
in
ke
r
or

A
D
H

a
W
he
re

ap
pl
ic
ab
le
th
is
re
qu

ir
es

qu
an
tifi

ca
tio

n
an
d
ev
al
ua
tio

n
of

th
e
in
te
gr
ity

of
th
e
sa
cc
ha
ri
de

(a
nd

la
bi
le
su
bs
tit
ue
nt
s)
by

us
e
of

co
lo
ri
m
et
ri
c,
co
m
po

si
tio

n
or

N
M
R

an
al
ys
is
de
sc
ri
be
d
in

Se
ct
.
8.
2

314 N. Ravenscroft et al.



In a general approach applicable to most polysaccharides, the hydroxyl groups
are first reacted with cyanogen bromide/CDAP or carbonyldiimidazole to form
active esters. These active intermediates can then be reacted in situ with adipic acid
dihydrazide (ADH) or other bifunctional amines to introduce an amino linker, in
some cases the activated/derivatized saccharide is isolated and represents an
intermediate of the glycoconjugate vaccine manufacturing process. Alternatively
the saccharide active esters can be reacted directly with the protein carrier and no
such intermediate is isolated or analyzed (Shafer et al. 2000). The activation
chemistry described may be performed on the native polysaccharide or the size-
reduced product. Size-reduction can be achieved by chemical or mechanical
treatment (e.g., microfluidization) and yields a saccharide that is less viscous and
more amenable to chemical manipulation and processing than the native polysac-
charide (Kniskern et al. 2010).

A second general strategy based on saccharide hydroxyl groups involves per-
iodate (NaIO4) oxidation of vicinal hydroxyls to generate aldehydes that are readily
conjugated to the amino groups of protein carriers. The effect of the periodate
treatment depends on the polysaccharide structure and can be controlled stoichio-
metrically or kinetically. For Hib and Mn C, which both contain in-chain diols from
ribitol and the exocylic chain, respectively, periodate treatment causes simultaneous
depolymerization and yields terminal aldehydes (Anderson et al. 1986), whereas for
other polysaccharide structures containing several residues per repeating unit,
multiple oxidation sites are available and these will be oxidized at different rates
depending on the relative orientation of the diols (cis vs. trans) and whether the
residue is an alditol, terminal, or branched sugar. The complexity of periodate
oxidation of pneumococcal polysaccharides has been described by Kim et al.
2006a, b, together with a method for determining the location and order of acti-
vation by methylation/linkage analysis. For polysaccharides containing diols that
are not available due to the presence of O-acetyl groups (Pn 1) or pyruvate (Pn 4),
these substituents can be partially removed prior to periodate treatment (Prasad
2011). The saccharides containing aldehyde groups can be covalently coupled to
lysine residues and the N-terminal amino groups of the carrier protein by reductive
amination in the presence of sodium cyanoborohydride (NaBH3CN) or other
reducing agents selective for Schiff bases. Alternatively, the aldehydes generated
can be reacted with hydrazide-derivatized proteins as reported for the preparation of
meningococcal A and C tetanus toxoid conjugates (Lee et al. 2009; Silveira et al.
2007).

Controlled acid hydrolysis of the native polysaccharides produces oligosac-
charides that can be specifically derivatized at their reducing end groups by a
sequence of steps, which leads to an active ester function. The activated oligo-
saccharide can be isolated and characterized before conjugation. This approach
requires an acid-labile linkage and has been used for Hib and multivalent Mn
vaccines (Costantino et al. 1992, 1999; Ravenscroft et al. 2000) and is applicable to
some pneumococcal polysaccharides (Porro 1994). Hydrogen peroxide has also
been used to generate meningococcal oligosaccharides and the reducing end groups
reacted with ADH to form the hydrazide-derivatized saccharide intermediate (Cai
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et al. 2004). Some bacterial polysaccharides possess carboxyl or phosphate groups
that might be used for introduction of an amino linker using a carbodiimide-
mediated chemistry (Beuvery et al. 1983a, b). In all cases, the incorporated amino
functional group is suitable for covalent coupling to carboxyl groups of the carrier
protein to obtain the desired glycoconjugate (Szu et al. 1987; Fattom et al. 1995).
Alternatively, the amino-polysaccharide can be further derivatized to obtain a
bromo-acyl or a maleimido function amenable for coupling with a thiol group
present or previously incorporated into the carrier protein (Marburg et al. 1986).

8.3.2 Degree of Activation/Derivatization
and Antigen Integrity

To ensure a consistent conjugation stoichiometry, and therefore a consistent man-
ufacturing process, the degree of activation/derivatization of the saccharide inter-
mediates should be determined. This requires appropriate methods for determination
of the amount of the active/functional group introduced (e.g., amino group, aldehyde
or active ester) per repeating unit polysaccharide; colorimetric, chromatographic and
NMR methods may be used. Colorimetric assays are simple and have been applied
to quantitate amino and hydrazide groups (Snyder and Sobocinski 1975; Qi et al.
1988) as well as reducing end groups and aldehydes (D’Ambra et al. 1997; Park and
Johnson 1949; Sawicki et al. 1961). Chromatographic methods for the quantification
of free and saccharide-linked amino spacer by fluorescent labeling followed by RP-
HPLC or capillary zone electrophoresis (CZE) have been reported; these are more
sensitive and faster than the traditional gel filtration and colorimetric assays previ-
ously used (Adam and Moreau 2000). Calculation of the degree of activation/
derivatization also requires measurement of total saccharide; this can be determined
using composition or colorimetric assays (Table 8.3) or by use of a general carbo-
hydrate assay such as phenol/sulfuric (Dubois et al. 1956) or anthrone (Turula et al.
2008). Alternatively, the degree of activation/derivatization can be determined from
a single assay by use of NMR spectroscopy. This has been described for a deriva-
tized H. influenzae type b polysaccharide intermediate generated by hydroxyl acti-
vation, reaction with excess butanediamine followed by acetylation with
bromoacetyl chloride. Use of an internal standard (dimethyl sulfoxide), permitted
quantitative analysis of each of these reagents with respect to the saccharide, and
moreover elucidated the sites of derivatization, thus replacing several labor-intensive
chromatographic and colorimetric tests (Xu et al. 2005b). Similarly, NMR can fully
characterize oligosaccharide-based intermediates; however, its use may be limited
when applied for the location and quantitation of low levels of periodate activation at
multiple sites on polysaccharides (Kim et al. 2006a). For conjugation strategies
involving polysaccharide fragmentation resulting in oligosaccharides with terminal
activation (Fig. 8.1, approaches (ii) and (iii)), the molecular size correlates to the
degree of activation. Size analysis can be performed by size exclusion or anion
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exchange chromatography (see Sect. 8.3.3) and used for monitoring the activation/
depolymerization reaction. The average degree of polymerization (DP) follows from
the ratio of end groups to sugar chain and can be determined by colorimetric assays,
chromatography (HPAEC-PAD after end group reduction and hydrolysis to
monomers) or NMR spectroscopy (Bardotti et al. 2005; D’Ambra et al. 1997;
Ravenscroft et al. 1999).

When activation is performed randomly along the saccharide chain, the degree
of activation must be low to ensure that the structural integrity of the carbohydrate
antigen is maintained, but sufficient to permit conjugation to the carrier protein.
Therefore, in addition to determining the degree of the activation, it is important to
verify that the activation/derivatization treatment has not altered the structure of the
saccharide and that the protective epitopes have been retained. The potential
structural changes are antigen and conjugation chemistry specific and may include
the formation of new epitopes. For example, reductive amination may also reduce
the keto sugar present in pneumococcal serotype 5 polysaccharide (to N-acetylated
quinovosamine and N-acetylated fucosamine) (Mistretta et al. 2010). Cyanylation
chemistry may hydrolyse phosphodiester linkages or results in some loss or
migration of O-acetyl groups due the basic conditions employed, alternatively it
may also modify antigen amino groups present (2-acetamido-4-amino-2,4,6-tride-
oxygalactose in serotype Pn 1). Carbodiimide chemistry generates a stable by-
product N-acylurea, which has been investigated by Beuvery et al. (1985); it has
been reported to have immunomodulatory properties (Matsumoto et al. 2004; Ruiz-
Perez et al. 2003). These and other potential modifications of saccharide structure
can be assessed using physicochemical and immunochemical methods. Colori-
metric and composition assays (Table 8.3) of the saccharide intermediate compared
to the polysaccharide can confirm maintenance of the correct chemical composition
i.e., that there has been no loss of sugar residues and other components such as
phosphate, acetate, and pyruvate sidegroups that may be immunodominant. To
demonstrate the information provided by these structural tools, HPAEC-PAD and
GC-MS composition profiles have been presented for native, fragmented, aminated,
and conjugated Pn14 and 18C (Talaga et al. 2002), and native, periodate activated
and conjugated Pn 7F, respectively (Kim et al. 2005). As shown in Fig. 8.4, the
similarity of the chromatograms obtained for the parent polysaccharide, and the
corresponding intermediates confirmed that there were no detectable changes in the
antigen chemical composition during the conjugation process.

Similarly, NMR analysis has been used to track antigen integrity from the
starting polysaccharide, through several key intermediates (Fig. 8.5) to the final
conjugate (Bardotti et al. 2008; Ravenscroft 2000; Ravenscroft et al. 2000) and
reveals subtle changes in saccharide structure including the location and extent of
O-acetylation, which may be altered during the activation steps (Jones and Rav-
enscroft 2008). CZE used for identification and quantitation of meningococcal
polysaccharides (Lamb et al. 2005), was also shown to be applicable to the size-
reduced saccharides and to the ADH-derivatized intermediates.

Immunochemical methods can also be used to verify antigenic integrity of the
saccharide after chemical modification, techniques such as immunoelectrophoresis,
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Fig. 8.4 Tracking saccharide composition from polysaccharide through to conjugate using
HPAEC-PAD (a) and GC-MSD (b). a HPAEC-PAD chromatograms for Pn 18C following acid
hydrolysis of the purified polysaccharide (i), size-reduced saccharide (ii), activated saccharide (iii)
and conjugate (iv). Reproduced with permission (Talaga et al. 2002). b GC-MSD total ion
chromatograms for Pn 7F following methanolysis of the purified polysaccharide (i), activated
saccharide (ii) and conjugate (iii). Reproduced with permission (Kim et al. 2005). See Table 8.2 for
the structures of the polysaccharide repeating units
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rate nephelometry (RN), competitive ELISA, and surface plasmon resonance, have
been applied. One approach uses an index of antigenicity, which involves a com-
parison of the concentration calculated immunologically by rate nephelometry with
the concentration obtained chemically or physically; the index was used to evaluate
pneumococcal polysaccharide size-reduced intermediates (Marburg et al. 1997,
Sweeney et al. 2000).

8.3.3 Saccharide Molecular Size Distribution

The molecular size (and DP) of the saccharide intermediates depend on the particular
manufacturing process used and can affect the consistency of the conjugation pro-
cess. Although the saccharide molecular size does not strictly relate to the immu-
nogenicity of the final product, it is important to control its distribution because it
reflects manufacturing consistency, indicates the structural integrity of the saccharide
intermediate and will define the conjugate formed. Suitable methodologies for
molecular size profiling of polysaccharides are size exclusion chromatography
(SEC) coupled to UV, refractive index, viscometry, andMALLS detectors (Fig. 8.6a,

Fig. 8.5 1H NMR spectra of Hib polysaccharide (a) and Hib saccharide intermediates. b Activated
Hib saccharide generated by periodate oxidation (Fig. 8.1, approach (ii)), the resonances due to the
hydrated aldehyde and an adjacent methylene proton are labeled. c Hib saccharide intermediate
generated by acid hydrolysis, size selection and reductive amination (Fig. 8.1, approach (iii)), the
methylene resonances due to the aminated ribitol are labeled
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Sect. 8.2.3), whereas oligosaccharides can be analyzed by DP analysis (based on
total and end groups determination), HPAEC-PAD, or 1H NMR spectroscopy. 31P
NMR spectroscopy can also be used for phosphodiester-containing saccharides, such
as Hib, Mn A, and some pneumococcal serotypes (see Table 8.2). HPAEC–PAD
profiles can be used to monitor the mild acid hydrolysis of meningococcal poly-
saccharides to oligosaccharides and track the sizing and activation intermediates
(Fig. 8.6b); this demonstrates the precision with which the oligosaccharide-based
conjugates can be characterized (Proietti et al. 2005; Tomei et al. 2009).

8.4 The Carrier Protein

The carrier protein is defined as the protein to which the saccharide is covalently
linked for the purpose of eliciting a T-cell-dependent immune response to the
polysaccharide antigen. This response is developed early in life and leads to
immunological memory and boosting of the response by further doses of the
vaccine; thus, conjugate vaccines are suitable for infant immunization. The most
widely used carrier proteins are related to bacterial toxins that are detoxified by
chemical or genetic means. Saccharides can be covalently attached to proteins,

Fig. 8.6 Tracking polysaccharide depolymerization by use of SEC-HPLC (a) and HPAEC-PAD
(b). a SEC-HPLC chromatograms with detection using refractive index (i), light scattering (ii) and
viscometry (iii). bHPAEC-PAD profiles following themild acid hydrolysis ofMnWpolysaccharide
at 2.5 (i), 4.5 (ii) and 6.5 h (iii). Reproduced with permission from Tomei et al. (2009)
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although activation is required. Sometimes the carrier protein is also activated or
derivatized to create compatible reactive groups. As for the saccharide intermediate,
the quality of the protein carrier needs to be demonstrated in order to ensure the
reproducible production of the glycoconjugate vaccine.

8.4.1 Licensed Protein Carriers

Five carrier proteins are currently used for licensed conjugate vaccines: diphtheria
toxoid (DT), tetanus toxoid (TT), CRM197, Haemophilus protein D (PD), and the
outer membrane protein complex of serogroup B meningococcus (OMPC). Proteins
such as diphtheria and tetanus toxoids, which derive from the respective toxins after
chemical detoxification with formaldehyde, were initially selected as carriers
because of their safety record established over decades of vaccination against tet-
anus and diphtheria. CRM197, a 58 kDa nontoxic mutant of diphtheria toxin,
isolated from the supernatant of cultures of Corynebacterium diphtheriae C7(β197)
tox(-) strain (Giannini et al. 1984), has the advantage of not requiring chemical
detoxification. CRM197 has been used extensively as a carrier for licensed Hib and
multivalent meningococcal and pneumococcal conjugate vaccines and other vac-
cines in development (Bröker et al. 2011; Shinefield 2010). OMPC has been used
for a Hib conjugate vaccine (Donnelly et al. 1990) and a first generation of
pneumococcal conjugate vaccines (Kilpi et al. 2003), while protein D was intro-
duced as a carrier for most of the serotypes in a multivalent pneumococcal con-
jugate vaccine (Forsgren and Riesbeck 2008; Prymula et al. 2006). Protein D (PD)
is a 40 kDa cell-surface protein originally derived from non-typeable H. influenzae
and produced from a recombinant strain of E. coli.

8.4.2 Characterization of Protein Carriers

Characterization of the carrier protein is required as part of the product-licensing
portfolio. When tetanus and diphtheria toxoid are used in glycoconjugate vaccine
manufacture, they should at least meet the WHO and Pharmacopoeial requirements
established for the corresponding ‘stand-alone’ vaccine. The key quality parameters
for toxoids are those defined by the release tests performed on the concentrated
bulk. The purity (and identity) of toxoids can be measured using methods ranging
from immunochemical to physicochemical. The immunochemical methods make
use of reference sera and can be immunoprecipitation (the classical flocculation
determination), immunoelectrophoretic or immunoenzymatic methods, whereas
physicochemical techniques includes SDS gel electrophoresis, isoelectric focusing
and SEC-HPLC. In addition, the proportion of monomer and multimeric forms of
the toxoid needs to be evaluated; some manufacturers perform further purification
of toxoids lots if used for conjugate production. Alternatively, toxin purification
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may precede detoxification since this may result in a purer product, but particular
care must be taken to avoid reversion to toxin when this procedure is used (Frech
et al. 2000). Further detailed characterization of toxoids is typically not performed
as part of conjugate development, although techniques applicable to achieve this
have been described for use in controlling the detoxification process and monitoring
tetanus toxoid vaccine production (Metz et al. 2013).

The third carrier OMPC is extracted from washed bacterial cells with buffer
containing detergent and further processed to remove cell debris impurities
including lipopolysaccharide (LPS). The protein composition can be profiled by
SDS-PAGE or similar methods and the LPS should not exceed 8 % by weight
(Anonymous 2000). The OMPC lot must pass the rabbit pyrogen test at 0.25 µg/kg
of body mass and the LPS content measured. HPLC (Li et al. 2004; Lyngby et al.
2002) and GC-MS (de Santana-Filho et al. 2012) methods have been developed for
LPS quantitation; they are based on fatty acid content and are more specific and
sensitive than colorimetric or SDS-PAGE methods previously used. Advances in
bioanalytical characterization of such products have been facilitated by the recent
licensure of a multicomponent vaccine against group meningococcal B disease,
which includes outer membrane vesicles (Gorringe and Pajon 2012; Ravenscroft
et al. 2010; Vipond et al. 2006).

Key quality attributes for those carrier proteins that are not stand alone vaccines,
such as CRM197 and PD include: structure/identity, sterility or bioburden
(depending on the manufacturing process), endotoxins, and purity. In some specific
cases, additional quality attributes may require measurement. Although immuno-
chemical methods are applied, characterization of the concentrated bulk is mainly
performed by use of physicochemical methods including SDS-PAGE, isoelectric
focusing, HPLC, amino acid analysis, amino acid sequencing, peptide mapping,
and mass spectrometry (Hsieh 2000). Even though the conformation of the carrier
protein may not directly determine the immunogenicity of the glycoconjugate
vaccine, determination of secondary and tertiary structure is helpful in assessing
batch to batch consistency and might be useful as part of comparability studies
when changes of process or manufacturing sites occur. Techniques including far
and near UV circular dichroism, fluorescence spectroscopy, and differential scan-
ning calorimetry (DSC) have been applied (Crane et al. 1997; Ho et al. 2000, 2001,
2002). CRM197 is a well-established carrier protein used in several currently
licensed conjugate vaccines (Bröker et al. 2011; Shinefield 2010); it has been fully
characterized and the structural basis for its lack of toxicity compared to diphtheria
toxin recently explained (Malito et al. 2012). The quality criteria and testing
established during its licensure thus serve as the model for release of new carrier
proteins. Where CRM197 is produced in the same facility as diphtheria toxin, proof
of non-toxicity is required. Typical expectations are that the purity of CRM197
should be at least 90 % and often >95 % (with dimers and higher oligomers <5 %).
CRM197 contains an exposed loop of three arginines, which is clipped by proteases
present in the culture medium resulting in a so-called nicked form. The degree of
nicking needs to be controlled (typically <5 % of total CRM197); the proportion of
intact CRM and fragments A and B can be readily determined by SDS-PAGE
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performed under reducing conditions. Protein carriers obtained with recombinant
DNA technology, such as PD (and CRM197 in development), need to comply with
additional requirements established for recombinant products including testing for
host cell DNA and proteins (Brady et al. 2012).

8.4.3 Characterization of Derivatized Protein Carriers

Most conjugation methods make use of the carboxyl groups of glutamic and
aspartic acids or the primary amines (lysine residues and the N-terminal) or thiols of
the protein carrier. However, some strategies require prior derivatization of the
protein carrier to generate functional groups that will react specifically with active
groups on the saccharide intermediate. The issues discussed for saccharide inter-
mediates apply, namely, that the extent of derivatization must be quantified and that
“over-derivatization” should be avoided as it might mask potential T cell epitopes
of the carrier protein (Pon 2012). In general, such functional groups are introduced
by derivatization of protein amino acids side chains such as glutamic/aspartic acid
with a bifunctional reagent (e.g., adipic acid dihydrazide or hydrazine) so that a
highly nucleophilic hydrazide group becomes available for coupling with the
polysaccharide (Schafer et al. 2000). This approach is also applicable to toxoids and
was used by the Meningitis Vaccine Project to improve the coupling of periodate-
activated meningococcal group A polysaccharide to TT (Lee et al. 2009) and other
groups for conjugates in development against Hib (Laferriere et al. 2011) and
meningococcal group C disease (Silveira et al. 2007). In other manufacturing
strategies, the lysine side chains of the carrier protein can be derivatized to intro-
duce different reactive groups (e.g., bromoacyl, thiol groups or maleimido groups).
The Hib-OMPC conjugate is prepared using this technology, the bromoacetylated
activated Hib polysaccharide (Table 8.4) is coupled to the thiolated protein prepared
by reaction of OMPC with N-acetylhomocysteine thiolactone (Marburg et al. 1986).
Calculation of the extent of protein derivatization requires appropriate methods for
determination of the amount of functional groups introduced and measurement of
total protein. The extent of hydrazide-derivatization of proteins can be determined
using colorimetric assays (Qi et al. 1988), whereas the introduction of thiols is
measured by a reaction of Ellman’s reagent with free thiols (Ellman 1959). Methods
used for total quantity of protein include amino acid analysis, spectrophotometric
and colorimetric assays or other appropriate methods; there should be no interfer-
ence from the functional group introduced. Alternatively, mass spectrometry can be
applied: MALDI-TOF MS analysis of ADH-derivatized CRM197 showed a mass
increase of 830 Da compared with underivatized CRM197 corresponding to the
attachment of approximately 5 ADH linkers per CRM197 (Micoli et al. 2011a). In
some cases, the procedures for protein carrier activation or derivatization may result
in a certain degree of covalent aggregation of the carrier itself, and this should be
monitored with appropriate tests like SEC-HPLC coupled to static light scattering
detection, SDS-PAGE, mass spectrometry, or other suitable tests.
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8.5 The Glycoconjugate Vaccine (Drug Substance)

The glycoconjugate vaccines formed from conjugation of randomly-activated
polysaccharides or terminally-activated saccharides to carrier proteins are complex
and consist of a family of glycoforms for which only the average properties can be
readily measured. Therefore, strict control of the quality of the activated saccharide
and carrier protein, as well as the conjugation conditions are required to ensure
consistent production of these structurally diverse biologicals. Both the multistep
methods and the control procedures used to ensure the reproducibility, stability, and
safety of the conjugate should be established once the immunogenicity of the
conjugate vaccine has been demonstrated. The success of the chemical coupling of
a specific activated saccharide and protein depends on many variables including the
relative concentrations (and sizes) of the reactants, coupling chemistry/reactive
groups, uniform mixing, temperature, pH, and ionic strength, all of which need to
be carefully controlled to maximize the yield and minimize cross-linking and
precipitation. Ways to improve conjugation efficiency include size-reduction of
native polysaccharides, particularly if they are viscous, and the use of spacers or
linkers that help to overcome electrostatic and steric barriers to linkage formation
between the saccharide and protein macromolecules. Mild conjugation conditions
that have little impact on the structural integrity of the saccharide or protein and do
not introduce new epitopes (neoepitopes) are desirable. Less control is possible for
randomly-activated polysaccharides that form multiple points of attachment with
the carrier protein; the saccharide protein ratio of the conjugate formed depends on
the input masses, while the conjugation time required depends on the conjugation
chemistry and can be followed by SEC-HPLC. Conjugations using cyanylation
chemistry are fast: for example CDAP activation may occur over several minutes
and the conjugation reaction is quenched after 1 h by the addition of glycine
(Capiau et al. 2008); whereas reductive amination coupling is slow and may take
from 8 h to several days depending on the polysaccharide structure, quenching is by
sodium borohydride reduction of the saccharide aldehydes (Prasad 2011). For
monomeric conjugates, the saccharide/protein ratio and the size can be controlled
and to some extent defined, firstly by the size distribution of the oligosaccharides
selected for terminal active ester derivatization and secondly by the ratio of active
ester to protein used for the conjugation reaction. The conjugation reaction is
terminated either by removal of the unreacted reactants (e.g., by diafiltration) or by
chemical deactivation/quenching or capping of residual reactive groups before
purification of the conjugate from conjugation reagents and unconjugated saccha-
ride and protein. The techniques employed are vaccine-specific and generally rely
on the higher molecular weight (and larger hydrodynamic size) or different charge
or hydrophilicity of the conjugate formed compared to the unconjugated saccharide
and protein reactants. Methods used include diafiltration, size exclusion chroma-
tography, selective precipitation (e.g., ammonium sulfate), hydrophobic interaction
chromatography (HIC) or combinations of these techniques (McMaster 2000).
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After the bulk conjugate has been purified, the tests listed in Fig. 8.2 should be
performed to assess consistency of production. The tests are critical for assuring lot-
to-lot consistency and are described in the WHO and Pharmacopoeia guidelines.
Most of the control testing of the conjugate vaccine is vaccine-specific and includes
purity (free from residual reagents), the absence of activated functional groups
(used for conjugation) and specific toxicity of the carrier protein (when toxoids
have been used). Proof of the covalent linkage (an essential feature of conjugate
vaccines) between the saccharide and carrier protein must be established, and its
extent determined. The structure of the conjugate must be characterized with respect
to the molecular size distribution, the saccharide and protein content, and the ratio
of saccharide to protein calculated. The amount of free (unbound) saccharide
present in the vaccine must be determined; this serves as a key stability indicator for
conjugate vaccines. The physicochemical procedures used for analysis and control
of conjugate vaccines are based on the methods already described for analysis of the
carrier protein and the activated saccharide intermediate; their application can
reveal structural changes arising from the conjugation reaction such as unfolding of
the protein carrier or changes in the structure of the saccharide chain caused by
cleavage or loss of labile substituents. The level of physicochemical characteriza-
tion possible varies with the type of conjugate: the simple monomeric type of
conjugate (iii) with CRM197 as carrier is the most amenable to structural charac-
terization, whereas a cross-linked lattice conjugate (i) formed with a toxoid as
carrier, presents the biggest challenge to structural characterization (Bardotti et al.
2008; Bolgiano et al. 2001; Ho et al. 2000; Jumel et al. 2002). Nevertheless, the
chromatographic and spectroscopic data spectra obtained throughout the process
constitute structural fingerprints of the vaccine intermediates and final product and
provide a sensitive probe of manufacturing consistency. These data can also be used
to support proof of bioequivalence between vaccine lots when changes in the
manufacturing process have been implemented. A summary of the physicochemical
methods applied to the characterization of glycoconjugate vaccines is shown in
Fig. 8.7.

8.5.1 Proof of Conjugation

An essential feature of conjugate vaccines is the formation of a covalent linkage
between the saccharide and carrier protein. Proof of conjugation may be demon-
strated by co-elution of the saccharide and protein components on SDS-PAGE, size
exclusion chromatography or capillary electrophoresis; a physical mixture of the
protein and saccharide should be used as a control. Conjugation alters the migration
of the carrier protein in SDS-PAGE resulting in a broad smear of higher molecular
weight due to the conjugate; co-migration of the saccharide is shown by staining or
Western blot. Similarly, size exclusion chromatography with UV/RI detection can
profile the formation of the conjugate of increased hydrodynamic size compared to
the saccharide and protein reactants; co-elution can be confirmed by fraction
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collection and testing using spectrophotometric, chemical, or immunochemical
methods. A column with an appropriate fractionation range should be selected as
the high molecular weight “conjugate” eluting in the void volume of the column
may simply be a noncovalent mixture of the polysaccharide and aggregated protein
carrier. The applicability of these techniques depend on the nature of the conjugate
formed; some high molecular weight cross-linked lattice conjugates (Fig. 8.1,
approach (i)) may be too large to enter the gel or column, although their formation
can be demonstrated by size analysis using static light scattering, such conjugates
may be lost during downstream processing. On the other hand, only small changes
in migration and hydrodynamic size would be observed for monomeric conjugates
with a low loading of neutral saccharides; however, such conjugates are amenable
to analysis by mass spectrometry (Kabanova et al. 2010a, b; Oberli et al. 2011).
Some methods of conjugation result in the formation of stable covalent bonds that
are not cleaved by the hydrolysis conditions employed for amino acid hydrolysis.
The modified amino acid formed can be quantified and serves as a unique marker
for the degree of conjugation. Saccharide aldehydes that are reductively aminated to
the carrier protein form a modified lysine residue, which can be detected by amino
acid analysis; typically 6–9 of the 39 lysines are conjugated (Seid et al. 1989; Hsieh
2000). Similarly, the bromoacetylated saccharide coupling to the thiolated protein
yields an S-carboxymethyl homocysteine residue (Marburg et al. 1986). Most of the

Fig. 8.7 A summary of the physicochemical methods applied to the characterization of
glycoconjugate vaccines
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other coupling chemistry listed in Table 8.4 yields saccharide or linker-protein
linkages that are cleaved during the conditions required for amino acid hydrolysis,
and therefore the degree of conjugation is inferred from the migration or elution of
the conjugate formed. Alternatively, if the conjugate can be deglycosylated by acid
hydrolysis conditions that are mild enough to leave the protein carrier intact with a
sugar fragment linked directly or via a spacer to the amino acid involved in the
covalent linkage (an adduct, Bardotti et al. 2008), then the average number of
attachment sites per protein can be determined by MALDI-TOF-MS.

Capture ELISA is an alternative approach not requiring chromatography or
detection of a conjugation marker. In the first step, the plate is coated with saccharide
antibody to capture all the saccharide present (free and conjugated), after washing of
unbound material, protein carrier antibody is used to detect the protein component of
the conjugate. Lastly, indirect evidence of conjugation for some conjugates may be
obtained through animal studies that elicit a strong immune response to conjugates
compared to the corresponding polysaccharide alone (Suker et al. 2004).

8.5.2 Saccharide Identity and Content

Immunological or chemical tests are performed on the monovalent bulk to confirm
the saccharide identity and demonstrate that the multistep conjugation process did
not significantly alter or destroy important epitopes. The tests employed are based
on those described for establishing polysaccharide structure and identity
(Sect. 8.2.2) and for confirming the structural integrity of the activated intermediate
(Sect. 8.3.2), however, for conjugates there might be interference from the carrier
protein. Immunological assays thus require appropriate reagents to ensure that they
are specific for the antigen concerned; methods applied include ELISA, immuno-
blot analysis, and rate nephelometry. Alternatively, the structural identity of the
saccharide antigen can be confirmed using physicochemical methods such as col-
orimetric (for simple repeating units) or composition analysis (Table 8.3) if
acceptable specificity can be demonstrated. Once again, NMR spectroscopy is the
preferred physicochemical technique in terms of specificity and the structure-rich
information provided on saccharide sugar composition and substituents. The NMR
spectra of conjugates contain relatively sharp signals from the saccharide compo-
nent superimposed on broad peaks of low intensity from the carrier protein
(Fig. 8.8), and therefore the saccharide structures of all currently licensed conjugate
vaccines (Hib, 4 meningococcal and 13 pneumococcal) can be identified. The
technique is applicable to both polysaccharide and oligosaccharide-based conju-
gates, but depends on the saccharide loading and the nature of the protein carrier.
Monomeric CRM197 conjugates are the most amenable to NMR analysis, whereas
cross-linked Hib conjugate vaccines with tetanus toxoid or OMPC as carriers do not
give acceptable spectra (Aubin et al. 2010; Jones and Ravenscroft 2008). As for the
polysaccharide identity test, the spectra of O-acetylated antigens can be simplified
by in situ base treatment.
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The saccharide content of the conjugate must be determined; this quantity is
used to characterize the conjugate, calculate the yield and recovery of the conju-
gation reaction, and importantly define the dose of the antigen in the final drug
product. In principle, the methods available include colorimetric and composition
assays (Table 8.3) or immunological methods such as ELISA or rate nephelometry
(if reagents are available). In practice, the same assay used to determine the sac-
charide input for the conjugation reaction is also applied to determine the saccharide
content of the conjugate. These are typically appropriate colorimetric assays for
specific components (ribose, phosphate, sialic acid, or uronic acid) or the general
carbohydrate assays (phenol/sulfuric or anthrone). The assay should be specific and
not suffer from interference from the carrier protein. The informative composition
assays based on depolymerisation and monomer quantification by use of HPLC,
HPAEC-PAD, or GC are largely used during optimization of the activation/con-
jugation conditions and process development, but not for the saccharide content
release assay. By establishing a correlation between the colorimetric and immu-
nochemical assays (ELISA and RN) for the monovalent bulk, immunochemical
assays can be used for saccharide antigen content in the drug product (Sect. 8.6),
where low amounts and multivalent formulations preclude the use of chemical
assays.

Fig. 8.8 1H NMR spectra of pneumococcal serotype 7F polysaccharide (a) and the corresponding
tetanus toxoid conjugate (b); some diagnostic resonances are labeled. See Table 8.2 for the
structure of the Pn 7F polysaccharide repeating unit
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8.5.3 Protein Identity and Content

The identity of the carrier protein may be confirmed by use of an immunological
method such as ELISA. This identity test, or a more detailed structural character-
ization of the carrier protein, would only be considered if multiple protein carriers
were used within the same manufacturing facility. The protein content of the
conjugate must be determined; this quantity is used to characterize the conjugate
and monitor the consistency of the conjugation reaction. It will also allow deter-
mination of the protein content in the final drug product. Methods used for total
quantity of protein include amino acid analysis, spectrophotometric (UV absor-
bance), and colorimetric assays [Lowry et al. (1951), bicinchoninic acid assay,
Smith et al. (1985) or Bradford (1976)]; the method chosen must not suffer from
interference from the saccharide component or residual functional groups that may
be present from the conjugation. Typically, the method used for the conjugate is the
same as the method used to determine the protein input for the conjugation reaction
(Sect. 8.4.3).

8.5.4 Saccharide–Protein Ratio

The saccharide–protein ratio for a conjugate, also known as the degree of glyco-
sylation, is calculated from the ratio of concentrations (mass/volume) for the sac-
charide and protein content, respectively. The concentrations are typically measured
using two independent assays as described in Sects. 8.5.2 and 8.5.3. This ratio
reflects the relative proportions of the saccharide and protein that reacted to form
the conjugate, and is thus also an indicator of process consistency. The value
reported should be in the range approved for that conjugate and should be con-
sistent with vaccine shown to be effective in clinical trials. For vaccines licensed to
date, Hib vaccines contain the largest variation in ratio ranging from <0.1 (Hib-
OMPC) to 1.4 (Hib-DT), whereas the meningococcal MCV4 vaccines contain
average ratios of 0.33 (DT), 0.45 (TT), and 0.52 (CRM197). For pneumococcal
conjugate vaccines, the ratio is typically in the range 0.3–3.0 depending on the
serotype (Anonymous 2005), with average ratios of 0.80 (PCV7), 0.65 (PCV10),
and 0.96 (PCV13) calculated from the respective product compositions listed.

In principle, several physicochemical methods can give a direct measure of the
saccharide–protein ratio, although they are not necessarily used for lot release.
SEC-HPLC-UV/RI with dual monitoring (e.g., refractive index and UV, for total
material and protein content, respectively) can profile the saccharide/protein ratio
over the size distribution of conjugates, which provides a more sensitive probe of
manufacturing consistency that the average value from the saccharide–protein
content (Hsieh 2000). Conjugates that are suitable for proton NMR analysis
(Sect. 8.5.2), yield spectra containing sharp diagnostic signals for the saccharide
component and broad signals for the folded carrier protein. However, if the protein
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is denatured by addition of guanidium hydrochloride or base, then the resonances
from the aromatic amino acid sidechains provide a measure of the protein content,
and one of more of the sugar-derived resonances can be integrated to determine the
saccharide content (Jones and Ravenscroft 2008). The molecular mass of well-
defined monomeric conjugates can be measured by SEC-HPLC-MALLS or
MALDI-TOF-MS and by knowing the protein component, the attached saccharide
mass determined.

8.5.5 Molecular Size Distribution

The molecular size of the conjugate is a key indicator of process consistency and
provides proof of conjugation. Size analysis also indicates the integrity of the
conjugate particularly if the saccharide component is susceptible to hydrolysis, and
is used as a valuable stability-indicating assay. The method used is vaccine-specific
and includes size exclusion chromatography, SEC-HPLC-UV/RI/MALLS, analyt-
ical ultracentrifugation, or dynamic light scattering. Historically, size analysis cri-
teria for conjugates were based on the methods established for the polysaccharide
vaccines, although unlike polysaccharide vaccines, the molecular size of the con-
jugate does not appear to relate to clinical efficacy. The specifications were based on
KD values obtained on specified columns with peak analysis by UV, RI, colori-
metric assay, or ELISA. Typically SEC-HPLC-UV/RI is used to track the conju-
gation from starting polysaccharide and protein, through the intermediates to the
final conjugate. A single column (or two in series) may be used with calibration
using molecular weight standards and the peak apparent molecular weight and size
distribution reported. Conjugates that display several major peaks may require
additional description. The recovery of the conjugate through the column should be
demonstrated as large cross-linked conjugates and aggregates will not be eluted
although they are present and contribute to the other conjugate parameters mea-
sured. Use of the MALLS detector provides a more quantitative estimate of size and
polydispersity; analysis of Mn group C vaccines shows that the conjugates prepared
using periodate activation (approach (ii), Fig. 8.1) are cross-linked to several pro-
tein carriers, whereas the oligosaccharide terminally activated conjugates (approach
(iii), Fig. 8.1) are monomeric (Bardotti et al. 2008; Jumel et al. 2002).

8.5.6 Free Saccharide Assay

The term free saccharide refers to the amount or proportion of saccharide that is
present but not covalently linked to the protein carrier. It may be a process residual
remaining after purification of the conjugate, i.e., unconjugated saccharide, or a
product related impurity generated by hydrolysis of the glycoconjugate. This
parameter is important because only saccharide that is covalently bound to the
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carrier protein, i.e., conjugated saccharide is immunologically important for clinical
protection, and secondly, the presence of large amounts of free saccharide may
suppress the immune response to the antigen (Peeters et al. 1992; Poolman and
Borrow 2011; Rodriguez et al. 1998). Therefore, each batch of conjugate should be
tested for unbound or free saccharide in order to ensure that the amount present in
the purified bulk at release and during its storage is within the limits for lots shown
to be clinically safe and efficacious. As a guideline, two of the first generation of
licensed conjugates had free saccharide specifications of <20 % (Hib-TT) and
<25 % (Hib-CRM197), respectively (Anonymous 2008); lower levels are expected
today. The stability of glycoconjugates based on free saccharide content varies
depending on the type of conjugate and structure of the saccharide repeating unit
(and the nature of glycosidic bonds present). Cross-linked lattice conjugates
(Fig. 8.1, approach (i)) have multiple saccharide–protein linkages, and therefore a
cleavage in the saccharide chain may not release free saccharide, whereas it would
be detectable for monomeric conjugates (Fig. 8.1, approach (iii)). Apart from minor
differences due to conjugate architecture, the main determinant for conjugate sta-
bility is the inherent stability of the saccharide chain under the conditions of
storage; this is discussed further under stability testing (Sect. 8.5.11). Analytical
tests to monitor the free saccharide are of paramount importance since this
parameter is considered an indicator of vaccine potency and stability, and is a
critical factor used to establish the expiry date for the product.

Determination of the level of free (or unconjugated) saccharide first requires that
it be separated from the conjugated saccharide. Methods that have been used
include chromatography (size, ion-exchange or hydrophobic interaction), chemical
precipitation of the conjugate with acid and/or detergents, ammonium sulfate or by
aluminum adsorption, capillary electrophoresis, gel filtration, centrifugal ultrafil-
tration, ultracentrifugation, solid phase extraction, or immunoprecipitation. The
amount of free saccharide can then be quantitated using the method that was used to
quantitate the total saccharide content (if that method is sufficiently sensitive),
which is by specific chemical or immunological assays, or by composition analysis
using HPLC, HPAEC, or GC after hydrolysis. Finally, the level of free saccharide is
related to the total saccharide by calculating the ratio between the respective con-
centrations to provide an assessment of the effectiveness of the conjugate purifi-
cation process and integrity of the glycoconjugate. The methods employed for the
separation and subsequent free saccharide quantification depend on the nature of the
conjugate and the saccharide component. A key challenge to the physical separation
of conjugate and free saccharide are the electrostatic interactions between them and
the relatively large hydrodynamic size of saccharides, and therefore the method
chosen has to be carefully validated and include evaluation of samples spiked with
protein carrier as well as samples spiked with activated saccharide to ensure
robustness of the free saccharide assay. Use of forced degradation studies during
vaccine development (Sect. 8.5.10) can be used to demonstrate the suitability of the
method chosen. Analysis of the large Hib-OMPC conjugate uses ultracentrifugation
(Belfast et al. 2006), whereas the deoxycholate/HCl precipitation method seems to
be generally applicable to Hib (Guo et al. 1998; Lei et al. 2000a), meningococcal
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(Lei et al. 2000b) and pneumococcal conjugates. Centrifugal ultrafiltration with the
appropriate membrane cut-off has been applied to Hib and polysaccharide and
oligosaccharide-based conjugates (Bolgiano et al. 2007) as well as meningococcal
oligosaccharide-CRM197 conjugates (Bardotti et al. 2008). Solid phase extraction
(SPE) is widely used for sample preparation in drug analysis, and has been applied
to retain the intact Hib and meningococcal oligosaccharide-CRM197 conjugate on
C4 cartridges with elution and analysis of the corresponding free saccharide fraction
by HPAEC (Carinci et al. 2012).

The application of CE to the analysis of meningococcal polysaccharides
(Sect. 8.2.2) and saccharide derivatives (Sect. 8.3.2) has been extended to the cor-
responding diphtheria toxoid conjugates. Micellar electrokinetic chromatography
(MEKC) was found to provide separation of the meningococcal (A, C, Y, and W)
conjugates and free DT and with use of an internal standard (myoglobin) used to
quantify unconjugated DT. The technique was also shown to be applicable to several
pneumococcal polysaccharides and their corresponding TT and DT conjugates
(Lamb et al. 2000). The success of the separations was polysaccharide-specific, but
suggests that CE has the potential to quantify conjugate, free saccharide, and free
protein in a single experiment. Similarly, CZE was able to resolve and quantify the
meningococcal (A, C, Y, and W) CRM197 conjugates (Carinci et al. 2012).

8.5.7 Unconjugated Carrier Protein

As for free saccharide, the level of unconjugated (or free) carrier should be mon-
itored for each lot of monovalent conjugate because it is a key maker of process
consistency, an indirect measure of covalency and could interfere with the immune
response against the glycoconjugate. The unconjugated protein can be separated
from the conjugate and simultaneously quantitatively determined by use of SEC-
HPLC using UV or fluorescence detection, SDS-PAGE followed by staining and
scanning of the gel or by capillary electrophoresis (Lamb et al. 2000). In all cases,
the calibration curve is established with a reference unconjugated protein (or
derivatized protein) and validated by use of spike recovery experiments.

8.5.8 Unreacted Functional Groups and Capping Markers

Residual unreacted functional groups capable of reacting in vivo may be present on
the activated saccharide and/or derivatized protein after the conjugation process.
The nature of the functional group depends on the coupling chemistry (Table 8.4),
and if considered reactive, may be chemically quenched or reacted with a small
molecule to cap the active group. Additionally, the presence of residual reactive
groups may affect product stability during storage. Residual cyanoesters and imi-
docarbonates resulting from CNBr (or CDAP) activation of the saccharide are
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deactivated by the addition of simple amines such as glycine or ethanolamine; the
amount of the cap introduced can be monitored by hydrolysis and chromatographic
methods (HPLC, GC, or amino acid analysis) or NMR spectroscopy if appropriate.
Reactive bromoacetamide residues on the saccharide are capped with N-acetylcy-
steamine, which is detected as the unique amino acid S-carboxymethyl cysteamine
by amino acid analysis. Thus, amino acid hydrolysis allows quantification of the
total degree of protein activation from the sum of the protein active sites involved in
conjugation (as S-carboxymethylhomocysteine) and the sites activated but not
conjugated (as S-carboxymethyl cysteamine); this serves as an analytical check for
overderivatization and possible reduction of potential T-cell epitopes (Kniskern and
Marburg 1994). Reactive aldehydes remaining after reductive amination are typi-
cally removed by reduction with sodium borohydride to form an unreactive alcohol;
this reduction step also “locks” the imine bonds formed between the protein amine
and saccharide aldehyde. Detection of low amounts of unreduced aldehydes
remaining after quenching presents an analytical challenge due to the protein
present; one strategy would be to selectively react the aldehyde with a hydrazide- or
aminooxy-functionalized fluorophore, which would be linked to the conjugate and
detectable by SEC-HPLC-FL (Johnson and Spence 2010). Unreacted hydrazides
present on the randomly activated saccharide or derivatized protein are not con-
sidered to be reactive, but should be monitored by use of the selective colorimetric
or chromatographic methods described in Sect. 8.3.2. The active groups present at
the terminals of saccharides (active ester or hydrazide) are not a concern if they
remain unreacted during conjugation as they will be removed together with the
unconjugated saccharide during conjugate purification. In general, each batch
should be shown to be free of unreacted functional groups; alternatively the product
of the capping reaction can be monitored. Validation of the manufacturing process
for removal of unreacted functional groups by quenching or capping during vaccine
development can eliminate the need to perform this analysis for routine control.

8.5.9 Residual Reagents

The conjugate purification procedures should remove residual reagents used for
conjugation and capping. The nature of the reagents and reaction by-products (and
their potential toxicity) depend on the conjugation chemistry employed (Table 8.4)
and their removal should be confirmed by suitable tests or by validation of the
purification process. Appropriate methods may include colorimetric, hyphenated
chromatographic techniques and NMR spectroscopy. Cyanylation chemistry and
reductive amination require analysis of cyanide (colorimetric or ion chromatogra-
phy) and the use of CDAP releases DMAP (4-dimethylamino-pyridine), which
must be monitored. Several methods have been reported for the analysis of residuals
from conjugations using carboxyl groups and spacers including a comprehensive
single method employing RP-HPLC-MS/MS for the carbodiimide, by-products and
a diamine spacer (Lei et al. 2004); the spacer can also be quantified using
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fluorescent derivatization and RP-HPLC or CZE as described in Sect. 8.3.2 (Adam
and Moreau 2000). Lastly determination of hydrazine in the presence of protein was
achieved using differential pulse polarography instead of colorimetric assays
(Bastos et al. 2010). Consistency in the amount of residual reagents from the
conjugation chemistry can be demonstrated during process development, and the
process can be validated for their clearance. This validation includes not only
unconjugated polysaccharide and protein, but also buffers, salts, small-molecule
reaction components, and by-products generated during conjugation. Provided that
consistent levels of residual solvents are recovered, such testing may serve as an
inprocess control.

8.5.10 Conjugate Structure

For some conjugates, additional detailed structural characterization may be per-
formed based on the technologies developed for the analysis of “natural” glyco-
proteins: glycomics and proteomics. Unfortunately, many of the specific enzymes
used for release of N- and O-linked glycans and sequential deglycosylation steps for
sugar chains are not applicable to current thiol, carboxyl, or amino-linked glyco-
conjugate vaccines. Some of these techniques have been used for the character-
ization of CRM197 conjugates (Hsieh 2000; Jones et al. 2000) with the “state-of-
the-art” described by Bardotti et al. (2008) in their study of a tetravalent menin-
gococcal conjugate vaccine. Both the periodate oxidation and active ester conju-
gations to CRM197 are through nucleophilic attack by the ε-amino groups of Lys
residues and the N-terminus. Progress has been made in determining the average
number of linkage sites (Sect. 8.5.1) and the next step is to identify their location
and establish whether certain sites are preferentially glycosylated. For active ester
chemistry, the reactivity will depend of the amino group’s pKa and steric factors,
whereas reductive amination may be more complex owing to the formation of an
intermediate Schiff’s base (which is subsequently reduced). Most of the published
studies have examined products prepared from the active ester conjugation coupling
to CRM197. Peptide mapping studies performed by Jones et al. (2000) confirmed
the sequence of CRM197, and the HPLC-ES-MS profile showed that Asn-N
digestion was more effective than the use of Glu-C or trypsin. Fluorescent labeling
of CRM197 using the same conjugation chemistry and peptide mapping with
fluorescence detection suggested that there were about eight preferred glycosylation
sites. A well-defined conjugate consisting of a single repeating unit of Pn 19F
conjugated to CRM197 (13 chains per protein) was subjected to peptide mapping.
Asn-N digestion and HPLC-ES-MS identified seven major glycosylation sites with
a high degree of certainty and several others, which can be located only to a
particular Asn-N peptide containing multiple Lys residues. The seven sites could be
mapped onto the crystal structure of diphtheria toxin and all are located on the
protein surface and available for conjugation.
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For licensed vaccines, location of the saccharide chains on the protein by LC-MS
of the peptides and glycopeptides produced by proteolytic digestion is complicated
by the structural heterogeneity of the saccharide chains. This was overcome by
Bardotti et al. (2008) by modifying the peptide mapping procedure to include a
deglycosylation step; this approach was applied to analysis of a tetravalent
meningococcal conjugate vaccine. Following tryptic digestion, the oligosaccharide-
bearing peptides (of relatively large hydrodynamic size compared to peptides) were
isolated using SEC-LC-MS. The glycopeptides were deglycosylated by acid
treatment to form the peptide-adducts, which were identified by RP-LC-MS with
MS/MS performed on some glycopeptides. The LC-MS technique is not quanti-
tative; however, between 29 and 34 of the 39 lysines were involved in conjugation,
with 19 glycosylated in all lots examined. This demonstrates consistency in the
active ester-CRM197 conjugation irrespective of the saccharide employed, while
the large number of lysine residues that are modified suggests that the conjugation
is not highly specific in nature.

As part of this study, NMR analysis (of the saccharide) and detailed size analysis
of the conjugate was reported, and the conformation of the protein carrier inves-
tigated. Optical spectroscopy using circular dichroism (CD) and fluorescence
spectroscopy were applied to CRM197 before and after conjugation. Predictions
from the far-UV CD spectra showed that conjugation did not induce significant
conformational changes to CRM197, whereas a more open conformation was
indicated by the fluorescence data. These results are in agreement with previous
studies performed on Hib and meningococcal group C CRM197 conjugates (Crane
et al. 1997; Ho et al. 2001). The estimations of secondary structure can be used to
demonstrate lot-to-lot consistency; however, the importance of preservation of the
“native” folding of the carrier protein to immunogenicity of glycoconjugate vac-
cines has not been demonstrated (Ho et al. 2000).

8.5.11 Stability Testing

The stability of the monovalent bulk conjugate needs to be evaluated as part of
vaccine development and appropriate testing methods established. Hasija et al.
(2013) have reviewed the mechanisms by which vaccines degrade (chemical and
physical), the analytical tools available and provided examples of forced degrada-
tion studies, a summary of vaccine potential stabilizers and a list of the ICH
(International Conference on Harmonization) guidelines on stability studies. The
primary structure of proteins can be altered by deamidation, oxidation, disulfide
exchange, or non-enzymic cleavage, whereas alteration of secondary, tertiary, or
quaternary structure can alter key epitopes or expose nonpolar regions and result in
aggregation or precipitation. Saccharides are subject to cleavage and the loss or
migration of labile groups such as O-acetyls. Based on extensive experience with
Hib and monovalent meningococcal group C conjugates, the protein carrier appears
to be stabilized by the glycosylation, the covalent linkages between the protein and
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saccharide (or via a linker) are generally stable, and therefore the “weakest link” is
the saccharide itself (Hsieh 2000). The saccharide component of conjugate vaccines
may be subject to gradual hydrolysis at a rate, which may vary depending upon the
type of conjugate, the type of formulation (pH, ionic strength, buffer and excipients)
and conditions of storage. The hydrolysis may result in reduced molecular size of
the saccharide component, a reduction in the amount of the saccharide bound to the
protein carrier and in a reduced molecular size of the conjugate and a decrease in
vaccine potency. The immunogenicity may also be affected by the novel saccharide
chain end groups generated by depolymerization (neoepitopes, Egan 2000) and the
increase in the amount of free saccharide (Sect. 8.5.6). Consequently, the key
physicochemical characteristics indicating stability have been identified as free
saccharide, molecular size, and antigenicity (Hsieh 2000).

The degradation of conjugates under normal storage conditions is slow, and
therefore the development of appropriate physicochemical (and animal) tests to
properly assess the integrity of conjugate vaccines follows from accelerated stability
studies otherwise known as forced degradation studies (Hasija et al. 2013). Fol-
lowing the expertise and understanding gained from studies of Hib and meningo-
coccal group C CRM197 and TT conjugates (Crane et al. 1997; Ho et al. 2000,
2001, 2002), stability studies conducted at different temperatures and by freeze-
thaw experiments not only show which tests are useful, but also predict the relative
stability and the shelf life of the bulk and formulated vaccines. The structural
stability, hydrodynamic size, and molecular integrity of the treated vaccines were
monitored by optical and NMR spectroscopy, size exclusion chromatography, and
free saccharide (by use of HPAEC-PAD). The results showed that all the conjugate
vaccines were stable when stored at the recommended temperatures, but differences
in the structural stability (and immunogenicity) of the conjugates were observed at
elevated temperatures and after cycles of freeze-thawing; these were attributed to
differences in conjugate structure, the coupling chemistry employed, protein carrier,
and formulation. The studies confirmed that saccharide integrity, as indicated by the
free saccharide and size distribution assays, determines the immunogenicity of
conjugate vaccines and that it is not affected by protein conformation. However, the
sole use of free saccharide as a measure of structural integrity for different types of
conjugates is not straightforward; for example, a single cleavage in the saccharide
chain of a monomeric type of conjugate results in free saccharide, whereas no
saccharide will be released following the same cleavage in a cross-linked conjugate.
Likewise, loss of saccharide may result in a detectable decrease in hydrodynamic
size of the conjugate, which can be monitored by size exclusion chromatography
(SEC-HPLC-RI/UV/MALLS), but this effect may be masked by the concomitant
unfolding of the conjugate or aggregation giving rise to an apparent increase in size
of the conjugate. Detailed stability studies are performed on the monovalent bulk,
which serves several purposes: appropriate methods of physicochemical control are
developed, the optimal storage conditions, and shelf life for the bulk is established,
and it informs the expected stability of the conjugate in the drug product such that
the formulation can be optimized. Accelerated stability studies may provide addi-
tional supporting evidence of the stability of the product, but cannot replace real
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time studies. The analytical challenges presented by complex of multivalent con-
jugate vaccines, particularly if adjuvanted, may mean that data on the stability of
each monovalent bulk conjugate is used instead.

The stability of the saccharide component of a conjugate vaccine is based on the
repeating unit structure, and may be predicted from the wealth of information
published on the stability of the parent polysaccharide. Many of the depolymer-
ization mechanisms have been elucidated by the use of NMR spectroscopy, which
is a useful tool for monitoring saccharide integrity and the appearance of end groups
due to degradation. For Hib, the major depolymerization pathway at neutral or basic
pH is by cleavage of the phosphodiester linkage with the participation of a
neighboring hydroxyl group, to form a cyclic phosphodiester (Egan et al. 1982).
This pathway is catalyzed by cations including the adjuvant aluminum hydroxide,
which has implications for the formulation of combination pediatric vaccines
(Sturgess et al. 1999). Under acidic conditions, the principal route for depoly-
merization is through hydrolysis of the glycosidic linkage of the β-Ribf residue,
leading to formation of reducing terminal sugar residues and ribitol-5-phosphate
end groups (Ravenscroft et al. 2000). This approach is used for the preparation of
Hib oligosaccharides suitable for activation and conjugation to CRM197 carrier
protein (Costantino et al. 1999).

The major depolymerization pathway for meningococcal group C, Y, and W
polysaccharides is through hydrolysis of the labile sialic acid keto linkage, at a rate
dependant on pH and temperature. This hydrolysis is controlled to produce oli-
gosaccharides for conjugation (Costantino et al. 1999; Bardotti et al. 2005). The
second change in structure may be the loss or migration of O-acetyl groups present
on these saccharides. These subtle changes can be readily detected by NMR
spectroscopy (Jones and Ravenscroft 2008), but it is not yet known if such changes
affect the immunogenicity of conjugate vaccines. Group A polysaccharide is the
most unstable of the meningococcal polysaccharides, hydrolytic cleavage at the
anomeric phosphodiester linkage occurs to generate ManNAc reducing end group
and the ManNAc-6-monophosphate. A recent study by Berti et al. (2012) showed
that the structurally similar group X polysaccharide, which also contains an ano-
meric phosphodiester linkage [→4)-α-D-GlcpNAc-(1→ P→], is much more stable
that the group A polysaccharide [→6)-α-D-ManpNAc-(1 → P→]. This was
explained by the different orientation of N-acetyl group at C-2 with respect to
phosphate group at α-C-1. For group A, the axial orientation of the mannosamine
N-acetyl group could assist in the cleavage of the α phosphate group, whereas this is
not possible for group X (equatorial orientation of the glucosamine N-acetyl group).

An accelerated stability study performed on groups A, C, Y, and W polysac-
charides and monitored by SEC-HPLC-UV showed that only group A polysac-
charide showed significant degradation at 37 °C, and this was accompanied by a
loss of immunoreactivity (von Hunolstein et al. 2003). Some comparative data on
conjugates are available. The analytical methods used to monitor the integrity and
stability of bulk and formulated meningococcal group A, C, Y, and W conjugate
vaccines have been described (Carinci et al. 2012). The study used SEC-HPLC-
PDA/RI/MALLS, CZE, and an HPAEC-PAD method for monitoring the total and
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free saccharide in the tetravalent vaccine. There was no detectable change in free
saccharide content in the final product vaccine when stored at the recommended
temperature for more than a year. In another study, meningococcal group A, C, Y,
and W conjugates exhibited similar stabilities at 4 °C, but released different
amounts of free saccharide at 55 °C (degradation of A > C > W > Y) (Lei et al.
2000b). Unstable antigens can be prepared as lyophilized presentations, and this is
used for all currently licensed group A polysaccharide and conjugate vaccines
except for MCV4-DT. Chemical approaches to improve the hydrolytic stability of
the group A saccharide component include modification of ring hydroxyl groups
(Costantino et al. 2008) and synthesis of stabilized derivatives (Teodorović et al.
2006; Torres-Sanchez et al. 2007; Gao et al. 2013).

Little has been published on the stability of the pneumococcal conjugates;
however, much is known about the stability of the polysaccharides. The molecular
size and antigenic stability of 23 valent pneumococcal polysaccharide vaccine has
been followed by use of SEC-HPLC-RI/RN (Sweeney et al. 2000; MacNair et al.
2005). As discussed in Sect. 8.2.4, stability and forced degradation studies per-
formed on PV23 showed a decrease in molecular size for some polysaccharides (Pn
19A, 19F, and 5), whereas the loss in antigenicity for Pn 1, 9V, and 18C was
attributed to losses or shifts of O-acetyl groups. The instability of polysaccharides is
associated with a phosphodiester linkage and conditions for improving their sta-
bility (use of DMSO and sucrose) during reductive amination conjugation have
been reported (Prasad 2011). The effect of base hydrolysis on the molecular size of
these phosphodiester-containing polysaccharides was studied by use of SEC-
HPLC-RI/MALLS (Pujar et al. 2004). The relative order of backbone phosphodi-
ester bond instability due to base hydrolysis was 19A > 10A > 19F > 6B > 17F, 20,
whereas degradation of side-chain phosphodiester bonds (11A, 15B, 18C, and 23F)
was not detected. The precise impact of base treatment on the structural integrity of
the polysaccharides requires additional characterization data, such as composition,
NMR analysis, and antigenicity, not reported by these authors. One phosphodiester-
containing pneumococcal polysaccharide not present in PV23 is serotype 6A.
Detailed kinetic studies showed that the 6A polysaccharide was more susceptible to
depolymerization by hydrolysis of the phosphodiester linkage than the cross-
reactive polysaccharide 6B (Zon et al. 1982), justifying the latter’s inclusion in the
polyvalent pneumococcal vaccine.

The relative stability of the pneumococcal vaccines is expected to be based on
the intrinsic stability of the saccharide, modulated by the conjugation chemistry and
conjugate structure. For example, use of periodate activation resulting in oxidation
of backbone residues may make them more vulnerable to subsequent hydrolysis, an
approach exploited by Smith degradation used for carbohydrate analysis (Cui 2005;
Schulz and Rapp 1991), whereas the introduction of isourea substituents on sugar
rings may facilitate elimination reactions. The stability protocols published for Hib
and meningococcal group C conjugates by NIBSC (National Institute for Biological
Standards and Control) have been applied to two pneumococcal conjugate vaccines
(carriers CRM197, PD, and DT/TT) in order to determine the comparative stability
of the conjugated serotypes (Gao et al. 2009). The study employed SEC-HPLC for
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molecular sizing, free saccharide (by HPAEC-PAD), and conformation was mon-
itored by fluorescence spectroscopy. All the bulk conjugate vaccines were stable
when stored the recommended temperature (2–8 °C); however, some differences
were observed at higher temperatures. A common feature was the stability of
serotype 6B and the instability of 19F (as expected from the polysaccharide sta-
bility). At 37 °C and above, the PD conjugates tended to form high molecular
weight oligomers or ‘aggregates’, whereas the CRM197 and TT/DT conjugates
showed some tendency to form oligomers/‘aggregates’ and lose high molecular
weight material. The stability of multivalent pneumococcal formulations will in
general be dictated by the least stable serotypes, which appear to be Pn 6A and 19A.

In summary, since the drug substance often represents a hold point in the
manufacturing process of glycoconjugates, it is important to store it under condi-
tions that ensure its stability so that when the drug product is formulated, the
longest possible shelf life is achievable. Instability of the conjugate due to aggre-
gation or adsorption to surfaces play a role, but the most important reason for loss
of stability is the hydrolytic degradation of the saccharide, which must be prevented
or minimized. Thus, analytical tests to monitor the free saccharide are of crucial
importance since this parameter is considered an indicator of vaccine potency and
stability, and is a critical factor used to establish the expiry date for the product.

8.6 Formulated and Multivalent Vaccine (Drug Product)

8.6.1 Introduction

The success of vaccines in preventing infectious diseases has resulted in a high
number of vaccine administrations during the first 2 years of children’s lives. Thus,
it is highly desirable to consolidate multiple vaccines into a single formulation and
to study the effect and interactions of antigens on the immune response and safety.
Typically, combination vaccines are composed of multiple antigens that protect
against different diseases (e.g., diphtheria, tetanus, and pertussis), multiple antigens
against the same disease, or multiple serotypes/strains of the same disease (or
multivalent vaccines, e.g., pneumococcal vaccines). The ambitious target for the
vaccine community is to combine ALL childhood vaccines into a single adminis-
tration but, so far, we have not come anywhere near to achieving that goal.

An important consideration when developing combination vaccines is the effect
that one antigen may have on the immune response to another. This applies not only
to antigens within a particular vaccine, but also to coadministration of different
vaccines. One example is the differences observed in the antibody responses to
different capsular-type polysaccharides in the conjugate pneumococcal vaccines in
which the magnitude of the titers can show large differences from one serotype to
another. The antibody responses can also vary depending on the age of the subject.
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Besides having multiple antigens present often at a low concentration the com-
plexity of drug product formulations is augmented by the presence of other com-
ponents such as adjuvants, stabilizers, excipients, detergents, and/or preservatives.
As previously mentioned, polysaccharide–protein conjugates are very complex and
tend to push analytical methods to their limits of performance. The problems
encountered to test the monovalent drug substance are greatly amplified when these
same methods are applied to testing multivalent drug products (DPs). Although any
of the DP components may challenge the analytics, it is often the adjuvant in the
formulation that has the largest effect. This is true especially if the product interacts
with the adjuvant (e.g., aluminum salts) and to a lesser degree if there is little or no
binding of the antigen to the adjuvant (e.g., unconjugated CpG oligodeoxynucleo-
tides). Even for relatively simple analysis, sample treatment may be required to
avoid interference by other drug product components. This applies to the antigen(s),
adjuvant, and excipients for which release or stability testing is required.

Polysaccharide–protein conjugates share all of the concerns associated with
polysaccharide vaccines with the added need to monitor the protein component. For
polysaccharide vaccines, the active component composition, identity, integrity, and
size are considered important quality attributes that can be measured by techniques
such as NMR, HPLC, and colorimetric tests. Analytical control strategies for
conjugates should include monitoring of chemical modifications of both the poly-
saccharide and the protein. Quite frequently, a challenge faced is that methods
applied to the polysaccharide or protein is not suitable for monitoring these com-
ponents in the conjugate or to monitor the conjugate as a whole.

It may be tempting to think of the conjugate protein as a “carrier” with a
secondary role in the immune response, but the protein selected for conjugation
may have an important biological effect. For example for a tetravalent H. influenzae
protein D pneumococcal conjugate vaccine it was shown that the optimal carrier
may be different for each serotype. Comparisons made using conjugates prepared
with diphtheria and tetanus carriers showed better responses to serotypes 3, 9V, and
14 in infants when conjugated to diphtheria toxoid (DT) (Nurkka et al. 2001). But a
broad case to use DT as carrier could not be made because for serotype 4 poly-
saccharides exhibited the opposite effect (Ahman et al. 1996). For other serotypes,
no difference in immune response was observed.

8.6.2 Manufacturing of Combination Vaccines Drug Product

Since combination vaccines are a collection of individual vaccines mixed together,
one of the critical steps in manufacturing is the blending of various antigens,
adjuvant, buffer salts, and other excipients to generate a consistent product. For
polysaccharide–protein conjugates the appropriate amount to be added is typically
determined using the polysaccharide concentration (rather than the protein con-
centration) as measured by colorimetric or immunochemical methods. Minimizing
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assay variability for the chosen concentration method is key to developing a con-
sistent manufacturing process.

Once the various amounts of the vaccine components are determined, they are
mixed together under stirring and aseptic conditions to generate a homogeneous
product. The bulk drug product requires mixing, filling, handling, and storage that
are deeply influenced by the vaccine components, especially the type of adjuvant
used. The presence of some adjuvants does not necessarily affect the physical state
of the vaccine (e.g., CpGs, saponin QS21), as it remains a true (or near true)
solution. Other adjuvants transform the product into a suspension (e.g., aluminum
salts). In that case, achieving a homogeneous filling (i.e., a similar amount of
vaccine is delivered into each container) becomes more challenging and a balance
between keeping the bulk drug product in suspension should be balanced with over-
mixing that may affect product quality. In addition, the antigen(s) may be partially
or (nearly) completely adsorbed to the aluminum salts, creating a dynamic system
that may require fine control. Binding to Al salt adjuvants believed to be necessary
for immunopotentiation (e.g., depot effect) can prevent antigen loss due to
adsorption to container surfaces. Some preclinical evidence, however, appear to
contradict the depot effect hypothesis as a mechanism of action for the adjuvant
(Noe et al. 2010) showing that antigen binding is not a requirement to generate
higher titers in rats (only the presence of the Al containing adjuvant). After filling
into the appropriate containers, release testing is performed using suitable methods
as described in the next section.

8.6.3 Typical Tests for Multicomponent Formulations

The tests and limits of release and stability require agreement between the sponsor
and the regulatory agencies, which can vary from country-to-country or from one
region to another. There are general guidelines and, for some vaccines (e.g., con-
jugated pneumococcal), specific requirements or monographs (WHO and Phar-
macopoeia) that should be followed unless a different approach is justified. The
tests below represent some of the typical assays used for analytical vaccine testing.

Identification for each polysaccharide present is typically performed by use of a
suitable serological or immunochemical method (e.g., slot blot). As for all identity
tests, it is necessary to show assay specificity, which can be complicated when the
antigens show cross-reactivity. The identification test must be shown to be specific
(positive) for each of the active vaccine components and negative for all the others,
including other antigens manufactured in the same facility.

The concentration of all drug product components should be properly controlled.
This includes the active ingredient(s), adjuvant and excipients. For conjugated
polysaccharide–protein vaccines, the saccharide content for each serotype is mea-
sured by a suitable immunochemical method such as nephelometry, using reagents
(antibodies) that are specific for each antigen. Thus, the total polysaccharide content
methods often used for the drug substance cannot be used for the drug product as
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the concentration of each individual antigen needs to be shown to be within
acceptable ranges. According to the Pharmacopoeia guidelines for pneumococcal
conjugated vaccines, the vaccine must contain between 70 and 130 % of the
polysaccharide content stated on the label (Anonymous 2013b). This range takes
into account both analytical and process variability components. If the method uses
antigen specific antibodies to create a standard curve, a strategy to maintain and
replace the antigen standard and the antibodies is essential during development and
through the lifecycle of the product. The protein concentration is also measured and
reported. For aluminum salt-based adjuvants, the concentration is measured by
determining the amount of aluminum present (e.g., by titration or ICP-OES). The
maximum aluminum content for the adjuvant is 1.25 mg per single human dose
(Anonymous 2009) or less (e.g., 0.85 mg/dose), depending on governing agency
requirements (Anonymous 2013a).

Two attributes at the top of the criticality assessment list described by the WHO
and Pharmacopoeia guidelines are usually conjugate size and antigenicity. For the
monovalent drug substance, size can be measured by determining the KD using size
exclusion chromatography and a suitable detection system, such as refractive index,
or by using a MALLS detector in tandem with the chromatography system. A
colorimetric test can also be used if fractions are collected. For polysaccharide–-
protein conjugates, the nephelometry assay can serve as the bioassay or potency
assay. These approaches, however, are not suitable for analysis of the combination
vaccines because each of the conjugates need to be assessed individually (i.e.,
changes to the size of each antigen should be measured). Online detection could be
problematic due to lack of selectivity of the detector. An approach used for some
vaccines includes fraction collection and then analysis of the individual fractions to
reconstruct the elution curve for each antigen. This can be done by hydrolyzing the
polysaccharide and then analyzing specific sugar components by methods such as
HPAEC-PAD or by immunochemical assays (e.g., nephelometry). By standardizing
the chromatographic result using KD, changes during storage can be detected. An
added benefit of using an immunochemical assay is that often the same method is
used for potency/antigenicity determinations. If that is the case, then size and
potency changes can be measured simultaneously. In practice, though, only rela-
tively major changes to these parameters are detectable due to assay limitations
such as poor to modest selectivity and relatively high variability. Methods devel-
opment and data interpretation may be difficult for size determination of combi-
nation vaccines formulated in adjuvants such as aluminum salts because the
conjugates have to be desorbed first. Recovery and sample integrity after desorption
are key parameters that need to be evaluated for these vaccines. Most tests used for
the analysis of biological products are not based on “stand alone” methods (i.e.,
they are not absolute methods and may require support from other techniques or
from orthogonal methods). That is the case for size determination of conjugate
vaccines. Since the KD or apparent molecular size depends on the actual size and
the shape of the molecule, it can be theorized that a decrease in size (e.g., poly-
saccharide hydrolysis) could be masked by an increase in unfolding (e.g., stretching
of the carrier protein). Two assays that can complement or reveal changes in mass
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are an increase of free polysaccharide and/or free protein in the drug product. The
main challenge is to develop assays with acceptable degrees of precision, accuracy,
quantitation limits, and selectivity (needed to identify which of the conjugates may
be degrading).

Safety tests include sterility, bacterial endotoxins, pyrogenicity, general safety,
and abnormal toxicity (depending on the region). Pyrogenicity, general safety, and
abnormal toxicity are tested during clinical trials with the goal of removing these
tests at commercialization if supported by the data. These tests are usually the same
for single or multicomponent vaccines. Adjuvant effects must be taken into con-
sideration (especially when the adjuvant generates a biological response).

8.6.4 Formulated Vaccine Critical Quality Attributes
and Stability

It has been established that for most of the conjugated vaccines immunogenicity
depends on a few critical physicochemical characteristics. In general, the carrier
protein, size of the polysaccharide, conjugation chemistry (and degree of conju-
gation), and the availability of protective epitopes may all impact the immune
response to the vaccine.

For most biologics, determining and assigning critical quality attributes to the
product is an exercise that spans the drug product, drug substance, intermediates (if
present) and key raw materials. The same is true for vaccines, except that for the
drug product the number of quality attributes that can be reliably and consistently
measured may be very limited. For this reason, critical quality attributes may need
to be tested at the drug substance stage only.

Polysaccharide–protein conjugates tend to be fairly complex and heterogeneous
molecules, even at the monovalent bulk conjugate stage. Heterogeneity tends to
increase as the conjugate degrades, making it difficult to develop suitable stability
indicating methods. Since combination vaccine drug products contain multiple
antigens at lower concentration than the drug substance, this challenge is exacer-
bated. Thus, a good potency assay is key in evaluating the stability of the drug
product.

A common approach to mitigate the uncertainties of quality attribute criticality
and overall stability of drug product is to extrapolate from observations made for
the drug substance. Valuable data can be generated by preparing mock drug product
containing individual antigens at increased antigen(s) concentration (extrapolating
by showing little or no concentration effect on the stability of the molecule) under
conditions similar to those intended for DP storage. Establishing the degradation
paths for the polysaccharide and protein before conjugation and for the conjugate in
simpler environments and under accelerated conditions can point to assays/attri-
butes that should be monitored in the drug product. The effect of the adjuvant
should be explored regardless of the approach used, including monitoring for
physicochemical, potency, and stability changes. An excellent example of the
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adjuvant (aluminum hydroxide) affecting the stability of the antigen/conjugate is
provided by Sturgess et al. (1999). The authors uncovered an aluminum catalyzed
depolymerization of the polyribosylribitolphosphate (PRP) polysaccharide used to
prepare a vaccine against H. influenzae type b (Hib).

In summary, combination vaccines drug products present a number of challenges
for manufacturing and testing that is in direct proportion to the number of vaccine
components, including antigens, adjuvants, and other formulation excipients.
Testing is complicated by the need for selective techniques (especially for detec-
tion), the (usually) low concentration of the antigens, and the presence of binding
adjuvants. These issues and assay variability may seriously limit the use of phys-
icochemical methods to monitor properties such as lot consistency and stability.

8.7 Future Directions

The conjugation technologies, analytics, and regulatory framework established for
Hib, meningococcal and pneumococcal vaccines discussed in this chapter are being
applied to develop glycoconjugate vaccines against additional strains of these
bacteria as well as other pathogens. The vaccine targets are based on the surface
carbohydrates of bacteria, fungi, and viruses and require new conjugation strategies
combined with improved analytical techniques.

8.7.1 Glycoconjugate Vaccines in Development

8.7.1.1 Extended Coverage of Licensed Polysaccharide and Conjugate
Vaccines

Salmonella typhi

Salmonella typhi is a gram-negative bacterium responsible for typhoid fever, a
serious disease with high incidence especially in developing countries (Crump et al.
2004). S. typhi has a capsular polysaccharide (Vi), which is a linear homopolymer
of α-1,4-N-acetylgalactosaminouronic acid with 60–90 % of O-acetylation in
position C-3 (Stone and Szu 1988). A polysaccharide-based vaccine is licensed in
many countries, but as for other polysaccharide vaccines, it is indicated for active
immunization above 2 years of age. Vi polysaccharide–protein conjugates are being
developed and draft WHO guidelines have been prepared (Anonymous 2013c); the
conjugates are expected to have improved immunogenicity and efficacy in young
children and infants. Conjugates of Vi polysaccharide with recombinant exotoxin A
of Pseudomonas aeruginosa (rEPA) have been shown immunogenic and effica-
cious in 2–5 year old children (Lin et al. 2001). Currently, Vi-TT and Vi-rEPA
conjugates are licensed in India and China, respectively, while a Vi-DT conjugate is
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in development (MacLennan et al. 2014). Citrobacter freundii produces a poly-
saccharide antigenically identical to Vi (Snellings et al. 1981), the low health risk of
this bacterial strain makes it ideal for use in vaccine manufacturing. More recently,
CRM197 has been proposed as a carrier for C. freundii derived polysaccharide and
a number of papers have been published describing preclinical and characterization
studies of CRM197-Vi conjugates. The Vi-CRM vaccine was shown to be safe and
highly immunogenic in human clinical studies (Micoli et al. 2011a, 2012; Van
Damme et al. 2011) and the technology is being transferred to a manufacturer
(MacLennan et al. 2014). Protein capsular matrix vaccine (PCMV) technology in
which the polysaccharide is entrapped by a “net” formed by the crosslinking of
protein molecules may provide a simpler alternative to well-characterized chemical
conjugation. Following promising preclinical data in mice, a Vi construct is being
tested in phase 1 clinical trials (Killen et al. 2013).

Neisseria meningitidis

The epidemiology of meningococcal disease features unpredictable epidemics, and
variation in endemic serogroup distributions (Halperin et al. 2012), highlighting the
importance of developing multivalent vaccine formulations to confer protection
against themost relevant serogroups (Harrison et al. 2011). Although five serogroups,
Mn A, B, C, W, and Y, cause the majority of meningococcal meningitis (Chang et al.
2012), recently serogroup X has been reported to have the potential for causing
seasonal hyperendemicity similar to Mn A and W in Africa (Xie et al. 2013). A
vaccine against this emerging serogroup is not available and may become a public
health need following the introduction of a monovalent Mn A-TT conjugate vaccine
(MenAfriVac®) in the meningitis belt. The serogroup X capsular polysaccharide is a
polymer of N-acetylglucosamine-4-phosphate residues linked by α-(1 → 4) phos-
phodiester bonds (Bundle et al. 1973, 1974a, b). The structural similarity to serogroup
A suggests the possibility of serogroup replacement following the widespread
introduction of MenAfriVac®. Interestingly, the Mn X saccharide is more stable in
aqueous solution than Mn A, probably because the equatorial orientation of the N-
Acetyl group in position 2 does not favor the assistance of the cleavage of the α
phosphate group (Berti et al. 2012; Xie et al. 2013). This finding offers the potential
for developing a vaccine in a stable liquid formulation. Researchers in the academic
and industrial settings are evaluating strategies to develop a conjugate vaccine against
serogroup X. Mn X oligosaccharides of varying chain length were conjugated to
CRM197 and the conjugates were shown to be immunogenic and to induce bacte-
ricidal antibodies in mice (Micoli et al. 2013a). A pentavalent MenACYWX vaccine
is also in development, led by the Meningitis Vaccine Project (www.dfid.gov.uk).

Concepts for vaccine prevention of Mn X disease include a monovalent con-
jugate as well as trivalent AWX or pentavalent ACWYX glycoconjugates combi-
nations (Xie et al. 2013). Preliminary attempts to synthesize Mn X oligosaccharides
led to the obtainment of monomer, dimer, and trimer that were conjugated to a
protein carrier (Morelli and Lay 2013; Morelli et al. 2014). An attractive new
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concept to produce such oligosaccharides is the enzymatic synthesis catalyzed by
recombinant meningococcal glycosyl transferases. The capsule polymerases cata-
lyze the sequential addition to the nonreducing ends of short oligosaccharide
primers of monosaccharides UDP activated at their reducing ends. If the primers are
designed in order to contain a conjugatable linker at their reducing ends, the chemo-
enzymatically produced saccharides are ready for conjugation to a suitable carrier
protein (Fiebig et al. 2014; McCarthy et al. 2013; Mosley et al. 2010; Muindi et al.
2013; Romanow et al. 2013).

Streptococcus pneumoniae

The introduction of pneumococcal conjugate vaccines into childhood immunization
schedules has led to a significant decrease in invasive pneumococcal diseases (IPD)
in targeted population and unvaccinated adults. However, an increase in disease
caused by non-vaccine serotypes such as Pn 22F and 33F has led to their inclusion
in a developmental 15-valent pneumococcal conjugate vaccine (PCV15). PCV15
uses periodate oxidation/reductive amination chemistry for conjugation to CRM197
and the vaccine is formulated with AlPO4. PCV15 was shown to be immunogenic
in infant rhesus monkeys and is currently in human clinical trials (Ginsburg and
Alderson 2011; Skinner et al. 2011). The approval of PCV13 for use in adults
together with the variable increases in non-vaccine-serotype disease and possible
serotype replacement anticipated in the future (Feikin et al. 2013) is expected to
drive the development of higher valency PCVs.

8.7.1.2 New Capsular or Cell Surface Polysaccharides-Based
Glycoconjugate Vaccines

Group B Streptococcus

Group B Streptococcus (GBS) is a leading cause of severe bacterial infections in the
first 3 months of life and of septic morbidity among mothers, but is also an
important cause of morbidity and mortality among other groups and adults with
underlying medical conditions (Schuchat 1998; Skoff et al. 2009). Nine GBS ser-
otypes have been recognized based on their expression of distinct capsular poly-
saccharides: serotypes Ia, Ib, and III are currently the most epidemiologically
relevant, although serotypes II and V are also important (Lancaster et al. 2011). The
structure of these five serotypes is determined by a different display (or assembly)
of the same common sugars Glc, Gal, GlcNAc, and NeuAc (Cieslewicz et al. 2005).
The polysaccharides are generally poor immunogens due to their similarity to
human tissue antigens (Zou and Jennings 2009).

The conjugation chemistry is generally based on controlled periodate oxidation
of terminal sialic acid present in the polymer side chains. The reactive aldehyde
groups generated are amenable to reductive amination/conjugation to carrier protein
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amino groups. In one example, the ends groups of enzymatically generated type III
GBS oligosaccharides have been derivatized and coupled to TT (Paoletti et al.
1990). Conjugates of GBS polysaccharides type Ia, Ib, II, III, and V with TT and
CRM197 have been shown to be immunogenic and protective in preclinical testing
and human clinical trials have confirmed their safety and immunogenicity (Baker
and Edwards 2003; Lancaster et al. 2011; Paoletti and Kasper 2003; Paoletti et al.
1992a, b). Phase III clinical trials of the CRM197 trivalent conjugate are being
planned (Madhi et al. 2013). The final goal is a multivalent formulation of the most
epidemiologically relevant serotypes. NMR analysis of the nine serotypes has been
published (Pinto and Berti 2014); the associated analytical challenges of GBS-CV
are similar to those faced by the PCV combinations of conjugate vaccines.

Staphylococcus aureus

Staphylococcus aureus is an encapsulated bacterium, which is a major cause of
nosocomial and community-acquired infections; a rapid global increase in drug
resistance has added urgency to the need for an effective vaccine (Laxminarayan
et al. 2013). Carbohydrate antigens found on the S. aureus outer surface include the
capsular polysaccharides (CP) of serotype 5 (CP5) or 8 (CP8) and/or a second
antigen, a β-(1 → 6)-polymer of N-acetyl-D-glucosamine (PNAG). Glycoconjugate
vaccines containing CP5 and CP8 covalently linked to the recombinant exotoxin of
P. aeruginosa (rEPA) have been developed and extensively tested in preclinical and
clinical trials, including efficacy ones which unfortunately did not meet the clinical
end points (Fattom et al. 2004; Shinefield et al. 2002). The vaccine was subse-
quently redesigned to include capsular polysaccharide conjugates for types 5 and 8,
type 336 (teichoic acid), and two inactivated secreted toxins, α-hemolysin and
Panton–Valentine leukocidin. Other approaches include capsular polysaccharides
(CP5 and CP8) conjugated to a carrier protein (CRM197) in combination with the
recombinant form of the surface exposed Staphylococcus aureus proteins clumping
factor A (ClfA) and manganese transport protein C (MntC). Clinical studies are
currently ongoing (Broughan et al. 2011; Anderson et al. 2012). Recent attempts
involve the use of S. aureus derived proteins ClfB or IsdB (one of the proteins
encoded by the iron-regulated surface determinant system) as the protein carrier for
CP5 and CP8 (Pozzi et al. 2012). The use of PNAG as an antigen has also been
proposed: the protective epitope appears to reside in the N-deacetylated portion of
the polymer and synthetic PNAG N-deacetylated derivatives conjugated to TT have
been reported to induce functional antibodies in mice (Gening et al. 2010). The
concept of bio-conjugation, which is described in more detail in Sect. 7.1.3 for
Shigella, has also been applied to obtain CP5 and CP8 staphylococcal conjugates
which induced functional and protective immunity in mice (Wacker et al. 2014).
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Group A Streptococcus

Group A Streptococcus (GAS) infections are a major cause of morbidity and
mortality worldwide with clinical manifestation ranging from pharyngitis and
invasive disease to acute rheumatic fever, rheumatic heart disease, and acute post-
streptococcal glomerulonephritis (Steer et al. 2009). GAS is a gram-positive
microorganism characterized by a capsule of hyaluronic acid (Stollerman and Dale
2008) whose “self” nature hampers its use as a vaccine. GAS bacteria also express
the group polysaccharide [→3)-α-L-Rhap(1 → 2)[β-D-GlcpNAc(1 → 3)]-α-L-
Rhap(1→]n which is conserved in the vast majority of strains, and has been con-
sidered an attractive target for vaccine development. Human anti-GAS-PS anti-
bodies have been associated with protection against GAS infections (Sabharwal
et al. 2006; Salvadori et al. 1995). One concern in using this GAS cell wall car-
bohydrate as a vaccine derives from the reported cross-reaction with some human
tissue (Malkiel et al. 2000; Shikhman et al. 1993). However, the antibodies induced
in rabbits by a GAS-PS TT conjugate did not show a significant reaction with
several types of human tissue (Sabharwal et al. 2006). An immunodominant doubly
branched hexasaccharide epitope has been identified in the structure of the GAS
carbohydrate (Michon et al. 2005). Conjugates of both bacteria-derived GAS car-
bohydrate as well as GAS synthetic oligosaccharides with TT and CRM197 have
been prepared and showed to induce protective antibodies in mice and rabbits
(Auzanneau et al. 2013; Kabanova et al. 2010b; Sabharwal et al. 2006). The
availability of well-defined synthetic structures permitted investigation of the effect
of variables such as oligosaccharide length, nature of the non-reducing end and
degree of glycosylation degree on the immunogenicity of GAS conjugates
(Kabanova et al. 2010b).

Clostridium difficile

Clostridium difficile is a gram-positive microorganism, which is increasingly
responsible for healthcare-acquired diarrhea. The incidence of this microorganism
is increasing in hospitals worldwide as a consequence of the widespread use of
broad-spectrum antibiotics. Two large exotoxins A (TcdA) and B (TcdB) are the
major virulence factors of C. difficile. A limited number of isolates also produce a
binary toxin (CDT), whose patho-physiological role is not clear. C. difficile
expresses surface polysaccharides, PSI, PSII, and PSIII, which have been isolated
and characterized. One of them, PSII, is shared among a number of pathogenic
strains including the virulent ribotype 027 which is responsible of outbreaks in US
and Canada, in addition it might be part of C. difficile biofilm composition (Dapa
et al. 2013; Ganeshapillai et al. 2008). To date most of the efforts to develop an anti
C. difficile vaccine are targeting the toxins and clinical trials of a two component
toxoid vaccine are ongoing (Anosova et al. 2013; Foglia et al. 2012; Greenberg
et al. 2012; Tian et al. 2012). It seems logical to also consider the surface poly-
saccharides as possible vaccine candidates, formulated as glycoconjugates to
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increase their immunogenicity. PSII is composed of a hexaglycosyl phosphate
repeating unit: [→6)-β-D-Glcp-(1 → 3)-β-D-GalpNAc-(1 → 4)-α-D-Glcp-
(1 → 4)-[β-D-Glcp-(1 → 3)]-β-D-GalpNAc-(1 → 3)-α-D-Manp-(1-P→] (Gane-
shapillai et al. 2008). Several CRM197 conjugates have been prepared using: PSII
extracted by acidic treatment from C. difficile cells, a synthetic hexasaccharide
repeating unit with or without phosphorylation in position 6 of the non-reducing
glucose as well as a synthetic tetrasaccharide fragment of the repeating unit. Only
conjugates of native PSII and the phosphorylated synthetic hexasaccharide conju-
gate induced antibodies in mice. The antibodies recognized the native polysac-
charide and were able to label C. difficile bacteria in confocal immunofluorescence
microscopy, indicating that the minimal immunogenic structure is the phosphory-
lated repeating unit (Adamo et al. 2012). In another study, synthetic non-phos-
phorylated PSII hexasaccharide was conjugated to CRM197 and immunized mice
produced anti hapten antibodies; the saccharide structure was also recognized by
anti C. difficile IgA present in the stools of infected people (Oberli et al. 2011). The
repeating unit of PSI [α-L-Rhap-(1 → 3)-β-D-Glcp-(1 → 4)-[α-L-Rhap-(1 → 3)]-
α-D-Glcp-(1 → 2)-α-D-Glcp-(1→], which is expressed by the virulent strain rib-
otype 027, has been synthesized and coupled to a subunit of C. difficile exo-toxin B
with the concept of a dual vaccine; the construct was able to detect anti PSI IgG in
horse serum (Jiao et al. 2013). PSI synthetic oligosaccharides have been conjugated
also to CRM197 and the disaccharide Rha-(1 → 3)-Glc has been identified as the
minimal epitope capable of inducing antibodies against the pentasaccharide
repeating unit (Martin et al. 2013). Recently PSII polysaccharide has been conju-
gated to recombinant fragments of the two main C. difficile toxins TcdA and TcdB.
Both conjugates were able to induce specific anti PSII antibodies and the carrier
proteins elicited IgG with neutralizing activity against the corresponding toxins
(Romano et al. 2014). Most of the work carried out so far on carbohydrate-based C.
difficile vaccines has been recently reviewed (Monteiro et al. 2013). Lipoteichoic
acid (LTA) has been identified as an alternative surface exposed antigen that is
conserved among several strains (Reid et al. 2012). C. difficile lipoteichoic acid
(LTA) conjugated to a genetically inactivated P. aeruginosa exotoxin A resulted in
glycoconjugates that induced significant titers of antibodies in mice and rabbits
(Cox et al. 2013). The antibodies recognized LTA and C. difficile bacteria of a
variety of strains and immunofluorescence studies on a single rabbit serum showed
binding to both vegetative cells and spores of C. difficile. None of the approaches
described have been tested in protection experiments; however, the research per-
formed has established the basis for well-defined synthetic conjugate vaccines
containing the major forms of C. difficile cell surface polysaccharides and will
facilitate the development of vaccines if a protective role for these antigens can be
demonstrated.
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8.7.1.3 Lipopolysaccharide-Based Glycoconjugate Vaccines

Lipopolysaccharide (LPS) is one of the major surface components of most gram-
negative bacteria and is a virulence factor as well as a protective antigen. LPS
consists basically of three regions: the polysaccharide O-antigen, a core carbohy-
drate containing 10–12 sugar units and a highly toxic and conserved lipid A
(Fig. 8.9).

The core is covalently bound through 2-keto-3-deoxyoctonate (KDO) to lipid A.
TheO-antigen structure contains the antigenic specificity and is the key component of
LPS-based vaccines. Due to its toxicity LPS cannot be used for vaccine purposes
without prior detoxification to remove the toxic moiety lipid A. This is generally
accomplished by acid treatment of LPS which cleaves the linkage between lipid A
and KDO. Recently, a new, scalable and possibly general method to purify O-
antigens starting from acidic treatment of bacterial cells at the end of fermentation
(instead of isolated LPS) has been developed and applied to several Salmonella
bacteria [S. paratyphi A (O:2), S. typhimurium (O:4,5), and S. enteritidis (O:9)]
(Micoli et al. 2013b, 2014). The O-antigens have been conjugated to carrier proteins
to enhance their immunogenicity. Many O-antigen-based conjugate vaccines are in
development against several human pathogens including Shigella, Salmonellae, and
E. coli; some of these studies are reviewed here.

Shigella

Shigella species comprise a family of gram-negative bacteria responsible for serious
diarrhea and dysentery. Shigella is readily transmitted and represents a serious
health issue in developing countries and for travelers (Phalipon et al. 2008; Vinh
et al. 2009). One of the approaches to develop a vaccine against Shigella is based on
the use of the major protective antigen, LPS. The O-polysaccharide, obtained after
acid hydrolysis, is conjugated to a carrier protein in order to convert it to a T-cell
dependent immunogen. Accordingly, conjugates of the epidemiologically most
relevant Shigella serotypes (Shigella dysenteriae type 1, Shigella flexneri type 2a,
and Shigella sonnei) have been prepared and tested in both preclinical as well as in
clinical studies (Chu et al. 1991; Taylor et al. 1993). After preliminary studies to

Fig. 8.9 Schematic structure of a lipopolysaccharide showing the O-antigen, core and lipid A
regions
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compare different conjugation strategies in terms of immunogenicity in mice, the
chemistry chosen was based on the CNBr mediated derivatization of the O-poly-
saccharide with ADH, followed by conjugation to the protein carrier (TT or rEPA)
using EDAC as the condensing agent. The conjugates with rEPA as carrier have
been more extensively studied and were shown to be immunogenic in adults and
children; in particular, a S. sonnei O-polysaccharide-rEPA conjugate was able to
confer protection to adults in a context of shigellosis outbreak (Cohen et al. 1997).
Due the complexity of O-polysaccharide purification and conjugation, researchers
have also focused on synthetic mimics of the bacterial O-antigen. Phalipon et al.
found that a synthetic sequence containing three repeating units of the O-poly-
saccharide of S. flexneri 2a LPS is the best functional mimic of the native poly-
saccharides and conjugates of this compound conjugated to TT were able to induce
protective antibodies in mice (Phalipon et al. 2009). The multistep chemical syn-
thesis leading to the trimer has been recognized as feasible at a large scale with
reasonable costs opening the possibility for a future synthetic approach at an
industrial scale (Phalipon et al. 2008). In terms of quality control, a well-defined
conjugate would facilitate testing of key parameters such degree of glycosylation,
size of conjugate, free saccharide, and analysis of glycosylation sites.

Recently, a new approach called bio-conjugation has received increasing
attention. The approach is based on glyco-engineering the N-glycosylation pathway
in bacteria such as E. coli (Fig. 8.1, approach (v)). The polysaccharide, synthesized
by enzymes encoded by the inserted genes, is produced on a polyisoprenoid carrier
and then an oligosaccharyltransferase is able to transfer the polysaccharide from the
carrier lipid to an asparagine residue of the carrier protein which has to contain at
least one (native or engineered) N-glycosylation site (Feldman et al. 2005, Ihssen
et al. 2010, Kowarik et al. 2006). This technology is being applied to the devel-
opment of a multivalent Shigella conjugate vaccine. A bio-conjugate using rEPA as
the carrier was produced against S. dysenteriae type 1. It was tested in 40 healthy
volunteers and found to be well tolerated and immunogenic (Gambillara 2012). As
for the well-defined synthetic oligosaccharide conjugates, the S. dysenteriae bio-
conjugate was amenable to detailed characterization including size analysis (by
HPLC, electrophoretic techniques and MALDI-TOF-MS) and 2D NMR methods to
show the structural identity/integrity of the saccharide moiety (Ravenscroft et al.
2012). Similarly a bio-conjugate against S. flexneri type 2a has been developed and
characterized and is being prepared for phase I clinical trials (Kowarik et al. 2012).

Salmonella paratyphi A and Nontyphoidal Salmonella

The major cause of enteric fever in certain areas of Asia and India is S. paratyphi A,
while infections from S. typhimurium and S. enteritidis are more common in
developed countries and Africa, where they are an important cause of bacteremia in
children. These types of Salmonella do not have a capsular polysaccharide, and the
O specific polysaccharide (O-SP) present in the LPS of these gram-negative bacteria,
following appropriate detoxification by acidic treatment, is being used to develop
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conjugate vaccines. The S. paratyphi A O-SP has a the following repeating
unit → 2)-[α-D-Parp-(1 → 3)]-α-D-Manp-(1 → 4)-α-L-Rhap3OAc-(1 → 3)-[α-D-
Glcp-(1 → 6)]-α-D-Galp-(1 → where paratose (3,6-dideoxy-D-ribohexopyranose)
confers the antigenic specificity; the O-acetylation in position 3 of Rha has been
reported to be critical for immunogenicity (Konadu et al. 1996). John Robbins’s
team compared different models of S. paratyphi A O-SP conjugates in mice, two
based on specific terminal KDO modification and one based on random activation of
the polysaccharide chain with CNBr, in both cases the activated saccharides were
coupled to TT. Based on the preclinical results, only a conjugate model based on
random activation chemistry mediated by CDAP (a more practical and safer reagent
than CNBr) was selected for further clinical studies, which demonstrated its safety
and immunogenicity/protection (Konadu et al. 1996, 2000). Recently a different
model of S. paratyphi A O-SP conjugate based on selective modification of KDO
and conjugation to the carrier protein CRM197 to obtain a highly immunogenic
construct has been proposed (Micoli et al. 2011a, b). S. typhimurium and S. ente-
ritidis O-antigens share a common backbone with S. paratyphi A, but differ in the
structure of the branches, in particular the substitutions at position 3 of mannose,
abequose, tyvelose or paratose, respectively, confer serological specificity (Hel-
lerqvist et al. 1968; Konadu et al. 1996; Micoli et al. 2013b; Rahman et al. 1997). A
vaccine program for typhoidal and non typhoidal Salmonella enterica serovars
including conjugates of S. typhimurium and S. enteritidis O-SP is being developed
(Martin 2013; Podda 2010; MacLennan et al. 2014). The concept of obtaining more
effective protection through use of a Salmonella-derived protein as carrier is also
being investigated (Simon et al. 2011, 2013). Strategies for the development of
glycoconjugate vaccines against Salmonella have been reviewed by Simon and
Levine (2012).

Vibrio cholerae

Cholera is still a major cause of morbidity and mortality in the developing world.
Infection is acquired from contaminated water or food and can be rapidly spread
following war or natural disasters as demonstrated by the cholera outbreak in Haiti
that followed the earthquake in 2010. The majority of Vibrio cholerae clinical
infections are caused by serogroups O1 and O139. Serogroup O1 has two sero-
types: Inaba and Ogawa. A parenteral whole cell V. cholerae vaccine was used
during the first half of the twentieth century; however, it was characterized by a
short duration of protection and adverse reactions and was removed from licensing
in the 1970s (Ftacek et al. 2013; Girard et al. 2006). Despite the presence of killed
or live attenuated vaccines, a subunit cholera vaccine would be desirable because of
its expected higher manufacturing consistency and level of characterization. The
LPS of O-SP of Ogawa and Inaba O1 serotypes consists of (1 → 2)-α-linked 4-
amino-4,6-dideoxy-D-mannose (perosamine), whose amino group is acylated with
3-deoxy-L-glycero-tetronic acid (Hisatsune et al. 1993; Ito et al. 1994; Kenne et al.
1982). O139 strains produce an LPS molecule that lacks the O-antigen composed of
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a perosamine homopolymer and is antigenically distinct from O1 (Cox and Perry
1996). V. cholerae LPS has been shown to be involved in protective immunity
elicitation in humans and experimental animals (Jonson et al. 1996; Losonsky et al.
1997; Qadri et al. 1999; Svennerholm and Holmgren 1976). The teams of John
Robbins and Fournier showed that detoxified O1 LPS- Cholera toxin and O139
LPS-TT conjugates elicited vibriocidal antibodies in mice and humans (Boutonnier
et al. 2001; Gupta et al. 1992, 1998). An approach that would circumvent the need
for LPS detoxification and result in more defined and reproducible conjugates is
based on the use of synthetic LPS fragments conjugated to protein carriers. Paul
Kovac’s team generated a considerable amount of data on conjugates composed of
the terminal hexasaccharide fragments of Ogawa and Inaba LPS conjugated to BSA
or rEPA. The general outcome of these studies is that Ogawa synthetic conjugates
elicit significant titers of vibriocidal (protective) antibodies in animal models,
whereas Inaba conjugates did not induce protective immunity (Chernyak et al.
2002; Meeks et al. 2004; Saksena et al. 2005, 2006; Wade et al. 2006). More
recently, Kovac’s team used squarate coupling chemistry to prepare different
molecular models of conjugates with the recombinant tetanus toxin HC fragment as
carrier. These included synthetic monovalent constructs (Ogawa or Inaba) or
bivalent conjugates where synthetic Ogawa and Inaba hexasaccharides were linked
to the same carrier molecule; in addition, they also prepared a conjugate bearing the
synthetic Ogawa hexasaccharide and a tetrapeptide glycan as molecular adjuvant on
the same carrier molecule (Bongat et al. 2010). The dependence of saccharide chain
length and density of glycosylation on the immunogenicity of Ogawa synthetic O1-
TT conjugates has been studied using hexa-, octa- and decasaccharide synthetic
fragments conjugated via a 17-atom linker (Ftacek et al. 2013). A length depen-
dence of immune response was observed with the longer decasaccharide conjugates
inducing the highest anti-LPS IgG level in mice. The immune response also
appeared to be dependent on the saccharide loading density: in general, it increased
with increasing loading peaking at an optimal loading of a molar ratio of 230 ± 10
monosaccharide units per TT, after which a decline in the immune response was
observed. Despite a certain level of cross-reactive Inaba LPS antibodies, the cor-
responding vibriocidal activity was very low or absent.

The synthetic approach for O-specific polysaccharide fragment of O139 V.
cholerae is more challenging since its repeating unit is a complex branched
hexasaccharide consisting of five different monosaccharides, two rare deoxy sugars
and a 4,6 cyclic phosphate and more work seems to be required to produce oli-
gosaccharides that can be conjugated and tested in animal model (Ruttens and
Kováč 2006; Turek et al. 2006). Although the synthetic approach has the potential
to become a viable strategy to develop well-defined and protective conjugates
against V. cholerae, further work is still needed to improve the protective ability of
Inaba conjugates and to obtain O139 synthetic conjugates.
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Bordetella pertussis

Current vaccination against B. pertussis is based on acellular pertussis (aP) or
cellular pertussis (wP) vaccines combined with diphtheria and tetanus toxoids to
give DTaP or DTwP, which might include also other antigens conferring protection
against other pathogens, such as poliovirus, hepatitis B, and Hib. The aP based
vaccines contain different subunit antigens depending on the manufacturer, but the
main component is pertussis toxin (PT), which may be genetically, or chemically
detoxified. However, the recent resurgence of B. pertussis infections in US and
Europe (Celentano et al. 2005; Cherry 2012) indicates the need to improve vac-
cination schedules as well as current vaccines. One approach involving the gly-
coconjugate concept consists of coupling a dodecasaccharide obtained by acid
hydrolysis of B. pertussis or B. bronchiseptica LPS, to an aminooxy derivative of
the protein carrier to give a stable oxime involving the reducing end of the oli-
gosaccharide. The oligosaccharides and resulting conjugates have been well char-
acterized, and when tested in mice, were able to induce specific anti LPS antibodies
and bactericidal titers (Kubler-Kielb et al. 2011).

8.7.1.4 Glycoconjugates Against Fungal Pathogens

Carbohydrate structures dominate the surface of fungal pathogen and a number of
investigations are ongoing to identify protective carbohydrate epitopes on patho-
genic fungi such as Candida and Cryptococcus neoformans.

Candida

Candida species are among the most common causes of bloodstream infections in
nosocomial settings. There is increasing evidence that the cell surface β-1,2 man-
nans and β-1,3 glucans polymers of C. albicans and most pathogenic fungi,
respectively, contain protective epitopes (Bromuro et al. 2002; Nitz et al. 2002).
CRM197 conjugates of β-1,3 glucans containing sporadic β-1,6 branches derived
from the alga Laminaria digitata (Laminarin), linear β-1,3 glucans from Alcalig-
enes faecalis (Curdlan), as well as branched and linear synthetic β-1,3 glucans have
been shown to be immunogenic and protective in mice. Interestingly the synthetic
linear structures showed better protection profiles compared to the branched ones
indicating that the protective epitope might be linear (Bromuro et al. 2010; Tor-
osantucci et al. 2005). Synthetic dimers and trimers of β-1,2 mannans have been
shown to be good inhibitors of C. albicans protective monoclonal antibodies. The
mannans have been used to prepare conjugates to carrier proteins as well as a
synthetic peptide; the conjugates were shown to be immunogenic and protective in
mice and rabbits (Bundle et al. 2012; Lipinski et al. 2012; Trkola et al. 1996; Wu
and Bundle 2005; Wu et al. 2007; Xin et al. 2008). Bundle’s team improved the
immunogenicity of the synthetic glycopeptide β-1,2 mannan trisaccharide-Fba, by
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coupling this construct to TT. The resulting conjugate was able to induce protective
immunity in mice without the aid of dendritic cell-based immunization, required
when the glycopeptide was administered alone (Xin et al. 2012). In another
approach to further improve the immunogenicity of the β-1,2 mannan trisaccharide-
TT conjugate, Bundle’s team designed a tricomponent anti C. albicans vaccine. The
researchers covalently linked both the β-1,2 mannan trisaccharide and the β-1,3
glucan laminarin to the same TT molecule which, besides containing a protective
anti-candida epitope as discussed above, is also known to be a ligand of the pattern
recognition receptor Dectin-1 and could therefore activate innate immunity path-
ways (Lipinski et al. 2013).

Cryptococcus neoformans

Cryptococcus neoformans is a fungal pathogen, which primarily affects immuno-
compromised subjects, but can also be a cofactor in pulmonary disease for normal
individuals (Arora and Huffnagle 2005; Casadevall and Pirofski 2005). Crypto-
coccal meningitis is a leading cause of death among persons living with HIV/AIDS
in sub-Saharan Africa. C. neoformans has a polysaccharide capsule that is an
important virulence factor; it is composed of mostly glucuronoxylomannan (GXM)
and to a lesser extent by galactoxylomannan (GalXM) and mannoproteins (MP).
The structure of GXM is very complex and consists of a linear α-1,3 mannan
trisaccharide with side groups of β-1,2 GlcpA and β-1,2, and β-1,4 Xylp, attached at
different mannoses of the repeating units to give up to six different structures, which
are called chemotypes (described as serotypes A–C and AD) (Cherniak et al. 1998).
Additional structural complexity and heterogeneity is introduced by O-acetylation.
GalXM represents about 7 % of the capsular mass and is made of a backbone of α-
1,6 galactan with potentially four short oligosaccharide branch structures. Early
attempts to make an anti Cryptococcus polysaccharide–protein conjugate vaccine
resulted in a poorly characterized product, which showed immunogenicity in mice
(Goren and Middlebrook 1967). Subsequently GXM-TT conjugates, more suitable
to further preclinical and clinical development, were shown to be immunogenic and
protective in mice (Devi 1996; Devi et al. 1991). GXM is a complex antigen and
can induce both protective and non-protective antibodies (Mukherjee et al. 1995).
In order to identify the structure of the protective epitope, which resides in serotype
A GXM, a number of structures were synthesized and tested for their ability to bind
with monoclonal antibodies (Oscarson et al. 2005). More recently, a synthetic M2
serotype A heptasaccharide identified from this study was conjugated to HSA;
unfortunately although the conjugate elicited antibodies in mice, they were not
protective (Nakouzi et al. 2009). Similarly GalXM conjugates induced antibodies in
mice, but they were not protective (Chow and Casadevall 2011). Further studies
seem necessary to elucidate the nature of the protective epitopes present in the
capsule of C. neoformans and synthetic oligosaccharides might help in answering
this question.
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8.7.1.5 Conjugate Vaccines Against Viral Infectious Diseases

Viruses are characterized by surface carbohydrates linked to viral proteins by means
of the host glycosylation machinery. Consequently the oligosaccharides, which
decorate viral proteins, may appear as “self” to the immune system, thus providing
a strong defense against host immune surveillance. Thus, the use of viral oligo-
saccharides for vaccine development may present a risk because of the potential to
induce auto immunity reactions. However, there are situations where particular
“nonself” epitopes are created on the viral surface and the recapitulation of such
epitopes by synthetic or biological procedures may constitute an attractive vaccine
strategy. One example of a carbohydrate-based protective viral epitope can be
found in the human immunodeficiency virus HIV-1 envelope. A broad neutralizing
antibody (bNAb), 2G12, isolated from an infected individual (Trkola et al. 1996)
specifically binds an oligomannose cluster on the HIV-1 envelope glycoprotein
gp120, and has a specific and unusual Fab structure characterized by a VH domain
exchange that creates an extended antibody binding site surface (Calarese et al.
2003). A number of attempts to reproduce the structural and antigenic character-
istics of oligomannose-based 2G12 epitope have been reported using different
strategies. Once demonstrated that the synthetic constructs efficiently bound 2G12
directly or by inhibition of the 2G12/gp120 binding, candidate vaccines have been
prepared by linking the artificial 2G12 epitopes to carrier proteins and their
immunogenicity has been tested in animal models. While in most cases antibodies
that recognized the carbohydrate hapten were induced, in all cases these antibodies
failed to bind gp120 in vitro and/or did not show activity in neutralizing tests
demonstrating the difficulty of inducing Fab swapped-domain antibodies (Astro-
nomo et al. 2008, 2010; Doores et al. 2010; Kabanova et al. 2010a; Ni et al. 2006).
Recently, other and more potent bNAbs, which are strictly glycan-dependent, have
been isolated and appear to target conserved glycopeptide epitopes (McLellan et al.
2011; Pejchal et al. 2011). Further research on the structural features of the epitopes
recognized by these new bNAb might allow the preparation of a protective anti-
HIV vaccine containing these critical carbohydrate epitopes. Current strategies to
develop carbohydrate-based anti-HIV vaccines have been comprehensively
reviewed by Wang et al. (2014).

8.7.1.6 New Approaches to Conjugation and New Carriers
in Development

The concept of bio-conjugation already described for Shigella conjugates is also
being applied to the development of vaccines against other pathogens including
Staphylococcus aureus (Lee et al. 2011; Wacker et al. 2014), P. aeruginosa, Sal-
monella, E. coli and S. pneumoniae. A recent approach aimed to provide flexibility
and versatility in the preparation of conjugate vaccines formulations is represented by
Multiple Antigen-Presenting System (MAPS), which is based on an affinity coupling
approach. The target carrier/antigen proteins, genetically fused to a biotin-binding
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protein, spontaneously attach to a biotinylated polysaccharide via a strong affinity
linkage, resulting in a macromolecular construct, which can potentially display
multiple protein antigens along the polysaccharide backbone (Zhang et al. 2013).

Protein carriers currently used in licensed glycoconjugate vaccines are TT, DT,
CRM197, OMPC, and the recently introduced protein D. Other proteins are
increasingly used as carrier and some of them have also been tested in clinical trials.
A notable example is rEPA, which has been used as carrier for Shigella O-antigens
and Salmonella Vi conjugates, is also used as a carrier for bio-conjugates. A
recombinant protein (N19) containing promiscuous human CD4+ T-cell epitopes
derived from various pathogens, proved to be a very good carrier for Hib oligo-
saccharides and meningococcal oligosaccharides suggesting the potential of N19 to
be a candidate carrier protein for future or optimized conjugate vaccines (Baraldo
et al. 2004; Falugi et al. 2001). An emerging concept is the utilization of carrier
proteins, which can also contribute to protection against the target pathogen or
another pathogen (Ginsburg and Alderson 2011; Pozzi et al. 2012; Romano et al.
2014). In this case, the carrier protein has to provide not only T cell helper epitopes,
but also protective B cell epitopes, therefore the design of the conjugation and the
control of the product are of paramount importance in order to avoid loss of
protective epitopes on the protein. Approaches to obtain well-defined conjugates
have been recently reviewed (Berti and Adamo 2013). Epitope mapping of carrier
proteins using structural biology tools like the crystal structure of protein/antibody
complexes or Hydrogen Deuterium Exchange coupled to Mass Spectrometry could
inform the chemist on how to develop specific, critical epitope preserving and
scalable glycosylation methods (Malito et al. 2013). Biophysical and immuno-
chemical methods need to be in place to confirm the presence of intact protein and
saccharide B epitopes on the conjugate. Finally, the concept of hapten-carrier
conjugate is now being evaluated to develop vaccines against noninfectious dis-
eases, like cancer, alzheimer, drug abuse, etc. (Costantino et al. 2011) and other
carrier proteins such as keyhole limpet hemocyanin (KLH) and the virus-like
particle Qb are being used to developing such conjugate vaccines (Danishefsky and
Allen 2000; Winblad et al. 2012). Recombinant protein-based viral vaccines are
discussed in Chap. 3.

8.7.2 Analytical Techniques in Development

A plethora of techniques for the biophysical and immunochemical characterization
of glycoproteins (glycomics and proteomics) are being improved or developed;
some advances in the field and potentially applicable to glycoconjugates vaccines
are highlighted here.
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8.7.2.1 Saccharide Structure by NMR Spectroscopy

NMR spectroscopy plays an important role in antigen identification and research
into interaction with proteins. Elucidation of the primary structure of saccharide
antigens by use of 1D and 2D NMR experiments is well established and facilitated
by the employment of NMR chemical shift predictions programs (Lundborg and
Widmalm 2011). Additional NMR experiments to obtain 1H,1H cross-relaxation
rates, coupling constants and 1H,13C- and 1H,1H-residual dipolar couplings com-
bined with molecular dynamics simulations can be used to identify possible antigen
conformations (Widmalm 2013). The conformation of the antigen when bound to
protein can be determined by transferred NOE NMR experiments and the binding
specificity explored using saturation transfer difference NMR experiments. These
techniques can be employed to better understand antigen-antibody interactions and
optimize vaccine development.

Improvements in NMR hardware (field strength, nano- and cryoprobes) and
software (pulse-sequence design and spectral processing) permit increasingly
complex mixtures of small amounts of material to be characterized and quantified.
The applications of NMR to biopharmaceuticals, from drug discovery to quality
control of formulated products, has been recently reviewed by Wishart (2013).
Although the identity/structure of the saccharide component can be profiled
throughout the conjugation process by use of 1D 1H NMR spectroscopy, spectral
overlap of saccharide signals is a problem even at high field. This can be cir-
cumvented by exploitation of the spectral resolution possible in the 13C dimension
allowing the saccharide component of the glycoconjugate to be fully characterized
by 2D 1H-13C HSQC maps (Ravenscroft et al. 2012). The use of optimized het-
eronuclear NMR spectroscopy for the fast and accurate quantitation of glucans in
complex mixtures together with the use of reference libraries has been described
(Bøjstrup et al. 2013; Petersen et al. 2013) and could be applied to carbohydrate
vaccines and possibly multivalent combinations.

In addition to the liquid-state NMR spectroscopy applications discussed, the
introduction of high-resolution magic-angle sample spinning (HR-MAS) probes has
extended use of this technology to semi-solids. This means that high resolution
NMR can also be performed on bacterial cells and purification intermediates, not
possible using liquid state NMR. Thus, the detailed structure of the surface car-
bohydrates on the cell can be characterized and then tracked through to the purified
polysaccharide. By identifying the “true structure” of the surface antigen, this
approach may also help to identify immunological epitopes important for vaccine
development, in particular when chemical modifications, such as O-acetyl loss or
migration may occur during the purification process.

HR-MAS NMR has been used for on-cell analysis of surface carbohydrates,
such as polysaccharides, O-antigens, and lipotechoic acids. HR-MAS analysis of
meningococcal group A bacteria determined the precise structure of the capsular
polysaccharides expressed on the cell surface (Gudlavalleti et al. 2006). Using a
capsule-defective strain, the study showed that O-acetylation is not necessary for
capsular polysaccharides surface transport and also that the O-acetylation on living
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cells agree well with that of purified polysaccharides. HR MAS has been used to
track the evolution of O-antigen structure, particularly the pattern of O-acetylation,
on live S. typhimurium bacteria (Zandomeneghi et al. 2012). A subsequent study
proved that the appearance of de-O-acetylated O-antigen in the stationary growth
phase was due to the de-O-acetylation of already synthesized O-acetylated O-
antigen caused by the metabolism-induced basic pH of the growth medium (Ilg
et al. 2013). These experiments show the structural power of HR MAS and dem-
onstrate that it can be used to screen bacterial strains and identify possible vaccine
targets as has been reported for Clostridium difficile (Adamo et al. 2012; Reid et al.
2012).

When the pathogenic nature of the bacteria involved in the production of
polysaccharides makes a direct analysis of bacterial slurry problematic, develop-
ment of similar methods at the earliest stage of the purification or fermentation
process, with minimal manipulations or pretreatments, could be necessary. More-
over, this method can provide important information such as whether to proceed
with the purification of the capsular polysaccharide in the corresponding fermen-
tation batch and also support validation and optimization the fermentation process.
For anionic polysaccharides such as PRP present in H. influenzae type b, where the
first isolation step is typically the fractional precipitation by formation of water-
insoluble salts or complexes, HR-MAS can be developed as an identity assay of the
capsular polysaccharide present in such precipitates without extensive manipula-
tions or pretreatments Wieruszeski et al. 2005).

8.7.2.2 Improved Characterization of Solution Properties
of Carbohydrate-Based Vaccines

As for polysaccharide vaccines, important physical parameters that are routinely
monitored for conjugate preparations are molecular size and molecular size distri-
bution performed by use of size exclusion chromatography with multiple detectors
SEC-HPLC-UV/RI/MALLS. A recent innovation has been the use of a reverse
phase (RP) column for size-based separation of hydrophilic polysaccharides; the
study included an investigation of stationary and mobile phase parameters and the
coupling of RP-HPLC to MALLS (He et al. 2014). Several techniques that give
additional structural information and do not require the limitation of elution through
columns have been described for polysaccharides (Harding et al. 2010, 2012) and
proteins (Abdelhameed et al. 2012; Chaudhuri et al. 2013; Hu et al. 2013) and are
potentially applicable to glycoconjugates. These orthogonal methods and their
application are discussed in detail for polysaccharides (Chap. 7). They include
analytical ultracentrifugation, viscometry, and light scattering, and can be used to
characterize the hydrodynamic properties of conjugates. Such techniques are par-
ticularly important for the analysis of very large cross-linked conjugates (and
aggregates) and to assist in formulation and stability studies.
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8.7.2.3 Improved Chromatographic Techniques

Most of the technologies potentially applicable to glycoconjugates vaccines are
being developed for the rapidly burgeoning fields of glycomics and proteomics. The
glycosylation analysis of glycoproteins involves three different approaches: (i)
characterization of glycans in intact glycoproteins, (ii) characterization of glyco-
peptides and (iii) structural analysis of chemically or enzymatically released gly-
cans. HILIC and capillary electrophoresis (of fluorescently-labeled released
glycans) are widely used to determine the detailed sequence and linkage analysis of
released glycans (Mittermayr et al. 2013). The so-called N-glycan “nanoprofiling”
has been reported, which uses nanoLC-coupled electrospray ionization (ESI)–MS
with an intercalated nanofluorescence reader, and provides effective single glycan
separation with subpicomolar sensitivity (Kalay et al. 2012).

HPAEC-PAD of unlabeled glycans is routinely performed as HPAEC permits
unique separation of carbohydrates including isomers at high pH, while PAD
provides sensitive detection of picomole amounts of underivatized glycans. One of
the major limitations of this technique is that identification of unknown eluting
carbohydrates is not easily derived from retention times. For such identification,
fractions containing the carbohydrates have to be desalted (using a carbohydrate
membrane desalter or anion-self-regenerating suppressor) followed by fraction
collection and NMR or MS analysis. Such procedures are time-consuming and not
suitable for routine analysis of carbohydrates. As for RP-HPLC and HILIC, which
are now routinely coupled to MS, development of robust hyphenation of HPAEC-
PAD with mass spectrometry is in progress (Rohrer et al. 2013). The development
of a capillary HPAEC-PAD-MS system delivers both the desired sensitivity, as well
as online direct structural analysis of oligosaccharides (or monosaccharides) by
mass spectrometry. Analysis of urinary oligosaccharides by a prototype system of
capillary-scale HPAEC-PAD and online electrospray-ionization ion-trap mass
spectrometry revealed several new oligosaccharides (Bruggink et al. 2012) and
clearly illustrates the potential of such technology for improved characterization of
polysaccharides and glycoconjugates vaccines.

8.7.2.4 Multiplex Quantification

Multiplex assays are a new technology using the principles of simultaneous detec-
tion and quantification of analytes. Different multiplex systems have become com-
mercially available and are used in a wide variety of protein expression profiling
applications, including diagnosis of infectious diseases, cancer, autoimmune and
allergic diseases. For example, one of the available multiplex systems is Luminex
technology, which is based on fluorescent beads (“microspheres”) that are color-
coded into 100 distinct sets. Each bead can be coated with a reagent specific for a
particular assay, allowing the capture and detection of a specific analyte from the
sample. Within the Luminex analyzer, lasers excite the internal dyes that identify
each microsphere particle, and also any reporter dye captured during the assay. The
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advantages of multiplex assays, compared to conventional tests like ELISA are their
greater sensitivity and greater dynamic ranges and it allows the detection of multiple
analytes in a single sample simultaneously. Moreover, multiplex assays are also
cost- and time-effective, and minimize the sample volume requirements. Multiplex
assays are already used for measurement of serotype-specific pneumococcal capsular
polysaccharide IgGs (Goldblatt et al. 2011; Klein et al. 2012) and their development
for identity and quantification tests of polysaccharides present in multivalent con-
jugate vaccines will facilitate the quality control of these vaccines.

8.8 Conclusions

Glycoconjugate vaccines against H. influenzae type b, N. meningitidis, S. pneu-
moniae have been licensed and strategies for their manufacturing, testing, and
regulation established. The success of these vaccines opens up exciting possibilities
for the control of many infectious diseases caused by encapsulated pathogens. The
conjugation platform of methodologies and techniques established have facilitated
the development of conjugate vaccines against additional strains of these bacteria
and other pathogens including Streptococcus, Staphylococcus and enteric bacteria
as well as fungi such as C. albicans and C. neoformans. These challenges are being
met by the development of new conjugation strategies combined with improved
analytical techniques and new approaches to making well-defined conjugates using
synthetic and biosynthetic methods.
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Chapter 9
Vaccines in Research and Development:
New Production Platforms and New
Biomolecular Entities for New Needs

John P. Hennessey Jr. and Niranjan Y. Sardesai

9.1 Introduction

Currently licensed vaccines have emanated from a relatively small number of
production platforms. As shown in Table 9.1, these platforms have produced a large
number of licensed products and are currently being used to develop a significant
number of new vaccines that are currently under clinical evaluation.

Each of the production platforms used to make currently licensed vaccines have
been discussed in previous chapters to elaborate the analytical standards and
challenges inherent to these platforms. As such, each of these platforms has an
established precedent that guides analytical development of new products using
these respective platforms. That is not to say that each new vaccine does not come
with its own unique challenges, but the precedent products become both a starting
template for development and an expected regulatory standard.

9.1.1 Vaccines in Clinical Development Based
on New Production Platforms

Over the past 30 years, basic research efforts have defined creative new ways to
engage the human immune system to combat both infectious and noninfectious
diseases. This has resulted in hundreds of new vaccines undergoing preclinical
development. These efforts have also spurred on parallel development of new
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Table 9.1 Production platforms used for antigens used in manufacture of licensed vaccines and
being used to develop new vaccines that are currently under clinical evaluation

Production
platform

Biomolecular
entity

Examples of pathogens
and biomolecular entities
used as vaccine immu-
nogens in licensed vac-
cine products

New vaccines in clinical
development based on
similar platforms (phase of
clinical evaluation)

Whole virus Live, attenuated Measles virus Respiratory syncytial virus
(Ph 1)Mumps virus

Rubella virus

Varicella virus

Influenza virus

Rotavirus

Yellow fever virus

Inactivated Polio virus –

Hepatitis A virus

Influenza virus

Hepatitis B virus
(discontinued)

Rabies virus

Subunit Proteins Diphtheria toxoid –

Tetanus toxoid

Influenza

Polysaccharides Haemophilus influenza
capsular polysaccharide
(CP)

–

Streptococcus pneumo-
niae CP

Neisseria meningitidis
CP

Recombinant
proteins

Proteins Hepatitis B virus-like
particle (VLP)

Candida albicans (Ph 1–2)

Human papilloma virus
VLP

Clostridium difficile (Ph 1)

Chlamydia trachomatis
and

Chlamydophila pneumo-
niae (Ph 1)

Mycobacterium tuberculo-
sis (Ph 2)

Pseudomonas aeruginosa
(Ph 1–2)

Staphylococcus aureus
(Ph 1–2)

(continued)
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technologies, new production platforms, and new biomolecular entities as vaccine
active components to create vaccines to address unmet medical needs. In many
cases, the resulting development candidates have new physicochemical and bio-
logical features that have not yet been considered or addressed for currently
licensed vaccine products. Specific examples of these new platforms and vaccine
active components produced by them are provided in Table 9.2.

In this chapter, we will highlight some of the new biomolecular entities that have
advanced to clinical development and therefore require near-term thinking about
evolving the analytical evaluation of these new entities to include the hallmarks of
release testing, stability evaluation, and molecular characterization that are required
of candidates advancing to Phase 3 clinical development and licensure.

We will not address viral-based vectors at this time as the more compelling use
of this technology tends to be gene therapy applications. We will also not address

Table 9.1 (continued)

Production
platform

Biomolecular
entity

Examples of pathogens
and biomolecular entities
used as vaccine immu-
nogens in licensed vac-
cine products

New vaccines in clinical
development based on
similar platforms (phase of
clinical evaluation)

Conjugates Polysaccharide-
protein

H .influenzae CP-tetanus
toxoid conjugate

Staphylococcus aureus
(Ph 1–2)

Pathogenic Escherichia
coli (Ph 1)

S. pneumoniae CP-diph-
theria toxin mutant cross-
reactive material
(CRM197) conjugate

Meningitis CP-CRM197
conjugate

Table 9.2 New production platforms and biomolecular entities being used in new vaccines in
clinical development

Production platform Biomolecular entity Examples of pathogens and
biomolecular entities used as
vaccine immunogens

Whole organism host
producing parasites

Live attenuated parasite Malaria (sporozoite)

Leishmania (promastigotes)

Yeast expression of
recombinant fungal proteins

Fungal glycoprotein Candida albicans

Bacterial expression of
recombinant polynucleotides

Double-stranded DNA
plasmids RNA

HPV, HIV, HCV, Influenza,
HBV, malaria, and various
cancer vaccines

Various cancer vaccines

Replication-incompetent
virus with a complementary
host cell line

Viral-based vector carry-
ing a transgene for the
target protein

HIV-AIDS
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RNA-based vaccines, which have established human proof of concept in cancer
immunotherapeutic applications, but have not yet established a clear target indi-
cation (Ulmer et al. 2012).

9.1.2 Vaccines in Clinical Development Based on Whole
Organisms

9.1.2.1 Overview

Vaccines against parasitic diseases represent an area of enormous need, much
research activity, but limited success. Parasitic disease vaccines represent, as a
class, one of the biggest global unmet medical needs of any infectious disease
category, impacting billions of people and resulting in millions of deaths each year
(World_Health_Organization 2013a). The major disease targets that have produced
clinical-stage vaccine candidates include amoebiasis, hookworm, leishmaniasis,
malaria, schistosomiasis and trypanosomiasis. While all of these disease targets
have seen some vaccine development efforts with recombinant protein vaccines,
malaria, and leishmaniasis have seen significant development of vaccines based on
the use of live attenuated or killed whole organisms, respectively. There is limited
precedent with this vaccine modality in the modern era, with live attenuated or
killed bacterial vaccines offering a limited precedent (see Chaps. 5 and 6, respec-
tively). Future success with malaria or leishmania vaccines could spur on efforts to
evaluate whole organism-based vaccines for other parasitic disease targets as well.
As such, analytical development and quality control issues specific to this vaccine
modality will be addressed below.

Malaria. Malaria is a disease caused by a protozoan parasite that is transmitted
by mosquitos. Plasmodium falciparum is the main protozoal species of concern, but
other species of Plasmodium can also cause disease. For 2012, it is estimated that
207 million people were afflicted with malaria and 627,000 people died of malaria,
including 482,000 children under the age of five (World_Health_Organization
2013b).

Sanaria, with support of a large number of international collaborators, is devel-
oping a live attenuated malaria vaccine candidate based on irradiated P. falciparum
sporozoites (Fig. 9.1). This vaccine is based on the use of sporozoites that are
manually harvested from the salivary glands of irradiated mosquitos, isolated by a
series of filtration and centrifugation steps and then stored frozen (Epstein et al.
2011a). While scale-up remains an issue with the manual harvest of salivary glands
from irradiated mosquitos, this vaccine, which is administered intravenously, has
been demonstrated to be safe, immunogenic and protected human vaccinees from
controlled malaria infections (Epstein et al. 2011b; Seder 2013).

Leishmaniasis. Leishmaniasis is a disease caused by a flagellated protozoan that
is transmitted by the phlebotomine sandfly. Many species of Leishmania can cause
disease, but specific species appear to be endemic to certain regions and are primarily
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responsible for disease in that region. There are currently about 12 million people
afflicted with leishmaniasis and localized epidemics can have a mortality rate of up to
10 %. Leishmaniasis occurs mainly in developing nations in the tropic regions.

One of the few vaccine candidates for leishmaniasis that has been tested in
humans is one based on killed (autoclaved) whole promastigotes produced in cell-
free culture. Promastigotes (Fig. 9.2) are the flagellated form of the protozoan that
occurs in the midgut of the sandfly. This form of vaccine has been evaluated over
the past 20 years by a variety of investigators, mainly in the middle east. None of
the vaccine candidates so far evaluated in humans have proven protective. How-
ever, given that recovery from natural infection provides lifelong protection from
disease, a killed whole parasite vaccine seems to offer the most promise of initial
success (Alimohammadian et al. 2002; Bahar et al. 1996).

The malaria and leishmaniasis whole parasite vaccines share several common
features that suggest that they may utilize a similar approach for analytical devel-
opment and quality control. Given that the malaria vaccine developed by Sanaria
has had the most extensive evaluation from analytical, clinical, and regulatory
perspectives, it will be used as an example of how to approach some of the ana-
lytical challenges inherent to this vaccine modality.

Fig. 9.1 Plasmodium
falciparum sporozoites
(picture from http://www.
medicine.mcgill.ca/tropmed/
old/lecture2%20malaria.htm)

Fig. 9.2 Leishmania tropica
promastigotes (picture from
http://en.wikipedia.org/wiki/
Leishmania)
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9.2 Analytical Challenges

Analytical development of a vaccine product based on a complex component such
as irradiated sporozoites has to have a targeted focus. Assuming that a “batch” is
defined as a final pool of harvested sporozoites, the key analytical parameters for
the bulk drug substance (BDS) would focus on purity, dose, potency, and proof of
attenuation or inactivation (i.e., inability to replicate) (Epstein et al. 2011a). While
additional parameters can be very informative as to the nature of the vaccine and the
consistency of manufacture, these four parameters are central to the quality control
of the vaccine.

Purity. The purity of the BDS is largely based on demonstration of sterility (e.g.,
bioburden <1 colony forming unit per mL) and is dependent on growth of the host
(i.e., mosquitos) and the parasite (i.e., sporozoites) under sterile conditions. This is
similar to considerations required for a cell culture-based production process,
requiring closed production processes as terminal sterile filtration is not possible.

Dose. The dose of the final vaccine product is based on an assessment of dose
per unit volume in the BDS and appropriate dilution during preparation of the final
formulated bulk vaccine. The basic unit for dosing this vaccine and the key
parameter for manufacture (dilution) of the vaccine is the number of sporozoites per
unit volume. This measurement is based on visual counting of sporozoites by
trained technicians using a standard operating procedure, which likely includes
some consideration for the integrity (wholeness) of the sporozoites to capture
variations in processing that might impact the potency of the resulting vaccine.

Potency. Potency of the vaccine is assessed using a cell-based assay in which
hepatocytes were incubated with sporozoites and shown to express P. falciparum
liver stage antigen-1 (PfLSA-1), a protein that is not expressed in sporozoites, but is
expressed in liver cells after infection. This assay provides an efficient assessment
that the sporozoites can in fact “infect” the liver cells, much as they would in a
natural infection. The infection process is fundamental to the induction of an
immune response to the live attenuated sporozoite vaccine and presumably to
inducing a protective response. Demonstration of the stability indicating nature of
the potency assay is also an essential analytical milestone that will need to be
achieved prior to advancing to Phase 3 clinical studies.

Attenuation. Additionally, adequacy of attenuation is checked on each bulk lot of
sporozoites by showing that late liver and asexual erythocytic stage proteins are not
expressed at 6 days postexposure of the hepatocytes to the sporozoites. This measure
ensures that there is no replication of the sporozoites that could propagate disease.

Specifications. Quality control of this vaccine has no modern-day precedent,
given the complexity of the active ingredient (the irradiated sporozoite) and the
need for it to remain in a functional, intact state but incapable of replication.
Development of specifications for release and stability testing for each of these
measures in the Sanaria vaccine is likely still in a preliminary state, relying on
interim specifications until such point as sufficient data is available on multiple
batches of BDS and final vaccine to allow a data-driven determination of sources of
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variability and suitability-for-use limits. A challenge for this type of vaccine
product and in fact most vaccine products will be obtaining adequate clinical dose
ranging data to support a lower limit of dose or potency that will result in efficacy to
prevent disease as well as an upper limit of dose or potency above which adverse
events become an issue. Without adequate clinical data to establish these limits,
there is the risk that the vaccine specifications will be artificially narrow and per-
haps without adequate consideration of the variability inherent to the production,
isolation, stability, and analysis of the live attenuated sporozoites.

9.2.1 Vaccines in Clinical Development Targeting Fungal
Pathogens

9.2.1.1 Overview

Vaccines against fungal pathogens have a long and diverse history of preclinical
development, but candidates that make it into clinical studies have been few and far
between (Edwards 2012). Vaccines for fungal pathogens have been getting an
increasing amount of attention over the past few decades due to rising concern
about the impact of fungal pathogens on human health and survival. Indeed,
invasive fungal diseases can have a mortality rate of up to 50 % despite treatment
with the licensed array of antifungal drugs (Cleveland et al. 2012) and more people
in the US are killed by invasive candidiasis each year than are killed by methicillin-
resistant Staphylococcus aureus (MRSA) (Cleveland et al. 2012; Wisplinghoff et al.
2004). Except for a few studies done in the 1980s, it has only been in the past few
years that fungal vaccine candidates have reached the preclinical milestones that
permit clinical evaluation. This is despite the fact that serious fungal diseases are on
the rise as is resistance to antifungal drugs.

Candida. Candida is the only fungal pathogen for which clinical development of
a vaccine is evident. C. albicans accounts for over half of all candidal disease and is
the third most common pathogen in hospital ICUs and the fourth most common
hospital-associated pathogen (Wisplinghoff et al. 2004). At present, NovaDigm
Therapeutics has initiated a Phase 2a study of a vaccine based on recombinant
agglutinin-like sequence 3 (rAls3) protein produced by Saccharomyces cerevisiae,
and Pevion has completed a Phase 1 study of a vaccine based on recombinant
secreted aspartyl proteinase 2 (rSap2) produced by Escherichia coli.

Analytical development of products based on recombinant proteins made in
bacterial and yeast host cell lines are based on well-established precedent. However,
rAls3 represents the first instance of a recombinant fungal protein made in a yeast
cell line, thus allowing fungal posttranslational processing to generate a new breed
of recombinant glycoprotein. The rAls3 antigen incorporates a large number of
short-chain O-linked glycans that pose a new challenge for analytical development
that combines the concerns of a recombinant protein (Chap. 3) with some of the
challenges seen in polysaccharide-protein conjugate vaccines (see Chap. 9).
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9.3 Analytical Challenges for rAls3

rAls3 has been shown to contain *20 % carbohydrate by weight, with all of it
consisting of O-linked oligomannose (Hennessey and Shabb in progress). Given that
27 % of the amino acids in this protein are serine or threonine, rAls3 presents a puzzle
for analytical definition as well as for evaluation of structure-function analysis. The
key analytical parameters for the BDS would focus mainly on carbohydrate analysis
and on intact mass and the molecular variants observed. These parameters will pro-
vide critical elements for molecular definition of this vaccine antigen and future
measurements on which to base evaluation of lot-to-lot consistency and stability.

Carbohydrate analyses. Analysis of the carbohydrate content of BDS lots is well
within the realm of standard methodologies used with other glycoproteins. Acid
hydrolysis of the glycoprotein yields monosaccharides that are amenable to HPLC
analysis, showing that only mannose can be detected and that it accounts
for *15 % of the mass of the glycoprotein (Hennessey and Shabb in progress).
This analysis is as important for what it does not show as for what it does in that it
doesn’t show the presence of residual glucose, β-glucans, or N-linked oligosac-
charides, all of which can be found in fungal/yeast protein preparations.

In contrast, evaluation of the oligomeric structure of the carbohydrate entities
cannot rely on the convenient enzymatic treatments used to liberate oligosaccharides
from N-linked attachment sites. Instead, a mild β-elimination followed by Michael
addition with dithiothreitol (BEMAD) (Wells et al. 2002) can be used to release the
oligosaccharides from the O-linked attachment sites for subsequent HPLC analysis.
Such an analysis applied to rAls3 shows that*85 % of the released saccharides are
either monomers or dimers of mannose, with the remainder composed of mannose
trimers, tetramers, and pentamers (Hennessey and Shabb in progress).

While both of these analyses are important to defining key features of the rAls3
glycoprotein and its consistency of manufacture, neither is likely to be discrimi-
nating enough to be used as a quality control measure or as a measure of stability,
given the overall complexity of the glycoprotein preparation.

Intact mass. The intact mass profile of rAls3 presents as a broad array of glyco-
forms bymass spectrometry analysis (Fig. 9.3) that is based on a complex distribution
of O-linked mannose monomers and oligomers distributed over a large number of
potential glycosylation sites (Hennessey and Shabb in progress). The intact mass
profile supports that the rAls3 BDS contains *30 significant glycoforms based
simply on the number of hexose units per protein molecule. Considering the number
of glycosylation site variants, this protein presents a significant challenge to evalu-
ation of consistency of manufacture. Key to addressing this challenge, measures to
reflect the carbohydrate portion of the molecule and the molecular variants of the
glycoprotein are needed and will be central to the quality control of the vaccine.

Molecular variants. The mass spectrometry profile (Fig. 9.3) gives a fairly
sensitive fingerprint for the intact mass variants contained in a BDS preparation,
showing significant amounts of glycoproteins containing 60–90 hexose units per
protein molecule. This profile should also be sensitive to any N- or C-terminal
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proteolytic events in that an intact mass profile similar to the original would be then
be seen at lower molecular masses. Both of these attributes of this analysis suggest
that this assay would be a suitable quality control assay for BDS release as well as be
a stability-indicating assay if glycolytic or proteolytic influences were encountered.

Evaluation of glycosylation site variants for this glycoprotein makes for a very
interesting characterization study, but the complexity of the number of saccharide
oligomer species and the large number of potential glycosylation sites precludes
this from being a practical undertaking for application to multiple lots. As such, a
high-resolution measure of molecular variants may be all that is needed to provide
reasonable proof of consistent manufacture of the glycoprotein.

Finally, determination of the functional relevance of this complex posttransla-
tional modification will be difficult, particularly since the immunological response
to this glycoprotein includes both B and T cell responses. As such, assessments of
dose and potency will initially be measured by protein content and immune
response in a mouse model, which is a common starting point for many vaccines,
but will need to evolve to a more refined analysis as additional data, both in vitro,
preclinical and clinical, is gathered and evaluated.

9.3.1 Vaccines in Clinical Development Based
on Double-Stranded DNA Plasmids

9.3.1.1 Overview

DNA immunization as a concept was first pioneered in the early 1990s (see
Montgomery et al. 1993; Ulmer et al. 1994) and, owing to its simplicity, gained
widespread recognition. Indeed, the idea that the basic unit of molecular biology,
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i.e., a DNA plasmid, can be engineered to deliver different antigenic payloads
through synthetic recombinant DNA approaches, and furthermore be combined
with the power of genomics to design and optimize potent immunogens, providing
a powerful vaccine development approach to researchers. Over the years,
researchers developed methods to improve the potency of the DNA constructs
through many approaches, including gene optimization, RNA optimization, use of
leader sequences, use of DNA-encoded cytokines and co-stimulatory molecules,
novel formulations, and improved in vivo gene delivery methods—both physical
(gene gun, electroporation, sonoporation) and chemical (liposomes, transfection
agents) (Kutzler and Weiner 2008; Sardesai and Weiner 2011). DNA plasmid
manufacturing typically relies on bacterial hosts for production and BDS lots can be
easily characterized to the level of molecular identity through genetic sequencing.

There are four DNA vaccines/therapy products licensed for use in animals
worldwide (Kutzler and Weiner 2008) and the most advanced human vaccine
products are currently in Phase 2–3 clinical development, with over 800 clinical
trials conducted worldwide covering over 20,000 subjects across infectious disease
and cancer targets (www.clinicaltrials.gov; keyword search “DNA Vaccine”). As
such, while the regulatory experience for early stage clinical development is vast,
the lack of product approved for human use means that the regulatory pathways for
licensure of DNA-based products still need to be tested. DNA vaccine development
involves several analytical measures that are unique to the realm of vaccines and as
such will be a critical part of those technical and regulatory discussions.

A complete listing of disease targets for which the DNA vaccines are being
developed is beyond the scope of this chapter, but we report two examples, human
papillomavirus (HPV) and human immunodeficiency virus (HIV), to illustrate the
versatility of the DNA technology.

HPV. Over 100 different types of human papillomavirus strains have been
described and 15 types have been positively identified as having carcinogenic
potential. Two prophylactic vaccines (Gardasil® and Cervarix®) have been licensed
that target the major oncogenic serotypes 16 and 18 (Gardasil® additionally targets
serotypes 6 and 11) based on the induction of antibody responses to the respective
viral L1 proteins configured in a virus-like particle (VLP). These VLP-based
vaccines are described in Chap. 3 in this book. However, the L1-based preventive
vaccines are ineffective once the person is infected with HPV and the virus
transforms the basal cervical cells into dysplastic or oncogenic cells through the
integration into the host genome. This oncogenic transformation is driven through
two small proteins E6 and E7 (approximately 110 aa each); and in turn, the
development of vaccines against E6 and E7 as a means to treat HPV infection and/
or cancer has been an active area of research. Several groups have used proteins,
peptides, viral vectors, Listeria vector, and DNA-based approaches to develop E6
and E7 targeted vaccines (Morrow et al. 2013). Data from a two DNA plasmid-
based approach encoding four antigens (E6 and E7 antigens from both HPV 16 and
18) was recently reported by Inovio Pharmaceuticals. The researchers showed that
the vaccine when delivered with in vivo electroporation in women with a previous
history of cervical lesions, was safe, well tolerated, and elicited high levels of
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antigen-specific antibody and CD8+ T cell responses. The CD8+ T cells were also
functional in their ability to kill infected cells in the majority of vaccinees, sug-
gesting proof of concept to develop a viable therapeutic vaccine (Bagarazzi 2012).

HIV. HIV represents one of the top three global health threats and presents a
unique set of challenges to effective vaccine development both because of its
pathobiology, its ability to subvert the host immune systems, as well as its ability to
mutate rapidly and escape long-term control. Many groups have focused on using
DNA plasmids, viral-based vectors (VV), protein, and prime-boost approaches
(DNA-VV; DNA-protein; VV-protein, etc.) in the clinic as a way to target the
induction of cellular and/or humoral immune responses that are expected to be
important to dealing with HIV infections.

While DNA plasmid vaccines are being evaluated for several other disease
indications (see Table 9.2), these additional indications do not bring about addi-
tional analytical issues related to the vaccine beyond the two examples given above.

9.4 Analytical Challenges

DNA plasmid vaccines are a new vaccine modality that presents new analytical
issues to be addressed for the characterization and quality control of a licensed
vaccine product. The fact that the basic components of the active entity (nucleo-
tides) differ from the more familiar amino acids found in protein entities requires a
ground-up evaluation of this new product modality.

Plasmid DNA consists of two complementary strands of polynucleotides that are
uniquely defined by their primary structure (nucleotide sequence) and form super-
coiled macromolecular structures. This is analogous to the compositional and
structural characteristics of proteins. Posttranslational modification of DNA can also
occur and many of the quality control concerns that are typical of a protein BDS are
also of concern for a DNA plasmid BDS. The FDA and the WHO have each issued
guidance-for-industry documents outlining specific considerations for the produc-
tion and control of DNA plasmid vaccines (US_Food_&_Drug_Administration
2007; World_Health_Organization 2007).

The key analytical parameters of relevance to DNA plasmid vaccines are similar
in concept to those used for other modalities, but require analytical technologies
appropriate to polynucleotides and are mainly focused on purity and integrity of the
BDS (purified plasmid) and potency of the vaccine product.

Plasmid purity. For plasmid DNA products the presence of host cell proteins and
other host nucleic acids, i.e., genomic DNA, and RNA (mRNA, tRNA, rRNA)
needs to be evaluated. Although the sizes and physicochemical properties of the
host cell residuals are sufficiently different to allow for separation during purifi-
cation, their characterization and quantification are nevertheless important to assure
the sufficiency and consistency of the purification process. Preliminary limits for
each of these components are often established at <1 % early in development per
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the FDA guidance. Endotoxin is an important contaminant of bacterial fermentation
processes and sensitive assays to detect residual endotoxin must be included in the
analytical characterization package. The FDA guidance indicates a target of less
than 40 EU/mg as detected via the Limulus Amebocyte Lysate (LAL) test.

Plasmid integrity. Double-stranded DNA produced by microbial fermentation is
in the form of closed-circular double-stranded supercoiled DNA through the
intermediacy of host enzymes. A portion of this may be nicked (cut in one of the
strands; to produce a closed-circular relaxed form of the same DNA); or linearized
(cuts in both strands in close proximity). Sometimes, a plasmid dimer may be
produced due to concatenation of plasmids. Figure 9.4 demonstrates the relative
mobility of the different forms of plasmid DNA on an agarose gel (Panel A) and the
retention times of the different species by reverse-phase HPLC (Panel B). Each of
these forms theoretically may have different transfection efficiencies for insertion
into host cells leading to differences in immunogenicity and/or plasmid stability,
and may be used as one of the measures of plasmid purity. Thus, it is recommended
that a bulk release criteria be established to include a minimum % supercoiled
specification (typically >80 %).

Potency Assay. The FDA guidance document provides developers considerable
flexibility in the choice of assays early in development. Assays for potency for
DNA vaccines may include in vitro measures of transfection of the DNA plasmid
into host cells or the transcription and/or translation of the plasmid products into the
relevant encoded protein antigens. They may also include in vivo assays to measure
immunogenicity of the transgene protein encoded by the DNA plasmid. Recently,
Mahajan et al. (2008) reported a Taqman RT-PCR-based in vitro potency assay for
DNA plasmid products and Badger et al. (2011) reported the development of a flow
cytometry based potency assay for a Venezuelan equine encephalitis virus DNA
plasmid vaccine that assesses the in vivo expression of the transgene product in host
cells. Each approach has its benefits in being able to serve as a viable potency assay.
Vaccine developers need to consider the analytical robustness of assays used to
measure activity at the different levels in this continuum while developing a viable
potency assay, i.e., whether to measure potency at the DNA level, mRNA transcript
level (transcription), protein expression level (translation), antigen processing and
presentation level (MHC class I/II), induction of immune responses level (antigen-
specific T cells and/or antibodies), or ultimately at the level of biological efficacy in
an animal model. Ultimately, as with other vaccine approaches the choice of assay
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Fig. 9.4 Plasmid integrity is evaluated by agarose gel electrophoresis (panel A) or by HPLC
analysis (panel B) (courtesy of D. Peterson, VGXI, Inc.)
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for measuring potency of DNA plasmid vaccines will also benefit from and be
informed by the identification of a clear correlate of protection for each disease
indication.

In general, DNA plasmid-based products have established a strong foundation of
analytical development that establishes a well-founded understanding of the com-
position, structure and functional activity of these vaccine active components,
which in turn will allow suitable quality control of these products as they enter the
market of highly regulated commercial vaccines. That said, it is only a matter of
time before the first DNA plasmid-based products are licensed for human use and
there is a better defined or precedent setting analytical/regulatory path for the
development of future DNA plasmid-based products.

9.5 Future Vaccines

We have identified several new manufacturing platforms that are currently bringing
new product modalities into play to explore new vaccines for prophylactic and
therapeutic applications against infectious diseases as well as other causes of disease.
Each of these new platforms brings with it analytical considerations that are familiar
and with extensive precedent for addressing them. However, they also bring forward
new analytical issues that are critical to the definition, understanding and quality
control of these new entities. Undoubtedly, additional new platforms will come into
play as vaccine antigens. For these too, we will need to be vigilant, open-minded,
and creative to identify these issues and find creative ways to monitor them.
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Chapter 10
Role of Analytics in Viral Safety

Rebecca L. Sheets and Paul A. Duncan

10.1 Introduction

Virtually all vaccines are prepared on a biological substrate and/or in a biological
growth medium. The conditions used to prepare the vaccine are not only ideal for
growth of the vaccine organism, but also capable of propagating adventitious
(inadvertent) microbiological contaminants. Such contaminants may include bac-
teria, fungi, mycobacteria, mollicutes (mycoplasmas, spiroplasmas, acholeplasmas),
agents of transmissible spongiform encephalopathies (e.g., bovine spongiform
encephalopathy (BSE)), and viruses, including bacteriophage. Of particular diffi-
culty for current detection methods is addressing the vast array of viral organisms,
which vary considerably in terms of size, shape, content of lipid membranes
(enveloped or nonenveloped), and content of nucleic acid (DNA, RNA, single-
stranded, double-stranded, contiguous, or segmented genome); as well as varying in
their sensitivity to inactivation procedures or efficiency of removal (by purification)
procedures.

Testing methods for bacteria, fungi, mycobacteria, and mollicutes are fairly
standardized. Harmonization or convergence of test methods is increasingly
occurring across regulatory regions and pharmacopeia and will not be discussed
further in this chapter, except in that some of the newer methods that will be
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discussed may be applied to their detection, as well as to the detection of viruses. It
should be acknowledged that in regards to testing for mollicutes, newer methods
(polymerase chain reaction-based, with or without biological amplification) have
been developed and work remains in regards to harmonization of test methods
acceptable in various regulatory regions.

Unfortunately, at present there is no standardized and validated test method to
detect the agents of transmissible spongiform encephalopathies, like BSE, in bio-
logical products or the raw materials used in their preparation (e.g., bovine serum).
Thus, strategies to control risk of product contamination entail implementing a
number of product design elements, rather than testing for presence or absence. One
strategy is to eliminate, to the extent possible, exposure to animal- and human-
derived raw materials. This is not always feasible, and often cannot be implemented
in regards to legacy products, without risk of altering in unknown ways a product of
established safety and efficacy. Foremost among the possible strategies is controlling
what materials to which the product is exposed by appropriate donor screening and
geographic sourcing, as well as traceability and documentation, and in the case of
BSE risk, eliminating high-risk specified risk materials from the collection process at
the abattoir. Information on this topic may be obtained from http://www.fda.gov/
BiologicsBloodVaccines/SafetyAvailability/ucm111476.htm and http://www.emea.
europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/09/
WC500003700.pdf (EMA 2011). Taking another strategy, work by staff of the U.S.
Food and Drug Administration (FDA) (Piccardo et al. 2011) has shown that many
vaccine cell substrates did not propagate highly infectious BSE or variant Creutzfeld-
Jacob disease agents.

The risk bacteriophage may pose to product recipients, if any, has been con-
sidered historically (in the 1970s and 1980s). While their presence may interfere
with production of bacterial products, or products prepared from bacteria, their risk
to humans has largely been dismissed. As such, their inadvertent presence, though
not desirable, was codified as acceptable (21 CFR 630.18(a) and 630.60(c), last
promulgated in 1996). Generally, the presence of bacteriophage is taken as a bio-
marker reflecting a previous level of bioburden in a material, which would have
either been controlled (for nonsterile, nonparenteral products) or absent due to
sterilization (for most raw materials and for sterile and/or parenteral products). As a
consequence, testing is not generally performed to detect bacteriophage in vaccines
derived from mammalian or avian cell culture.

Thus, the remainder of this chapter will focus on animal-viral testing, and the
principles behind assessing viral risk and guiding testing strategies. Traditional or
conventional methods, though not entirely harmonized across regulatory regions or
among pharmacopeia, will be discussed in regards to the principles whereby
detection is achieved. Further, newer methods, as yet not validated, standardized, or
widely accepted by regulators, will also be discussed as it is anticipated that their
utility will begin to be seen in short order.

Historically, bacterial vaccines were (and still are) generated by fermenting the
bacterial vaccine organism and likewise, viral vaccines were and are generated by
propagating the viral vaccine organism on a cell substrate, tissue taken from an

398 R.L. Sheets and P.A. Duncan

http://www.fda.gov/BiologicsBloodVaccines/SafetyAvailability/ucm111476.htm
http://www.fda.gov/BiologicsBloodVaccines/SafetyAvailability/ucm111476.htm
http://www.emea.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/09/WC500003700.pdf
http://www.emea.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/09/WC500003700.pdf
http://www.emea.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/09/WC500003700.pdf


animal, or in whole organisms (e.g., embryonated hens’ eggs). However, increas-
ingly, viral vaccines may be generated from E. coli or from yeast; while bacterial
and parasitic vaccines are being prepared in viral vectors grown on cell substrates.
Thus, the lines between a “bacterial” product and a “viral” product have blurred.
With this, so too have the types of microbial contaminants that may be of concern
for a given product type. As a consequence, the focus of this chapter on biosafety
from the perspective of animal viruses should not be taken to mean that it is solely
applicable to viral vaccines.

10.2 Principles of Detection Methods

Tests for viruses currently in use include those used for clinical diagnostics in
practice in the mid-twentieth century (in vivo and in vitro in tissue culture), as well
as techniques derived in the latter part of the twentieth century [transmission
electron microscopy (TEM), polymerase chain reaction (PCR), reverse transcriptase
assays]. The older methods are based on observations of responses to viral infection
made in vivo or ex vivo, whereas the newer methods are based on some physi-
cochemical aspects of viruses. These principles will be elaborated below.

10.2.1 Detection by Physicochemical Properties of Viruses

Viruses display a wide variety of physicochemical properties. Viruses come in a
variety of sizes (from *20 to 100s of nm) and shapes (icosahedral, spherical,
bullet-shaped, filamentous, oblong; as well as regular in shape or irregular in
shape). Some contain long spikes protruding from the capsid. Some viruses contain
lipid membranes (enveloped) and some do not. Further, their nucleic acid content
varies in every imaginable form. They may have dsDNA, ssDNA, dsRNA, ssRNA
of the “positive” (in the same sense as mRNA) or “negative” (complementary to
and requiring transcription to the sense of mRNA) sense, and genomes that
encompass both RNA and DNA. Some viruses have genomes that are contiguous
and some are segmented. Retroviruses have two copies of the same genome
packaged into a single capsid, thus are effectively diploid, while most viruses are
“haploid.” This wide variety makes detection of viruses complicated, and no one
traditional method readily detects all types.

10.2.1.1 Detection of Viral Structures

Although viruses come in a variety of sizes and shapes, their structures can be used to
identify them. While it takes experience to recognize the difference between normal
cellular structures and those of some viruses, experienced transmission electron

10 Role of Analytics in Viral Safety 399



microscopists can distinguish between them and thus, identify the presence of
viruses. There are limitations to TEM however. It is neither a sensitive nor a specific
method. While the latter is to benefit in that a variety of micro-organisms, including
viruses, may be detected by this method, nonspecific structures may be mistaken for
viruses and viruses can be missed. Furthermore, the sensitivity in terms of limit of
detection for this method requires a concentration of virus on the order of 105 or
106 particles/mL. Nonetheless, viral structures can be diagnostic if seen on TEM. So,
the look of a virus’ structure by TEM is one means that viruses may be detected.
TEM applications for virus detection were reviewed by Roingeard (2008).

10.2.1.2 Detection of Viral Proteins

Viral proteins have some unique characteristics that permit their recognition in
detection assays. One such feature is the ability of certain viral proteins to bind to
and agglutinate red blood cells. Many viruses (e.g., orthomyxoviruses and para-
myxoviruses) have a viral protein termed hemagglutinin, with exactly this property.
Other features entail the unique biological activity of a viral protein, e.g., the ability
of the polymerase of retroviruses to reverse transcribe RNA into DNA. Finally, the
ability of antibodies to recognize epitopes on viral proteins may be used in
immunofluorescent assays (IFA).

Hemagglutination and Hemadsorption

Hemagglutination of red blood cells (RBCs) by infectious organisms was a char-
acteristic discovered as early as the nineteenth century. Thus, as viruses began to be
manipulated and studied in the twentieth century, this characteristic was used as a
means of assessing for viral infection. The ability of some viruses to adsorb to
RBCs, causing clumping or agglutination, was noted in early explorations of
viruses. This ability was exploited to develop an early clinical diagnostic test for
viruses. These tests, either the hemagglutination of RBCs by supernatants, sera, or
plasma containing viruses or the ability of infected cells in culture to hemadsorb
RBCs (Shelokov et al. 1958), permit a visualization of viruses by cross-linking
viruses and RBCs together in a large enough clump to be observed by the naked eye
(hemagglutination) or by light microscopy (hemadsorption).

However, not all viruses contain a protein that can hemagglutinate RBCs. As a
consequence, this diagnostic parameter is only useful to detect some viruses.
Nonetheless, it is a broad general screen requiring little knowledge of the type of
virus for which one is looking. Like TEM, it is not specific (bacteria can also
hemagglutinate) and in order to visualize the process, a sufficient quantity of virus,
viral proteins, or viral particles on the surface of an infected cell must be present to
bring together an adequate number of RBCs to clump or hemadsorb and be recog-
nized above background levels. Another caveat is that different viruses will hem-
agglutinate certain species’ RBCs but not others, so if the wrong species’ RBCs are
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used, the hemagglutinating effect may be missed. An early study characterized the
log10 ratio of infectious influenza virus per hemagglutinating dose to be *4–6 (in
other words, 104–106 ID50 per hemagglutinating dose; Donald and Isaacs 1954).

Viral Enzymes (Reverse Transcriptase)

Retroviruses contain a RNA genome, and have an obligatory step in the replicative
life cycle in which their viral RNA genome is reverse transcribed into cDNA that
integrates into a host cell as a provirus. It is from this provirus that viral mRNA
transcripts are generated. Thus, retroviruses must package within their viral capsid a
sufficient number of molecules of reverse transcriptase to ensure that this step of the
life cycle is completed. Assays are available for detecting this enzymatic activity by
monitoring for cDNA molecules thus reverse transcribed. The conventional or
traditional method entails detection of incorporation of radioactively labeled de-
oxyribonucleotides into the nascent reverse transcribed DNA strand, although
newer versions of this traditional method utilize nonradioactive labels.

A newer method was developed in the 1990s and referred to frequently as PERT
or product-enhanced RT assay, a term coined by the authors of an early publication
on the method (Boni et al. 1996). This method entails the use of PCR to amplify the
signal of the reverse transcribed DNA. In the absence of RT enzyme, the RNA
template will not be reverse transcribed to DNA and thus, no PCR amplification
will occur. But, in its presence, amplicons are generated. This enhances the sen-
sitivity of the method to detect RT by about six orders of magnitude over the
conventional method. However, specificity is lost in that host DNA polymerases
and authentic reverse transcriptases from host retroelements, present in all
eukaryotic species, can also result in a signal in the PERT assay. Means to reduce
this background in the assay have been implemented, but it remains a potential area
of concern that challenges the conduct and the interpretation of the assay. Also, like
all PCRs, test articles may contain nonspecific inhibitors that reduce the sensitivity
of the method because they require dilution of the test article to permit the reaction
to occur without inhibition.

Nonetheless, detecting this enzymatic activity of a viral RNA-directed DNA
polymerase, distinguishing it from DNA-directed DNA polymerases, is a property
that is used to detect retroviruses from all species.

Potentially, other enzymatic activities specific to viruses might be exploited for
viral detection, but at present, such assays are neither in routine use nor in advanced
development for that purpose, to our knowledge.

Binding of Antibodies

Intact virions present epitopes that can be recognized by binding of antibodies from
specific hyperimmune sera or monoclonals. Infected cells may also present viral
proteins on their surface permitting antibody binding. These antibodies can be
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fluorescently labeled in order to perform an IFA. Alternatively, supernatant fluids,
which may be contaminated with virus, can be assessed by application to an
enzyme-linked immunosorbent assay (ELISA), although we are unaware that this is
commonly used in direct adventitious agent testing of biologicals, even though it is
commonly used in research settings and in diagnostics.

10.2.1.3 Viral Nucleic Acids

Before the advent of PCR, viral nucleic acids were detected by hybridization
methods, such as Southern or Northern blotting or slot/dot blots. However, most
currently used routine tests for viral nucleic acids are based on PCR. Frequently,
these newer methods are referred to as nucleic acid tests (NAT). These may entail
visualization of PCR amplicons by gel or Southern blotting or may entail use of
more quantitative methods such as real-time PCR or Q-PCR.

For DNA viruses, direct PCR with either specific primers, conserved primers, or
degenerate primers may be performed. Such tests are usually performed on
extracted nucleic acids from cells that may potentially be infected, although they
may also be performed on nucleic acids extracted from culture fluids or other
aqueous solutions. Also, mRNAs of viruses can be detected, to suggest potential
replication of a virus by expression of viral transcripts, though this is not commonly
used as an adventitious agent test method. For RNA viruses, RT-PCR, wherein the
initial step entails reverse transcription followed by PCR amplification from the
generated DNA template, may be performed.

All of these methods rely on a high degree of sequence similarity between the
probes, primers, and the viral species targeted for detection. This requires consid-
erable knowledge about what viruses for which one should be testing, as well as
sequence similarity or divergence among known viruses. Degenerate primers can be
used to minimize the knowledge needed to detect a signal, but these are not cur-
rently in widespread use in the testing field, in part because of the enhanced
specificity of specific primers.

10.2.2 Response of Cells or Organisms to Virus

Some viruses cause apparent infection in cells in culture and can be detected in vitro
by these means. Such viruses are noted by the cytopathic effects (CPE) they cause
on a culture monolayer.

Some viruses do not cause apparent infection in culture. These so-called
“inapparent viruses” may be detectable by the responses of living organisms to
infection. They may result in death of animals or eggs, or morbidity, which is
detectable by notable signs that may be monitored.

Similarly, animals may respond to infection by mounting detectable antibody
responses and this capability is exploited in the so-called mouse, rat, or hamster
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antibody production assays (MAP, RAP, HAP). The antibodies generated in the
relevant species are detected by IFA or ELISA methods.

10.2.2.1 Tests in Cell Cultures

The ability to successfully propagate cells in culture from explanted tissues revo-
lutionized the ability of viruses to be propagated and researched in the twentieth
century. This platform has proven to be useful for viral detection as well.

As discussed above in Sect. 10.2.1.2 and subsections, some readouts for
detecting viral infection in cell culture include IFA and hemagglutination/hemad-
sorption. In addition, other read-outs are discussed below.

Cytopathic Effects

Once it was discovered that viruses could be propagated in explants of tissues
maintained in vitro, observations were made of the CPE the viral infections caused.
CPE occurs as a result of the killing of cells in a zone where viruses may have
propagated from cell to cell (plaques) or the fusion (syncytia formation) of the
plasma membranes of multiple infected cells. These plaques or zones of dead cells
or areas of overly large cell syncytia are readily noted by light microscopy, or even
by the naked eye. The spread of any viral infection across the cell sheet may depend
on the nature of the virus and the infected cell’s response (for instance, highly cell-
associated versus secreted or released by cell lysis). Semisolid overlays, commonly
used to restrict virus diffusion in some plaque assays, are not typically used in
adventitious agent tests, because maximal opportunity for virus propagation aids
detection.

Transformation

Transformation of cells in culture is associated with changes in cell morphology,
loss of contact inhibition (the process whereby cells stop propagating when they
contact too many other cells in their vicinity), and sometimes ability to grow in
suspension rather than as monolayers attached to a substrate.

Although not routinely used as a viral detection test for vaccines, some viruses
have the ability to transform cells in vitro. This ability derives largely from binding
of viral proteins to host proteins that control cell cycling, such as p53 or RB, thus
disrupting their functioning and causing the cell to lose control and grow indefi-
nitely. Alternatively, this ability derives from being able to complement missing
function in specific cell lines prepared with defective sarcomavirus (S+ L−). The
result of viral transformation in culture is often seen as a focus of cells piling up
without the usual contact inhibition that preserves a uniform monolayer.
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Some of these viruses are also oncogenic in vivo. While an in vitro transfor-
mation assay has been used as a surrogate marker for tumorigenicity of intact cells,
this is not commonly used as an adventitious agent test. However, in vitro trans-
formation and in vivo tumorigenicity do not always correlate, so this in vitro sur-
rogate has largely been abandoned in the field of testing of biologicals as unreliable
for that purpose. Nonetheless, the ability of a virus to transform cells in culture,
particularly human cells, would be concerning to regulators and may be a biological
parameter warranting further research should the phenomenon be observed in the
production cell line or an indicator cell line used in adventitious virus testing.

10.2.2.2 Tests in Animals

Before cell culture, viruses were propagated from animal to animal in order to study
them in the experimental setting. Clinical observations of the effects viruses have on
experimental animals formed the basis for early clinical diagnostics for viruses.
These tests remain in use for adventitious agent testing because of historical utility,
but public reports from modern testing service providers have called into question
their actual utility in the era of current Good Manufacturing Practices and newer
testing methodologies. Recent work has suggested that their sensitivity for detection
of viruses may not be as good as previously believed (Gombold et al. 2014), despite
having been relied upon for years. The benefit of such tests is that they require no
prior knowledge about what virus or organism may be present in a test article nor
do they require the ability of the virus to adapt to or be able to grow in cell culture.

The MAP, RAP, and HAP assays, described in Sect. 10.2.2 above, may be
replaced by specific PCR tests and these replacement tests have begun to be
accepted by regulators on the basis of demonstration of comparable sensitivity of
detection.

Pathological Readouts

Generally, the inapparent viruses tests are performed in adult (postweaning, gen-
erally 3–4 weeks of age or older, but of a certain weight restriction that ensures they
are young animals) and suckling (newborn) mice and in embryonated chicken eggs.
In addition, the European Pharmacopeia requires testing viral vaccine seed lots in
guinea pigs. This test is recommended in other regulatory regions in certain cases
(to detect Mycobacterium sp., lymphocytic choriomeningitis, or Marburg virus).
Finally, in certain specific cases (to detect simian Herpes B virus), rabbits might
also be recommended.

An obvious sign of infection in animals or hens’ eggs is death. In fact, this is the
most obvious readout of the in vivo tests that are routinely employed, which require
that 80 % or more of inoculated animals or eggs survive the test.

However, other pathological signs or findings may also indicate a viral infection.
While animals cannot be queried like humans can about symptoms, they can be
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observed for various signs. Weight loss is frequently observed in infections from
which the animals recover and survive. Signs of illness may include ruffled fur or
hunched posture, due to lack of normal grooming behavior or normal mobility from
the animal feeling unwell. Other behavioral signs may suggest neurological
impairment, particularly a sign like hind limb paralysis and its resultant impact on
mobility of the animal. In the context of hens’ eggs, behavioral signs are unob-
servable, but pocking of the chorioallantoic membrane can be indicative of viral
infection. The ability of the allantoic fluids to hemagglutinate is also indicative of
viral infection.

Although not frequently used in adventitious agent testing, fever can be another
clinical sign suggestive of infection. This sign is used in the rabbit pyrogenicity test
for bacterial endotoxins, but not generally measured in viral tests. But, fever may
contribute to feelings of malaise that may manifest in observable behavior and can
be indirectly monitored in this fashion.

Tumor Formation

Although not used routinely for adventitious virus testing, in certain cases, regu-
lators have asked for novel cell substrates to be assessed for viruses that might be
oncogenic in vivo. Such substrates would generally be restricted to those that are
derived from tumors or have been shown to be tumorigenic themselves in animals,
causing the regulators to question what the cause of the tumorigenic profile of the
cells may be. Could the tumor have arisen from an oncogenic virus infection? In
assessing for oncogenic viruses, generally the regulators would ask for in vivo
testing of cell lysates (lysed to release the purported virus) or cellular nucleic acids
(to detect infectious viral genomes of oncogenic viruses). Unfortunately, these tests
are currently neither validated, nor controlled to demonstrate validity. However,
work has been published on a sensitive model and a positive control for assessing
cellular DNA oncogenicity (Sheng-Fowler et al. 2010; Sheng et al. 2008), and
discussed in September 2012 at a Vaccines and Related Biological Products
Advisory Committee (FDA/CBER/OVRR 2012a, b). As a consequence of the lack
of validation, these tests are not routinely employed.

Nonetheless, the concept is the following: were infectious oncogenic viruses or
viral nucleic acids present in a cell substrate, they could cause the animals to
develop tumors either at the site of injection or at remote sites where the virus may
have circulated upon infecting the test animals. These tests require monitoring the
animals for much longer periods of time than routine adventitious agent tests and to
palpate the animals to detect nodule formation. Histopathology of animals that
develop nodules on study and of those that do not by the time of the study endpoint
may permit detection of occult lesions or metastases. Improved animal models and
the availability of a positive control that will not infect animals and contaminate an
animal facility may see such methods increase in use in future. However, the value
of such a test in comparison to other novel methods that are emerging will need to
be considered prior to routinely implementing a product safety test that requires the
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use of animals given the current climate in which the reduction, refinement, and
replacement (3 Rs) of use of animals in product safety testing is being staunchly
advocated.

Antibody Production

Animals inoculated with a specimen contaminated with viruses for which that
species is susceptible may mount an immune response to that virus contaminant.
These antibodies may be detected by use of an IFA or ELISA assay. In this way,
specific viruses can be sought that are relevant to a particular species, e.g., hamster
viruses that might contaminate Chinese Hamster Ovary (CHO) cells, which could
be used to produce recombinant subunit vaccines. This is the basis for the HAP,
RAP, and MAP tests, described in Sect. 10.2.2 above. Because these tests are for
specific viruses, they can be replaced with other specific methods, e.g., PCR.
Regulatory acceptance of these alternative tests is emerging, e.g., by the Office of
Vaccines Research and Review at FDA. Acceptance of alternative methods is
dependent on demonstration that they are equivalent or better than the traditional
methods. A focus on relative sensitivity (LOD) and specificity (e.g., lack of
interference of test sample matrices) are key to international convergence for
replacing these animal-based assay methods.

10.2.3 Challenges with Currently Routine Tests

There are a number of challenges and difficulties faced when employing the cur-
rently routine suite of viral tests.

Like all assays, false positives may result, leading to investigations and decision-
making processes about whether a re-test is appropriate.

In the tissue culture tests, it is not infrequent that apparent positives can be linked
to cross-contamination from the assay positive control virus. The animal-derived
serum used in the culture media can also, sometimes, be a source of contamination
of the assay, leading to a false positive for the specimen tested. Sometimes, cell
monolayers do not maintain well over a 2-week interval required, leading to
inability to assess them adequately for viral CPE or giving a false impression of
viral CPE. Test articles can be cytotoxic, also interfering with the test and giving
inconclusive results. Occasionally, a “bad” lot of RBCs will result in very high
background levels in the hemadsorption portion of the test, which appear positive or
inconclusive.

PCR tests, being so highly sensitive, are also subject to a false positive rate. Test
articles frequently interfere with the PCR reaction, requiring dilution of the test
article to overcome the inhibition, thus reducing assay sensitivity. And as previ-
ously discussed, PERT assays can be subject to false positives or high background
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from cellular DNA-directed DNA polymerases or authentic RT expressed from
endogenous, noninfectious retroelements.

The in vivo assays are also fraught with challenges. A poor or inexperienced dam
may not suckle or tend her newborns properly, leading to a loss of a part or all of a
litter. Or the pups that die may be cannibalized by the dam, precluding investigation
into the cause of their deaths. Eggs can become bacterially infected and die from this,
having nothing to do with the test article being contaminated. Or the test article may
be toxic to the eggs. Even the adult mice can occasionally spontaneously die from
unclear causes. If housed together, sometimes they fight and one may die from this
pestering. All of these events can cause the appearance of a false positive or inval-
idate the test, leading to re-tests and loss of confidence in the results.

Currently, the test methods in different regulatory regions are not completely
harmonized. The volumes, the routes of inoculation, the age of egg embryos at
inoculation, length of incubation, and other differences exist. Also, due to lack of
specificity or clarity in the various requirements and guidances, differences in the
tissue culture tests also exist. The impact of these differences on the sensitivity and
specificity of the methods is unknown, because these tests have not been validated
as newer methods are required to be. They are considered compendial and need
only be verified. Thus, the true performance parameters of the methods are rela-
tively unknown. Some work (Gombold et al. 2014) has been done to address this
problem, but it is only a beginning and does not provide comparisons between
various compendia and regulations, having only followed the US methods.

Other specific challenges are discussed below in more detail.

10.2.3.1 Neutralizing Antisera

It may be necessary to neutralize the vaccine virus in order to perform the test for
viral adventitious agents in the panel of indicator cell cultures or in vivo systems,
because the vaccine virus might replicate in the test system or may just lead to a
cytotoxic defense response, in the case of some replication-defective viral vectors.
Although this issue may be addressed during vaccine production by the use of
control cells, the need to test the viral seeds or pre-seeds to demonstrate that the
input material into production is free from adventitious agents makes this issue
problematic to address. The cytotoxic response that may be caused by inadequately
neutralized vaccine virus might lead to complete cell death or a subpopulation of
cells might recover after some period. In the latter case, a judgment needs to be
made as to whether the test could be considered valid if a large proportion of the
inoculated cells died. Incubation of the vaccine virus harvest sample or seed with
neutralizing antisera raised in animals or specific neutralizing monoclonal anti-
bodies can alleviate the potential for viral replication, and might be able to alleviate
cytotoxic response.

Neutralization can be challenging however. The antisera used must be “com-
pletely” neutralizing, because any vaccine virus not neutralized may break-through,
infecting the test system and causing positive results in the assay. Completely
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neutralizing antisera cannot always be raised against some viruses. For example,
pox viruses are very difficult to neutralize completely and this presents problems for
testing for adventitious agents of vectored vaccines based on pox viruses. Testing
parallel control cells addresses some concerns, for adventitious agents that may
have arisen from the production cells, the culture media components, or the pro-
duction process itself (equipment, environment, personnel). However, this does not
address adventitious agents that may have arisen from the viral seed or the species
from which the isolate was derived, if not molecularly derived or cloned.

The species in which the neutralizing antisera are raised should not be suscep-
tible to viral infections that may be adventitious in the production system, or other
antibodies not specific to the vaccine virus may be present in the antisera and risk
neutralizing the adventitious viruses one is trying to detect. Determining that
interfering antibodies are present in antisera is not technically feasible, as one
cannot know all the adventitious agents against which one might need to screen the
antisera.

Consequently, there is an advantage to using monoclonal antibodies or raising
antisera in Specific Pathogen Free (SPF) animals. SPF does not mean being free of
all pathogens nor of nonpathogenic (in that species) viruses, but only means being
free of specific pathogens, as the term implies. Also, the degree of “SPF-ness” can
vary, in that one can have differing numbers of pathogens from which a herd, flock,
or colony of animals must be free. So, for different purposes, one may have a list of,
e.g., 10 pathogens, 15 pathogens, or 25 pathogens, for which a herd, flock, or
colony is monitored. All of these would be considered SPF, but some would be
“more SPF” than others. Also, the list of specific pathogens may not be harmonized
across regulatory regions because of different viruses endemic in various regions
(which presumes the tests are being performed in the same region as the regulators
who are reviewing the test data, which is not always the case).

Other concerns with use of a neutralizing monoclonal antibody or antiserum
include the small dilution of the test sample, thus slightly reducing the sensitivity of
the test. Also, there may be potential toxicity for the test system. In the latter case,
reducing the antiserum concentration to nontoxic levels, while maintaining suffi-
cient levels of neutralization to prevent break-through, may be a fine line that might
not be reliably achievable.

All of these issues must be borne in mind when testing viral seeds and vaccine
harvest material for adventitious agents in the test systems of living organisms and
cell cultures. Each can complicate the reliability of test performance, or in some
cases, even preclude it.

10.2.3.2 Dose Equivalents and Test Samples/Volumes

Unlike the specificity of methods for sterility tests, the various compendia and
regulations have not always been clear regarding the amount of test article that
should be applied to the test system. Different testing service providers apply
differing amounts and even between clients, they may receive different
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concentrations and volumes of test sample. While the volumes for the in vivo tests
are specified, the concentrations of the material applied are not always clear. In
FDA regulations that were revoked in 1997 as being obsolete, restrictive, dupli-
cative, or unnecessary,1 the test methods were described in the context of testing of
viral harvests of specific vaccines and so dose equivalents were given in terms of
viral titers that would reflect a final container dose for that vaccine. The origins of
the specific guidelines are very likely rooted in what was considered practical at the
time the regulations were first promulgated. Cornfield et al. (1956) described the
application of 500 dose equivalents for detecting residual infectious poliovirus after
inactivation in order to provide a 1/100,000 chance (after multiple tests at different
process stages) that any given dose might contain an infectious unit of poliovirus.
Likewise, 500 dose equivalents (or minimum volume of 50 mL, whichever was
greater) was promulgated in the 21 CFR-mandated testing for measles, mumps, and
rubella vaccines in the 1960s, although the concept was entirely different since
these were live vaccines, and the tests were for adventitious agents rather than
residual live vaccine virus following inactivation. The similar figure of 500 dose
equivalents was not statistically derived, nor is there literature describing the
probability of detection of an adventitious agent in a dose of vaccine, as Cornfield
et al. did for inactivation of poliovirus. Similar to the revoked U.S. regulations, the
European Pharmacopoeia (EP) section 2.6.16 (EP 2014a) specifies testing the
greater of 50 mL or 500 dose equivalents for both virus seeds and harvests.
However, for testing cells, cell lysates, spent culture fluids, or viral seeds (in the
case of the U.S., although this is addressed in the EP as stated above), there was no
clear guidance. The FDA guidance document that was finalized and published in
2010, “Guidance for Industry Characterization and Qualification of Cell Substrates
and Other Biological Materials Used in the Production of Viral Vaccines for
Infectious Disease Indications,” made an effort to add clarity on the recommended
amounts to test for these samples (FDA/CBER/OVRR 2010).

The recommended inoculation routes and volumes do not necessarily assure a
consistent sensitivity for all potential adventitious agents that might be detected by
a given method, and actually reflect practical capabilities scaled linearly by repli-
cating flasks or animals. For instance, intracranial inoculation of 0.01 mL of a
culture fluid into each of 20 suckling mice is unlikely to yield a comparable vol-
umetric sensitivity for the neurotropic virus LCMV than testing 0.5 mL of the same
fluids in each of 10 or 20 eggs does for an influenza virus. Similarly, testing 100
dose equivalents in eggs is not the same sensitivity as 500 dose equivalents in cell
cultures. Testing 107 cell equivalents as part of cell substrate characterization in
animal and cell culture systems is unlikely to represent the same sensitivity as

1 The reason the regulations were revoked was because the conditions promulgated in the reg-
ulations were contained in the licenses for the specific products (viral vaccines against polio,
measles, mumps, rubella, smallpox) to which the additional standards applied. In other words, they
were deemed duplicative and unnecessary, because the standards were addressed in each specific
license and no longer needed to be addressed in regulations. Hence, the test methods are still
applied, even though the regulations were revoked.
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testing the maximum nucleic acid load per well in a PCR assay for a specific virus
(typically *0.5 ug, representing roughly 105 cell equivalents). Consequently, even
among the existing routine tests, the same level of sensitivity is not expected for
each method and the sample volumes tested reflect the practical needs of the
method rather than a statistically determined sample, which would be the ideal
approach.

Finally, lack of contamination cannot be completely assured unless the entire
batch or lot is tested in all suitable assays—an obvious impossibility. In fact, all
sampling strategies are a trade-off between how much material can be sampled and
the concentration of the contaminant that can be detected with that amount of
sample. Even the strategies described above do not assure absence of potential
contaminants or risk, but rather provide a level of assurance that, in the context of
validated or qualified manufacturing processes, there has not been a catastrophic
failure in the system. This is analogous to the relatively small volumes of material
tested in the compendial “sterility” tests, which only support product sterility by
indicating that there has not been a catastrophic breach in the validated sterile
processes. A corollary to this assertion is that low level contaminants or non-
homogenously distributed contaminants are unlikely to be detected in the routine
tests. For this reason, testing should not be the sole basis on which to assure product
biosafety. Appropriate sourcing and quality control of raw and starting materials,
adherence to Good Manufacturing Practices, environmental and personnel moni-
toring, process validation, and finally, testing as verification are the package needed
for maximal assurance of biosafety. We address the inherent and necessary con-
nection between process and testing in the context of viral safety margin in
Sect. 10.3.

10.2.3.3 Is Anything Missing in the Current Methods?

Besides the obvious answer of yes, it must be noted that the vaccine industry has
successfully relied upon the current suite of tests for decades now. Although some
viral contaminations have gone undetected (e.g., infectious porcine circovirus in
rotavirus vaccine), these examples are few and far between. Most adventitious
agents are detected prior to release of product into the clinic or onto the market, and
often even before downstream processing has occurred, or at the stage of cell
substrate or viral seed qualification, before production has even begun. In the era of
cGMP (since the 1970s) and use of well-characterized cell banks for production
(since the 1980s), viral contamination events are relatively uncommon. Nonethe-
less, they are inevitable due to the biological platforms used for manufacturing, and
continue to occur despite scrupulous measures to avoid them. Thus, testing strat-
egies must continue to account for newly emerging threats, as well as the com-
monest of the, albeit uncommon, contamination events.

Further, it should be acknowledged that the current general screening testing
methods do not detect numerous animal viruses that exist in nature. As noted above,
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specific PCR tests fill some gaps, when deemed relevant. Many of these viruses are
incapable of propagating in cell culture, thus unlikely to be present after viral
vaccine strain development and vaccine production; thus, they have been safely
“ignored” after due consideration that they did not pose a viable or significant
threat. Table 10.1 illustrates the expected capabilities of the existing routine tests to
detect or not detect important representatives from families of viruses, based on a
good faith review of diagnostic virology literature—green indicating a generally
suitable combination, yellow suggesting either limited applicability or need for
unique conditions, and red indicating generally not considered suitable for detection
(viral families appear alphabetically).

Table 10.1 Viral families
and their potential to be
detected by the indicated test
methods Virus

Family

Embry-
onated
eggs

Adult 
and

suckling 
mice

Guinea 
pigs
and

rabbits

Routine 
in vitro

cell
cultures

Adeno-
Arena-

Arteri-

Astro-
Bunya-

Calici-

Circo-
Corona-

Filo-

Flavi-
Hepadna-
Herpes-

Orthomyxo-

Papilloma-
Paramyxo-

Parvo-

Picorna-
Polyoma-

Pox-

Reo-
Retro-

Rhabdo-

Toga-
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The porcine circovirus example is illustrative. The virus is not readily detected in
conventional tests, and therefore was able to propagate in a cell substrate without
notice. Specialized tests for porcine circovirus might not have been requested
previously, since it was probably considered unlikely to propagate in manufacturing
substrates, and was not known to be pathogenic to humans. However, while not a
significant safety concern, purity of vaccines must also be considered when
thinking about adventitious agents. What may appear to be safe may still not be
pure or suitable. The PCV event made it clear that regulatory agencies do not want
infectious adventitious animal viruses in vaccines (consistent with language about
“demonstrable viable” viruses in previous regulations), although remnants of
inactivated organisms may be present and may be tolerable as impurities.

Some of the gaps in coverage by the tests listed in Table 10.1 are covered by
recommendations for specific PCR and in the case of retroviruses, by a PCR-based
reverse transcriptase assay. For instance, neither Hepatitis B nor C propagate in cell
culture, and HIV requires particular kinds of cells, which require nonstandard
culture media supplements, such as IL-2, to propagate well in culture, or specialized
engineered cell lines with appropriate receptors. These culture conditions or spe-
cialized cell lines are not reflected in the current tissue culture tests. However,
because of the severe impact of such potential contaminants, even the extreme
unlikelihood of their presence or inability to propagate in most cell substrates has
been deemed by regulators as an insufficient rationale to not test for them, in
appropriate settings (e.g., when human cells are used in production). This point
introduces one of the concepts of risk assessment discussed in greater detail in
Sect. 10.3.

Another issue that challenges any viral test method is that viruses are so highly
variable. Variants may occur that are not detectable by a specific test, even though
most variants or strains are detectable. Strain differences and even single nucleotide
mutations can result in changes in tropism (susceptibility of test system to infection)
or viral fitness (ease of infection and/or replication), as well as pathogenicity
(readout in in vivo tests and concern for human recipients). Each of these types of
changes can result in variants to which a particular test system may become
refractory or lose sensitivity.

This ability of the test systems (cell lines or animals/eggs) to detect infections
can be affected by species barrier, tissue-specific tropism, possible need to adapt to
the culture system, and whether the readout would actually reveal the contaminant,
if it was present. For instance, both SV40 contamination of primary macaque
kidney cells and PCV contamination of a Vero cell substrate were not revealed as
infectious contaminants until tested on either a different cell substrate (SV40 on
African green monkey kidney cells) or with a different method (for PCV, using
modern genomic testing). In the best case, however, the cell culture and in vivo
methods can potentially detect viruses that are not known today, but may emerge in
the future, as long as they can infect the systems and produce the same readouts as
viruses we currently know (i.e., cytopathic effects, hemagglutination/hemadsorp-
tion, death, overt illness, pocking).
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Existing molecular methods cannot be taken for granted either. Viral variants are
common, and have the potential to escape detection if their sequences do not
closely match those for which molecular tests were designed. At the very least,
molecular methods should be reviewed regularly to assure coverage of the most
recent viral sequences. In the best case, primers and probes developed against
conserved regions might be relatively resistant to some of the viral variation,
allowing detection of novel strains of viruses that share those conserved regions
with known strains.

Another issue that challenges the more historical methods is that they have not
been subjected to systematic assay validation as the International Conference on
Harmonisation and Pharmacopoeia recommend or require for modern assays—and
arguably cannot be validated for all agents for which they might be susceptible.
Typical verifications of the compendial methods for cell culture-based assays, for
instance, might utilize only a few viruses (not unlike qualification of sterility tests),
and in vivo assays have never, until recently (Gombold et al. 2014), been chal-
lenged systematically to our knowledge. Compounding the lack of validation of
certain conventional methods is the variety of cell and animal strains being used, the
variety of culture conditions or inoculation and incubation conditions, and lack of
widely accepted standards with which to establish performance parameters (for
limit tests, primarily sensitivity and specificity).

The existing assay methods remain largely unharmonized between the major
regulatory regions (e.g., U.S., Canada, EU, and Japan) in terms of exact details of
how to perform the tests. The impact of small differences on assay performance is
unexplored, such as the inclusion of additional routes of inoculation in the in vivo
systems, which one would think could improve the sensitivity, but may paradox-
ically result in interference, and thus diminution in the sensitivity or specificity.
Likewise, reducing the volume inoculated into eggs or changing the age of the
embryos at the time of inoculation could be seen as potentially reducing the sen-
sitivity, or improving it, by reducing toxicity effects from the test article. The impact
of such test variations on assay performance is unclear and unknown, because the
assay performance for any of these methods are generally unknown.

Finally, as new production systems are explored or incorporated into a license
for new vaccines, challenges to detect unique adventitious agents will arise. For
instance, should we worry about plant viruses or most insect viruses (beyond those
that cause vector-borne infections in humans)? Arguments about previous exposure
to plant viruses via foods are obviously inadequate since many medicines are
injected and therefore bypass natural immune mechanisms. Arguments about
potential for recombination and unanticipated consequences can seem theoretical at
best and quite speculative at worst. If regulators and manufacturers are operating in
an information vacuum, it will be difficult for them to say there is no cause for
concern. Furthermore, while plant or most insect viruses, for instance, may not
seem like safety issues to human recipients or potentially capable of giving rise to
emergent human pathogens, they nonetheless remain an impurity concern. They
also have the potential to negatively impact the manufacturing consistency of plant-
or insect-based production systems, just as MVM or vesivirus 2117 contaminations
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have negatively impacted manufacturing of CHO cell-derived therapeutic proteins,
causing lengthy and costly facility shutdowns and remediation, and even product
supply shortages of important medicines. The current suite of tests, with the
exception of TEM, are essentially incapable of detecting plant viruses, and many
insect viruses would also be missed unless specific PCRs are incorporated. TEM is
the notable exception and in fact, an insect virus contaminant that had been
observed in a production insect cell line, was detected by careful evaluation of
micrographs of an unusually large number of cells than would typically be
examined. But, as this would not be done routinely, this approach could not be
relied upon for this purpose.

So, in summary, the current suite of tests, though reasonably robust and largely
reliable, have limitations and leave certain gaps and room for improvement when
developing scientifically driven testing strategies.

10.2.3.4 Toward Global Safety Standards

Efforts have been made to harmonize viral safety guidance, but the major harmo-
nized guidance [ICHQ5A(R1), International Conference on Harmonisation 1999]
does not include viral vaccines within its scope. Major international guidance on
viral safety applicable to viral vaccines is available from the US FDA (FDA/CBER/
OVRR 2010) and WHO (Petricciani 2010); and from pharmacopeia including the
European Pharmacopeia (EP5.2.3 for animal cell substrates, 2.6.16 for viral vaccine
seeds and harvests) (EP 2014a, b, respectively), Japanese Pharmacopeia (2011), and
likely other similar pharmacopeia from other countries. While the various regula-
tions and guidances are relatively consistent, there are inevitable differences. The
extent to which differences are accommodated when new products are registered or
existing registrations are updated in different regions is not entirely clear. We cite a
few differences here that are relevant to viral safety analytics:

• EP2.6.16 mandates use of control cells for viral vaccines, whereas FDA and
WHO guidances suggest circumstances in which they might be useful, but do
not mandate them for all viral vaccines. None of the guidances clarify what is
recommended to be done for control cultures of suspension-adapted cell lines
used to produce viral vaccines or vectors, or recombinant protein vaccines made
in viral-vectored expression systems.

• WHO guidance and EP2.6.16 specify testing vaccine harvests and seeds for
avian viruses using embryonated eggs, only if the vaccine is made in avian cell
cultures or eggs, while FDA guidance appears to mandate testing in eggs
regardless of the animal cell substrate used for manufacturing. Both EP 2.6.16
and FDA specify a 100-dose equivalent requirement for testing. EP5.2.3 guid-
ance for cell substrates specifies testing any animal cell substrate in embryo-
nated eggs, and there are minor differences in the method description compared
with EP.2.6.16.

414 R.L. Sheets and P.A. Duncan



• EP5.2.3 and WHO specify 4-week observation of IP-inoculated adult and
suckling mice, while EP2.6.16 and FDA specify 21-day observation of IP- and
IC-inoculated adult mice (WHO recognizes the IC route in small print). Both
FDA and EP2.6.16 specify an initial 2-week observation of suckling mice, but
only FDA specifies a blind passage of tissues from surviving mice into another
set of suckling mice for an additional 2 weeks (WHO recognizes the FDA
option in small print). [The recent work by Gombold et al. 2014, suggests this
blind passage does not result in enhancement in sensitivity of the test.]

• FDA, WHO and EP2.6.16 specify inoculation of guinea pigs (IP all; IC only
FDA, but recognized by WHO in small print) followed by observation for
42 days to detect Mycobacterium tuberculosis and evidence of LCMV or other
viruses. FDA allows for the test for M. tuberculosis to be replaced by validated
in vitro culture and PCR methods (WHO allows shortened culture with PCR
endpoint). It is unclear if the 42-day test would still be required exclusively to
detect LCMV if another test is performed for M. tuberculosis. EP5.2.3 does not
specify guinea pig testing.

Regulators in emerging markets appear to be adopting or adapting WHO or ICH/
EP-like guidance or they might develop their own guidance. The development or
reevaluation of standards in existing and emerging markets presents a unique
opportunity to drive toward global standards for viral safety. This is in keeping with
the WHO’s position that whether a vaccine is manufactured in or for a developing
country or a developed one, the minimal safety standards must be the same.

10.2.3.5 Innovation

FDA regulations permit substitution of new tests for existing ones per 21 CFR
610.9 (Code of Federal Regulations 2012a), which states that doing so is only
permissible when there is evidence that the assurances of the safety, purity, potency,
and effectiveness of the product provided by the new method are “equal to or
greater than” the assurances provided by the old method or the compendial method.
This regulation does not clarify how to go about producing such evidence, but only
permits it to be done.

If the evidence can be provided using the same units of measure or if head-to-head
comparisons of the methods can be made, it is more straightforward how to develop
the required evidence. Sensitivity of the existing cell culture-based adventitious viral
tests is defined in terms of an infectious virus input, which is typically qualified by
means of spike recovery studies for unique test article matrices. Thus, the LOD is
defined in number of plaque-forming units (PFU) or TCID50 (tissue culture infec-
tious dose that infects 50 % of wells in a cell culture assay), i.e., infectious units.
Rules around ethics of animal usage and simple practical concerns preclude routine
qualification of animal-based tests by infectious virus spike recovery studies.
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In contrast, for some of the newer methods, e.g., PCR or any of the methods that
detect viral nucleic acids, the sensitivity may be reported in genome copies/reaction
or per volume of test article, or some other similar measure. Most viral preparations
contain large numbers of noninfectious or defective viral particles in addition to the
infectious ones. Those defective particles may contain nucleic acids, but not con-
tribute to propagating an infectious contamination. In fact, residual detectable
nucleic acids may be present even when all infectivity has been neutralized or
inactivated, or when the viral preparation is intentionally of replication-incompetent
or defective viruses. Therefore, there would be no consistent or clear-cut concor-
dance between a quantity of nucleic acid and an infectious unit.

This same problem has challenged the efforts to compare a PCR-based method
for detecting mycoplasmas with the standard tests. Some efforts have been made to
develop standard reagents that are controlled for the number of genomic copies to
infectious colony forming units in order to facilitate comparison and to validate the
relative sensitivity of the methods. Might a similar approach be considered for
viruses?

10.2.4 Emerging Analytical Capabilities

New capabilities are being developed to detect viruses or their components (e.g.,
nucleic acids) in response to a variety of needs. Among these needs are the rec-
ognition of new or emerging potential threats, recognition of the limitation of
existing methods, need for results in less time to support both some new types of
products as well as to enable rapid response to actual contamination events, and a
desire to reduce or replace animals used for product safety testing. Arguably, much
of the impetus and funding for new technology development in the last decade has
been related to biodefense and rapid characterization of emerging disease threats.
Nonetheless, those involved with biosecurity, public health, clinical diagnostics,
and biopharmaceutical adventitious agent testing share some mutual interest in
breadth of detection, rapid turnaround, cost control, and where possible, simplicity,
and robustness in use.

Biopharmaceutical applications are demanding in terms of compliance issues,
bridging to existing methods, and implications of results. True positive results from
novel methods have to be evaluated for their implications on safety of products that
could be administered to the most vulnerable populations, and both true and false
positive results have the potential to interrupt supply of critical life-saving
medicines.

This section addresses opportunities for advancement in both existing and
emerging methods. Some general issues are presented as well as alternative
approaches for implementing novel methods.
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10.2.4.1 Improving Culture-Based Detection by Improving
Conventional Readouts

We begin by only briefly acknowledging some opportunities to improve on the
current cell culture-based assays, which might arguably include standardizing the
readouts, improving time to detection, and/or enabling sensitivity to viruses that are
not otherwise readily detected.

One approach to improving the current culture-based assays would be to stan-
dardize the microscopic visual readouts (CPE, hemadsorption, immunofluores-
cence) by use of machine vision coupled with pattern recognition algorithms.
Standardization could reduce analyst-to-analyst variation, reduce the training bur-
den (especially in high turnover laboratories), and potentially increase throughput
while reducing labor costs. Rather than spending labor time reviewing the over-
whelming proportion of normal (negative) cell sheet surface, labor time could be
focused on verification of the much smaller proportion of questionable features in
cell monolayers identified through pattern analysis algorithms. But despite progress
in imaging, robotics, and analysis, off-the-shelf systems might not currently suffice
for broad application in adventitious virus quality control testing. Assembling
custom systems that have this capability presents formidable challenges, including
but not limited to complexity of automation, rapid acquisition time, depth of field
and focus (and thus clarity) in plastic vessels of differing dimensions, image storage
and analysis time, and compliance with 21 CFR Part 11 (Code of Federal Regu-
lations 2012b) requirements for computer-based systems. The business case is
challenging as well, given the cost and time that would be required for imple-
mentation, the variable track record for successful automated image-based appli-
cations in quality control, the rapid obsolescence of technologies in the context of
license/marketing authorizations in which details of testing are documented, the
possibility of only limited reduction in laboratory FTE requirement, and perhaps
also the fact that the diagnostic virology community is moving toward more con-
venient and often nucleic acid-based measures of viral infection.

Another approach to improving existing methods for virus detection might be
use of customized cell substrates or culture conditions. There are numerous
descriptions of reporter cell lines developed for specific viruses (a few examples,
HSV, CMV, VZV, BIV, Herpes B virus, alphaviruses, influenza, rubella) usually
developed for the purpose of investigating or verifying specific viral infections.
However, useful for specific viruses in clinical settings, the promise envisioned in
an excellent review (Olivo 1996) has not benefited biopharmaceutical testing.
Others have considered recombinant cell lines overexpressing antiapoptotic genes
or primary cells treated with apoptosis inhibitors as means of enabling greater viral
replication, and thus enhancing the detectability of transforming viruses (Sandstron
and Folks 2001 and references therein). Improved sensitivity or breadth could also
be accomplished by choice of cell line as well as selection of clones with better
assay characteristics. For instance, Gombold et al. (2014) demonstrated differences
among cell lines used in conventional assays, suggesting for instance that HeLa and
A549 cells were more sensitive than MRC-5 and Vero for adenovirus 41 and
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rhinovirus, although the A549 cell line was dramatically more sensitive than HeLa
for adenovirus type 5. One company serving the diagnostic virology community
commercializes prepared cell lines and mixtures of cell lines for more rapid
detection of specific categories of viruses. Leland and Ginocchio (2007) reviewed
many of these improvements relevant to the clinical diagnostic laboratory.

Few, if any, of these emerging capabilities have proven practical for biophar-
maceutical adventitious agent testing. Conventional biopharmaceutical testing
laboratories may not be inclined to take advantage of the more rapid readouts for
narrower ranges of potential viruses because of the considerable increase in
logistical complexity and cost of managing additional lines with only marginal
added scientific value. Furthermore, the cost and complexity of qualifying
numerous additional cell lines would represent a barrier to their implementation.
Finally, an improved indicator cell line might well be suited to more rapid detection
if the virus is present, but the duration needed to confidently call a result negative
might not be easily changed from the 28 days now typically required. The fact that
the vast majority of tests would result in negatives means that these approaches
might not really improve the speed at which material might be released to the
market, clinic, or for further manufacture. And the increased number of cell lines
used can increase the potential for false positives, leading to re-tests and lengthy
investigations, actually delaying release, without necessarily enhancing safety.

10.2.4.2 Advances in Alternative Detection “Readouts”

Several technologies are opening the possibility of expanding the breadth of detec-
tion beyond that of the conventional tests, even encompassing all known and even
possibly as yet unknown viruses. This possibility is so compelling that we are forced
to ask whether these new methods are capable of providing greater assurance of
biological safety than the conventional methods. Certainly in terms of “specificity”
(i.e., breadth) they could, but whether their level of sensitivity would be adequate
needs to be explored. There are data to suggest that some of these readouts might be
less sensitive than a specific PCR, but the breadth is clearly far greater.

The advances that will be considered here are perhaps best described as alter-
native approaches to detecting viral nucleic acids or transcripts, and viral proteins.
Rather than attempt a comprehensive review of the extensive scientific and com-
mercial literature, we will attempt to capture the essence of the technologies that
have shown (or arguably could show) promise in applications closely related to
biopharmaceutical testing and explore principles that will be essential in their
standardization and qualification for regulated testing. A more detailed review of
some of these methods is being prepared by a task force of the Parenteral Drug
Association, for publication in 2014 and in proceedings to be published by the PDA
of a conference held in Nov. 2013 on advanced detection technologies. Some of
these methods are already being used for assay investigations and as part of viral
risk assessments.
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Next Generation Sequencing

Today, there are several mature and emerging platforms for nucleic acid sequencing
for which excellent reviews are available (Niedringhaus et al. 2011; Glenn 2011;
Metzker 2010; see Kolman and Onions this volume). The so-called “next genera-
tion” sequencing technologies differ from classical DNA sequencing by making
available the individual nucleotide sequences of every template fragment analysed,
rather than a single most represented sequence of a population of fragments. Next
generation sequencing platforms differ in the “read” lengths they generate, the
practical depth per nucleotide, inherent error rates, cost, turnaround time, and
flexibility for other analyses. For instance, de novo assembly of reads is arguably
easier with reads that offer longer potential overlapping sequences. Thus, the
sequencing technology chosen for the purpose must be considered in terms of its
capability to meet the needs of the intended use, as the differing technologies have
different capabilities.

Generation of the raw sequences for a population of fragments is only the first
step in the use of this technology to detect and identify potential viruses. Analysis
algorithms are applied in which the sequences might be directly searched against
viral databases, or further processed to improve quality of “hits” (i.e., by de novo
assembly and/or translation in all reading frames prior to searching). The particular
sample might contain cellular DNA and/or RNA, which affects both sequencing
and analysis. The more nonviral nucleotides that are present, the more sequences
that must be generated and analysed to detect the potential viral sequences.

So approaches at the level of sample preparation and/or data analysis may have
to be incorporated to either minimize these sequences (e.g., ribosomal RNA) or
subtract signals from the population of sequences. However, an arguably better
approach is to positively select potential viral sequences by matching against dat-
abases, which might require more sequencing and computational effort, but reduces
the chance of systematically eliminating potentially meaningful sequences.

Once lists of virus accession hits are generated, these must be triaged, if the viral
database has not been rigorously curated. For instance, it is common to hit certain
viral accessions that also contain cellular (nonviral) sequences. If only the nonviral
sequences were hit in such a database accession, these can be regarded as false
positive hits. Evaluating the relevance of hits also requires considering the depth
and coverage of reads. Very narrow coverage of a viral gene or genome might be
explained by residual nucleic acid, for instance from expression vectors used to
make some of the biological reagents used in the method. Coverage of a full viral
gene or genome might be consistent with a viral transcript or intact virus. Inferring
biological relevance to positive hits depends on the sampling scheme, sample
preparation, and suite of controls; often additional and orthogonal methods are
needed to evaluate potential positive results. Thus, extensive bioinformatics and
virology expertise are needed to process the data.

Sequencing approaches that do not rely on predefined targeted primers are rel-
atively unbiased in the sequences that can be generated. If identifications are only
accomplished by matching to existing viral databases, however, there is some
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potential bias contributed by the breadth and depth of the database. Truly novel
sequences that do not match well against the existing database might not be rec-
ognized as representing a novel virus unless they are assembled without scaffolding
against an existing viral reference sequence. Thus, the unbiased potential of next
generation sequencing is only realized when the possibility of novel viral sequences
in unmatched read population is addressed. The turnaround time, in our experience,
for a study from extracted nucleic acids to final analysis has typically been at least
several weeks.

Next generation sequencing has been used effectively to characterize live virus
vaccines for potential unexpected viral and microbial sequences (Victoria et al.
2010) and is now available as a commercial service specifically for virus detection
at contract research laboratories. Next generation sequencing has been applied after
other similar sample preparation strategies (de Vries et al. 2011) as well as after
highly multiplex amplification of numerous potential viral targets (Hall et al. 2012).

Efforts will be needed toward standardization of databases and viral spikes for
assessing sensitivity, as well as data-sharing in order for practitioners and regulators
to converge on the most meaningful sample preparation and analysis strategies.

High-Density Microarrays

Detection/identification microarrays use oligonucleotide probes designed to
hybridize with known viral sequences, typically at multiple sites across the viral
gene or genome. The probe design operation is performed for as many viruses or
viral sequences as desired—the highest density chip to date covers all sequenced
viruses, bacteria, and fungi and incorporates *388,000 probes (Munroe 2011).
Amplification strategies have been applied prior to array analysis to enhance sen-
sitivity (Erlandsson et al. 2011). In contrast to de novo sequencing, the bioinfor-
matic analysis of arrays is essentially performed prior to ever running a sample on
the array—in the probe design phase. After a sample is actually run on the array, an
analysis algorithm calculates the probability of a positive hit for viruses based on
factors like signal intensity, coverage across multiple targets within the same virus,
and hits to closely related viruses. Access to such arrays is now available on a fee-
for-service basis from at least one commercial testing laboratory. The turnaround
time from the random amplification/labeling reactions to final results can be about
one day.

Re-sequencing arrays are designed with a narrower goal—that is to confirm the
nucleotide sequence of a narrower range of viruses or viral genes. Importantly, their
objective is to evaluate the sequence of targeted regions by using probe sets that
present, for one base position at a time, all four possible bases at that position.
These arrays are typically designed for pathogens of interest, for instance in bio-
defense (Leski et al. 2011) or specific public health situations (Berthet et al. 2010)
where detailed sequence information is needed very rapidly in order to formulate a
response. The utility of these types of arrays for adventitious agent testing, where
the goal is detection, is less clear, though they may be useful in manufacturing
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investigations. Such investigations are triggered when an adventitious agent has
been detected. Investigations are an important component of quality assurance to
aid in identifying the source of a contaminant and suggest potential corrective and
preventive actions, and in this manner, arrays may be useful for biologicals
production.

Mass Spectrometry (MS)

Protein mass spectrometry by MALDI TOF has been quite effective in identifying
bacteria biologically amplified in culture and even from clinical samples (Wieser
et al. 2012). Improved workflows are even enabling liquid chromatography (LC)-
MS/MS-based strain typing (Karlsson et al. 2012). Application to detection of
viruses, however, is limited by sensitivity and complexity of typical viral samples.
Recent reviews of progress in proteomic analysis of viruses and virus-host systems
demonstrated the increasing capability of MS combined with separation techniques
in rapidly characterizing viral and virus-host interactions from relatively complex
samples (Zheng et al. 2011; Zhou et al. 2011). Despite advances in sample prep-
aration and analysis, proteomic studies have focused on a relatively small number
of specific viruses—HCV, dengue, HIV, influenza, SARS, RSV, and a small
number of others, as reviewed in Zheng et al. 2011 and Zhou et al. 2011. The
studies these authors reviewed were primarily directed at understanding patho-
genesis and biomarkers of infection and other characterization of known viruses,
rather than detection and identification of unknown viruses in samples.

Some investigators are, however, exploring the detection of unknown viruses in
complex samples as a potential diagnostic tool. Ye et al. (2010) detected vaccinia
proteins in cultured human lung fibroblast cells infected with an unidentified viral
culture isolate when the infected cultures exhibited *60 % CPE. Sample prepa-
ration included detergent lysis and clarification of a supernatant fraction from cell
pellets, cleanup, and protein separation by either 1-D or 2-D gel electrophoreses,
cutting out bands or spots of interest, in-gel digestion, and analysis of peptides by
LC-MS/MS. The authors also explored use of multiple proteases for in-gel diges-
tion, which increased coverage of proteins detected from the 2-D gel preparations to
as much as 89 %.

Konietzny et al. (2012) recently demonstrated the first detection of BK viral
proteins from urine by LC-MS/MS tandem mass spectrometry, though after what
was described as a slightly complex differential centrifugation/ultracentrifugation/
filtration protocol to enrich for viral proteins. Observed peptide sequences were
searched against a customized protein database. The method distinguished subtypes
that could correlate with differing clinical significance. Importantly, algorithms are
being developed to analyze the complex data from MS-based studies of complex
samples, even whole viral digests, particularly for influenza: FluAlign and FluGest
(Schwahn et al. 2009); FluTyper (Wong et al. 2010), and FluShuffle and FluResort
(Lun et al. 2012). Application of proteomic approaches to viral detection will
depend primarily on sample preparation workflows and separation techniques to
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improve sensitivity. It is less likely that hardware and analysis algorithms will be
rate-limiting to this application. Other factors likely to affect wide adoption, as the
technology matures, include initial cost of systems and expertise to run and manage
them.

In contrast to the MS-based proteomic approach, analysis of short regions of
nucleic acid sequences specifically amplified from samples have been very suc-
cessfully applied to detection and identification of viruses and other agents (a few
recent articles include Chen et al. 2011a, b; Deyde et al. 2011; Sampath et al. 2012).
This technology is commercialized and finding some application in the biophar-
maceutical arena (Sampath et al. 2010). The database against which observed
amplicon masses are compared is proprietary, but is curated from public databases.
This approach can be used for viruses, bacteria, fungi, and mollicutes. The claimed
sensitivities, as reported in the literature as limits of detection (LOD) of the method,
are somewhat dependent on the matrix of the specimen. The claimed LODs are in
the range of 100–10,000 copies/mL for viruses (Chen et al. 2011b), on the order of
1,000 copies/mL for bacteria and fungi (Ecker et al. 2010), and as low as 5 copies/
mL for mollicutes (Lawrence et al. 2010). The turnaround time for analysis from
extracted nucleic acids to result can be about one day.

Other PCR-Based Methods

A variety of additional PCR-based methods have been evaluated for detection and
identification of narrower subsets of viruses. Several multiplex approaches for
detection of respiratory pathogens were reviewed in the context of clinical diag-
nostics, each with different mechanisms to detect the amplified signal (analogous to
the ESI-MS approach noted above, Callendo 2011). These methods are narrowly
scoped for a specific clinical application. A novel approach to very highly multi-
plexed PCR, with a next generation sequencing readout, has been demonstrated
(Porreca et al. 2007; Li et al. 2009; Kozal et al. 2012). This technology has been
developed as a means of enriching the population of sequences for targets of
interest. Since the targeting oligonucleotides are short (<100 bp, typically), must be
designed based on known sequences, and would need to be tiled across at least
numerous conserved targets in viral genomes of interest, this strategy would share
the sequence specificity and design considerations of both conventional PCR and
microarrays, coupled with the turnaround time and analysis considerations of next
generation sequencing.

An alternative approach, using degenerate oligonucleotide primers without prior
sequence knowledge of the specific viral target, offers promise as a near-universal
assay (Uhlenhaut et al. 2009). In this case, amplification used an oligonucleotide
primer demonstrated to detect a range of viruses (Nanda et al. 2008), and discrete
amplification products were isolated from gels, cloned into sequencing vectors, and
amplified in bacteria. Identification was accomplished by conventional sequencing.
This procedure could be challenging if there were numerous amplification products.
Use of next generation sequencing as the readout after degenerate amplification,
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instead of cloning and conventional sequencing, might be a compelling alternative
(McClenahan et al. 2014). Its relative analytical performance in comparison to other
broad detection methods needs to be established, and consideration needs to be
given toward how a large panel of degenerate primers could be controlled and
implemented for regulated testing.

Using Antibodies

Novel signal amplification approaches have been used with specific antibodies. For
instance, oligonucleotides can be conjugated to monoclonal antibodies enabling
PCR-based detection of bound antibody. This method detected rotavirus with
*1000-fold greater sensitivity than an optimized ELISA, and with clear separation
between positive and negative stool samples even after 104-fold dilution of the
positive stools (Adler et al. 2005). This method has also been applied to detection of
the pathogenic isoform of prion protein in bodily fluids, with a claimed sensitivity
based on recombinant PrP spikes to 10 pg/mL (König et al. 2006).

Other approaches use antibodies as part of a separation system to enrich for
specific viruses that can then be characterized by other methods. For instance, Chou
et al. (2011) used a specific monoclonal antibody conjugated to magnetic nano-
particles to concentrate influenza particles from allantoic fluid of embryonated eggs,
and detected them to a sensitivity of *103 ID50 influenza virus per mL using mass
spectrometry. However, given the narrow breadth of detection, these approaches as
solutions may not be suitable for broader viral safety testing for biopharmaceutical
processes. Consideration needs to be given to the sensitivity of prion detection in
biologicals by this approach however.

10.2.4.3 Some General Issues for Emerging Detection Methods

An important aspect of analytical validation is the demonstration that the method is
suitable for its intended purpose. Here we focus on a brief characterization of
features we consider important in determining “fit” for biopharmaceutical appli-
cations of the nucleic acid-based detection technologies. Most important of these
features is clarifying the difference between a method designed to detect and one
designed to identify in the context of adventitious agent testing. Both are important,
but detection is paramount for a limit test for impurities.

Detection Versus Identification

Especially in the context of the emerging methods, the difference between identi-
fying and detecting adventitious viruses needs to be clarified. Validation require-
ments differ between which performance parameters must be characterized for an
identity test or for a limit test (for detection of impurities) [ICH Q2(R1) Validation
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of Analytical Procedures] (ICH 1996). An identification test must be specific—
capable of distinguishing related viruses at a definable level of difference. But any
identification assay also has an inherent and definable level of sensitivity, though
when used exclusively for identification, an assay’s sensitivity has not traditionally
been required to be defined. In fact, identifications are typically performed only
after isolating or significantly enriching the particular contaminant.

In sharp contrast, sensitivity is the critical attribute of a detection assay (limit test
for impurities), although specificity also needs to be defined. As a result, assays to
detect viral agents have historically tended to evaluate relatively larger volumes or
amounts of test article to achieve greater sensitivity. A further complication for
establishing comparability of new methods is that detection assays have historically
been calibrated in functional units (infectious units per volume of virus preparation
based on a cell culture or animal-based infection system). Functional units typically
vary from one infection system to another, and units do not necessarily equate with
(though should not exceed) total viral particles or viral genomes. Specificity is also
a required attribute of a detection (limit) assay, and is arguably of greater impor-
tance for novel assays where detection is based on recognition of a specific
nucleotide sequence or protein “signature.”

Thus, when considering whether a novel method is suitable to replace or sup-
plement an existing detection assay for adventitious agents, the sensitivity of the
novel method needs to be considered. Some of the new methods which are
inherently capable of identification also lend themselves to alternative sample
preparation methods that can enhance sensitivity, making them arguably suitable as
detection methods.

Preparation of Nucleic Acids for the Readout

Viral nucleic acids may be composed of DNA or RNA. Starting from the simplest
approach, total nucleic acids from a sample can be isolated and introduced either
directly or after amplification steps. If nucleic acids from production cells are
extracted, then cellular nucleic acids (genomic DNA, ribosomal RNA, cellular
transcripts) could predominate and potentially limit the amount of cell equivalents or
sample volumetric equivalents that can be introduced into subsequent reactions. On
the other hand, cellular DNA allows detection of proviral sequences, which may be
desirable. Total nucleic acids, or total RNA or total DNA, can represent viral gen-
omes or potential transcripts (in the case of RNA) that are being produced within the
cell—whether or not encapsidated. Messenger RNA (transcripts) reveals viral gene
expression within a cell, suggesting active infection. Enrichment for mRNA (albeit
both cellular and some viral) can be accomplished by annealing to beads coated with
short poly-T sequences, since most mRNAs are polyadenylated at the 3′ end.
However, some virus families do not polyadenylate mRNA, so would not be
recovered by this approach (notably Flaviviruses, Reoviruses, Bunyaviruses). Where
RNA is isolated, it is converted to cDNA prior to hybridizations or amplification
steps. Total nucleic acids are well suited to detection of known virus sequences by
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amplification using specific or degenerate primers; random amplification may be less
useful, since all nonviral sequences would also be amplified. See Fig. 10.1.

Total nucleic acid recovery from samples complicates how sensitivity is defined
and demonstrated. Such methods have the ability to recover nucleic acids from
intact viral particles, cell genomes, and transcripts. Spike recovery experiments to
establish sensitivity would arguably need to address each of these possibilities,
though perhaps a worst case could be used in routine testing (for instance, an RNA
virus spike since it would reflect release from viral particle as well as recovery of
less stable RNA).

A common critique of total nucleic acid extractions is that they can recover
nucleic acid remnants remaining after inactivation treatments of medium compo-
nents, raw materials, and other reagents during sample preparation. Therefore, a
complementary approach is extraction from intact viral particles. Intact viral par-
ticles with intact genomes represent potentially infectious agents. Extraction of
nuclease-protected DNA and RNA recovers viral genomic nucleic acids, but could
also recover some histone-protected cellular chromatin and/or free nucleic acids left
by declining activity or below the affinity of the nuclease enzymes. These nuclease-
resistant nucleic acids from cells, culture supernatants, or raw material fluids are
well-suited to random-primed amplification steps.

Fig. 10.1 Sample selection and preparation determine what can be detected
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Additional treatments can be applied to concentrate potential viral particles as a
means of enhancing sensitivity, such as ultracentrifugation or ultrafiltration. Where
used, the efficacy of these methods for a range of viral particles needs to be
demonstrated.

Database

The nucleic acid- and proteomic-based methods all rely on the arguably reasonable
assumption that the next unknown virus will share at least some sequence simi-
larities with known viruses for which sequences exist in the accessible databases.
Coverage of sequences for a given virus, level of annotation, and curation vary in
the public databases (EMBL in Europe, GenBank in USA, DDBJ in Japan).
Curated reference genome databases (subsets of the public databases) provide
reliable benchmarks, but do not necessarily represent the genetic diversity that
might be available from partial sequences present in public databases. Private
databases might be held within organizations that develop technologies, perform
epidemiological surveys, or provide testing services. Such private databases might
include data from public databases. Importantly, one must keep in mind that dat-
abases are not static because new sequences are added on an ongoing basis. One
dilemma that the scientific and regulated testing community will need to address is
whether or how to incorporate novel contigs assembled from next generation
sequencing data, without viral isolation, into databases.

These critical characteristics of databases present a significant challenge not only
to technology developers but also consumers of services based on information in
the databases, and to regulators evaluating the data generated. The dynamic nature
of databases makes PCR primer/probe design, array probe design, and any
sequence searches subject to the version of database used at that point in time.
Constant updating also presents a challenge for validation of assays and the fre-
quency and timing of revalidation.

To the extent that private databases are generated and used for development of or
application to adventitious agent detection technologies, there will be a need to
scientifically validate them, and establish versioning and change control mecha-
nisms for routine updates. Of course, not only must the databases be kept current,
but methods based on them (for instance probes, PCR primers) must be re-evalu-
ated to assure that they are current. When updates to databases render previous
assays or searches out of date, users of the information may need to be informed of
the update and the implications of changes. Users of these services might need to
develop policies and procedures to determine when and how reanalysis is per-
formed. Consequences of retesting could range from expenditures of time and
resources investigating signals that turn out not to be true risks (and possible
clinical or market actions in the meantime), to detection and identification of pre-
viously unrecognized infectious contaminations that tip the risk/benefit balance of
the vaccine. Reanalysis of released materials goes against current quality assurance
principles and so policy consideration needs to be given to this dilemma.
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Sensitivity, False Positives, and False Negatives

Sensitivity viewed from the perspective of the readout alone might be described, for
example, in copies per reaction for PCR- or hybridization-based assays. However,
for biopharmaceutical applications, sensitivity needs to be interpreted in the context
of the test article, which could be a volume of fluids or whole culture, or a pellet of
cells from a culture or numbers of doses of the final product. Translating sensitivity
back to the test article helps establish a bridge to the conventional methods. But
determining what measure of sensitivity to apply for novel methods is not simple.
Importantly, we must acknowledge that the readouts are not directly equivalent
between conventional methods and novel, especially molecular, methods. Fol-
lowing are some issues that complicate equivalency arguments and influence how
potentially positive and negative signals must be interpreted:

• not all viral genome copies are necessarily associated with viral particles, par-
ticularly in materials that have been subjected to inactivation or sterilization
procedures

• not all viral particles contain viral genomes, although those that do not would
not be infectious (but could complicate protein-based detection methods)

• not all viral particles with genomes are necessarily infectious
• some, but not all, viral genomes (if complete or largely so) in the absence of

viral particles can be infectious or potentially oncogenic
• transcription of limited sets of viral genes does not necessarily reflect productive

infection, although this signal might indicate an abortive infection, which could
be of regulatory concern

• some reported viral sequences in public databases also contain nonviral
sequences

It might appear that molecular methods are fraught with potential traps. How-
ever, this is not unique. Similar complications exist with conventional methods:

• infectivity will likely vary with cell substrate, and method of cultivation, and
even method and route of inoculation in vivo due to varying tropism

• an infectious unit is not necessarily equivalent to a single intact viral particle
with an intact genome

• viruses adapted to a cultivation system (for example, the manufacturing culture)
could be easier to detect in cell culture-based infectivity assays than those
present in an animal-derived raw material, which have not been exposed to
in vitro cultivation

• infectivity in vitro might not reflect infectivity in vivo (either in assays, or as risk
to the human receiving the medicine)

• infectivity may not equate to pathogenicity in the in vivo test systems or in
human recipients of contaminated biologicals and may not equate to cytopathic
effect in the tissue culture test systems used

Clearly, a complete and systematic validation of the sensitivity of conventional
methods for all potential culture-adapted and wild viruses simply cannot be done.
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Rather, judgments must be made for what is reasonable, practical, and represents
scientific best practice to assure biosafety. For instance, the sensitivity of the novel
methods can be characterized in their native units, such as genome copies, using
appropriate spike controls as summarized in Fig. 10.2.

Another approach might compare earliest or lowest concentration detection
between novel and conventional detection systems following infection of produc-
tion or detection cells with panels of viruses with known infectious titers.

Thus, we argue that a reasonable starting point for establishing sensitivity of
novel methods can be defined according to a few simple principles: See Fig. 10.2.

• If the novel method purports to detect viral nucleic acids from viral particles,
then the effectiveness of the entire procedure must be demonstrated, starting
with virus spikes representing both RNA and DNA genomes and various par-
ticle structures.

• If the novel method purports to detect proviral or latent viral DNA from
preparations of total cellular DNA, then the effectiveness of the procedure for
detecting levels of spiked viral or proviral nucleic acids must be demonstrated.
Whether the spikes should be in the same form as the DNA intended to be
detected (e.g., integrated into cellular DNA in the case of proviruses) needs
consideration.

Fig. 10.2 Viral target determines the appropriate controls
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• If the novel method purports to detect viral mRNA (transcripts), then the
minimum detectable level of spiked RNA sequences must be demonstrated,
bearing in mind potential bias that could be introduced by some mRNA puri-
fication methods.

• Detection of an absolute physical attribute of a virus (like a sequence) can be
related to a relative measurement of potential infectious virus or virus risk by
considering the totality of data—breadth and depth of sequence detected,
identity, pattern of detection in the various controls (such as the corresponding
medium or time-zero samples), and evidence of amplification when inoculated
into uninfected cultures, for instance. Unfortunately, there is no simple rela-
tionship applicable to all viruses, or even all preparations of a single virus, that
allows us to say that a certain amount of gene copies equates to a certain amount
of infectious virus or virus risk. While one could argue that the worst case
assumption is one gene copy per infectious unit, this is not the reality for most
viruses.

Comparison of novel and conventional methods can perhaps be approached as
follows or by variations on these:

• Spike relevant test article matrices with infectious virus standards and determine
the lowest concentrations (i.e., highest dilutions) that can be detected in either
production or detection assay cell systems. Virus stocks calibrated by both
infectivity and genomic methods would be useful, as they help define compa-
rability from batch to batch of the reference standard, and they help evaluate the
molecular method in units relevant to the performance of those methods.

• Sample infected cultures through a timecourse, or use mixtures of infected and
uninfected cultures resulting in differing ratios of infectious virus to background
material, and determine the earliest timepoints and/or highest dilutions at which
the adventitious agent is reliably detected in each method. This approach does
not necessarily require calibration of the viral stock by both methods, although
that calibration would still be useful.

Closely related to method sensitivity is the concept of a false negative result.
Once the limit of detection for a method is defined, a false negative result is one for
which a true contaminating agent was present at levels that should have been
detectable, but went undetected. False negative results suggest a systematic error
that prevents the detection of agents that could be present. Extra controls may be
necessary for some time to establish reliability of all steps in the methods across
changes in analysts, reagents, kits, test article lots, as well as database and software
versions (the same could be accomplished through stringent change control pro-
cedures). Of course, the objective of these controls is to demonstrate lack of
inhibition of spike recovery at or near the limit of detection of the method.

False positive signals can lead to unwarranted effort for follow-up investigations.
There are at least three types of potential “false positives”—those due to lack of
specificity, those due to contaminated reagents but unrelated to test article, and
those that otherwise do not support a compelling assertion of presence of virus.
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The last of these is considered further in Sect. “Evaluating Positive Signals.” A
failure of specificity can result in a signal being interpreted to represent a specific
virus or virus sequence, when in fact it does not. Such signals can occur in the new
detection systems by several mechanisms, and each of these needs to be controlled
for the systems to be reliable. Targeted primers or probes may not be designed with
necessary specificity, or reaction conditions that affect specific annealing might not
be well controlled. There may be cellular analogs to some viral sequences. The
accessions used in defining primers and probes, or evaluating sequence reads, may
themselves be contaminated with cellular or vector sequences, especially if partial
viral sequences or noncurated full genomes are used. There may also be consid-
erable similarity among accessions in some sequences, which can result in signal
for many accessions that do not represent the best identification. Microarray and
PCR/Mass spec software incorporate complex algorithms to determine how much
signal (depth and breadth, so to speak), is needed to assert a compelling positive
detection. Such algorithms are yet in development for sequencing-based systems.
Likely, as the ability to assemble short sequence reads into longer contigs improves,
the confidence in positive hits and best hits will also improve. Reagents themselves
can contribute signals due to residual nucleic acids from their preparation—notably
even silica used in extraction kits (Smuts et al. 2014). But inevitably, some positive
signals cannot be easily ascribed to errors, lack of specificity, or reagents. We
differentiate these kinds of positive signals, and explore some principles for their
further evaluation in Sect. “Evaluating Positive Signals” below.

Evaluating Positive Signals

Novel methods are susceptible to false positive signals in some interesting ways,
beyond ordinary cross-contaminations. As a result, study design may be very
important for interpretation of signals from molecular-based novel methods.
Understanding the landscape of typical contaminants will help discriminate unusual
ones. One means of doing this is by including various control samples including
several negative controls. Understanding the manufacturing process for the vaccine
and the various inputs is also critical to evaluating signals—for instance, where
process interventions fully inactivate viruses but do not necessarily remove the viral
sequences. Interpreting signals across multiple assays (for instance, total RNA as
well as viral particle preparations) or even multiple samples can also help reveal viral
amplification. For instance, an increase in viral signal with time in culture could
strongly suggest productive infection. Positive results in transcriptome studies would
be suggestive of infection and gene expression, even if not direct evidence of viral
replication (especially in the case of latency transcripts). Mass balance estimates
based on input and output copies can be useful for manufacturing cultures exposed to
viral sequences and/or particles via raw materials of animal origin.

The observation of porcine circovirus sequences in a rotavirus vaccine by next
generation sequencing and confirmation by microarray were strongly suggestive of
infection, since there was considerable depth as well as complete breadth of viral

430 R.L. Sheets and P.A. Duncan



genome coverage. But these methods, as applied, did not completely prove presence
of infectious virus in the vaccine. Proof was gained by evaluating predecessor
materials and process inputs, and establishing assays for infectious porcine circo-
virus (http://www.fda.gov/AdvisoryCommittees/CommitteesMeetingMaterials/
BloodVaccinesandOtherBiologics/VaccinesandRelatedBiologicalProductsAdvisory
Committee/ucm197728.htm Accessed 13 Feb 2014). Recently, the World Health
Organization has reviewed procedures by which regulatory agencies should evaluate
positive signals in molecular (or any new) assay for adventitious viruses in biological
products. Their recommendations have been adopted by their Expert Committee on
Biological Standardization in Oct. 2014 and are anticipated to be published in 2015.

10.2.4.4 Implementing Novel Readouts

This section will address the manners in which novel readouts might be incorpo-
rated into quality control testing for adventitious agents, recognizing that many of
these methods are already being used as part of viral risk assessment or in inves-
tigations. The options are relatively simple: readouts can be applied directly to
samples of interest without opportunity for biological amplification in production
cells or analytical indicator cells or animals, or they may be applied after these
opportunities for biological amplification. The following table illustrates the
potential applications of novel methods in relation to conventional methods, and
illustrates the potentially broader utility of the novel methods (left side in
Table 10.2). Importantly, the various readouts do not necessarily reflect the same
biological properties, and thus relevance. Detection of nucleic acids may or may not
reflect presence of an infectious virus, but only remnants of inactivated ones. Thus,
the biological relevance of particular readouts is determined in large part by how
and to what the novel detection method is applied.

We will refer to direct tests as those that are independently applied without a
biological assay culture system, and hybrid tests as those with an initial biological
amplification system. The suitability of any given readout, especially for direct
testing, depends on sensitivity, sample preparation, and susceptibility to interfer-
ence and false positives. For instance, immunofluorescence is not applied as a direct
test but rather only after inoculation of cell cultures due to the need to biologically
amplify and spatially concentrate signal for detection by microscopic examination.
Conceptually, hemagglutination could be applied directly to test articles such as
liquid raw materials without previous biological amplification in cells or animals,
but to our knowledge is not, undoubtedly due to inherent low specificity, inter-
ference and/or insensitivity.

Adoption of a novel readout as a direct test to replace any conventional testing
will likely require a very strong case for suitability (equivalent or better than
existing methods, or at least arguably providing an acceptable safety margin where
direct equivalency is not readily interpretable). Adoption of a novel readout as part
of a hybrid assay (after biological amplification in analytical indicator cells or
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animals) will likely require a very strong business case to justify the added expense
in addition to the scientific case for comparability (equivalent or better than existing
methods).

Direct Testing with the Novel Readout

Direct testing of raw materials, media, manufacturing cultures, or fluids presents
challenges of biological relevance and sensitivity. Detection of signal by most novel
readouts does not necessarily prove presence of an infectious or relevant adventi-
tious agent, but rather would be the starting point of an investigation into relevance
of the signal. Given the high probability of detecting signal(s) of animal viruses in
animal-derived raw materials even after they have been subjected to inactivation
procedures, such as gamma irradiation, quality control, or release tests representing
biological function might seem most appropriate. However, direct testing with
novel readouts could increase the understanding of the landscape of potential agents
to be considered as potential safety risks, and for which suitable assays for bio-
logical function might be needed. Few reports exist in the scientific literature of
systematic surveys of animal-derived raw materials by the novel readouts for
potential agents of concern, though it is likely that companies and technology
developers are privately pursuing this objective.

Table 10.2 Sample and readout compatibility

The readouts below
can be applied to
samples from the
right

Samples from

Raw material
(i.e., media
or
components)

Production cul-
tures (or corre-
sponding control
cell cultures)

Indicator cell cultures
(whether applied to testing of
raw materials or production
or control cultures)

CPE – Adherent cells

Proteins detection
by:

Hemadsorption – Adherent cells

Hemagglutination – Fluids

Specific
immunofluorescence

– – Cells

Proteomic-mass
spec

? Fluids or cells

Nucleic acids detec-
tion by:

+ (all)

PCR/multiplex/
degenerate

oligos/MS

Microarray

Next generation
sequencing
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Additionally, anything less than 100 % sampling and testing of a raw material is
inevitably insufficient to assert that the material is absolutely free of detectable
contaminants. Current testing paradigms rely on verification tests of animal-derived
components coupled with validated processing of those components to reduce risk.
It is also likely that improved sample preparation workflows will be needed to
achieve meaningful levels of sensitivity for direct tests by the novel readouts. But
most compelling is the increased breadth of detection that the novel readouts
promise compared with the conventional tests.

Direct testing with the novel readouts could also be used to support in-process
decision-making or to replace conventional tests on production cultures and har-
vests. The wider breadth of detection would arguably provide greater assurance that
unexpected agents have not propagated in any given manufacturing culture.
Appropriate controls, such as uninoculated complete medium or a “time zero”
culture sample, would be essential to support that detected signals actually show an
increase during the culture step (and should have been shown previously to be
undetectable in the cell substrate). We address additional nuances of sensitivity of
such tests in Sect. 10.3, in the context of the viral safety margin.

Hybrid Test Using Novel Readout

Novel readouts could be effectively applied in hybrid assays, just like conventional
readouts. As used here, hybrid assays are those in which the test article has been
exposed to a conventional or nonconventional analytical cell or animal system in
which biological amplification of the agent could occur, and a separate noncon-
ventional readout is applied to detect the agent. A conventional cell culture-based
assay might be validated to detect “100” infectious units of a virus (whether defined
as TCID50 or PFU). But the readouts typically do not actually detect the initial 100
units, but rather the effects of virus growth started with those 100 infectious units.
The biological test system facilitates amplification of the virus inoculum, initially
undetectable in the conventional readout, to levels of virus or impact on infected cells
that are readily detected by the conventional readout. The same would be true of a
novel readout. In fact, detection of the increase in genome copies of porcine circo-
virus 1, which did not generate CPE, was key to its detection in an infectivity assay
(presentation by Krause, http://www.fda.gov/AdvisoryCommittees/
CommitteesMeetingMaterials/BloodVaccinesandOtherBiologics/
VaccinesandRelatedBiologicalProductsAdvisoryCommittee/ucm211828.htm
Accessed 13 Feb 2014). Hybrid approaches have also been proposed for myco-
plasma testing (Chang et al. 2006; Kong et al. 2007). Thus, novel readouts could be
applied to analytical cultures to enhance detectability of viruses and other organisms.

One consideration that may be given to the validation of the hybrid test is that
only the novel readout would require validation, as the biological amplification
would occur as it is already performed by the compendial methods (which are not
validated, and arguably cannot truly be validated). This would not necessarily be
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the case for a nonstandard biological amplification method, but should be a suitable
approach for the compendial methods.

The challenge with hybrid assays is that they incur the logistics and cost of both
the biological amplification step and the molecular readout. It is perhaps most
logical to develop a hybrid test approach only once it is concluded that the direct
test approach is inadequate.

In the next section, we consider a rational strategy based on assessment and
selection of inputs, design of manufacturing processes, and testing. These steps
illuminate how test sensitivity fits into the overarching viral safety margin, and thus
how it supports the scientific and business case for selecting a novel testing
strategy.

10.3 Principles of Rational and Scientifically Based Testing
Strategies

Viral safety assurance is best described as a confidence-building exercise with
multiple contributing factors rather than as a quantitative measure of any one
component. Nonetheless, selecting testing strategies to assure viral safety inherently
requires that choices be made about what to test for (breadth) and how sensitive the
tests should be (combination of inherent method sensitivity, any potential biological
amplification, and sample preparation and size). Viral risk assessments, process
knowledge (including inputs), and testing methods each inform, and are informed
by, the others, resulting in a critical triad on which viral safety is established. (See
Fig. 10.3).

A rational strategy to assure biosafety then incorporates these three elements,
risk assessment, process knowledge (including inputs), and the analytical methods
used to detect potential agents. In the following section, we discuss risk assessment
and process choices as a means of building context around the viral safety margin,
and just how the analytics contribute. We conclude by reflecting on the regulatory
and business cases for adopting new analytical approaches.

Risk assessment

AnalyticsProcess and Inputs

Fig. 10.3 Contributions to viral safety assurance
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10.3.1 Elements of Risk Assessment and How Process
Choices Mitigate Viral Safety Risk

Although there is a tendency to want to take a checklist approach to testing for
biosafety in vaccines, and compendia and regulations support this inclination, such
an approach is neither suitable nor scientifically supportable. Which agents may be
adventitious in a particular vaccine production system or platform technology
depends entirely on a large number of factors. These factors must be considered
rationally in deciding testing strategies. In addition, particularly in an era of Quality
by Design (QbD), an assessment of risks should be undertaken to guide this
decision-making process. Factors that should weigh into the considerations of
testing strategies include, but are not limited to, those found in Table 10.3.

In addition to the factors in Table 10.3, the risk assessment process needs to take
into account the likelihood of an agent to be present, the likelihood of its detection,
if present, and the severity of the impact, if not detected. Not only is the likelihood
of the presence or absence of a specific agent to be considered, but also the impact
of its presence is considered during risk assessment. Highly pathogenic viruses,
even if unlikely to be present, could be of higher concern than nonpathogenic
agents, even if likely to be present. Furthermore, the detectability of a particular
contaminant must also be considered, with agents unlikely to be readily detected
potentially being of higher concern than those that are readily detectable. This
aspect is discussed further in the following section.

10.3.2 Testing in the Context of Different Risk Scenarios

We have already alluded to the gap in breadth of detection of conventional
methods. Thus, agents could be present in cultures that were not expected and for
which tests were not designed. The resolution to this gap is to incorporate assays
with broader detection capability, either to replace or supplement existing methods.

We have also reflected on the existing expectations for sensitivity, and the
relative lack of an enduring, well-described rationale on acceptable safety margin
for viral vaccines. By viral safety margin, we mean the excess capacity of a process
for assuring any potential contaminant is removed, inactivated, or simply not
present beyond what was present originally (if any). Considering viral clearance
validation as an example, if an endogenous viral contaminant is present at such a
level that virtually every dose of vaccine produced could contain particles, then
viral clearance would be necessary to clear the virus particles to a level that
establishes that statistically only a vanishingly small number of doses could
potentially be contaminated in a whole lot. Often the regulatory expectation is that
this margin-of-safety reduces the probability to less than 1 in a million doses being
likely to contain a particle, for instance, in the illustration provided in ICH Q5A
(ICH 1999). This excess capacity of a process to clear viruses that might be present
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Table 10.3 Factors relevant to choosing a viral safety testing strategy

In regards to Risk identification

Cell substrate
origin

From which species and tissue is the production cell substrate derived?

What was the health status of the cell substrate donor(s)?

Legacy of cell
substrate

What has happened in the legacy of the cell substrate derivation and
establishment, including which species and geographic region provided the raw
materials to which the cell substrate has been exposed and what were those
materials?

Banking of cell
substrate

Is the cell substrate banked or primary?

Origin and legacy
of vaccine virus

From where (geographically) and from which species was the vaccine virus
isolated originally (before adaptation to develop vaccine strain)?

To which species or cell substrates (and were they well-characterized) has the
viral isolate been exposed in adapting it to become a vaccine strain?

Has the vaccine strain been passaged through alternative species to provide a
species barrier to adventitious viruses that may have been present?

From which species are the raw materials, including antisera that may have been
used for selection and adaptation purposes, to which the viral isolate or vaccine
strain has been exposed during derivation or adaptation?

Cloning of vaccine
virus

Has the vaccine virus been molecularly cloned or biologically cloned by limiting
dilution and if the latter, how many times (i.e., is it even numerically or physically
possible that an adventitious agent could still be present from legacy)?

Handling of
vaccine virus
before seed was
banked and during
banking

To what materials, including cell substrate(s), has the vaccine virus been exposed
since cloning, if applicable?

In what environment (field surveillance laboratory, basic science laboratory,
industrial R&D laboratory, GMP suite) has the vaccine virus been handled prior
to and during the production of the master viral seed and/or working viral seed
(from isolation to preproduction of vaccine)?

What other viruses and cell substrates have been handled in the same
environment(s) in the timeframes prior to or during this handling?

Facility for vaccine
production

How are the environment and personnel controlled and monitored during vaccine
production (health status, personal protective gear, training in aseptic processes,
SOPs in place to prevent and control contamination and cross-contamination,
personnel and materials flow, positive or negative pressure, room classification,
environmental and personnel monitoring)?

What is the state of validation of equipment, including HVAC, and production
facilities used during vaccine production?

Vaccine
production

What are the production processes and are the processing steps aseptic or
controlled for bioburden?

Are there viral inactivation or clearance steps incorporated into the production
processes?

From which species and geographic region are raw materials used during
production derived?

Quality control What tests and detection technologies are available for quality control and for
characterization?

Drug product
filling

How is filling of product final containers controlled?

Clinical use What is the pathogenicity or capacity to infect human recipients of vaccines, as
well as the susceptibility of the target population (e.g., children) for the vaccine in
question, of specific potential contaminants?
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(e.g., of residual live virus in the case of inactivated viral vaccines or of endogenous
viral particles in the case of recombinant vaccines made in rodent cells) is the viral
safety margin. Viral clearance validation or validation of inactivation procedures for
inactivated vaccines are intended to establish such viral safety margins. We find this
concept useful in thinking about the needed sensitivity of viral detection methods to
ensure freedom from adventitious agents and consider whether conventional or
novel methods can attain such, as discussed below.

Models can help build some of the necessary quantitative context, and would
take into account the load from materials and even previous steps, ability to rep-
licate in the manufacturing system, ability to be cleared or inactivated, and pro-
portion of the culture used to make a final dose. Output of a model could include
doses of vaccine per infectious unit of the potential virus with specified growth
characteristics. An intermediate value in the calculation, infectious units/mL of
culture, could be compared with the known sensitivities of the conventional
detection method as well as the novel method, allowing some visibility into whether
the limits of detection or breadth of detection of either analytical method really
provides a meaningful viral safety limit compared with that contributed by the
manufacturing process and controls. The challenges with such a modeling approach
become obvious—many values are required for which solid experimental data may
not be available. Clearly, recalibration would be necessary, requiring another
assumption, to convert from infectious units to viral genome copy equivalents to
enable these comparisons. On the other hand, simply wrestling with these gaps in
knowledge could lead to hypotheses for experiments or alternative approaches to
support a more scientific rationale for the viral safety margin, as well as inform the
risk assessment, thus applying the principles of QbD. Others have offered
approaches to viral risk assessments that incorporate some of these features
(Gregerson 2008a, b; Tagmyer 2012), although they do not focus on the quanti-
tative evaluation of alternative detection methods or suggest which methods might
be best to use as an outcome of the assessment process.

Some quantitative aspects of such a model, e.g., on the detectability of an
adventitious agent introduced by a raw material during production at the stage of
cell culture would require actual data or valid assumptions. These would include,
but not necessarily be limited to: the volume of the raw material and the culture to
which it is added, concentration (titer) of the agent (if nothing detected by testing
the bulk raw material, then assume LOD of detection method), log reduction value
(LRV) based on validation data of any inactivation method applied to the raw
material before introducing it into the cell culture, ability to replicate in the culture
and burst size or amplification factor, length of culture period (how many repli-
cation cycles could occur) and length of replication cycle of agent, LRV afforded by
any handling/storage of specimens taken for adventitious agent testing of the
culture or downstream processing before specimen collection occurs, volume of
the culture that results in a dose of vaccine, the LOD of the detection methods
(conventional and novel), viral safety margin one is trying to achieve, and so forth.

We are confident that mathematical models will demonstrate that testing alone
does not establish the viral safety margin, and a broader range of detectability is far
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more important in assuring absence of a catastrophic breach in the manufacturing
process than rigidly adhering to arbitrary and nonstandardized approaches to sen-
sitivity, based on conventional tests. This is the only way that a rational and
scientifically based strategy can emerge, and not result in simply adding each new
test or technology to an ever-increasing list of tests.

It is problematic to continue adding to the ever-growing list of tests for a number
of reasons. The amount of sample needed for QC testing and reserve specimens
would be ever increasing and often, more complicated, as different tests need
differing material (e.g., cells, fluids) to be sampled, as well as processed, handled,
and stored differently. It will become fiscally unsustainable when manufacturing
needs to be scaled-up simply to account for QC samples (as is sometimes the case
for Phase 1 clinical lots), in addition to the costs of developing, validating, and
conducting all of the required testing. The more tests that are run, the more likely
that a false positive result will be observed, if each test is validated to a confidence
level of 95 % (i.e., then statistically 5 % of tests could be falsely positive by
chance). And finally, and importantly, discordant results on tests that measure the
same parameter (i.e., detection of viral contaminants) could become a QA/QC
quagmire. Manufacturers would need to prospectively determine an algorithm not
only for validity criteria within a single test, but also for which test to “believe” or
what testing strategy would need to be undertaken to resolve the matter in the case
of discordant results between tests for the same measure. And regulators, as well as
the public, could lose confidence if they see such discordant results, even if care-
fully investigated and decided upon with such prospectively identified algorithms
by the manufacturer. Thus, we propose that a new paradigm is needed, based on a
broader platform for viral safety assurance that incorporates viral risk assessment,
process and input controls, as well as improved analytics.

10.3.3 Making the Regulatory and Business Case
for New Analytical Approaches

Both the regulatory and business cases for adopting novel methods is arguably
based on the perceived gap in safety assurance. If the gap is perceived as large, then
the investment in resources for developing, validating, implementing, and running
novel methods is relatively easy to defend.

Currently a gap in viral coverage of existing testing is recognized, particularly in
the case of novel cell substrates and biologically derived raw materials. Emerging
methods have the potential to not only close the gap for unexpected viruses, but
also arguably to provide coverage for the expected viruses. The challenge for
manufacturers, contract testing laboratories, and regulatory bodies will be to assess
the credibility of negative results—that is, how much assurance of lack of con-
tamination do they really provide—since positive results presumably will be
evaluated with orthogonal confirmatory approaches. Studies designed to carefully
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interpret negative results necessarily include sets of controls that increase the cost,
and sometimes the complexity of sampling, and most assuredly the complexity of
data interpretation and establishment of specifications. Specifications themselves
may have to allow certain levels of signal that can be interpreted as noninformative
or noncompelling as an indicator of contamination with a certain accepted level of
confidence.

Biopharmaceutical manufacturers that use contract services for novel methods
face the challenge of potentially not having in-house technical expertise on the
methods, while still owning liability for oversight or incomplete or incorrect
analysis. Vaccine developers also incur risk to development program timelines
while investigating false positive results, risk of unwarranted comfort in the face of
false negative results, and perhaps uneven regulatory expectations (e.g., if one
regulatory region embraced particular new methods more readily or more rapidly
than others, as has been seen with PCR for mycoplasma detection). Importantly, as
both the technology landscape and perceived risks evolve over time, biopharma-
ceutical manufacturers may be faced with the significant “change control” issues—
for instance that might be presented by updated databases or improved detection
limits. The business risks for biopharmaceutical projects in early development are
also quantitatively different than those for legacy products with strong safety
records (and which often supply essential public health needs, sometimes as sole
sources).

Businesses that develop and provide these services face the challenges of a
rapidly evolving technology landscape, acceptance/understanding by customers and
regulators, and sustaining focus over timescales relevant to biopharmaceutical
development and licensure, and undoubtedly intense cost pressure.

Businesses and regulatory agencies face a shared dilemma when incorporating
novel approaches for legacy products. Neither the methods nor the landscape of
potential signals are fully understood yet. Prudent review of method development,
surveys of materials, and robust courses of action for investigating potential posi-
tive hits in NAT-based tests will be needed to avoid potential risk that the public
might lose access to or confidence in critical disease-preventing or disease-treating
vaccines.

10.4 Summary

In summary, this chapter reviews the principles of how the current and routine tests
detect adventitious agents, and reviews how novel and emerging methods differ in
their detection principles. These facets may permit novel methods to emerge to
supplement, refine, or replace the routine methods. We have suggested a framework
for risk assessment to assure biosafety in vaccines and suggested quantitative
modeling to help crystallize thinking about the place of testing, either routine or
novel, in this assurance. We assert that testing for adventitious agents should not be
the sole basis on which product biosafety is assured. Appropriate sourcing and
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quality control of raw and starting materials, adherence to principles of Good
Manufacturing Practices, including environmental and personnel monitoring and
process validation, and finally, testing as verification are the package needed for
maximal assurance of biosafety. Thus, a pathway forward to a new paradigm for
adventitious agent testing exists in which detection of a broader array of potential
adventitious agents might be included in the testing, with adequate sensitivity to
provide the needed assurance of verification that there has been no catastrophic
breach, in the context of the overall process, design, and adherence to cGMP.
Furthermore, it is our hope that we may be able to implement the 3 Rs policy to
reduce, replace, and/or refine the use of animals in product safety testing, at the
same time that we provide greater assurance of the biosafety of vaccines.
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Chapter 11
Deep Sequencing Applications for Vaccine
Development and Safety

David Onions, Colette Côté, Brad Love and John Kolman

11.1 Introduction

The introduction of deep sequencing or massively parallel sequencing (MPS)
technologies has resulted in a qualitative, as well as a quantitative, change in the
information that can be gained from nucleic acid sequencing. It has revolutionised
virus discovery by revealing new species and new genera of viruses that had gone
undetected by conventional means. While the sequencing technologies are elegant,
the key to their application is in the development of robust, automated, bioinfor-
matics; the combination of sequencing and bioinformatic interpretation being
termed MP-Seq. In the field of vaccine safety, another level of complexity is
validating the many individual steps to ensure that the overall process is in com-
pliance with Good Manufacturing Practice (GMP).

The underpinning principle of MPS is that many hundreds of thousands of strands
within a nucleic acid population are sequenced without bias. These might be indi-
vidual viral genome sequences or, mRNA transcripts in a transcriptome (RNA-seq)
analysis. Consequently, the inherent variation in the population is recorded rather
than a consensus sequence obtained by traditional sequencing methods. At the same
time, the burden of identifying sequences of interest shifts. While DNA cloning or
sequence specific PCR amplification defines the target for traditional sequencing, in
an MPS analysis the targets of interest are extracted using bioinformatics.

MPS is used today as an adjunct to regulated nucleic acid based biosafety tests.
It can be applied directly to virus seed stocks to establish virus genome identity and
genetic stability. More challenging is the use of MPS to support vaccine devel-
opment by evaluating cell substrates, raw materials and virus seed stocks for
adventitious agents. Contamination of vaccines by adventitious viruses has a long
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history and includes the finding of SV40 in early poliovirus vaccines, avian leukosis
(leukemia) virus in yellow fever virus grown in eggs, bovine viral diarrhoea virus in
veterinary vaccines and the feline retrovirus, RD114, in canine parvovirus vaccines.

As a result of early contamination events, a rigorous set of overlapping, specific
and broad based, detection methods for adventitious agents was introduced to
enhance biosafety safety. These include in vivo assays in eggs and animals and
in vitro infectivity assays. Since the early 1990s, polymerase chain reaction (PCR)
assays for specific viruses or families of viruses have been incorporated into the
testing regime of vaccine seeds and cell substrates. In the latter case, the assays may
be linked to induction protocols to enhance the expression of latent or endogenous
viruses (Khan et al. 2009; Onions et al. 2010).

Despite the breadth of these assay systems, new contaminations occur, either
because the virus was unknown or, because specific testing was not incorporated.
One of the most recent examples was the finding of porcine circovirus sequences in
rotavirus vaccines using MPS (Victoria et al. 2010). In one vaccine, the sequences
were shown to be associated with infectious circovirus indicating a failure of tra-
ditional testing strategies to detect the virus. Two lessons should be drawn from this
recent example. It illustrates the power of MPS to detect agents without any
assumptions of the nature of the agent. Secondly, technology on its own, is not a
solution, testing needs to be incorporated into a holistic, quality by design (QbD)
approach that evaluates the potential risks of each element of production including
raw materials, the cell substrate and virus seed.

11.2 New Sequencing Methods

11.2.1 Sequencing Platforms and Read Length

Massively parallel sequencers are often referred to as next generation platforms but
already a further generation of single molecule sequencers that do not require a
DNA amplification step, are becoming available. One of the most critical factors for
virus detection is the available read length. Relatively short reads (50–100 bp) were
obtained from first generation sequencers like Illumina’s Genome Analyzer and
similar read lengths were produced by Applied Biosystem’s (Life Technology’s)
SOLiD. Shorter read length machines have particular value in other genomic
applications like re-sequencing since, the proportion of reads that can be uniquely
mapped to the human genome grows with the increase in read length but reaches a
plateau after the first *40 nucleotides (Whiteford et al. 2005).

However, the types of analysis discussed here require longer read length platforms
and our discussion is limited to the use of these long-read machines. Roche’s 454, and
Life Technology’s Ion Torrent offer 400 bp reads with new Roche chemistries
extending this towards 800–1,000 bp. Of the single molecule sequencers, Pacific
Bioscience’s instrument offers *1,000 bp read lengths on a circular template that is

446 D. Onions et al.



re-sequenced multiple times to provide a consensus sequence of a single molecule.
The studies reported below were conducted on Roche’s 454 which is now being
phased out.More recent platforms like Illumina’sMiSeq offer appropriate read length
with excellent depth of coverage and lower sequencing costs per base.

Three key steps are involved in obtaining the raw sequence on Roche’s 454
sequencer family: generation of a double stranded DNA library by adapter ligation,
emulsion based clonal amplification of the library and sequencing by synthesis. The
last step utilises pyrophosphate release to drive the generation of a chemilumi-
nescent signal, the record of a successful extension.

The DNA adaptors added during library preparation bind the library strands to
complementary sequences on beads, with the aim of one strand per bead. The beads
are then coated in an emulsion, containing reagents required for a PCR reaction,
resulting in amplification of the original target on the bead by several million fold.
After the emulsion is stripped from the bead and the beads are enriched for successful
PCR reactions, they are deposited into individual picowells of the sequencing plate
called a PicoTiterPlate or PTP. The wells are only 40 microns in diameter so only one
bead is accommodated in each well. Further small beads are then added which
contain the enzymes required for a pyrophosphate sequencing reaction. As one of the
four dNTPs is added in a cycle, pyrophosphate is released into those wells incor-
porating the dNTP into the nascent complementary DNA strand. The released
pyrophosphate activates luciferase resulting in a chemiluminescent signal which is
detected in camera capable of resolving the signal from each well.

The Ion Torrent sequencer is also based on a high density array of microwells
each of which incorporates a target sequence. As dNTPs are added, in a controlled
cycle, their incorporation into the daughter strand of a particular target is detected
through the associated release of hydrogen ions. Each well has an ion sensitive base
layer overlying proprietary detectors, the strength of the signal detected being
proportionate to the number of nucleotides incorporated in that cycle. Many of the
features of the Ion Torrent, including the short preparation to sequence acquisition
time, make this an attractive platform for viral sequence analysis. Because it relies
on hydrogen ion release for detection rather than labelled dNTPs it can accom-
modate a wide range of library preparation methods.

Pacific Biosciences technology is a radically new system that enables single
molecule real time (SMRT) sequencing by direct detection of nucleotide incorpo-
ration into the replicating nucleic acid strand. The key to the technology is the use
of zero-mode waveguides (ZMWs). These are holes a few tens of microns in
diameter in a fine metal film overlying a transparent silicon dioxide substrate. The
target nucleic acid and DNA are immobilized in the bottom of the well. When a
laser beam illuminates the wells through the transparent layer, the volume affected
by the beam is limited to the bottom 20 zL of the well as, the ZMW is smaller than
the cut-off wavelength of the laser light. In this miniscule volume, only the fluo-
rophore labelled nucleotide being incorporated is activated by the laser beam. As
the nucleotide is incorporated, the phosphate bonds linking the fluorophore are
cleaved by the polymerase and a new cycle with a differently labelled nucleotide
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can begin. The targets for sequencing are circularized DNA templates and the single
circularized molecule is sequenced multiple times to provide a consensus sequence,
reducing the overall error rate.

11.2.2 Errors in the Primary Data

Each of the systems has its own biases leading to sequencing errors. Both the
SOLiD sequencer and Illumina’s genome analyzers have been reported to under
represent GC and AT rich regions with substitutions being the major error (Metzker
2010; Harismendy et al. 2009). For the 454 instruments the main problem has been
insertions or deletions (indels) in homopolymer regions. In homopolymeric regions,
multiple nucleotides are incorporated in each cycle; newer chemistry in which the
signal is proportional for up to six nucleotides reduces the error rate and enables
longer reads (Metzker 2010).

The vast majority of machine-specific sequence errors are removed during an
important initial processing of the raw sequence data that accounts for these errors.
The first step in this process is filtering to remove low quality reads revealed by
base quality scores of the instrument. Other technical parameters like the light
intensity of sequential pyrosequencing data can be used to asses quality, which
often falls towards the end of the sequence.

Errors can be introduced into the library prior to the sequencing. Reverse
transcription, and PCR have known error rates and selective PCR amplification
could alter the frequency of variant sequences. These errors as well as the remaining
known machine-specific error types can be detected after the reads are aligned with
one another. For example, indels in homopolymeric regions seen in pyrosequenc-
ing, can be accommodated in the alignment of the reads by using reduced gap costs
in those regions (Wang et al. 2007). A direct method of determining the errors due
to reverse transcriptase and PCR steps can be achieved by tagging primers with a
string of eight degenerate nucleotides that creates 65,536 distinct sequence com-
binations. Under conditions where each primer is used only once in reverse tran-
scription, re-sequencing provides an indication of the error rate and the number of
reads enables an accurate determination of variant frequency (Jabara et al. 2011).

11.2.3 Studying a Virus Stock by MPS

The “depth” or “coverage” of the sequencing run, which is the average number of
times that a nucleotide is actually sequenced, varies based on the complexity of the
source. Typically, a bacterial genome may be sequenced to a depth of 50 fold in a
single run while for viral genomes the depth can be large, possibly 1,000–20,000
times, enabling the identification of variants or quasispecies within the population
(Archer et al. 2012).
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When investigating the genetic stability of virus seeds it is important to be able
to define variant sequences and distinguish these from technical errors. In a series of
600 bp reads, with a 0.1 % error rate per nucleotide, 45 % of the sequences will
have at least 1 error. Given the caveats described above, sequencing errors are
largely randomly distributed and are assumed to be less common than valid single
nucleotide polymorphisms. Clustering algorithms are used to define groups of
common variant sequences or haplotypes within the population and the random
errors removed (Zagordi et al. 2010; Quince et al. 2011); using a Bayesian
approach, a posterior probability can be derived for each variant (Zagordi et al.
2010). Other methods of error correction involve multiple alignments (Salmela and
Schroder 2011) which, while efficient, are computationally time consuming. All of
these methods assume random distribution of errors but algorithms developed by
Skums et al. (2012) allow for the non-random distribution of errors in homopol-
ymeric regions as does the V-Phaser algorithm which distinguishes the co-variation
between observed variants and process errors (Macalalad et al. 2012). After
applying these error correcting procedures in control experiments, the limit of
detection (LOD) of variants within the population is *0.1–0.2 % and the limit at
which variants can be quantitatively assessed is (LOQ) is typically at *1 %
(Tsibris et al. 2009; Maclalalad et al. 2012).

Once error corrected, each of the individual haplotypes can then be assembled
into longer full length genome sequences. There may not be a unique solution to
this global assembly if, there is less genetic diversity in the bridging regions linking
variant sequences but algorithms have been developed that define the minimum
number of global haplotypes that explain all the observed reads (Eriksson et al.
2008; Astrovskaya et al. 2011; Prosperi and Salemi 2012). For instance, if the
sequence ABC has variants A’ and C’ it may not be certain in whether all 4 or, the
minimum 2 haplotypes exist.

11.2.4 Two Ways to Use MPS for Detecting Adventitious
Agents

Broadly, two types of MPS analysis are required in biosafety testing. The first is
identifying replicating or, more challengingly, latent viruses within a cell substrate.
In latent virus infections or, in infections where the viruses are defective and
integrated, no virions are produced but latency associated transcripts and trans-
forming genes, like polyomavirus T-antigen, may be expressed. In order to detect
these sequences, the cellular transcriptome is sequenced and the viral sequences
have to be detected amidst the far more numerous cellular sequences.

In a complicated source, like the entire transcriptome of a mammalian cell, one
overnight MPS run will provide coverage of just over one. Nevertheless, house-
keeping genes expressed at very low levels like GOLGA1 (<100 copies per cell) are
detected and serve as internal controls of the sensitivity of the analysis. This “needle
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in a haystack” problem is a complex bioinformatics challenge which requires the
development of appropriate algorithms, as discussed below.

Moore and colleagues have identified several novel human tumor viruses using
transcriptome analyses. They approximate that a single expressed transcript in a
human cell occurs at a rate of about five per million, whereas, in their experience,
novel viral transcripts are been seen at rate no lower than nine per million (Feng et al.
2008; Moore et al. 2011), thus setting a threshold for transcriptome biosafety testing.

The proper application of MPS must address sampling error and the statistical
likelihood that a low incidence target, such as described above, will be seen by at
least one read in a given sample size. The statistical argument is presented in
Fig. 11.1. Here we assume that the typical mammalian cell contains 200,000
transcripts and are roughly the same size. If a million reads are collected and the
human tumor virus occurs nine times out of a million, then the row labelled 1 in
200,000 best represents the statistics for detection of the rare event. Using one
million reads, or a single plate on a 454 (PTP), has a confidence of 99.33 %; two
PTPs has a confidence of *100 %.

The second type of analysis required in biosafety testing is detecting free virions
in cell-free test articles. When evaluating raw materials like serum or screening the
supernatant from a cell culture, the objective is to identify encapsidated viral
sequences. The initial step is to reduce the complexity of the system by nuclease
treatment and, after disrupting the capsids with chaotropic agents, the remaining
DNA and RNA targets are amplified and sequenced. Low incidence sequences are
easily seen in libraries built from low complexity sources, such as any cell-free
material and fewer overall reads are required.

Virus seeds have low complexity but are sequence rich. Thus, adventitious agent
testing of virus seeds resembles a transcriptome analyses rather than a cell-free
analysis and sensitivity and read density are inversely related.

Unique mRNA to total 
mRNA ratio 

Probability of obtaining at 
least one AA read (1 PTP)

Probability of obtaining at 
least one AA read (2 PTP)

86.47%63.21%1 in 1,000,000
91.79%71.35%1 in   800,000
96.43%81.11%1 in   600,000
98.17%86.47%1 in   500,000
99.33%91.79%1 in   400,000
99.87%96.43%1 in   300,000
100.00%99.33%1 in   200,000
100.00%100.00%1 in   100,000

Fig. 11.1 Confidence that adventitious agent (AA) low frequency events (column 1) would be
detected using one (column 2) or two (column 3) plates (PTP) on the Roche 454 GS FLX
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11.3 GMP Massively Parallel Sequencing

11.3.1 Overview

MPS is a complex procedure involving myriad devices and many steps starting with
nucleic acid extraction from different matrices and ending with automated bioin-
formatic analysis. Implementation of MPS as a GMP process requires attention to
the same requirements required of other analytical tests: accuracy, precision,
(repeatability, intermediate precision), specificity, detection limit, quantitation limit,
linearity and range, as well as robustness i.e. the response to deliberate small
alterations in the test method. However, for most of MPS applications, robustness,
specificity and detection limit are the most important attributes.

MPS assays extend well beyond the molecular biology bench top. As such, we
defined MPS validation to be composed of three components: equipment including
computer system validation (CSV) and 21CFR11 compliance (platform), laboratory
processes (platform-specific ‘modules’) and data reduction (bioinformatics).

11.3.2 Validation of the MPS Platform

Our approach to validating an MPS platform included CSV for all PCs connected to
data generating devices as well as establishment of a 21CFR Part 11 compliant
environment for data security and data transfer integrity. The development and
execution of the validation plan included user requirement specifications (URS),
system risk assessments (SRA), installation qualifications (IQ), operational quali-
fications (OQ), and performance qualifications (PQ) for every piece of instrumen-
tation that was deemed critical to the MPS workflow.

The data intensive nature of the MPS workflow necessitates viewing the process
as a hybrid workflow/dataflow, and requires particular attention to 21CFR11
compliance and CSV requirements. 21CFR11 compliance gap analysis was per-
formed on all systems, including vendor-supplied CSV packages, and documented
procedural controls were implemented, as required, to maintain compliant data
tracking (audit trails), archiving and retrieving. This comprehensive approach,
including the validation of laboratory processes and data reduction discussed in
detail below, ensured that the full MPS workflow, from instrument installation to
final data output and analyses, met or exceeded cGMP requirements.

11.3.3 Validation of MPS Laboratory Processes

We designed the validation of the MPS laboratory process to reflect how MPS is
conducted: in modules (Fig. 11.2). Since individual laboratory modules are selected
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and strung together based on matrix type, sample complexity and type of analysis, it
was important that each module’s validation be designed to stand alone. Further-
more, certain features of GMP validation, such as robustness, are not viable at the
total system level and are best addressed as modules.

The laboratory core modules included sample preparation: nucleic acid isolation,
library preparation, including platform-specific library processing steps, and
sequence generation. Each module validation was designed to contain all of the
relevant processes, quality control assessments and metrics (acceptance criteria) so
that material of suitable yield and quality was generated. Though the modules were
independently validated, each was broadly challenged to ensure that they could be
integrated to accommodate diverse sample types and analyses.

Finally, we required that the validation plan bridge the modules by evaluating
the complete assay for several key parameters. This was done first, by repeated
sequencing of a reference Escherichia coli strain on different days with different
operators and different reagent lots to provide data on accuracy, specificity and
precision of the system. Second, we established the system sensitivity using a panel
of controls spiked with known amounts of virus or viral sequences.

Fig. 11.2 Modular nature of MPS platforms. Core modules include sample preparation, nucleic
acid quantitation and qualification, platform-specific library preparation and quality control
assessments, additional library processing steps as applicable, sequence generation, and finally
data analysis. Relevant process controls such as nucleic acid or viral ‘spikes’ may be introduced at
any point (or module) of the process to assess critical performance metrics, an essential feature for
validation of the system
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11.3.3.1 Selection of Control Materials

Samples used for biosafety testing range from cell substrates, culture fluids, bulk
harvests, virus seed stocks, plasmid or vector preparations and raw materials.
Although ideal, it is not feasible to validate every single material type. Therefore, a
portfolio of relevant and well characterized materials were validated. Selection of
‘real-world’ control samples was based on a three key characteristics: (1) sample
complexity—the total mass and sequence diversity of the nucleic acid strands in the
sample, (2) sample volume—as a requirement for an adequate assessment, and (3)
sample integrity.

In addition to these reference materials, a series of exogenous controls were
spiked into one or more modules of the assay (Fig. 11.2) to track assay performance
characteristics such as sensitivity and specificity. The intent was to provide the most
comprehensive assessment and challenge to the system.

Spikes represented the range of expected biological attributes, for example,
virion size, envelope type and genome type (RNA/DNA, single-stranded/double-
stranded, small/large and circular/linear). Spikes consisted of defined synthetic or
natural nucleic acid sequences such as purified viruses, characterized cell substrates
(e.g. latently infected or chemically induced companion cell lines), or other
biologicals.

11.3.3.2 System Contaminants

Understanding the intrinsic (contaminating) nucleic acid content of the system is
crucial. For example, reagents, particularly enzymes used for sample processing
and library preparation are often contaminated with nucleic acid fragments as by
products of production. Even certified reference materials from reputable suppliers
have been discovered to be misidentified after MPS characterization (Côte and
Kolman, unpublished observation).

Animal derived materials, whether test articles or components of the assay
matrix, are carriers of unanticipated and variable nucleic acid contaminants. It is
vital to identify sequences that are intrinsic to control material or to the system itself
in order to avoid misidentification in test articles.

11.3.3.3 Acceptance Criteria and Executing Module Validation

Acceptance criteria were defined to act as clear gateways of adequate and sufficient
sample processing. By necessity, we used a range of acceptance criteria to
accommodate the myriad sample types supported by a module. We also found it
important to include tests to differentiate between system biases (e.g. system errors
due to the nature of the sample processing or sequencing chemistry, or platform-
specific methodologies) from true test failures.
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11.3.3.4 The Assay Modules

Items validated in each module are outlined in Fig. 11.3. In general, the early
modules encompass multiple optional processes which gradually coalesce into three
identical procedures in the later modules that differ only by reagent volume.

The first module included multiple, parallel sample preparation methods for
assay-specific nucleic acid isolation using customized or commercially available
(kit-based) methods (e.g. viral nucleic acid-specific methodologies or total DNA- or
RNA-specific kits). The isolation of RNA from cell substrates for transcriptome
analyses is a relatively straightforward process whereas, isolation of encapsidated
viral sequences from cell-free substrates, including raw reagents, poses unique
challenges due to sample volume variability and potential biases in the efficiency of
virus particle recovery.

The second module included quantitation and quality assessments of the highly
selective nucleic acid populations isolated by module one. This included absorbance
and fluorescence-based RNA and DNA-specific assays for concentration, purity and
integrity determinations. This was followed by validation of multiple library prep-
aration modules used for the conversion of the material into a sequencing-compatible
double-stranded DNA library (e.g. standard ‘shotgun’ or RNA-Seq libraries, and
customized amplicon- or other targeted-based methodologies).

Validation of the fourth, fifth and sixth modules was simpler as these were based
on established methods using mostly commercially available kits and established
processes. This included library quantitation using a robust and highly sensitive
quantitative PCR assay, library amplification by an emulsion-based PCR, and
sequence generation (the latter two validated using all available formats from
Roche). The end result of this extensive process is absolute confidence in the
quality and integrity of the raw sequence data for analysis.

Fig. 11.3 Validation of custom and core modules on the Roche GS FLX/FLX+ Sequencer
system. Each block represents a distinct module of the process and is illustrated in the order
required to complete a sequencing run on the Roche system. All modules may be further divided
into sub-modules for flexibility of the system and to address the varied nature of starting materials
and desired level of sequence data generation. Any material generated from a module that meets all
acceptance criteria is then used for subsequent module validation
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As advancements in technologies and chemistries are made or, as improvements
and new modules are identified, this validation approach will continue to expand.
Continued validation of methods tailored to specific sample types is required to
ensure optimal recovery of the sequences of interest. Furthermore, use of an
appropriate set of controls is absolutely essential for a robust validation that can be
applied to the broadest range of input materials.

11.4 Algorithmic Methods to Identify Viruses

As mentioned previously, MPS methods shift the burden of identification from the
design stage of the assay to the data reduction stage. As a result, a whole new aspect
of performance control and validation are needed. The process of MPS data
reduction is described below. The control structure and validation program is then
discussed in context.

11.4.1 The Basis of Read Identification

The objective of data reduction is rapid and accurate sequence identification with
minimal downstream data manipulation. This precludes the use of short-read
platforms which require de novo read self assembly, prior to comparison with a
database.

One-step read identifications are made using a public, version controlled, soft-
ware tool maintained and provided by the National Center for Biotechnology
Information (NCBI) called the Basic Local Alignment Search Tool or BLAST. The
tool can used remotely, at the NCBI website, or can be downloaded and run on a
local host (Altschul et al. 1990).

BLAST accepts input sequences or “queries” and compares them to a specified
NCBI or local database of “known” sequences. There are several different kinds of
BLAST algorithms that have different purposes and different capabilities. They are
named as variants of the term BLAST and are listed in Table 11.1. For example, if
one is comparing a newly sequenced human genome with the NCBI human ref-
erence, the appropriate algorithm is megablast since the two will be practically
identical.

BLASTN is the best choice for virus detection since it is designed to identify
similar sequences rather than nearly identical sequences. BLASTN offers another
accommodation for virus hunting—a small Word Size trigger. All BLAST identi-
fications start with an initial scan that looks for a short, perfect match between
contiguous bases in the query and an element in the database. One can think of it as
the nucleation site for the sequence identification. The required length of this initial
match is the Word Size. The Word Size match becomes the site from which a
broader, possibly much weaker, sequence homology is revealed. Conversely, no
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BLAST identification is made if there is no sequence identity of length specified by
the Word Size. Finally, the longer the Word Size, the greater the expectation of
identity between query and database; short Word Size allows for greater sequence
divergence between query and database.

All BLAST analyses produce several measures of the quality of a sequence
match or “hit”. The most common of these is the e-value. The e-value is a measure
of the chance that the sequence hit in the database could have been generated at
random in a database of the given size. Though we limit our analyses to hits that
have e-values of 10−3 or less, the analysis can be done with reduced stringency.
Since FLX/FLX+ reads are so long, this has no impact on the identifications made.

The other common measure of the quality of a hit is the score. The score is a
measure of the quality of the match and is influenced by mis-matches, insertions
and deletions (indels) and, importantly, by the length of the match. Scores of short
reads deteriorate quickly as mis-matches and indels collect, to the point that they are
difficult to discern from non-matches.

Long reads counter-balance mis-matches and indels, such that scores remain
high and identifications can be made above background. One-hundred base reads
can suffer a base change approximately once every five bases and still make an
identification; for 300 base reads, the rate is a base change every three bases. Eight
hundred base reads will extend accuracy of detection even further.

The concept is illustrated in Fig. 11.4 using two parallel BLAST analyses. An
artificial parental sequence and a series of progressively more degenerate relatives
were generated to provide a continuous series from 99.20 to 55.90 % identity. The
percent match is listed as the first four digits in column two, “Description”. In panel
A, 300 base reads are BLASTed and clear matches to the parental sequence are seen
down to the strand with 66.60 % homology. In this case, the score of 156, column 3
“Max score”, is easily distinguished from low level sporadic matches in the strands
with less homology. In panel B, the same test is done using 100 base reads of the
same starting sequences and the last clear identification is made with a score of 145,
corresponding to only 84.6 % identity.

Table 11.1 NCBI BLAST algorithm and a few key parameters

Program Purpose Word size

Megablast Identify the query sequence 16, 20, 24, 28, 32, 48,
64, 128, 256

Discontiguous
megablast

Find sequences similar to query sequence 11, 12

BLASTN Find sequences similar to query sequence 7, 11, 15

Translated BLAST
(tblastx)

Find similar proteins to translated query in a
translated database

Taken from NCBI help
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11.4.2 Databases

Database resources are critical for the successful identification of unknowns. Public
databases are comprehensive collections of sequences and are easy to access, but
there are hidden pitfalls. Some are listed in Table 11.2.

None of the issues listed in Table 11.2 prohibit the identification of true viral
signatures. However, they can delay and add unnecessary confusion to automated
systems and regulated operations. For these reasons, databases become curated or
modified. In our case, none of the confounding sequences are removed from our
curated viral database, but we tag them with a note that describes the issue so that
mis-identifications are avoided.

22182 99.20 1000 450 450 100% 8e-131 93% 
22183 84.70 1000 354 354 100% 5e-102 86% 
22184 73.90 1000 264 264 100% 6e-75 80% 
22185 70.10 1000 284 284 99% 7e-81 81% 
22186 68.20 1000 197 197 99% 8e-55 75% 
22187 66.60 1000 156 156 93% 2e-42 73% 
22188 65.30 1000 98.7 98.7 93% 6e-25 68% 
22189 64.00 1000 96.9 96.9 94% 2e-24 67% 
22190 63.50 1000 107 107 95% 1e-27 68% 
22191 61.80 1000 82.4 82.4 75% 4e-20 68% 
22192 60.00 1000 73.4 73.4 75% 2e-17 67% 
22193 58.20 1000 50.0 50.0 30% 3e-10 72% 
22194 55.90 1000 42.8 42.8 10% 4e-08 90% 

Accession      Description                 

(a)                 

(b)                 

Max   Total Query E value  Max
score score coverage ident

62416 99.20 1000 187 187 100% 5e-52 94% 
62417 84.70 1000 145 145 99% 2e-39 87% 
62418 73.90 1000 113 113 99% 1e-29 81% 
62419 70.10 1000 129 129 95% 1e-34 84% 
62420 68.20 1000 105 105 85% 1e-27 83% 
62421 66.60 1000 84.2 84.2 58% 5e-21 86% 
62422 65.30 1000 59.0 59.0 53% 2e-13 80% 
62423 64.00 1000 60.8 60.8 66% 5e-14 77% 
62424 63.50 1000 69.8 69.8 72% 1e-16 77% 
62425 61.80 1000 53.6 53.6 90% 8e-12 71% 
62426 60.00 1000 53.6 53.6 90% 8e-12 71% 
62427 58.20 1000 44.6 44.6 57% 4e-09 74% 
62428 55.90 1000 42.8 42.8 25% 1e-08 90%

Accession      Description                 Max   Total Query E value  Max
score score coverage ident

Fig. 11.4 A study of the ability of BLAST to identify unknown (degenerate) sequences. Panel A
is a re-construction using 300 base reads; Panel B uses 100 base reads
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11.4.3 The Algorithm

Biosafety testing and adventitious agent detection can suffer neither false positives
nor false negatives. At the same time, multi-day computational analyses must be
performed efficiently, so that problems can be identified and remediation begun as
soon as possible. For this reason, the BioReliance Reliant Algorithm™ for
adventitious agent detection uses multiple, sequential redundant BLAST analyses.
The process is illustrated in Fig. 11.5 with the bounded area in red being subject to

Table 11.2 Examples of confounding annotations in viral sequences

Detection Actual

Not uniformly
annotated

“Parvovirus” versus “parvo virus”

Under-annotated BLAST for “parvo” Hit: “Ureaplasma urealyticum
strain 67 MB multiple banded
antigen”—a bacterium

Correctly identified
but non-viral

AF104019 Bovine viral diarrhea
virus-2 subgenome A polyprotein
mRNA, partial cds

Includes host ubiquitin gene

Incorrectly identified Stealth virus Typically bacterial, no
viral matches

Dataset (All reads)

BLASTn v. Viral db 
(less patent seqs)

Known -- non-viral
Host ID

HIT (  e-3 )
BLASTn
versus 
nt/nr db

Viral db
Score

nt/nr db
Score

BLASTn
versus 
nt/nr db

HIT (  e-10 )

No HIT

No HIT

No HIT
”Ribo-free Dataset”

BLASTn v.
Ribo db HIT (  e-10 )

Viral db
Score

nt/nr db
Score

Dataset
scaffolded onto

detected viral complete 
genomes or

RefSeqs

Scores tallied
and

sorted by
Accession

Genome
coverage

Lone reads

BLASTX

Optional

Self 
Assemble

Dataset Contigs

Scaffold
No Hit dataset 
onto Dataset 

Contigs

Dataset Contigs 
containing No Hit 

reads

BLASTn
versus 

nt/nr db and 
sorted by 
Accession

Genome
coverage

Process to evaluate 
unknown virus detections

Process to evaluate 
unknown virus detections

Fig. 11.5 Outline of the Reliant Algorithm™. The area bounded by the red box is subject to
validation whereas processes outside the box are investigational
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validation with the areas outside forming investigational procedures. The key
advantage of long reads is that assemblers are not necessary to obtain an identifi-
cation avoiding the complexity of validating their use.

The first analysis is versus a ribosomal sequence database. The intent is to
remove ribosomal sequences from the MPS dataset so that it can be analyzed more
quickly. Ribosomal sequences are well conserved as a whole, and bear no resem-
blance to viral signatures.

In the second analysis, the ribosomal-free sequences are BLASTed versus the
curated Viral database. Sequences that “hit” are considered putative viral and fur-
ther challenged to ensure they are not false-positives. The challenge is to BLAST
them versus GenBank nr/nt, the master repository of all nucleotide sequences. At a
minimum, the queries that hit the Viral database will hit the same sequence in
GenBank nr/nt with the same score. In this case, the identification as a viral sig-
nature holds. The other possibility is that the query hits a non-viral sequence in
GenBank nr/nt with a higher score that it hit the Viral database. In this case, the
identification fails—it is a false positive.

In the second analysis, ribosomal-free sequences that do not hit the Viral
database are challenged to ensure they are not false-negatives. The challenge is also
versus GenBank nr/nt, but here, a match represents confirmation that the query is
either a host sequence or perhaps, a trace contaminant. If no match is made to
GenBank nr/nt, we have a putative false-negative.

Apparent false negatives are of two kinds—short and long. As discussed, short
reads are difficult to identify because of their length and may be artifacts. Long
reads are true false-negatives and represent genomes that may be less than 66 %
homologous to a known viral genome.

In order to confirm the false-negative as viral sequences, all reads in this dataset
are subjected to self assembly. Assembly is an important tool in unknown identi-
fication because it permits extremely long artificial sequences—contigs—to be built
from raw data. As the contigs get longer, the more they can diverge from a known
sequence and still support a statistically significant identification. This is exactly the
same principle outlined above. The problem is that assemblers are idiosyncratic;
two assemblers can give dramatically different results starting from the same
dataset. It is for this reason that we do not assemble raw data until it is absolutely
necessary.

The expectation is that contigs will permit an identification of most unknowns,
even confirmation that a false negative is a new virus. But there will always be
unidentified reads. Many will be short—and some will be sequencing artifacts that
are unidentifiable.

The last chance for identification of reads such as these is tblastx, in which
nucleotide queries are translated in all six frames into the amino acid equivalent and
then BLASTed versus a protein database. The intention is that converting the
simple nucleotide code into a high-complexity code, with internal redundancy, can
result in a definitive call. Unfortunately tblastx analyses are extremely processor
intensive and, typically, the results are difficult to interpret.

11 Deep Sequencing Applications for Vaccine Development and Safety 459



The output of the Reliant algorithm is a list of queries that are virus signatures. It
is left to expert virologists to conclude whether the signatures are sufficient to
warrant an orthogonal analysis in search of an active infection.

11.4.4 The Algorithm, Automation, Performance Control
and Two Levels of Validation

While the logic of the Reliant Algorithm™ can be listed as a step by step procedure,
the requirement is that this process, like all of the laboratory processes, must be
performance controlled. Since the algorithm is executed entirely through software,
its operational execution requires CSV and a 21CFR Part 11 compliant environ-
ment. Moreover, as the software is entirely custom and internally authored, it must
be validated and version controlled. This requires compliance with and validation to
standards established in Software Development Life Cycle (SDLC) control SOPs.

Validation of the Reliant Algorithm™ was performed according to SDLC SOPs.
The result provides confidence that the operation can be performed reproducibly
and will generate the same result within specific tolerances.

What is not tested in this process is the ability of the algorithm to identify
unknowns of specific levels of sequence divergence. This was validated as a
robustness test by using the algorithm to identify a modified, known virus. This is
illustrated in Fig. 11.6 for poliovirus. The poliovirus genome was randomly mutated
several thousand times and then randomly sheared to defined lengths several
thousand times. Each of these mutated, sheared genomes was run through the Reliant
Algorithm™. The data reinforced the importance of read length in obtaining an
identification and allowed us to establish confidence limits on the ability of the
algorithm to detect diverged genomes at a defined percent identity and genome size.
For a given mutation rate base substitutions and indels were incorporated at a ration
of 4 to 1, in line with published data for viral variants (Sanjuán et al. 2010).
However, an overall mutation rate of say 30 % is a much stricter test of detection
than the real situation as, variant viruses usually display areas of conservation in
some non-structural genes with hypervariation in capsid or envelope protein genes.

11.4.5 Comparability, Community, and Proficiency Testing

The safety of vaccines and biologics is preeminent. Performance of biosafety assays
in different locations must be controlled and the results across sites must be
equivalent. But, as with diagnostic tests for clinical use, different labs will imple-
ment assays in different ways. Complex assays such as MPS and associated data
reduction are clearly more difficult to standardize than an off-the-shelf QPCR assay.
Furthermore, MPS datasets are not terminal. They are neither destroyed upon
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analysis nor modified while detecting limited targets, for example, like QPCR and
infectivity assays. MPS datasets can be revisited when new viruses enter public
databases.

Fig. 11.6 a Probability of detection of a variant poliovirus with an overall mutation rate of 30 %
(24 % base substitutions 6 % indels). BLAST parameters seed size 11nt, and E-value 1e-10. b,
c Illustrates the effect of word size and E-value on detection for a randomly sheared 300 bp
sequence of a mutated poliovirus genome with 4 to 1 ratio of base substitutions to indels
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A good solution is to require periodic proficiency testing of providers of MPS
assays for adventitious agent detection using standardized controls. Data should be
submitted to regulators in a format that permits analysis by publically available
algorithms to ensure uniformity in analysis. Admittedly, solutions such as these
require considerable discussion and the support of the commercial and regulatory
communities.

11.5 Application of Sequencing in Virus Discovery
and Vaccine Development

11.5.1 Virus Discovery

The advent of massively paralleled sequencing technology has initiated a renais-
sance in the discovery of micro-organisms resulting in the identification of new
pathogens and new genera of viruses (Li et al. 2010, 2011a, b; Phan et al. 2012).
The power of MPS in identifying etiological agents was illustrated by the identi-
fication of a new arenavirus in a transplant recipient, through unbiased high-
throughput sequencing, after it had eluded detection by PCR and microarray
strategies by Palacios et al. (2008). The rate of development is exemplified by the
discovery of new human polyomaviruses. Just over a decade ago only BK and JC
viruses were recognised as human polyomaviruses. With the discovery of MW
polyomavirus (Siebrasse et al. 2012), the number stands at 10 with the Merkel cell
polyomavirus linked to the carcinoma of the same name (Feng et al. 2008).

In some cases, single sequencing runs can identify multiple new viruses. In fecal
samples the interpretation of the data can be challenging because, in addition to
bacteriophages, viral sequences from animal or plant food may be present (Li et al.
2010, 2011a, b; Kapoor et al. 2011). This problem is illustrated by the recent
finding of a new parvovirus genus, in 4 % of rotavirus negative diarrhoea cases in
African children (Phan et al. 2012). This new virus is likely to be the aetiological
agent of the diarrhoea but additional prevalence data and serological data will be
needed to confirm that.

MPS is being used in diagnostic settings where a significant proportion of cases
do not have a known etiological agent, like childhood respiratory disease. One of
the problems of MPS analysis from nasopharyngeal swab samples and tissues is the
high content of ribosomal RNA which can reduce the sensitivity of detection of
RNA viruses. One solution is to reduce the background by priming with hexamers
that do not anneal to rRNA sequences (de Vries et al. 2011). Other clinically
challenging areas that are being subjected to MPS approaches include hepatitis
cases with no known viral etiology and unexplained Dengue-like febrile illness
where pathogens remain unidentified in 40 % of cases (Yozwiak et al. 2012). The
wave of discoveries arising from MPS will inform diagnostic and clinical
approaches to disease and fuel the pipeline of vaccine candidates.
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11.5.2 MPS in Vaccine Research and Development

Vaccines against monotypic viruses like measles virus have been amongst the most
successful but there are continuing challenges in developing vaccines against
viruses that display frequent variation like influenza virus, which undergoes sig-
nificant antigenic shift through genetic reassortment and antigenic drift through
mutation. Manfred Eigen and colleagues first formulated the concept that variation
in a population of RNA viruses could be conceived as a cloud of variants or,
quasispecies, and was inherent due to the absence of the proof reading capacity of
RNA polymerases (Eigen and Schuster 1977; Biebricher and Eigen 2006). This
concept was supported by pioneering analysis of variation in replication of RNA
molecules (Domingo et al. 1978). Mutation rates of RNA polymerases have been
estimated at 10−3 and 10−5 mutations, per nucleotide, per replication cycle. At
slightly higher levels of mutation all information content would be lost so these
viruses can be viewed as evolving at the edge of chaos (Domingo et al. 2006).
Inherent in the initial concept of a quasispecies was that the ensemble of quasi-
species, rather than individual viruses, formed the replicating unit; an hypothesis
that leads to the prediction that populations with a restricted fitness can outcompete
those with a wider range of fitness values. The evidence for this formal definition of
a quasispecies has come under criticism (Holmes 2010) and it is notable that the
term is often more loosely used simply to refer to intra-population variation.

Antigenic change has proved to be a particular challenge in the development of
certain vaccines. Escape mutants to both neutralising antibody and CD8+ T cell
responses have been well documented in HIV infections (Borrow et al. 1997; Price
et al. 1997; Richman et al. 2003; Allen et al. 2005; Fischer et al. 2010; Haynes et al.
2012). The introduction of MPS has enabled the evolution of immune escape
variants to be monitored during the course of an infection. Henn et al. (2012)
showed that escape from the immunodominant Vif B38-WI9 and Nef A24-RW8
epitopes of HIV, occurs at rates of just under 0.1 day−1 and by day 59, 56.6 % of
the viral population expressed one of four intra-epitope variants of B38-WI9.
Similar analyses of neutralizing antibody epitopes reveal that low level neutralizing
antibody develops as early as 2 weeks and selects for escape variants (Bar et al.
2012). MPS enabled identification of the full sequence of transmitted-founder
viruses and their trajectory of escape from neutralising antibody. Both the initial
monotypic neutralizing response and the pattern of escape varied between indi-
viduals. In one subject the initial antibody response was to V1 region of the
envelope glycoprotein but, by day 16 post sero-conversion, V1 variants were
detectable in the virus population. These may have been driven by APOBEC as the
neutralizing antibody region was enriched for mutations at APOBEC motifs (Bar
et al. 2012). Effective immunisation strategies for HIV are going to be dependent on
an understanding of the pattern of immune escape that MPS is revealing.

Similar MPS data for other viruses is providing important information about the
evolution of virus variants during infection (Cordey et al. 2010; Parameswaran et al.
2012; Tapparel et al. 2011), the development of drug resistance (Verbinnen et al. 2010;
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Ghedin et al. 2011; Fonseca-Coronado et al. 2012; Jabara et al. 2011; Svarovskaia
et al. 2012), the diversity of antigenic variants (Bull et al. 2011; Höper et al. 2012)
and the risk of generating new pandemic viruses (Russell et al. 2012). In the latter
case, recent work on avian A/H5N1 influenza viruses has shown that as few as five
amino acid substitutions, four with reassortment, might result in mammal-to-
mammal transmission. MPS of avian influenza virus populations indicated that two
of these substitutions are common in avian A/H5N1 viruses (Russell et al. 2012).

11.6 Application of MPS in Quality by Design Strategies
for Raw Materials

The majority of contamination problems in the biotechnology and vaccine industry
have a root cause associated with adventitious agents in raw materials. In animal
origin free systems plant derived materials, like peptones, need to be considered as
possible sources of contamination by a range of agents including, spiroplasmas and
animal viruses derived from fertilizers.

As the biotechnology industry matures, there is increasing emphasis on QbD
principles as formulated in ICH guidance document Q8 (R2) Pharmaceutical
Development (2009). Encompassed within QbD is a control strategy designed to
ensure that a product of required quality will be produced consistently. Elements of
the control strategy focus on input materials and the “design space” that affects
control of those materials. The difference between the traditional approach and a
QbD approach to raw materials is worth examining; fetal bovine serum (FBS) is
used in the example below but the principles apply to all raw materials.

An inherent part of traditional testing strategies was the belief that it was pos-
sible, with a high degree of certainty, to select sera free of adventitious agents and
that if a material passed a Code of Federal Regulations (9 CFR Section 113.53) or,
CPMP test, it was safe to use. A typical batch of FBS can consist of one to two
thousand, individual, 1 L samples. Consequently, certain viruses like Bovine Viral
Diarrhoea virus, which occurs as a persistent infection in 1 in 100–500 fetuses, is
present in the majority of batches. In contrast, other virus infections, particularly
those transmitted by arthropods, are only sporadic. This is well illustrated by Cache
Valley virus contamination of US origin FBS. Four major episodes of fermenter
contamination by this virus have been recorded (Onions 2004; Nims et al. 2008).
While contaminations by this virus are uncommon, they are very serious as Cache
Valley virus (CVV) is a zoonotic virus associated with fatal encephalitis. Con-
tamination by CVV reveals the limitations of standard serum testing. Detailed
analysis of one episode indicated only 10–100 virions entered the fermenter in 20 L
of serum indicating that it was unlikely to be detected by testing a standard
50–100 mL of the main pool (Onions 2004).

Many of the assumptions about the frequency of particular viruses in serum have
had to be radically revised following the introduction of MPS. Allander et al. (2001)
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first applied this approach to bovine serum resulting in the surprising discovery of
two new bovine parvoviruses BPV-2 and BPV-3. More recent studies using
MP-Seq™ confirmed these findings and resulted in the finding of a new parvovirus
BAAV-2, a member of the dependovirus genus (Onions and Kolman 2010). As
discussed below, these are very frequent contaminants of serum and parvoviruses
are amongst the most resistant viruses known, posing a challenge for inactivating
procedures. Little is known of the tropism of BPV-2 and 3, even within their host
species, but this family of viruses have shown major changes in host range. The
onset of the Canine parvovirus pandemic around 1979 is believed to have followed
cross transmission of a feline virus following three mutations in the capsid gene. In
contrast, BAAV-2 and possibly the other bovine dependovirus BAAV-1, has a wide
host range with BAAV-2 able to infect human cells.

New parvoviruses were not the only surprising discoveries. In a survey of four
different FBS serum lots from major manufacturers, 2 out of 4 batches had complete
sequences of bovine noroviruses and 2 also had sequences of kobuviruses (Onions
2011). In both cases it was possible to reconstruct the complete genomes of these
viruses and, as the samples had been nuclease treated, these genomes were con-
tained within capsids and therefore potentially infectious (Fig. 11.7).

The greater understanding of viruses present in serum that has come from new
technologies like MP-Seq, emphasises the need for a quantitative risk based
approach.

A new approach to raw material quality control involves three or four steps:

1. Understanding the universe of potential contaminants in the raw material.
2. Developing specific, quantitative, assays for those viruses, taking account of the

statistical limitations of sampling from the raw material pool.
3. Relating the potential viral load in a given batch of raw materials to inactivating

procedures like gamma-irradiation or, high temperature short time (HTST).
4. Where no inactivating steps are in place for the raw material, adding monitoring

assays later in the process to ensure the viruses are eliminated.

Understanding the range of contaminants that may be present is best determined
through the use of new technology like MP-Seq™ that makes no assumptions about
the nature of the virus (or other biological contaminant) or, its ability to replicate in
a set of pre-determined indicator cells. MP-Seq™ is not likely to become a routine
batch by batch quality control tool until sequencing costs fall further. However,
several manufactures are now embracing the concept of reviewing the data from
MP-Seq™ on several batches of raw materials from a given supplier. This approach
should be linked to agreements that tightly specify the geographical source of the
materials so that the MP-Seq™ data are reflective of the universe of contaminants
from that supply source.

As discussed above this technology provided indications that new viruses like
BPV-2, BPV-3, BAAV-2, Bovine norovirus and Bovine kobuvirus were frequent
and often high level, contaminants of serum. The next stage is to develop specific
assays for these viruses. In the case of BPV-2 and 3 permissive cell systems have
not been identified and therefore specific PCR assays have been used to determine
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the frequency and level of viral genomes in serum. Quantitative PCR analysis has
indicated that the encapsidated genome count is variable but can be very high, up to
104 ge/ml for BPV-3.

Finally, the viral load should be linked to inactivating procedures. In Europe it is
now a requirement to use gamma-irradiated serum in, the manufacture of veterinary
medicinal products but in a QbD approach it is important to understand the limi-
tations of inactivation by irradiation. Standard irradiation involves treatment with
30 kGy, but where batch irradiation is used, outer parts of the batch may receive
higher doses impairing the quality of the serum. The kinetic inactivation curves for
gamma irradiation are essentially first order. The dose required to produce a 1 log10
inactivation of the virus, or D value, varies between viruses but lies in the range of
3.9–5.3 kGy for several major groups (Sullivan et al. 1971). Protection in a serum
environment is likely to increase protection for viruses and, as Plavsic and Bolin
(2001) demonstrated, ssDNA viruses like circoviruses and parvoviruses are
remarkably resistant to irradiation. This has important consequences for analysing

Fig. 11.7 Detection of bovine norovirus (top) and bovine kobuvirus (bottom) in bovine serum
pool using by MP-Seq. Individual sequences forward in green, reverse in red, are shown
scaffolded against a reference sequence
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FBS which may contain BPV-2 and BPV-3 genomes at levels above the capacity of
irradiation to inactivate. An appropriate approach is to screen batches by quanti-
tative PCR using only those batches with a low level of genomes. For instance, the
control might specify an inactivation capacity 3 log10 greater than the virus load.

Where no serum inactivating steps are in place then, as part of the QbD
approach, appropriate in process tests should be conducted. An evaluation of the
capacity of a downstream purification process to inactivate or remove the con-
taminants identified in serum should also be undertaken. Implementation of this
approach would have avoided the catastrophic contamination of rotavirus vaccines
by porcine circoviruses introduced in contaminated trypsin (Victoria et al. 2010).

11.7 Characterizing Cell Substrates by MP-Seq

11.7.1 Cell Identity and Cell Productivity

Characterising cell lines involves two key elements, verifying the identity of the
cells and ensuring their freedom from adventitious agents. The former requirement
comes from the known history of mis-identified cells, particularly HeLa being
deposited in repositories. However, the problem still exists (Nardone 2008) and
newer methods, like analysis of microsatellite short tandem repeats (STR) markers
with high heterozygosity values, are being used to identify human and simian cells
in place of older methods like isoenzyme profiling (Almeida et al. 2011; Eltonsy
et al. 2012). Sequence analysis of STR markers or, mitochondrial D-loop
sequences, can also provide data on the genetic stability of the cell line on passage.

Additional data from MPS based transcriptome analysis can supplement data on
identity and can be used to provide information on important alleles like the PRNP
gene in human cell lines. Sequencing the PRNP genes or, their transcripts, can be
used to exclude mutations associated with familial forms of transmissible spongi-
form encephalopathy or polymorphisms like 129met/met associated with a higher risk
of vCJD/BSE transmission (Lloyd et al. 2011).

One of the most exciting applications of MPS is in identifying gene expression
or miRNAs signatures associated with highly productive cells. These data can be
used to select clones or, to engineer cells using zinc finger technology that permits
precise, high efficiency, knock out or insertion of genes (Klug 2010). Several
classes of interrelated targets may enhance performance:

• Genes involved in the antiviral response particularly interferon and interferon
stimulated genes (ISGs).

• Genes regulating apoptosis.
• Genes affecting viral entry or replication.

In Vero cells, which display defective interferon induction (Mosca and Pitha.
1986) other stress response genes including heat shock proteins and genes associated
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with the oxidative stress response are upregulated and these may be amenable to
engineering (Vester et al. 2010). MDCK cells do produce class I interferons on
infection by influenza virus but the main antiviral proteins that affect influenza
replication in other cells, Mx1 and Mx2, do not appear to very effective in canine
cells (Frensing et al. 2011) although, a transfected canine Mx2 gene but not Mx1, has
activity against VSV in murine cells (Nakamura et al. 2005). Overall the interferon
response in MDCK cells has not been shown to limit influenza virus titre Seitz et al.
2012).

Apoptosis of virus infected cells is a potential defence mechanism reducing virus
yield from infected cells and in response some viruses have evolved or, captured
cellular, anti-apoptotic genes. The position can be complex with apoptosis late in
viral replication being a method to enhance virus release. Similarly other mecha-
nisms leading to cell death like autophagy can be an important part of the repli-
cation strategy of certain viruses (Meng et al. 2012). In addition, other targets in the
apoptotic pathway may be applicable for certain virus vaccines. For instance, the
CCCTC-binding factor (CTCF) and the EGFR-coamplified and overexpressed
protein genes (ECOP) are down regulated by a micro-RNA in infected cells.
Transfection of these genes into cells can enhance the production of West Nile
Fever virus (Smith et al. 2012).

11.7.2 MP-Seq™ of Cell Substrates to Demonstrate Their
Freedom from Adventitious Agents

11.7.2.1 Exogenous Viruses

The ability to detect latent viruses and defective transforming viruses, as well as
replicating viruses, is the key attribute of MP-Seq™ analysis. With the exception of
dependoviruses, a latency associated transcript or, transforming gene, like the
T-antigens of polyomaviruses, are expressed in infected cells. A transcriptome
analysis is conducted in parallel with an analysis of the supernatant media which
confirms the presence of replicating viruses and excludes viruses that are present in
the media but have not infected the cell line.

Another key attribute of MP-Seq™ analysis is the ability to detect viruses in cell
lines where there is little or no genomic sequence data. This is exemplified by the
analysis of insect cell lines. For instance, MPS methods have been used to detect a
novel rhabdovirus in the widely used Sf9 cell line (Ma et al. 2014). Similarly, in our
validation of MP-Seq™ we analysed a Trichoplusi ni cell line (BTI-TN-5B1-4
“High Five™”; Invitrogen), known to contain a sub-clonal infection with an
alphanodavirus (Onions et al. 2011). A total of 468,579 reads were recorded in
untreated High Five™ cells and 365,299 in heat shocked cells which, after removal
of ribosomal RNA sequences, fell to 207,419 and 131,051 respectively. Of these,
470 reads from the untreated cells and 326 from the heat shocked cells were
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recorded as unique hits against our virus sequence database. As for mammalian
viruses, an algorithmic approach was required to filter out false hits. For instance,
multiple hits against baculovirus genomes were recorded, but these were to a
transposable element, piggyBac, found in baculoviruses and expressed in T.ni cells.

These hits enabled complete reconstruction of the total bipartite genome of the
alphanodavirus. The complete sequence of this virus was already known so to test
the capacity of the method to detect unknown viruses, this sequence was removed
from the curated database. Scaffolding the sequences against other nodaviruses and
assembly of contiguous sequences enabled the complete genome of the virus to be
reconstructed with ease. For RNA2, which encodes the capsid, the intact genomic
sequence appeared to be a minor population with the dominant species containing
deletions. This partial defective genome may account for the very low frequency of
intact virions observed in this cell line. However, insect cell lines have another
mechanism, RNA interference (RNAi), that ensures a high frequency of silent
infections. Dicer acts as the sensor recognizing and cleaving dsRNA into 22 bp
length siRNA fragments, these are then used by the effector Argonaute protein to
silence the target viral RNA (Wang et al. 2006). Consequently, for insect cell lines
it may be useful to supplement standard transcriptome analysis with specific
sequencing of siRNAs, an approach that led to the finding of four new RNA Viruses
in a Drosophila Schneider 2 cell line (Wu et al. 2010).

11.7.2.2 Endogenous Viruses

Endogenous, i.e. genetically transmitted viruses, require special consideration.
Most attention is directed at retroviruses and errantiviruses, their counterparts in
insect cells. However, it is important to consider other viruses that may be
endogenous. It is now well recognised that about 1 % of children have congenital
Human herpesvirus 6 (HHV-6) infections and 86 % of these are the result of
germline transmission of chromosomally integrated virus (Hall et al. 2004; Leong
et al. 2007; Hall et al. 2008).

An essentially full length endogenous parvovirus genome has been identified in
rats and other species; viral mRNA is expressed from the rat virus although it is
defective (Kapoor et al. 2010). Human and other species cells, contain endogenized
Borna disease virus like sequences that presumably have been reverse transcribed
by LINE or other retroelements. (Horie et al. 2010; Belyi et al. 2010). The genomes
are defective with N protein integrants predominating. Filovirus sequences are the
only other RNA virus sequences that appear to be widely integrated as chromo-
somal DNA copies (Taylor et al. 2010; Beyli et al. 2010). An interesting question is
whether expression of these sequences has been associated with a protective effect
against cognate virus infection during evolutionary history.

All vertebrate cells contain endogenous retroviral sequences and they constitute
a significant part of the genome, up to 8 % in human cells. Different retroviral
species are represented and some of these may be expressed at the mRNA and
protein level. In human cells all the endogenous retroviral proviruses are defective
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and unable to produce virions capable of infecting other cells but in other species,
like cats, infectious endogenous retroviruses can be produced. The feline endoge-
nous virus RD114 has been found as a contaminant of both canine parvovirus seeds
grown in feline cells and in vaccines produced, in non-feline cells, from these seeds
(Yoshikawa et al. 2010). It is of particular concern that this retrovirus replicates
efficiently in canine cells and careful monitoring of the recipients will be required.
Retroviruses have contaminated other vaccines in the past including: contamination
of, yellow fever, distemper and Marek’s disease virus vaccines by avian leukosis
virus (Draper 1967; Payne et al. 1966; Zavala and Cheng 2006), babesiosis vac-
cines by bovine leukemia virus (Rogers et al. 1988) and fowlpox vaccines by
reticuloendotheliosis virus (Fadly and Garcia 2006). In addition, endogenous avian
retroviral sequences (ALV-E and EAV) may be present in egg or chicken fibroblast
produced vaccines although, after extensive evaluation, these are not believed to
pose a hazard (Robertson and Minor 1996; Weissmahr et al. 1997; Khan et al.
1998; Shahabuddin et al. 2001; Hussain et al. 2003).

The recent episode involving contaminated parvovirus vaccines highlights the
importance of screening adequately for retroviruses. This involves induction studies
to initiate the expression of transcriptionally silent viruses and monitoring for their
presence by orthogonal methods (Khan et al. 2009; Onions et al. 2010). MPS of the
transcriptome and MPS of the supernatant media is a valuable adjunct in the
evaluation of retroviral contamination. In human cells, and other cells where full
genomic data is available, the method enables one to exclude exogenous retrovi-
ruses, both known and unknown. But the strength of the method is best exemplified
for cell lines where genomic information may be limited. Vero cells have been
extensively used in the production of vaccines although the genomic data is limited.
Vero cells were not thought to express a retrovirus but application of MPS and
other approaches resulted in the surprising discovery that this widely used and
monitored cell line could be induced to express a full length betaretrovirus genome
and produce viral particles. (Ma et al. 2011; Onions et al. 2011). MPS was able to
show that another retrovirus genome in this cell line, related to baboon endogenous
virus, showed no changes in expression on induction and was defective posing no
threat to biosafety (Onions et al. 2011). However, it should be noted that even
defective retroviruses may be of concern. For instance, an attenuated flavivirus,
produced in cells expressing a defective retrovirus, could pseudotype the retrovirus
enabling the retroviral genome to infect otherwise non-permissive cells.

11.8 MPS for the Genetic Stability of Bacterial and Viral
Vaccines and Viral Vectors

Genetic stability analyses have usually relied on indirect and partial information
like PCR of selected regions and restriction enzyme analysis. For bacterial seed
stocks it is now routine to sequence the whole genome rather than rely on imprecise
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methods. MPS methods produce sequences of thousands of individual viruses
within a seed, enabling the detection of variant viruses.

The high mutation rate in RNA viruses can theoretically lead to high levels of
variant viruses. This is a critical issue for certain viruses, like oral polio vaccines
(OPV), where reversion to neurovirulence can occur. As part of the quality control
of OPV, the vaccine is tested for neurovirulence in monkeys or, transgenic mice, as
well as by PCR and restriction enzyme analysis for known mutations affecting
neurovirulence. Neverov and Chumakov (2010) have shown that MPS can effec-
tively replace the standard molecular methods and additional information is pro-
vided like the rapid outgrowth of a capsid mutant when the seed is propagated in
cells. In their studies they demonstrated a 0.05 % mutation frequency in control
plasmids and 0.1 % in amplified product from the plasmid but 0.12 % in the
rederived virus which increased to 0.197 % on culture in Vero cells. Based on this
information they used 0.1 % as the threshold to define valid genotypic variants. In
analysing a neurovirulent versus a non-neurovirulent OPV, there was 0.35 % of the
virulence-associated 472-C mutant in the lot that passed the neurovirulence test,
versus 2.4 % in the lot that failed.

In our own evaluation of virus seed stocks on a Roche 454 GS-FLX/FLX+ we
have been able to demonstrate a surprising stability in viruses like reoviruses.
Reovirus contains 10 dsRNA genomic segments and coverage across the 10 seg-
ments varied from 3,000 to 20,000 fold; consequently, unlike Sanger sequencing,
the process identified rare variants required for oncolytic activity (Chakrabarty et al.
2014). MPS has also been applied in clinical settings to identify chromosomal
integration sites of retroviral vectors and to monitor the clonal evolution of trans-
duced cells. MPS will also play an important role in evaluating vectors for partial
recombinants that can lead to replication competent viruses. Modern adenovirus,
lentivirus and gammaretrovirus vector systems are far less likely to generate rep-
lication competent viruses then their first and second generation counterparts.
However, the methods for detecting replication competent virus (RCV) require the
use of high volumes of vector material and the sensitivity of detection of RCV can
be reduced by the presence of high titre vector. Before replication competent virus
is generated there are usually partial non-replication recombinants generated. This
is particularly evident for retroviruses because of their diploid genome and capacity
for strand switching during reverse transcription. MPS affords a method of
detecting these partial recombinants before the generation of RCV and provides
additional data on the genetic stability of the vector system.

11.9 Conclusion

As indicated in the recent revision to the WHO guidance on cell substrates
(Knezevic et al. 2010), MPS is going to play an increasing part in the safety
evaluation of cell substrates and vaccines. While in some cases it will replace older
molecular methods it will remain part of a comprehensive panel of orthogonal
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assays that include traditional infectivity assay systems (McClenahan et al. 2011;
Kolman 2011).

MPS systems are amenable to GMP validation although this is a complex and
requires a module by module validation as well a total system validation. However,
the power of the technology has already been shown in the discovery of new viruses
in raw materials, the finding of novel viruses in insect and primate cell substrates
and the discovery of an unexpected contaminant in rotavirus vaccines.
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Chapter 12
Quality-by-Design: As Related
to Analytical Concepts, Control
and Qualification

Beth Junker, Earl Zablackis, Thorsten Verch, Tim Schofield
and Pierre Douette

12.1 Quality-by-Design for Analytical Methods

12.1.1 Roots of QbD

In 2002, the US Food and Drug Administration (FDA) outlined in its guidance
“Pharmaceutical CGMPs for the twenty-first Century: A Risk-Based Approach” a
new science- and risk-based approach that encourages manufacturers to develop
robust processes and appropriate control strategies thus supporting continuous
improvement and product quality (Catania 2011). Over the years this approach has
evolved as the pharmaceutical industry and regulatory authorities have distilled
down different standards of practice already in place for decades in other industries
to a core concept called Quality-by-Design (QbD). This has also given rise to a
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significant body of novel regulatory documents introducing the terminology and
discussing operational implications fostered by the QbD initiative: International
Conference on Harmonization (ICH) Q8 and Q11 on pharmaceutical and API
development, Q9 on quality risk management, Q10 on quality systems and FDA
Process Analytical Technology and FDA Process Validation (Guidance for Industry
2006, 2009, 2011; ICH 2012; ICH 2009; CDER/CVM/ORA 2004).

The ICH Q8(R2) guideline describes QbD as a “systematic approach to devel-
opment that begins with predefined objectives and emphasizes product and process
understanding and process control, based on sound science and quality risk man-
agement.” This document sets the foundation for QbD where key components that
link product and process—such as target product profile, critical quality attributes,
and design space—are presented as the way to operate processes within defined
variation which ensures product quality and patient safety. From a current regulatory
standpoint, a systematic approach as proposed through QbD represents the desired
state expected by regulators for Chemistry, Manufacturing, and Control (CMC). It
ensures the manufacturing process can consistently deliver product quality in
commercial operations, even if QbD submission is not a regulatory requirement.
Among regulatory incentives for adopting QbD, special highlight is given to the
potential for regulatory flexibility—principally toward post-approval change man-
agement—enabled by a good understanding of what sources of process variation are
acceptable for keeping the product safe (Chen 2007). It is then not surprising that, in
its 2011 strategic plan for regulatory science (Critical Path Initiative), the US FDA
has made the promotion of QbD principles one of its Top 10 priorities to support new
approaches in manufacturing process development (FDA 2004).

Although implementation of QbD within the industry historically has been a
slow process, the approach is now widely acknowledged as providing the desired
development path that matches scientific understanding and risk-based compliance
for pharmaceutical development. With the approach being further translated into
concrete theoretical case studies (best illustrated by the A-MAb and A-Vax ini-
tiatives (CMC Biotech Working Group 2009; CMC Vaccine Working Group
2010), the industry also recognizes the potentially significant business benefits
arising from adoption of a QbD-compliant process from the time of early devel-
opment. These benefits include shorter time to market; reliable manufacturing
operations supported by continuous improvement, and reduced cost and/or regu-
latory hurdles related to inconsistent product quality. Finally implementing a
structured science- and risk-based development path also has the benefit of
improving interactions with the regulators by matching their current expectations.

QbD for analytical methods parallels QbD for manufacturing processes. In
principle an analytical method can be regarded as a process. The product of the
analytical method process is a measurement which is used alone or in aggregate
with other measurements to make a decision. The customer for the product is the
decision maker who depends upon the reliability of the method for their decision
making. Many of the concepts associated with QbD for the manufacturing process
can be mapped to similar concepts in the analytical method process. This is illus-
trated in Table 12.1.
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In this regard the thinking and the tools which are useful in QbD for manu-
facturing process development are equally useful for analytical method develop-
ment. For example, the control strategy supports successful transfers for either
processes or analytical methods.

One consideration in applying QbD to methods is the effort to execute the
framework for several dozen methods, each with several procedural steps, might in
the aggregate be much more significant than for a single manufacturing process.
Although differences between QbD for drug products and QbD for analytical
methods obviously exist, many of the tools are similar as is the objective of upfront
designed quality working toward patient’s benefits.

12.1.2 Objectives and Benefits of Applying QbD to Analytical
Methods

The QbD approach intends to build quality into a process/assay rather than test it in
through extensive qualification and validation. The result is consistent with con-
trolled assay performance within predefined boundaries that ensure predetermined
quality expectations are met. As mentioned in Sect. 12.1.1, regulatory quality
expectations are the main driver behind QbD since reliable analytical performance is
a key aspect of product quality and safety ensuring release of acceptable product.

Table 12.1 Comparison of process and analytical QbD

Process concept Analytical counterpart

Target Product Profile (TPP) Analytical Target profile (ATP)

• Target clinical performance, manufactur-
ing, and commercial requirements

• Target analytical performance, testing labo-
ratory, and customer requirements

Critical Quality Attributes(CQAs) Critical Method Attributes (CMAs)

• Potency • Precision

• Aggregation • Sensitivity

• Purity • Accuracy

Specifications (acceptance criteria) Acceptance criteria

• 80–125 % potency • %GCV < 10 %

• Purity > 95 % • LLOQ > 1 ng/mL

Critical process parameters (CPPs) Critical method parameters (CMPs)

• pH, time, temperature • pH, time, temperature

Process control strategy Method control strategy

• Comparability protocols • Method comparability or bridging protocols

• Process technology transfer • Method transfer

Continuous process verification Analytical method maintenance

• Continuous review and updating of process
knowledge

• Continuous review and updating of analyt-
ical knowledge

LLOQ lower limit of quantification; GCV geometric coefficient of variation
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Method reliability including measured results is linked to critical method attributes
(CMAs) affecting method capability, for example, accuracy, precision, or specificity
(Guidance for Industry 2009). QbD for analytical methods systematically investi-
gates and controls these parameters leading to an increased knowledge space around
method parameters and reduced variability by controlling assay conditions and risks.

Beyond alignment of analytical method performance to regulatory quality
expectations, QbD directly impacts business aspects through reducing variability
which translates into improved analytical quality. This includes potentially decreased
data variability (greater method precision) as well as greater performance consistency
(fewer method invalid and out-of-trend results), with positive down-stream effects on
quality management and ultimately costs. When incorporating knowledge manage-
ment into the QbD process, long-term life-cycle management throughout method
transfers and comparability protocols, personnel changes, and method improvements
is facilitated aswell. In the long-run, itmay becomeacceptable tomake changeswithin
the design space of a method with only limited validation and regulatory review.

The systematic approach of QbD combined with sound science helps in
achieving these objectives by identifying, mitigating and controlling method risks,
as well as by thorough examination of the method design space with respect to
required method performance to meet quality and business (i.e., performance)
targets. Although this may sound straightforward and obvious at first hand, a
detailed look quickly unveils the complexity of true QbD. We will examine some of
these aspects within this chapter.

12.1.3 Framework for Quality-by-Design for Analytical
Methods

The overarching QbD objective can be achieved by systematically addressing
quality aspects at several stages of the method life-cycle: Development, Transfers,
Daily Operations, and Continuous Maintenance/Improvement. Knowledge Man-
agement of method understanding acquired throughout this process is a key com-
ponent tying individual steps together (Fig. 12.1 and Sect. 12.3).

Method development is initiated by predefining quality and business perfor-
mance requirements using an Analytical Target Profile (ATP, Sect. 12.1.4.1).
Rather than developing a method solely based on technical feasibility and thereby
potentially over- or underachieving objectives (traditional approach), QbD-based
development is targeted specifically to the purpose of the method. However, often
method development starts concurrently with process development so that exact
method requirements may not have been defined yet. In these cases, it is helpful to
refer to the (Quality) Target Product Profile ((Q)TPP) to develop agreed upon
assumed process targets. Although the final process may differ, these assumed
targets could be used as surrogates to derive preliminary method requirements that
are updated as more information becomes available.
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After establishing an ATP, QbD includes systematic development at all steps
starting at method selection based on evaluation of the capability of potential method
candidates to meet ATP requirements. This selection process should not only con-
sider preliminary data but also other quality and business aspects such as transfer-
ability or risks (Sect. 12.1.4.2). Systematic risk assessment tools (Sect. 12.1.4.3) are
used to identify method factors that potentially can affect method performance.
Boundaries and impacts of identified high-risk factors can then be assessed using
unifactorial and multifactorial statistical Design of Experiments (DoE,
Sect. 12.1.4.4) and/or mitigated using a Control Strategy (Sect. 12.1.4.5).

DoE tools in particular help define a multidimensional design space beyond
traditional ranges set for individual method factors around normal assay perfor-
mance. In contrast to one-factor/variable-at-a-time (OFAT/OVAT) experimentation,
DoE varies several experimental factors together allowing the potential identification
of synergistic interactions as well as defining system suitability limits. This allows
not only to optimize the method within the design space toward the predefined
requirements but also to potentially change it within this design space. Thorough
understanding of all controlled and uncontrolled aspects affecting quality and
business performance is the foundation to reduce variability during daily operations.

Fig. 12.1 Schematic process for QbD of analytical methods (ATP Analytical Target Profile, CMA
Critical Method Attribute (e.g., accuracy, precision), CMP Critical Method Parameter, KMP Key
Method Parameter, C&E Cause and Effects Matrix, DoE Design of Experiments, KMA Key
Method Attributes (e.g. throughput)
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Although targeted method optimization goes a long way, some critical method
parameters may be incorporated into the control strategy (Sect. 12.1.4.5) that is
rooted in systematic risk assessment. Critical and key method parameters, identified
during risk assessment, and understood during method development, may be
controlled experimentally during daily operations (e.g., temperature), or some may
require processes put in place for long-term method maintenance (e.g., assay
reagents).

In the QbD framework, the entire body of knowledge, from the analytical target
profile to development data and from risk assessment to final control strategies,
becomes part of the analytical method. Additional knowledge acquired over time
during method use is added to form the basis for continuous improvement
(Sect. 12.3).

A number of tools are available and discussed in the following paragraphs to aid
with systematic implementation of a QbD framework for bioanalytical methods.
When using these tools, three essential aspects of QbD for Analytical Methods
should be kept in mind:

(1) QbD is not a check-box exercise! Although the tools are a significant help to
focus and align thinking, their superficial execution will not help in achieving
the desired quality and business goals. Sound science remains at the core of
bioanalytical methods, and findings obtained using statistical and other QbD
tools need to be reviewed based on scientific experience and prior knowledge.

(2) Take a holistic view of quality of analytical methods to include all method
factors that might influence the quality and business performance. Often,
scientists focus on obvious primary experimental effects ignoring or down-
playing seemingly secondary effects, such as ensuring performance consis-
tency by well-written and well-presented analytical procedures or by reducing
complexities. Frequently, effects attributed to analysts can be viewed as a
method execution error and, more often than not, can be prevented by ana-
lyzing root-causes appropriately followed by addressing failure modes.

(3) QbD is not a radically new concept. Method development targets, risk
assessments, and control strategies have been used to a certain extent for many
years in sound bioanalysis even if not specifically named that way. The
advantage of QbD is a more systematic and unbiased approach to analytical
science through a combination of QbD tools and life-cycle management.

12.1.4 QbD Tools

12.1.4.1 Analytical Target Profile

To apply the concepts of QbD (Guidance for Industry 2009) to analytical methods
and their development, the Analytical Target Profile, or ATP, was described by
Schweitzer et al. (2010). The ATP is a mechanism for guiding the development and
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validation of an analytical method and conceptually, could act as a new mechanism
for describing analytical methods in regulatory submissions. Such mechanisms still
require alignment with regulatory authorities. The ATP is a tool for systematic
development of methods that relates directly to product CQAs. (NOTE Not all
methods measure a CQA but can be for in-process control such that they can
impact CQA, or for product characterization). The ATP defines what a method
measures and within what ranges/limits method characteristics (accuracy, precision,
specificity, etc.) must perform. It forms the basis for declaring suitability for
intended use (i.e., fit for purpose). The concept of the ATP can also be applied to
analytical methods used strictly for characterization of DS, DP, or intermediates.
For example, an orthogonal method used to augment or to verify the output of a
release method during development should also be scientifically sound and dem-
onstrated to be suitable for its intended use. The use of an ATP allows one to
document the performance requirements for the orthogonal method.

The ATP should be initiated early in the analytical method life-cycle and
amended as the requirements and constraints on the method and/or manufacturing
process evolve. During process development a new product team may request that a
method designed for release of DS be applied in upstream process monitoring
where the sample matrix may be quite different than that of the released DS. In this
case it is possible for the same analytical method to have a different ATP. For
example, an upstream sample may have an interfering component such that method
is slightly biased leading to different criteria for specificity and accuracy. Key
elements of the ATP include: (1) a survey of the uses for the method from
development through licensed product control; (2) requirements on performance
characteristics that assure method quality and reliable decisions, e.g., meeting Total
Error limit (combined accuracy and precision requirement) during routine testing
assures confidence in test result reliability for quality disposition; (3) requirements
on sample types tested; and (4) practical requirements associated with long-term
performance of the method. Method characteristics in the ATP that are directly or
indirectly related to measurement quality should be optimized and monitored (see
Sect. 12.1.4.6).

Measurement quality is related to the method capability to enable risk-based
decision making. Thus, a method which is used to quantify or detect low levels of
an impurity or an adventitious agent should provide accurate measurements at the
level of the acceptance criterion for that constituent, while a method which is used
to measure the quality or consistency of a material should provide accurate mea-
surements throughout the range of possible outcomes. The requirements on a
method that is utilized to release materials should be formulated on the basis of the
risks of meeting specifications. Both the risk of false failure and the risk of false
success should be considered.

The practical requirements of the method include considerations of the proper-
ties of the analyte to be measured, requirements for equipment, standards and
reagents, and a vision toward constraints which may exist in commercial
and regulatory laboratories. Added considerations include cost and efficiency.
Likewise availability of equipment, standards, and reagents may influence the
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choice of method. A method with high throughput may facilitate adequate repli-
cation and thereby, lower variability and risk.

12.1.4.2 Method Selection

Once the ATP is established, the method selection process begins with assessment
of the alternatives. Relevant information from the ATP, the voice-of-the-customer
(e.g., Quality Control laboratory or Regulatory Authority) is assessed so that
desired operational intent of method for the end user is integrated into the selection
process. Relevant testing platform/technology knowledge (use of methodology with
similar product), control definition, noise elements, etc. are gathered to select the
appropriate method(s).

A simple comparison of the traditional versus QbD process for method selection
is outlined in Table 12.2. The key difference in the two approaches is that method
quality and business performance is determined ahead of time in QbD, while it is
typically derived from experience in a more traditional approach.

A framework is used to evaluate possible methods in terms of the categories
above to select a suitable method for intended use from both the perspective of the
CQA (quality benefit) and QC laboratory (business benefit), i.e., efficient in both
cost and time.

Table 12.2 Comparison of traditional and QbD approaches to method selection

Characteristic Traditional QbD

Technology Request to analyst driven,
narrow option, often subject
to personal preferences

Team-driven (analytical, produc-
tion, quality, regulatory, end user).
Use of entire analytical knowledge
base, broad(er) option, aligned to
customer needs

Accuracy, precision,
linearity, range, QL,
DL, specificity
Method operating
conditions to meet
method
characteristics

OFAT evaluations, experi-
mental outcome determines
acceptability

Acceptability predetermined by
ATP requirements, DOE for
robustness, LMM for intermediate
precision

Operating space Defined by development
exercise

Defined by ATP then verified in
development

Line-of-sight Often limited to the current
laboratory and up to the next
planned study

Method life-cycle approach

Method comparison OFAT, analyst driven, high
potential of personal bias

Systematic, often involving scoring
sheets, ATP driven

Selection criteria Method quality and business
performance focus

Total method quality focus

QL Quantitation Limit (LOQ), DL Detection Limit (LOD), LMM Linear Mixed Model, OFAT One
Factor at a time
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12.1.4.3 Method Risk Assessment

Risk assessment is a component of the quality risk management process defined in
ICH Q9. The diagram (Fig. 12.2) illustrating the interplay of risk tools is given in
the guidance (Guidance for Industry 2006):

The guidance (Guidance for Industry 2006) defines risk assessment as “A sys-
tematic process of organizing information to support a risk decision to be made
within a risk management process. It consists of the identification of hazards and the
analysis and evaluation of risks associated with exposure to those hazards.”

Thus, risk assessment is the first stage of risk reduction, and is followed by risk
control (via development) and risk review (via the control strategy). For analytical
methods the hazards are unreliable results leading to poor decisions. Risk assess-
ment is a process of identifying and controlling factors which impact measurements
leading to poor decisions.

Fig. 12.2 Quality risk management process
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Risk assessment begins with mapping the steps of the analytical “process.”
Every assay consists of several unit blocks whose sequence makes up the total
assay process. For an ELISA, for example, these units include plate coating, sample
capture, detection, substrate and data acquisition step, and wash steps. Additional
subprocesses can be identified such as sample storage and preparation, analytical
method preparation, and equipment supply and maintenance (see Fig. 12.6). The
assay process should be considered the sum of the main process plus the
subprocesses.

Each of these unit blocks has numerous input factors that affect the outcome.
Some factors may have a greater impact than others; some may be more obvious
than others. Systematic assessment of the input factors can be facilitated with tools
such as an Ishikawa or fishbone diagram (see Fig. 12.7, Sect. 12.2.4).

Each step of the assay is represented by the intersection of the step description
and the path to measurement reading. Factors, which may vary in each step, are
identified and listed. These steps and their associated method factors are further
evaluated based on prior knowledge to determine which may be subject to exper-
imental verification.

Depending upon the complexity of the assay there are more or fewer factors
which may impact assay quality and business performance. There are limitations on
the ability to study all factors, and many of these factors are likely to have negli-
gible impact on the assay. Consequently, tools such as cause and effects (C&E)
matrices and failure modes and effects analyses (FMEA) are used to rate and rank
factors.

It is important to note that risk assessment tools such as those illustrated are
useful for ranking factors and guiding further exploration. These tools may also be
useful to feed back into the method selection process. By their nature they are not
definitive measures of factor severity and do not replace factual experimental results
—based on prior knowledge or first principles, but not everything needs experi-
mental verification. Of further note is that the risk assessment should consider less
controlled (intermediate precision) factors such as technicians and reagent lots as
well as controllable (robustness) factors such as temperature and time. Those
controllable factors which have been earmarked as higher risk are further explored
using univariate or multivariate DOE, while the less controlled factors may be
assessed in the framework of measurement system analysis (MSA) using a design
leading to variance component analysis or in blocked DOE designs.

Once the design space has been appropriately explored and established,
remaining method risks can be evaluated in more detail using the FMEA tool. As
each method block is analyzed one by one for potential failure modes and their
impacts, the FMEA is particularly useful to assess risks in complex methods with
various subprocesses. It is most powerful when applied to a limited number of risks
that remain after development or after assay transfer since the risk assessment
process is quite involved with rating each risk by severity, occurrence, and
detectability in addition to exploring potential mitigation and control strategies.

Risk Factors are assessed in terms of severity, occurrence and detectability i.e.,
Risk Factor = Severity × Occurrence × Detectability (Sect. 12.1.4.3). A potency
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assay for a candidate vaccine is presented as an example in the case study that
follows where the degraded antigen may negatively impact the potency assay
output as well as product stability. Risk analysis is linked to the ATP used during
the method definition process outlining that the method needs to be highly specific
for the antigen with minimal reactivity to degraded antigen, and needs to assign
potency in the range of 70–130 % of target while also being selective for native
antigen over degraded antigen (stability program use). Total error must be 30 % or
less with allowable precision of 15 %, this means that bias (accuracy) cannot be
more than 5.3 %. Prior to method selection, the risk associated with the method’s
qualification/validation parameters, i.e., accuracy, precision, robustness, specificity
are evaluated. Figure 12.3 graphically illustrates a risk assessment for this example.
Each of the qualification/validation parameters are ranked in terms of likelihood and
severity of impact on the outcome. From the ATP and the risk assessment, it is clear
that keys to selecting an appropriate method are both accuracy and specificity, i.e., a
minimally biased estimate of potency with discriminatory capability for degradants
is critical for the method.

12.1.4.4 Design Space

The method design space like the process design space is “The multi-dimensional
combination and interaction of input variables (e.g., material attributes) and process
parameters that have been demonstrated to provide assurance of quality” (Guidance
for Industry 2009). An approach to determining a design space is illustrated in ICH
Q8(R2) and uses multifactor DOE together with acceptance criteria on quality
attributes to define the region (overlapping contours) of acceptable quality. This
approach is equally suitable to method development where ranges for assay method
parameters are established which assure conformance of method quality attributes
(CMAs and KMAs) to suitable quality and business acceptance criteria.

Method Risk Assessment Tool
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Fig. 12.3 Likelihood/severity impact assessment for purity assay selection. Note the components
of total error (accuracy and precision) are included in the risk assessment

12 Quality-by-Design: As Related to Analytical Concepts … 489



The successful application of DOE to the determination of the method design
space is a multistage process. The first stage of the process is called screening, and
involves the use of highly fractionated designs including Plackett–Burman designs
to establish which method factors influence assay performance (Analytical Methods
Committee 2013). Such designs have the capacity to examine many factors
simultaneously. Factors which have been identified through the conservative
application of risk assessment can be studied and potentially eliminated from more
detailed experiments in a highly efficient manner.

Once some factors have been identified as important through screening, the
design can be supplemented or a new design formulated to develop a mathematical
model of assay response to variations in these influential factors. Mechanistic
models can be developed when the mathematical relationship between method
parameters (CMPs, KMPs) and response (CMAs, KMAs) is known, while useful
estimates of an unknown model can be generated using designs which yield
polynomial approximations. Designs such as the Box–Behnken or central com-
posite designs have the power to formulate second and third order polynomial
models which have superior predictive properties since they consider two and three
factor interactions among other aspects (Ferreira et al. 2007).

Another key to successful performance modeling is the identification of
responses which best relate to method quality. When the objective in the devel-
opment of an HPLC method is to discriminate product and impurity peaks, standard
outcomes (CMAs, KMAs) such as resolution may fail to identify conditions which
simultaneously separate chemically dissimilar components. This is because reso-
lution is insensitive to the impact of asymmetric peaks. A more direct measure of
resolution may be the minimum distance between the back and front of adjacent
peaks. Another example is in binding assays when the variability of the final result
(sometimes potency) is indirectly related to the slope of the concentration response
curve. Use of indirect measures of quality characteristics such as precision may
result in more efficient experimental design strategies.

Once a mathematical model of a method quality attribute has been obtained, it
can be utilized to identify the region of the method parameters which is predicted to
yield acceptable method performance. As depicted in ICH Q8 (R2) (Guidance for
Industry 2009), this region gives estimated responses which satisfy performance
acceptance criteria (e.g., %CV < 20 %). For simple visual communication, regions
of fixed responses can be determined from the mathematical model and displayed as
a contour plot (Fig. 12.4).

Thus, the unshaded region in the illustrative plot might correspond to the limits
in which the predicted variability of the method is <20 % CV. Ranges on the
method parameters can be set by inscribing a rectangle which effectively covers the
unshaded space, or by operating the assay within the mathematically derived
region. However, this method of contour regions, although readily accessible
through standard DOE software, fails to satisfy the definition of design space. In
ICH Q8 the design space is specified to “assure” quality (Guidance for Industry
2009). The probability of meeting a performance parameter acceptance criterion at
the edges of the contour region is ≤50 %. This is because the contour boundary
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represents the estimated average, without regard to uncertainty. Modeling and
simulation have helped to define regions of the method parameters which assure a
high probability of satisfactory performance of the method.

12.1.4.5 Control Strategy

The method control strategy contains two key elements: (1) control of critical
method parameters (i.e., those found to adversely impact test results); and (2) those
that are determined to be useful as monitoring tools during routine method use. The
output of risk assessment is used to determine 1 and the output of robustness DoEs
can be used to determine 2.

Additional method control comes from long-term monitoring of method quality
and business performance. System suitability tests are monitored long term and the
tests limits are used as control criteria for drift within acceptable ranges. ICH
guidance Q2(R2) states “one consequence of the evaluation of robustness should be
that a series of system suitability parameters (e.g., resolution tests) is established to
ensure that the validity of the analytical procedure is maintained whenever used”
(ICH 2000). The robustness DoE therefore can be used to define system suitability
test (SST) limits (Guidance for Industry 2000) if additional data from the method
robustness DoE runs is assessed e.g., slopes, peak resolution etc. The parameter
responses from the worst-case results of the DoE are used to determine SST limits.

NOTE SST limits should only be determined once a method is considered
robust. This ensures that if a result is obtained when a SST result is at or near its
control limit, there will be confidence that the analytical result is valid.

Fig. 12.4 Example contour
plot
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The ATP forms the boundaries that help define the control strategy, i.e., the
desired operating space that is monitored for controlling the method’s quality and
business performance during routine use. Once method optimization is completed,
formal limits based on assessments of method robustness (DOE) and intermediate
precision (Linear Mixed Model with random effects (LMM)), can be used to set up
the method control limits and defined operating ranges. Method parameters that are
not sufficiently robust must be sufficiently controlled for the method to operate
within the acceptable quality performance space, i.e., controlled operating limits.

A second, yet equally important part of the control strategy is the real-time
monitoring of the analytical method once it is validated and implemented in the QC
laboratory. Analytical Method Maintenance (AMM) should be a formalized process
and managed as part of the Validation Master Plan (VMP). Section 12.1.4.6 pro-
vides details for AMM.

A Linear Mixed Model with random effects (REML) study of noise factors
(external factors contributing to overall method variability e.g., reagents, analysts,
instruments) during method development can be used for understanding variance
components due to these noise factors. Understanding these factors is important in
terms of continuous improvement for the method. For example, if the method is
validated with an intermediate precision assessment (e.g., 5 %) that is acceptable for
the ATP, analysis of the individual contributing noise components can give insight
into future improvements. For example, the LMM analysis reveals 25 % of total
precision variability is due to instrument detectors (possibly due to calibration
variation), more precise detectors can be used or a more controlled detector cali-
bration program initiated to improve quality or performance.

Additional control is developed through system suitability requirements, some of
which can control for noise factor influence prior to testing. From the example
above, if detector calibration was found to be the root cause of the large detector
variation component of precision, development of a system suitability check for
detector response could be built into the method system suitability requirements.

Comparability exercises should be based on equivalency assessments and not
lack of evidence of significant difference. The use of a two one-sided test (TOST)
approach for equivalency testing is ideally suited to the ATP concept. The ATP
precision and accuracy requirements are used to evaluate the suitability of the
predetermined acceptable difference in results based on prior knowledge that will be
used to assess the TOST data when performing equivalency evaluations during
method replacement or method transfer activities. The term (θ) is used to describe
the acceptance criterion, specifically the limit outside which the difference in mean
values is considered to be both practically and statistically different (Vander
Heyden et al. 2001).

Implementation of the control strategy during method development and opti-
mization leads to identifying suitable method parameters used for system suitability
i.e., daily method control. The control strategy also includes long-term control that
is achieved through AMM (see Sect. 12.1.4.6).

Two categories of tools are used to develop/implement the control strategy and
AMM. The first set consists of risk assessment and statistical tools used for method
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optimization and understanding, i.e., DoE’s for robustness and precision under-
standing; FMEA’s, C&E matrices, and fishbone diagrams for critical factor deter-
mination and understanding. The second set of tools, statistical in nature, is used for
daily method monitoring to assure the maintenance of the method in the desired
state, i.e., control charts of standards, controls, SST values, etc. In addition to
routine control chart monitoring, periodic reviews of performance against validation
status and change control reviews are part of the control strategy for AMM.

Once a method has been developed and the method operating procedure has
been written, the development laboratory typically undertakes a series of studies to
establish that the method is suitable for its intended purpose. Although the termi-
nology may differ from organization to organization, these studies are usually called
method qualification and method validation. Method qualification is executed for
the purpose of demonstrating that an analytical method is scientifically sound,
suitable for its intended purpose, and capable of generating reliable results
(Guidance for Industry 2011; Vander Heyden et al. 2001; Limentani et al. 2005;
Ritter et al. 2004) Qualification is a less rigorous process than validation, but similar
in that it is used to assess a method at the end of or concurrent with development to
determine if the method’s design and quality performance are suitable for its
intended use. In contrast, method validation confirms a method’s expected per-
formance with predefined assessment criteria that include every data element
required as per Q2(R1) (ICH 2000). Method validation meets all Q2R1 require-
ments. Method qualification is based on Q2R1, but may not include all data ele-
ments such as intermediate precision.

Since methods are used throughout product development to guide decisions,
method qualification may be considered a dynamic process. Product development
decisions are impacted by the strength of the design of the development experiment
and the reliability of the measurement tools. Thus, a method should always be
“qualified” to satisfy its intended purpose of supporting product development.

One of the tacit principles of QbD is that quality should be built into the process
rather than empirically derived from performance of the method. The formal val-
idation is an empirically derived confirmation of a method’s performance. The
method validation may be otherwise used to inform the laboratory about the var-
iability characteristics of the method under conditions of long-term use. This is
illustrated in USP <1033> Biological Assay Validation (Guidance for Industry
2008). The results of a properly designed validation may be used to build quality
into the assay (in this case a bioassay) through appropriate formatting. The example
taken from the chapter is shown in Table 12.3.

Table 12.3 Impact on
formatting for bioassay
variation

Reps (n) Number of runs (k) (Geometric coefficient of
variation %)

1 (%) 2 (%) 3 (%) 6 (%)

1 7.2 5.1 4.1 2.9

2 6.4 4.5 3.6 2.6

3 6.0 4.2 3.4 2.4

6 5.7 4.0 3.3 2.3
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The percent geometric coefficient of variation is shown for different combina-
tions of numbers of runs (k) and numbers of replicates within a run (n). If the
precision cannot exceed 5 % to be fit for purpose, the laboratory can either perform
the bioassay in three runs with a single replicate in each run, or in two runs each
with two replicates. This represents the “design space” in the replication factors of
the bioassay. The format may be different for different uses of the assay. For
example, more precision (and thereby less uncertainty) may be preferred for the
calibration of a working standard.

The combined assay development (robustness), qualification and validation
represent the validation package. Qualification and validation runs can be combined
to obtain a more powerful knowledge assessment of the quality performance
characteristics of the assay.

12.1.4.6 Analytical Method Maintenance

To facilitate continuous improvement of analytical methods, monitoring the con-
trolled state is achieved through an AMM program (Guidance for Industry 2008).
AMM programs provide a real-time view of the analytical method’s quality (and
perhaps business) performance based on monitoring and assessing the method’s
state of control. Thus, they can provide assurance that the method is being main-
tained as suitable for intended use post validation. The cornerstone of AMM is the
test method Control Chart, along with how reference standards and other critical
reagents are monitored.

• Control charting

A reference standard is an in-house standard for the material being tested. For
example, a control lot of polysaccharide X (reference standard) is run in each
hexose content assay along with the newly manufactured lot of polysaccharide X.
Monitoring the reference standard values gives an indication of the method’s
quality over time (short- or long-time frame). This type of control chart will monitor
the method’s real intermediate precision over time as the components of the
method’s precision consist of the typical components that contribute to the meth-
od’s variability (e.g., operators, days, instruments, reagents). Additional monitoring
of method quality characteristics, such as slopes, baseline noise values, etc., is also
useful.

If the method control chart is combined with the manufacturing control chart for
the commodity tested, a complete set of manufacturing process control data is
available. A combination control chart (overlay of test method chart on manufac-
turing control chart) allows for rapid identification of laboratory or manufacturing
outliers and for rapid action to maintain overall process control. The AMM control
chart thus forms a direct linkage between QbD for analytical methods and QbD for
manufacturing processes.
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• What to chart to be efficient but have enough information to troubleshoot when
necessary

The ideal material to use in control charting an analytical method is a reference
material from the same process producing the test article. If this is not available,
then a positive control sample that is run through the method as a sample can be
used. This reference material has an assigned value and expiry; the quality per-
formance of this reference material then is monitored in every run for its ability to
stay within the ATP predefined accuracy and precision requirements. Deviations
from alert limits or trends in direction of values within the accuracy and precision
limits are identified and acted upon in a timely manner leading to real-time control
of method quality. The monitoring of this control has added advantage as a trou-
bleshooting tool in OOS investigations as well as supporting process monitoring.

• How to incorporate continuous improvement for methods in validated QC
space?

A second key component of AMM is monitoring and control over changes to the
method or its components over time. The ATP contains specific quality and busi-
ness requirements that govern acceptability of method changes, i.e., operational
limits within which a change must operate. An allowable difference for any method
component change can be determined based on the ATP and documented quality
performance of the method from validation and routine use (active monitoring of
control chart). Then use of accuracy and precision requirements (ATP defined) can
be used to design equivalency studies that can be analyzed using a two one-sided
test (TOST) approach.

• Incorporation of Continuous Improvement, Method Changes through Life-cycle

The control strategy should take into account the analytical method life-cycle.
Over time and routine use of the method, changes inevitably occur that need to be
assessed for impact to the validated state of the method i.e., its ability to stay within
the ATP. Method components may need to be changed or replaced e.g., columns,
detectors, reference materials, etc. Other changes may include transfer to other
laboratories or even complete replacement of the method using an alternative
technology.

The TOST approach for equivalency testing (Vander Heyden et al. 2001), with
criteria based on ATP and allowable difference (θ) between licensed and proposed
new method, can also be used if a method is to be transferred or replaced at some
point during its life-cycle. This approach allows for difference in the methods being
compared based on prior knowledge and intended use with a limit based on both
statistical as well as practical differences that is used to determine equivalence.

• Reference standard and critical reagents

A reference standard and critical reagents program should be established to
assure continuity of scale and maintenance of the method range. The units of the
reference standard define the scale of the method. This may be in units of
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concentration such as a protein standard, or in units of a primary reference standard
as in an in vitro or in vivo potency assay. The reference standard may be obtained
externally from a compendial or commercial source, or manufactured internally.

If the reference standard is obtained externally it is qualified for use in the assay.
The qualification should be designed to demonstrate that the reference standard is fit
for use in the intended method. This may be carried out as a comparability exercise
using a TOST approach for equivalency testing. An internal reference standard
program should ideally combine the use of a primary reference standard with
replaceable working standards. In this case, a working standard is qualified against
the primary standard. This is in contrast to a program where each new reference
standard is qualified against its immediate predecessor (serial qualification). Unlike
a primary reference standard program, serial qualification is subject to method drift
in scale as well as propagation of measurement uncertainty.

The qualification of a new reference standard can be carried out in one of two
ways: (1) demonstration of equivalence of the new standard to its comparator (the
primary or previous reference standard); or (2) calibration of the new reference
standard to its comparator. The choice of approach depends upon the variability in
manufacture of new reference standards. When the manufacture of new standards is
variable, demonstration of equivalence of a new standard is difficult and may result
in an apparent shift in manufacturing history and poor manufacturing process
capability. Calibration of a new reference standard should be carried out in such a
way as to minimize the uncertainty of the assigned value for the standard. If
coupled with a primary standard the calibration also serves to monitor the stability
of the primary standard. If serial calibration is performed, the new standard can be
assayed as a test sample in a sufficient number of runs to minimize uncertainty.

Stability of a reference standard should be assessed to minimize the impact of
drift. As highlighted previously the primary standard stability can be assessed as
part of the qualification of new working standards. Stability of a working standard
can be routinely monitored through some absolute characteristic of the standard.
Trending of method system suitability parameters reveals changes in the standard.
For a potency assay the 50th percentile of the reference curve or response at one or
more dilutions may be used to monitor stability. Drift in the method control is not a
sensitive measure of standard stability as the control may be unstable. Stability
assurance should be considered in conjunction with stability control. Thus, the
standard might be a lyophilized preparation of the manufactured material and/or
may be held under colder conditions.

Qualification of critical reagents provides assurance of continuity of the method
range. As with the reference standard a critical reagent may be tested for equiva-
lence to a current reagent or titrated to a level which ensures equivalence. Since the
range of the method is defined by the units of the reference standard, qualification
of a critical reagent should be performed on this material.
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12.2 Case Study

12.2.1 Introduction and Background Driving QbD
Development of a Potency Assay

The case study presented below describes in detail the application of QbD prin-
ciples for the selection and development of a Potency Assay for a hypothetical
protein-based vaccine. Figure 12.5 presents graphically a method development
process. Our case study will examine in depth several of the steps in the diagram to
demonstrate the application of QbD principles to analytical method development.

12.2.2 Analytical Target Profile

Prior to method selection and development, details of what the method needs to do
(has been requested to do), how it should perform, and how it will be controlled are
documented and an ATP formalized. A team approach is implemented to develop
the ATP with representatives from the various groups that will be directly impacted
by use of the method, i.e., development, analytical, regulatory, and quality.
Table 12.4 summarizes the background information that needs to be collected and
utilized by the team that will guide the ATP definition.

Fig. 12.5 Conceptualized method development process
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Table 12.5 summarizes the ATP for the analytical method of the case study. The
method is an ELISA method to measure potency of the bulk drug substance (DS)
that is part of a multicomponent drug product (DP) vaccine.

One key element of QbD application to analytical method development is the
systematic identification and use of prior knowledge (also shared with classical
approach). Selection requires complete understanding of the technical aspects as
well as understanding of quality and business capabilities of the method in order to
align the method with the ATP. Prior knowledge for our Potency Assay is sum-
marized below (a asterisk indicates items assessed through experimental design to
highlight application of QbD principles):

1. Prior Knowledge of the sandwich ELISA: theoretical considerations
The Sandwich ELISA measures the amount of antigen between two layers of
antibodies (i.e., capture and detection antibody). The antigen to be measured
must contain at least two antigenic sites capable of binding to antibody, since at
least two antibodies act in the sandwich.
Either monoclonal or polyclonal antibodies can be used as the capture and
detection antibodies in Sandwich ELISA systems. Monoclonal antibodies rec-
ognize a single epitope that allows fine detection and quantification of small
differences in antigen. A polyclonal is often used as the capture antibody to pull
down as much of the antigen as possible.
The advantage of Sandwich ELISA is that the sample does not have to be
purified before analysis, and the assay can be very sensitive up to 2–5 times
more sensitive than direct or indirect and very accurate and reproducible.

Table 12.4 Background information to needed to facilitate development of ATP for potency
method

Prior knowledge Efficacy of candidate directly related to protein content

Similar licensed DS/DP manufactured on site has potency assay
based on same technology

Purpose Potency assay used for measuring antigenically active protein
components with respect to the total protein amount

Method intent State-of-the-art immunochemical quantification of antigen for lot-
release and stability potency testing of drug substance and drug
product

Method selection Double antibody sandwich ELISA

Reportable value Antigenicity (%) = Antigen content/protein content

Method quality perfor-
mance criteria

ICH Q2(R1) for potency assay

Method business perfor-
mance criteria

Throughput, ease of use, investigation resources

Stability indication Assay should be capable of discriminating native antigen from
degraded antigen
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2. Conceptual design of the sandwich ELISA: a good ELISA assay shows…

• Specificity toward the analyte to be quantified*

• S-shaped dose-response curve (OD versus dilution level or concentration)*

• Clearly defined upper and lower asymptotes with ≥3 inter-dilution points in
the linear working range of the standard curve*

• Acceptable parallelism between standard and samples
• Acceptable precision and accuracy balanced to meet criteria for Total Error

and established specifications*

• Stability-indicating properties*

• Optimized conditions for sample preparation, dilution scheme(s) (incl.
sample pre-dilution), concentrations of Ab, Ag, blocking reagents…*

• Identified major sources of variability with respect to sample preparation,
incubation durations and temperatures, stability of coloration, edge effect…*

Table 12.5 ATP potency assay (validation requirements per (USP 2014))

DS mfg requirements and
targets

Method
characteristic

ATP criteria

Purity: NLT 95 %
Potency: 100 ng mL−1

Range: 70–130 ng mL−1

Target 100 ng mL−1

Sampling: minimal sample
volume due to high mfg cost
Stability indicating

Accuracy Bias NMT 5 %

Precision Intermediate (Ruggedness): %RSD
NMT 20 %

Total error (%
Bias + 1.65 × %
RSD)

±30 %

Specificity Specific to native antigen

Reduced reactivity with degraded
antigen

NMT 5 % bias due to excipients and
process residuals

Linearity R2 > 0.98, normal distribution of
residuals

Range 70–130 % of specification

Robustness NMT 20 % contribution of any method
factor to overall test method variability

All other factors controlled through
specific method settings

System suitability GMT reference sera NLT 83 %
(antigenicity)

Plate background NMT 0.20 Abs units

B parameter NMT 1.21 (from upper
90 % CI)

D parameter NMT 2.81 (from upper
90 % CI)
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3. Conceptual design of the sandwich ELISA: Development success criteria

• Efficient antigen binding and assay specificity towards antigen
• Decreased binding with denaturated/partially degraded antigen (stability

indication)
• Background <0.2 AU*

• OD working range >2.0 AU*

• No hook effect above antibody saturation*

• Assay sensitivity and linearity*

• Assay easy to operate in routine

4. Critical reagents:

• Selection of the reference material used for sample quantitation:
• Long-term stability ⇒ use of lyophilized material when possible
• Calibrated unitage in protein content ⇒ use method with known error (bias/

RSD)
• ELISA response characterized ⇒ use control chart (e.g. on mid-point)
• Control strategy of reference material: check for cake appearance? Resus-

pension time?
• Selection of the internal control used for system suitability:
• Long-term stability ⇒ use of lyophilized material
• Time difference between manufacturing of the reference and control
• ELISA response characterized ⇒ use control chart (e.g., on antigen content)

12.2.3 Method Selection

Two candidate methodologies were available to the laboratory as potential potency
assay formats. A simple ranking analysis tool was used as an aid in the choice of
two alternative methods. The tool has three steps followed in sequence to evaluate
(1) CMAs, (2) KMAs, and (3) prior knowledge of the two candidate methods
against the ATP.

The evaluation can be stopped at any step at which a quality difference is
detected. In the example below (Table 12.6), such a quality difference was already
detected after step 1, the CMA evaluation. During the evaluation process, a priority
value (Table 12.6: “Priority”) and a score value (Table 12.6: “Score-2”) were
assigned to each method characteristic for each of the methods to arrive at an
overall rating (Table 12.6: “Rating”) for each. The total rating at the end of step 1
(Table 12.6: “Total”) pointed to the sandwich ELISA as a better fit for meeting all
the quality attributes desired from the ATP, i.e., the total rating score for ELISA
based solely on CMAs was 140 points higher than that of the cell based assay. In
cases where the differentiation at the CMA level may not be as apparent, additional
assessment of KMA scores, and/or prior knowledge can be used as part of the three-
step process.
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Prior company experience with a similar product and analytical expertise with
the sandwich ELISA format were important factors in the method selection process.
Due to successful development and implementation of a sandwich ELISA as the
potency assay for similar product, the selection process was abbreviated to docu-
menting previous experience on the same format.

However, customer requirements and expectations still were systematically
assessed as shown in Table 12.7. The impacts of customer (business) requirements
such as specificity, transferability, or critical reagent availability were evaluated with
respect to their importance for quality parameters such as accuracy, and precision.
The impact of quality parameters on method outputs that are seen by the customer
was divided into scores of low (+), medium (++), and high (+++). Associated
number scores were then used to calculate a “critical to customer (CTC)” score to
rank-order the quality parameters. Subsequent risk assessment then focused on the
highest ranked quality parameters, i.e., those with the highest CTC index.

The Quality Function Deployment matrix is a decision-making systematic pro-
cess used to incorporate customer requirements into every aspect of the design with
respect to critical functionalities. In analytical QbD, the matrix can be designed so
that measurable functional requirements selected according to the ICH Q2 guideline
(ICH 2000) on method validation are rated on a scale of 1 (weak), 3 (moderate) or 9
(strong). Rating the relationship between customer and functional requirements is

Table 12.6 Method selection factor ranking analysis

Characteristic Method Priority Score-
1

Score-
2

Rating

Accuracy ELISA 1 100 100 100

Bias NMT 5 % Cell assay 100 100

Specificity/discriminate degradant ELISA 1 100 100 100

Cell assay 50 50

Precision ELISA 0.5 100 100 50

Cell assay 50 25

Linearity ELISA 0.1 100 100 10

Cell assay 50 5

Range ELISA 0.5 100 100 50

Cell assay 100 50

Robustness ELISA 1 100 100 100

Cell assay 50 50

System suitability ELISA 1 0 100 100

Cell assay 100 100

Total ELISA 520
380Cell assay

Priority is based on method: Low 0.1, Medium 0.5, High 1.0
Score 1 Indicates if method meeting CMA from ATP is independent (No 0, Yes 100)
Score 2 Ability to meet ATP requirement: not met 0, partially met 30, or 50, fully met 100
Rating = Score 2 × Priority
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then used for prioritization of development activities using a Pareto chart and helps
focusing resources on design aspects that have the greatest impact on method
performance and customer satisfaction.

12.2.4 Risk Assessment

Once the basic method was selected and CTC scores of quality parameters were
established, the first step of risk assessment focused on mapping out the overall
assay process and the subprocesses (Fig. 12.6). Several blocks within the main
stream of carrying out the assay were identified starting with Raw Material Storage
and ending with Data Acquisition. Additional subprocesses that feed into the main
assay process were identified as well, for example, the sample preparation and
equipment operation.

As a detailed risk assessment of the entire system was too great of a task to be
carried out within the framework and timelines of practical assay development,
risks of subprocesses with minimal direct interaction with the main assay were
assessed in less detail. Systematic risk assessment could then focus on the assay
itself. The sample/reference dilution which was mapped to the sample preparation
subprocess was still included in the risk assessment since it was closely associated
with carrying out the assay. An Ishikawa Diagram (aka Cause and Effects or
Fishbone Diagram) was used to brain-storm inputs of the assay process that could
affect measured results (Fig. 12.7). Input factors were assigned into six categories:

Fig. 12.6 Process map displaying the immunoassay steps and associated input sub-processes

12 Quality-by-Design: As Related to Analytical Concepts … 503



F
ig
.
12

.7
Is
hi
ka
w
a
di
ag
ra
m

(a
ka

Fi
sh
bo

ne
or

C
au
se

an
d
E
ff
ec
t
di
ag
ra
m
).
M
et
ho

d
st
ep
s
ar
e
as
si
gn

ed
to

si
x
ca
te
go

ri
es
.
In
di
vi
du

al
in
pu

t
fa
ct
or
s
ar
e

as
si
gn

ed
to

th
e
re
sp
ec
te
d
m
et
ho

d
st
ep
s
an
d
ca
te
go

ri
es

504 B. Junker et al.



Analyst, Equipment, Method, Measurement, Environment, and Materials/Supplies.
Individual blocks in the process map such as “Coat, Detection…” became sec-
ondary side chains (“spines”) within each of the six main categories. Lastly, indi-
vidual factors were visualized by tertiary side chains within each block, for example
“reagent concentration, incubation time…”.

With the process map and the Ishikawa diagram as a foundation, risks associated
with individual inputs/steps were listed and ranked using a Cause and Effects
Matrix (Table 12.8). Initially, the potential impacts of factors onto each CMA
(identified in the ATP, see Sect. 12.2.2) were translated into individual risk scores
and summed up into final risk scores. Final scores were triaged into high, medium,
and low risks based on a cut-off matrix. High level risks (sum > 20) and their
interactions were then studied further in multifactorial designed experiments (see
Sect. 12.2.5) to explore and optimize the design space.

Risk factors ranked as “high” in the C&E diagram (matrix) were explored further
by FMEA in order to select appropriate factors to study in development (see
Table 12.9 and Fig. 12.8).

Highest risks were associated with inappropriate choice of assay conditions for
sample dilution schemes, antigen-antibody reaction time, substrate incubation time,
and antibody dilution factor. Incoming quality control of substrate lots were also

Table 12.8 Example of a cause and effects (C&E) diagram to determine impacts of assays risks
on ATP requirements

Method
parameter = X

Specificity Linearity Sensitivity Precision Accuracy Impact Rank

Sample/reference
dilution

5 5 25 H

Antibody dilution 5 3 15 M

Use of automated
versus manual
wash

5 5 L

Ab coating
duration

3 3 9 L

Ag–Ab reaction
duration

5 5 3 75 H

Ag–Ab reaction
temperature

3 5 15 M

Blocking reagent
type

3 3 9 L

Blocking reagent
concentration

3 5 15 M

Revelation time 3 3 9 L

Coloration
stability

3 3 3 27 H

Reading
wavelength

1 3 5 15 M

Each risk is scored by low, medium, and high impact on each requirement. The final risk score is the product of all
impact scores. Final risk scores are categorized as low (1–9), medium (10–20), and high (>20)
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found to be important but could not be controlled via the design space. Based on
their risk, these factors were studied during development.

12.2.5 Design Space

The first stage in ELISA development encompasses the selection of antibodies.
Drivers in selection include assay-related technical rationale, such as ability of
antibodies to show antigen degradation and to ensure appropriate assay quality and
business performance, as well as external assay factors, such as in vitro/in vivo
neutralizing properties. Selection of antibodies relies on the design of the assay, e.
g., Sandwich versus competitive ELISA or direct versus indirect detection formats.
It is widely acknowledged that epitope-directed monoclonal antibodies exhibit
higher specificity and better discriminant properties toward change in antigen
conformations.

In the case study below, an indirect Sandwich ELISA format was selected with
antigen capture onto polyclonal antibody-coated plates and monoclonal antibody
coupled to HRP-conjugated secondary antibody for antigen detection and quanti-
tation. Peptide epitope candidates were identified from the antigen primary structure
using in silico prediction algorithm and corresponding peptides were synthesized
and used to immunized rabbits. Six different monoclonal antibodies were raised
then screened for their ability to distinguish between native and degraded antigen.
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Fig. 12.8 Risk Priority Numbers (RPN) were calculated as the product of severity, occurrence,
and detectability rankings and graphed against the risk ID. Highest risks as indicated by “*” were
studied in DOEs
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The plot in Fig. 12.9 shows the monoclonal antibodies ordered by the response to
the native antigen. ANOVA shows a significant interaction between species (native
and degraded) and antibody (p-value < 0.0001). Pairwise comparison between
species shows that the monoclonal antibody directed against epitope 2 “Ab2”
exhibits appropriate stability-indicating profile. Overall the Ab2 ELISA shows high
specificity, selective reactivity to native antigen and low background. Interestingly
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Fig. 12.9 Antigen response plot obtained with different monoclonal antibodies directed against
six epitopes
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Fig. 12.10 Influence of vortex duration and dilution scheme on sample antigenicity
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“Ab2” exhibits neutralizing properties towards the antigen in vitro as measured by
antigen-antibody neutralization assay on blood specimen.

Assay robustness was evaluated according to the science- and risk-based
approach described in the above sections. The assay process map was brainstormed
and potential Critical Method Factors (CMFs) were identified using the Cause and
Effect diagram and risk ranked by Failure Mode and Effect Analysis. Design of
Experiments was used to assess the influence of potential CMFs on assay robust-
ness. Potential CMFs were clustered in independent DOEs according to their ability
to impact sample integrity or assay quality/business performance. Response factors
were selected accordingly, i.e., the antigenicity of the sample and/or midpoint of the
standard quantitation curve. The latter response factor represents the concentration
at which the reference gives 50 % of the signal and can be calculated using a four-
parameter (4-PL) logistic-log curve fitting model. The midpoint of the standard
quantitation curve is a good indicator that the reference is still within its valid use
date and is conveniently used to monitor continual assay performance over time.

In a first DOE, the influence of sample dilution scheme to working concentra-
tion, vortex duration, and “bench” hold time was studied. In Fig. 12.10, the vortex
duration and the dilution scheme were found to significantly influence sample
antigenicity (model p-value = 0.0047). A systematic error is found due to the
dilution scheme while sample antigenicity is affected by longer vortex duration
(greater than 5 s) due to change in antigen conformation and/or epitope accessi-
bility. Protein aggregation related to shearing is known to affect antigenicity.

In a second DOE, different risk-assessed assay parameters were analyzed for
their potential to impact sample antigenicity quantitation and assay quality per-
formance, namely antigen load and concentrations of capture polyclonal antibody,
detection monoclonal antibody “Ab2” and HRP-conjugated secondary antibody. As
shown in Fig. 12.11, only the concentration of detection antibody “Ab2” was found
to affect sample antigenicity although the statistical significance (p-value = 0.0138)
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Fig. 12.11 Influence of detection Ab2 concentration on sample antigenicity
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and relative impact are moderate with respect to concentration range (fourfold
between lower and upper limits).

In addition to impact of CMF on sample quantitation, different parameters and
second-order interactions were also shown to affect the midpoint absorbance of the
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Fig. 12.12 Pareto chart of CMF impacting the midpoint of the reference
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reference. A Pareto chart is often useful in identifying what are the parameters and/
or interactions with the highest order of magnitude (Fig. 12.12). Above a certain
threshold, the parameters identified can be considered as a CMF.

For the CMF with the highest influence, a confirmatory set of experiments in the
form of a response surface can be then used to confirm and decide on appropriate
control strategies. Since the concentration of detection antibody “Ab2” was cate-
gorized as CMF, the response surface approach was used to evaluate the design
space and boundaries of assay robustness. The “Ab2” incubation time at detection
was selected for interaction. The response surface analysis suggests that a quadratic
model is optimal. The contour plot (Fig. 12.13) is a convenient way to identify the
design space and decide on potential acceptance criteria for reference suitability (e.
g., OD > 0.8).

Finally, intermediate precision was assessed between laboratories, analysts, day-
to-day testing, and different sample batches using a nested design. The choice of the
design was based on random factors having the highest likelihood to impact assay
variability, namely plate preparation, buffer preparation, operator, day, product
batch, batch-to-batch variability of commercially available critical reagents. Inde-
pendent sample preparations from two production batches were analyzed repeatedly
using four plates performed on three different days by two analysts in parallel at
each time (N = 24). One of the two batches used in the precision study corre-
sponded to the lyophilized DP. Random factors such as buffer preparation and batch
quality of the HRP-coupled secondary antibody were also included in the design to
study their influence on the precision of the assay.

Total method variability was evaluated in addition to a variance component
analysis to determine factors that impact method performance the greatest. The
hierarchical design utilized a mix of prior knowledge as well as outcomes from the
risk analysis to determine which factors to include and which replication strategy to
employ. This allowed expressing precision results with associated confidence
intervals displaying the level of uncertainty around communicated values.

Assay variability was expressed in geometric coefficient of variation (GCV in %)
of log-normal data. Sources of random error, i.e., day, operator, buffer, HRP-
coupled secondary antibody, were ranked according to their respective contribu-
tions to the total method variability. As shown in the Pareto chart, most of the

Table 12.10 Variance
components and their
contributions

Effect Variance
component

Percentage contribu-
tion (%)

HRP-coupled
2nd Ab

0.004497 58.9

Day 0.002809 36.8

Operator 0.000326 4.3

Buffer 0.000000 0.0

Total 0.007631

%GCV 9.1 %
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random variability is related to the change in the batch quality of HRP-coupled
secondary antibody followed by the “Day” factor. Overall the method variability
showed acceptable intermediate precision of 9.1 %. No further assay improvement
was decided since intermediate precision was deemed acceptable for a potency
assay (Table 12.10 and Fig. 12.14).

Other ICH characteristics were also confirmed using data from the intermediate
precision including: the linearity and working range of the reference, suitability of
the 4-parameter logistic regression model of the standard curve used for sample
quantitation, as well as parallelism of the sample response and quantitation
accuracy.

12.2.6 Method Control Strategy and Analytical Method
Maintenance

Information on assay robustness and intermediate precision gathered for building
the Design Space of the assay were then used to build a scientifically sound control
strategy (Table 12.11). The Design Space of the assay being established, the
understanding of the different factors impacting assay performance can support the
design of appropriate control measures, including improvement of analytical
instructions and clear documentation, setting of data-driven acceptance criteria and/
or range for system/sample suitability or shelf-life of reagents and buffers.

Results from the intermediate precision study were used for qualifying an
internal assay control and setting acceptance criteria for routine testing from the

Fig. 12.14 Contributions to
and cumulative frequency of
variation
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intermediate precision study. The lyophilized DP (averaged antigenicity from the
precision study = 101 %) was selected with respect to its good stability profile.
Acceptance criteria were defined as upper and lower limits of the prediction interval
as follows (Eq. 12.1):

Acceptance limits ¼ 101 %� tð95%;N�1Þ � 9:1 % ¼ 81 %; 121 %½ � ð12:1Þ

Finally, method performance was monitored to ensure continual compliance
toward established control measures. This was achieved by following test results
from routine testing in statistical control charts as shown in the Fig. 12.15. Different
parameters from the control strategy can be combined to trend for analytical outlier
and initiate appropriate investigations on a timely manner. Shewhardt rules can be
used to detect potential trends in control charts. The three-signal control chart limits
displayed in Fig. 12.15 are most commonly used. Values beyond these control
limits represent special cause variation, i.e., they are not caused by random fluc-
tuations or noise. Special cause events should be investigated to determine root
causes for continuous improvement and risk mitigation.

12.2.7 Case Study Summary

The analytical development was closed out by comparing the ATP requirements
upfront and the associated CMAs with the results of analytical development (see
Table 12.12). The assay was found to satisfy several CMAs relating to the ATP,

Table 12.11 Summary of proposed method control strategy

Factor Category Impact Control strategy

Dilution scheme CMF Bias/system-
atic error

Define clear instructions to perform sample
dilution in the SOP

Vortex time CMF Sample
accuracy

Define maximum vortex duration in the
SOP, e.g. 3 s (<5 s)

Dilution of the
detection Ab2

CMF Sample
accuracy

Define a target dilution in the SOP, e.g.
5000-fold, in combination with minimum
incubation duration, e.g. 60 min

Use control chart to monitor antigenicity of
a qualified internal assay control

Reference
midpoint

Use control chart to monitor standard
midpoint in routine

Batch quality of
HRP-coupled
2nd Ab

Noise Intermediate
precision

Use control chart to monitor antigenicity of
a qualified internal assay control

Day Noise Intermediate
precision

Use control chart to monitor standard
midpoint in routine
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namely specificity, accuracy, and precision. Business-driven customer requirements
were considered as well by establishing a method that was transferable, rugged, and
robust.

12.2.8 Method Qualification and Validation

Method Qualification is the process of documenting an analytical method as suit-
able for its intended use for clinical manufacture or prior to the validation exercises
for the final method used in commercial operation. Not all methods require vali-
dation but qualification may be expected in all other cases. There is currently no
official guidance document for qualification of analytical methods, however, a
valuable discussion is presented in (USP 2014) and a PDA task force is currently
editing a Technical Report that encompasses analytical method development and
qualification for biopharmaceuticals. Method Validation guidance is found else-
where (Guidance for Industry 2008, 2009; PDA 2012).

Application of QbD for analytical methods is ideal as the basis for determining
the limits within which the analytical method operates. This implies that the ATP
becomes the basis for setting method qualification/validation acceptance criteria for
the method parameters assessed in such studies (i.e., accuracy, precision, and
specificity) that are directly linked to demonstrating suitability for intended use. In
the case of method qualification with no protocol, the ATP criteria become the
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Table 12.12 Summary of the case study

ATP CMA or KMA Development
outcome

Objective
achieved

Quality target
product
profile

Potency for candi-
date vaccine anti-
gen in accordance
to ICH Q6B. Lot-
release and stabil-
ity potency testing
of drug substance
and drug product

Specific to
native antigen

Potency assay spe-
cific to the product

+

Decreased
reactivity with
degraded
antigen

Critical qual-
ity attribute

Antigen quality,
70–130% (provi-
sional
specification)

Accuracy,
precision

≤30 % accurate +

Total
error ± 30%
within estab-
lished working
range

RSDIP < 20 %

Analytical
method
design and
intent

State-of-the-art
immunochemical
quantification of
antigen by

Throughput,
Transferability

Double antibody
sandwich ELISA

+

Release
criteria

% antigenicity Reportable
value is anti-
genicity in %
defined as the
antigen-to-pro-
tein ratio

Measured raw data
translated into %
antigenicity scale

+

Development
endpoint

Definition of fac-
tors during method
design and estab-
lishment of
instructions in an
analytical
procedure

Analytical
procedure

Addressed high
risks of assay con-
ditions, reaction
time, substrate
incubation time
and antibody dilu-
tion factor

+

Risk factors Identification of
critical factors
using risk assess-
ment and R&R
(Intermediate pre-
cision and
Robustness)
experimental plan

Monoclonal
detection anti-
body “Ab2”
concentration

DOE of high rank-
ing risk factors;
design space of
detection antibody
and incubation
time

+

Analytical
method main-
tenance (not
shown)

System suitability
criteria, method
robustness study

Control
strategy

Specific examples
of control charting
(e.g., mid point of
standard curve)
and KM for this
case study

+

Comparison of customer requirements as defined in the Analytical Target Profile (ATP) at start
with achieved results and Critical Method Attributes (CMAs)
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default acceptance criteria for the qualification exercise. This concept can be
extended to the validation exercise as well. Robustness is a required method vali-
dation parameter but should be addressed in development (Guidance for Industry
2009). The DoEs used for robustness studies in the QbD approach are used to
further demonstrate method suitability in addition to being useful for determining
and then verifying system suitability limits.

Additionally the DoE approach used to assess intermediate precision in devel-
opment can be used in the qualification/validation studies. The nested design
approach is ideal for a typical intermediate precision validation study. This design
analyzed using a linear mixed model with random effects has added benefit of
determining the proportion of total variance attributed to each factor (e.g., day,
operator, instrument) assessed in the design. Knowing the variance associated with
each parameter gives information useful for future method troubleshooting or
improvement. For example, in the case study, the IP data was analyzed using a
linear mixed model with random effects. Three operators ran four plates each on
3 days (note in this dataset day and operator are confounded, therefore, only two
factors were analyzed: operator/day and plate). The statistical output is given in
Table 12.13.

The factors operator/day and plate contribute 11.5 and 88.5 %, respectively, to
the total variability of the method under the design assessed. Future troubleshooting
or improvement areas for the method could focus on these two factors.

12.3 Considerations Beyond Method Implementation

The systematic approach of QbD generates a large amount of knowledge around
method design space, quality/business targets, risks, and their mitigation as well as
potential opportunities for continuous improvement. To use these data most effi-
ciently, knowledge generation, management, and transfer need to be well coordi-
nated. Traditional approaches often separate development space from QC
operations with transferred knowledge limited to the analytical procedure and some
training in the form of qualification runs. With this approach, the vast amount of
knowledge gained throughout development remains with assay developers, some-
times captured to a certain extent in technical reports but often forgotten between
changing staff and time passing. Method risks and their mitigation rarely are cap-
tured and communicated systematically leading to avoidable assay failures far
down-stream in operations.

Thus, QbD-based development needs to go hand-in-hand with systematic
knowledge management as recognized to a certain extent in ICH Q10. The design
space should be captured in technical reports detailing particularly knowledge
around critical method parameters. However, data beyond the design space and
around less-critical parameters should be conserved as well since it might be ref-
erenced at future time points, for example, when accommodating additional method
transfers, reagent or equipment qualifications, or implementation of improvements.
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Risks and their mitigation should be documented as well. This could be accom-
modated as a part of design space and development documentation, as a separate
report focusing on the risk assessment tools, or combined with recommendations in
the analytical procedure and control strategies. Similarly, control strategies may be
incorporated into the procedure, for example, recommendations of specific equip-
ment, or they could be documented as stand-alone documents, for example, reagent
qualification plans that are key to the maintenance of immunoassays. These reports
need to be transferred to the receiving laboratories together with the method to
allow QC operations to effectively manage the method life-cycle. On the receiving
end, knowledge retrieval and updates need to be managed as well. As QbD
incorporates continuous improvement, it is imperative to incorporate experience
gained during long-term method use both in the group carrying out the assays as
well as the development laboratory which could incorporate the information into
second generation assays or potential transfer knowledge to other projects as
applicable.

In the early days of QbD, a number of discussions focused on the potential for
regulatory flexibility around changes within the design space (according to ICH Q8
and Q11). However, few if any examples were realized in this direction although
the filing and review process has been smoother when a QbD paradigm was fol-
lowed. While filing a design space alone may still be in the future, the method
understanding and risk knowledge gained throughout QbD-based development
could help justifying partial validation approaches or comparability protocols, for
example, when implementing method changes within the analytical method’s
design space. This will need to be managed on a case-by-case basis following
quality systems together with using the risk assessment and mitigation process that
is part of QbD. Overall, regulatory management of QbD may still be in its infancy.

Regardless of the regulatory component, scientific, and business advantages
support QbD-based analytical development. Particularly, complex methods with
multiple subprocesses such as immunoassays benefit from the systematic QbD
development process compared to traditional approaches that rely heavily on
individual’s experience and line-of-sight.

Table 12.13 Variance components (LMM/REML) from intermediate precision data

Random
effect

Var ratio Var
component

Std error 95 % lower 95 %
upper

Pct of
total

Op 0.1293281 7.9309028 24.358687 −39.81212 55.67393 11.452

Plate[Op] 61.323889 28.908358 29.013391 204.38348 88.548

Total 69.254792 100.000
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Chapter 13
Vaccine Potency Assays

Todd Ranheim, Ned Mozier and William Egan

13.1 Introduction

Historically, vaccines have predominantly been manufactured through complex
biological processes (growth in embryonic chicken eggs, bacterial fermentation,
and mammalian cell culture) that can be challenging to control and reproduce.
Although the introduction of Quality by Design principles is changing the “the
process is the product” mindset, the development of appropriate release assays
remains a critical element in ensuring the safety and efficacy of a vaccine
throughout its shelf life. The development of relevant and robust potency assays
requires careful consideration of the nature of the protective immune response to the
targeted antigen as well as a detailed understanding of the structural features of the
antigen that elicit the protective response.

13.2 History

The concept of measuring the potency of vaccine formulations has been around
nearly as long as the first vaccines. Shortly after the introduction of the smallpox
vaccine in 1796, it was noted that cowpox, which was being transmitted from person
to person, was declining in potency. The problem was solved by reintroducing the
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virus back into cows and using serial inoculation of animals to maintain potency.
This change to the then current practice had the added benefit of enabling large-scale
production of the vaccine.

Potency as a concept was recognized, but the development of good methods to
determine potency took quite a bit longer. It would not be until the late 1800s that
local health authorities started introducing plans to monitor potency of biologics on a
routine basis. And as late as 1902, practitioners were still lamenting the lack of a
potency test for smallpox. “We unfortunately at present possess no test of the effi-
ciency of lymph other than the clinical one… It is therefore of importance that, as is
invariably done in the case of lymph issued from the Government Laboratories,
every batch should be tested on children before being distributed for general use
(Copeman 1902).”

Almost a century after the introduction of the vaccine, an animal potency assay
for smallpox was developed by Calmette and Guerin (1901) and was further
improved and standardized by Force and Leake (1927). The assay was improved
yet again to reduce the variability inherent in an animal potency assay and was then
ultimately replaced by an assay using titration onto chorioallantoic membranes of
fertilized hen eggs and in cell culture (Kolb et al. 1961; Bartell and Tint 1961;
Leparc-Goffart et al. 2003).

Several high-profile tragedies involving contaminated vaccines or antitoxins
preceded the modern era of vaccine regulation and led to the passage in 1902 in the
US of the Biologics Control Act. The Act was passed to “regulate the sale of
viruses, serums, toxins, and analogous products” (Milstien 2004). The Act also
created the Hygienic Laboratory of the U.S. Public Health Service, which in time
became the National Institute of Health, whose mandate included providing over-
sight for the manufacture of biological drugs.

The twentieth century subsequently witnessed rapid advances in childhood
immunizations as vaccines for rabies, pertussis, diphtheria, tetanus, polio, measles,
rubella, mumps, Hib, hepatitis B, and meningitis among others were developed
(CoPoP 2011; IAC 2006). Along with the development of these vaccines, the
importance of manufacturing reproducibility and product quality testing became
increasingly more recognized and subject to regulation by national authorities.

13.3 Definition and Link to Mechanism of Action

For the United States, potency is defined as the “… specific ability or capacity of
the product, as indicated by appropriate laboratory tests or by adequately controlled
clinical data obtained through the administration of the product in the manner
intended, to effect a given result (21CFR600.3 2013).” Potency tests are then
defined such that they “… shall consist of either in vitro or in vivo tests, or both,
which have been specifically designed for each product so as to indicate its potency
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in a manner adequate to satisfy the interpretation of potency given by the definition
in § 600.3 (s) of this chapter (21CFR610.10 2013).” The definition of potency is
relatively straightforward, namely, the ability to effect a given result (for vaccines,
the ability to produce an immune response that will protect against the indicated
disease); the definition of potency tests is also straightforward—tests that indicate
the vaccine’s ability to effect its intended result. The CFR allows potency tests to be
either in vitro tests or in vivo tests, or both; importantly, the CFR does not require
in vivo tests or bioassays for potency.

Other definitions for potency and potency tests, which differ somewhat from that
in the CFR, exist. The ICH guidance, Q6B (Specifications: Test Procedures and
Acceptance Criteria for Biotechnological/Biological Products) (ICHQ6B 1999),
notes that potency is “The measure of the biological activity using a suitably
quantitative biological assay (also called potency assay or bioassay), based on the
attribute of the product which is linked to the relevant biological properties.” This
definition appears to disallow the sole use of chemical-based assays for measuring
potency and, moreover, requires an assay that is based on the attribute of the
product that is linked to its activity. The ICH Guidance, however, does exclude
“conventional vaccines” from its scope.

The World Health Organization has adopted the ICH definition of Potency, e.g.,
in the WHO Guidance on the Non-clinical Evaluation of Vaccines (adopted by the
ECBS in November, 2003) (WHO 2005), but has also noted in the same document
that “Potency tests measure the biological activity of a vaccine but do not neces-
sarily reflect the mechanism of protection in humans.”

Increasingly, less reliance is being placed on in vivo (animal-based) potency tests
for vaccines, with more reliance being placed on in vitro-based assays (cell-based
assays and binding assay), as well as purely chemical or physicochemical-based
methods (such as those used for the polysaccharide–protein conjugate vaccines). As
depicted in Fig. 13.1, quite commonly an inverse relationship exists between the

Fig. 13.1 Potency assay continuum
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assay that is most representative of the desired biological effect and the assay that has
the best statistical characteristics for use as a lot release and stability monitoring
assay.

In Europe, an additional complication for the development and use of potency
assays is a Directive to not use animal-based assays unless alternatives do not exist.
Efforts are underway in Europe (and elsewhere) to replace animal-based potency
tests that require a lethal challenge (such as the potency tests for rabies or anthrax)
with either in vivo tests that do not require a lethal challenge or with in vitro tests
(such as an ELISA-based method).

13.4 In Vivo Potency Assays

In vivo (animal-based) potency assays may be conveniently divided into two cat-
egories. Following inoculation with the test vaccine, the animals may either be
challenged with virulent organisms (generally a defined reference strain of the
homologous bacteria or viruses) against which the vaccine has been developed or,
alternatively, the animal’s immunological response is evaluated, e.g., by an ELISA
or virus neutralization assay. An example of the former is the potency determination
of rabies vaccine by the intracerebral challenge of mice with virulent rabies virus
(Seligmann 1996); the potency is determined by the number of immunized mice
surviving the challenge relative to the number of surviving non-immunized mice.
The potency is calculated relative to surviving mice using a reference vaccine. An
example of the latter is the potency determination of acellular pertussis vaccines by
evaluating the serum antibody response in mice against the vaccine antigens using
an ELISA-based assay (Ph.Eur.2.7.16 2012).

The variance of animal-based potency assays is generally large. For example,
because of assay variance, the release criterion for the above-mentioned rabies
potency test is 25–400 % of the reference. Additionally, because of the large
variance in in vivo assays, the vaccine dose is often set by physical–chemical assays
and the potency assay functions more as a limit test, i.e., given a particular dose of
the vaccine, the potency test result exceeds a certain value. Additional concerns
attend in vivo assays. They generally require considerable time to carry out, often
1–2 months, they are expensive, and importantly, they raise considerable ethical
issues regarding the use of animals; with regard to this latter point, the European
Union has issued a directive requiring the use of nonanimal-based assays whenever
possible (EU 2010). Finally, for multiantigen vaccines, the substantial variance in
the potency determination of each antigen may lead to the unwarranted rejection of
potent lots of vaccine.

Given the many issues with in vivo assays, the question may be posed as to why
they are used. The answer is complex. Many of the in vivo assays are associated
with older vaccines (such as whole cells pertussis, diphtheria and tetanus toxoids,
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rabies, anthrax), for which, at the time they were developed, other analytical
technologies did not exist; additionally, the vaccines were often complex mixtures
for which the protective constituents were not identified (e.g., whole-cell pertussis
vaccine). Developing replacement in vitro assays that correlate with the in vivo
assays has proven difficult, as has been seen in developing a replacement assay for
rabies vaccine. For some of the more modern vaccines, the critical quality attributes
for the various immunogens have been identified. To illustrate this point, we note
that, for example, an ELISA assay may be used to determine the potency of hep-
atitis B vaccines because conformationally based protective epitopes have been
identified on the protein antigen (Giffroy et al. 2006), similar results are not
available for other vaccines, such as the acellular pertussis vaccines (although the
dose of the acellular pertussis vaccines is set by the amount of each protein in
vaccine, the potency is assessed by determining an immunological response in
mice).

Currently a number of efforts are underway, both in Europe and the Americas, to
find replacements or refinements for many of the older in vivo assays. As an
example, the potency of diphtheria toxoids may be assessed by evaluating the
serological response in guinea pigs to a test diphtheria vaccine in its ability to
neutralize toxin in a Vero cell assay, rather than in a lethal toxin challenge to the
immunized guinea pigs (Ph.Eu.2.7.6 2005). A number of efforts have been
underway during the past decade to develop alternative potency assays for the
rabies and anthrax vaccines, in great part because these assays involve lethal
challenges to the inoculated and control animals. Efforts have also been underway
—and in a number of instances have been successful—in reducing the number of
animals that are needed for the potency test. For example, several assays that
required testing of a set of dilutions have been replaced by single dilution assays,
the diphtheria potency assay being one example. These efforts have been modeled
on the three R ethical principles of Russell and Burch (Reduction, Refinement, and
Replacement) (Russell and Burch 1959).

In vivo assays are often utilized during vaccine development. The in vivo assays
provide a biological response to the candidate vaccine and a measure of the vaccine’s
potency that can be readily measured in the absence of a thorough characterization of
the vaccine candidate or a knowledge of the vaccine’s critical quality attributes.
However, as the vaccine matures through the development cycle, in vitro assays are
often developed and replace the in vivo assay. Such a development process is well
illustrated by the development of Gardasil, Merck’s human papilloma vaccine
(Shank-Retzlaff et al. 2005). A mouse immunogenicity test was initially established
and, during development and at the time of licensure, was replaced by an ELISA-
based in vitro relative potency assay.

For currently licensed US vaccines, those employing an in vivo potency assay
may be found in Table 13.1.
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13.5 In Vitro Potency Assays

13.5.1 Live-Attenuated Viral and Bacterial Vaccines

The potency assay for the majority of live-attenuated viral vaccines has, in general,
been a simple count of the number of infectious particles, primarily through a count
of the number of plaque forming units. Potency assays for oral polio, mumps,
measles, rubella, rotavirus, yellow fever, influenza, adenovirus, and smallpox all
use methods to enumerate infectious particles.

A similar situation has existed for the live-attenuated bacterial vaccines, the
Salmonella typhi vaccine (Ty21a) and the tuberculosis vaccines (BCG). The potency
of these vaccines is determined by enumerating the number of colony forming units.

13.5.2 Inactivated Whole Viral Vaccines

Initially, the potency of the inactivated whole-virus vaccines was based on in vivo
assays, namely, the immunological response to the vaccine in an animal species and
the ability of the sera to neutralize the wild type virus or, as in the case of the rabies
vaccine, the ability of the immunized animal to withstand a lethal challenge by wild
type virus. Subsequently, in several instances, such assays have been replaced by
in vitro assays designed to measure the quantity of a particular epitope on the
vaccine virus as, for example, with the hepatitis A virus vaccine. The potency of
inactivated whole-virus influenza vaccine is based on a single radial immune dif-
fusion analysis.

13.5.3 Recombinant DNA Derived and Virus Derived Protein
Vaccines

Examples of these vaccines include the hepatitis B virus and human papilloma virus
vaccines. Although the original potency assays were in vivo assays (used either

Table 13.1 Examples of US-licensed vaccine employing an in vivo potency determination

Vaccine or vaccine component Potency test

Diphtheria toxoida Evaluation of serological response by animal challenge

Tetanus toxoidsa Evaluation of serological response by animal challenge

Inactivated polio virus (IPV)a ELISA determination of serological response

Acellular pertussisa ELISA determination of serological response

Rabies Lethal challenge of immunized animals

Anthrax Lethal challenge of immunized animals
a Applies also to combination vaccines containing this antigen
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initially after licensure or were initially used during vaccine development), the
potency assays are currently ELISA-based assays that measure the quantity of
particular epitopes on the proteins.

Other than the whole-virion inactivated vaccines, the inactivated influenza
vaccines are either split vaccines or subunit vaccines. Their potency is measured by
a SRID method.

13.5.4 Inactivated Bacterial Vaccines and Bacterial Protein
Derived Vaccines

The potency of the whole-cell pertussis vaccine was measured by an intracerebral
challenge of immunized mice with pertussis bacteria; this method remains the
standard potency assay for those regions wherein whole-cell pertussis vaccines are
in use. The potency of the current acellular pertussis vaccines are determined by
monitoring the sera of immunized mice for antibody levels against the vaccine
antigens using ELISA-based methods.

13.5.5 Bacterial Polysaccharide Vaccines

The potency of the bacterial polysaccharide vaccines (meningococcal, pneumo-
coccal, and Salmonella typhi Vi antigen vaccines) is linked to the amount and size
of the respective polysaccharides. The polysaccharide vaccines were the first vac-
cines whose potency was based on purely chemical and physical chemical methods.
The potency may also include a measure of the content of certain appended groups
to the polysaccharides, such as O-acetyl groups.

13.5.6 Bacterial Polysaccharide Protein Conjugate Vaccines

The potency of these vaccines is assayed primarily through chemical and physical
chemical methods. The test parameters include polysaccharide content, free poly-
saccharide content, polysaccharide to protein ratio, degree of conjugation, and size
(and polydispersity) of the conjugate. The primary measures of potency are the
amount of saccharide conjugated to the protein carrier and the size/molecular
weight of the conjugate.
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13.5.7 Diphtheria and Tetanus Toxoids

The potency of these vaccines is based on the serological response to the vaccine in
test animals. The response may be evaluated either by challenging the immunized
animals to the toxin or by evaluating the ability of the immune sera to neutralize the
toxin in an in vitro assay.

13.6 Method Development and Prevalidation

A rigorous period of method optimization is essential in the development of vaccine
potency assays owing to their complexity and inherently high relative variability.
Thoughtful consideration should be given to experimental designs that facilitate
identification of all potential sources of variability (reagents, reference standards,
time, temperatures, animal handling techniques, cell culture techniques and passage
levels, seasonal factors, analysts, critical equipment, etc.) A potent approach to
improving the quality of the final reportable result is to hardwire the assay
acceptance criteria into the test method. The criteria for a “normal” assay should be
built around the performance of a stable reference standard. By interrogation of the
raw data from a stable reference standard tested repeatedly during the method
development phase, analysts can establish statistically meaningful ranges for a
variety of measurements including all the parameters of the curve fitting program,
the precision of replicates, day to day variability, and others. This is also invaluable
as a tool to assure that critical reagents (e.g., antibodies, binding ligands) are also
not changing on storage or when replaced. These criteria can be most useful for
objective decision-making for determining when a test is invalid, and before sample
results are calculated.

13.7 Assay Validation

Validation of potency assays for vaccines is typically based on (1) the type of
vaccine being tested and (2) the specific procedural details of the analytical method.
The term “potency” is used differently across product class and within the vaccine
class. For analytical procedures applied to vaccines, potency can mean the strength
of the antigens or, more typically, the biological activity. There are examples of
both, and this needs to be defined before test method validation is to be conceived.
In all cases, knowledge and understanding of the active ingredient’s intended
human in vivo mode of action is the most useful information to develop before
consideration of validation. Greater understanding may lead to more confidence in
results, hence an expansion of options available to the manufacturer.
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Options available to the method developer include assays that are based on
animal, cell culture, biochemical (e.g., enzymic) and, in some cases, ligand and
receptor binding. This range of options is broad enough for most vaccines and has
been fully utilized in the field of vaccine potency assays owing to the great diversity
of compounds. A number of similar approaches have been applied for vaccine
products on the market as the history was developed well before the ICH guidelines
were in effect. The applicability of ICH guidelines are less relevant to some
products that have been in use for a long time, such as live or attenuated organisms;
however, the concept of standardization and relative potency is well suited to the
assessment of accuracy and precision which are defined in ICHQ2(R1) (1996).
More commonly, vaccines that are purified (proteins, polypeptides, their deriva-
tives, and conjugates produced recombinantly or non-recombinantly) appear to be
within the scope of ICH 6B and vaccines. Vaccines that are “well-characterized
proteins or peptides” are explicitly claimed in the scope of ICHQ5C (1995). Many
modern vaccines bear great similarity to recombinant biotherapeutics in regards to
what can be characterized. Taken together, the ICH quality documents are valuable
for those developing and validating analytical methods and may be used by reg-
ulators in the USA, European Union, Japan, and other countries. For instance,
ICHQ2(R1) (1996), though quite general to encompass small- and large-molecule
drugs, clearly place potency assays in the category of Assay (henceforth assay and
potency are used interchangeably). This is useful in that it specifies the data
required for test method validation and establishes definitions for each characteristic
measured during the exercise.

The types of materials (in process, intermediates, drug substance, drug product)
for which test methods are validated depend on their intended use. Test methods
which monitor the quality of these materials need appropriate validation to confirm
materials are (1) adequate for further processing and (2) suitably stable during their
period of intended use. Comprehensively, these tests must assure the final drug
product is safe, pure, and efficacious. For this reason, emphasis is given on the
validation of the potency assay test method for the final dosage form of the drug
product. This activity is critical insofar as it represents the final measure of the
potential efficacy of the drug as delivered to patients. Vaccine drug products have a
unique challenge in that they may be combined with adjuvants or contain a mixture
of antigens. In these cases, the assay must be able to individually quantitate each of
the antigens, or the antigens can be separated from adjuvant (e.g., using suitable
buffer treatments) without destruction of functional epitopes. If a suitable method is
not found (either in vivo or in vitro), a strategy that shifts the emphasis to the
validation of the assay method for the drug substance can be explored. Even in
cases when the drug product is testable, manufacturers have an obligation to show
that the drug substance maintains its potency over the shelf life and under the
conditions of storage. In many cases, the drug substance and drug product may be
validated together by diluting them to a matching antigen concentration and then
testing identically.

In vivo potency assays are understood to have higher variability, except in rare
cases where they are based on concentration of the active material, because of the
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nature of the biological systems. Even the most genetically pure animal strains,
housed and managed with great attention to consistency, will show differences
between individuals. Adding to this is the endpoint readout, which has its own
variation and may require the use of customized (manufacturer made and con-
trolled) critical assay reagents (e.g., antibodies). These factors are well recognized
and “wider confidence limits” (ICHQ6B 1999) are the norm. To minimize the
variation from biological assays, a validated quantitative strength assays is an
advantage since it enables close matching of the assay concentration of reference
and test article. These sources of variation are the main factors leading to the
relatively wide range of control limits and product specifications. In some cases, if
the assay variation exceeds that of the process, the control limits will be based
entirely on the assay capabilities. This underscores the value of a proper assay
validation as a means to generate meaningful data as opposed to a box-checking
exercise.

Historically, potency testing for vaccine drug products has been perceived as an
opportunity and a challenge. The opportunity is that less testing (by physico-
chemical means) overall is possible if a credible, well standardized potency assay is
available. However, the trend in vaccine development is clearly toward more
characterization for product consistency regardless of the availability and quality of
the potency assay. While the opportunity may be diminishing, the challenge is
unchanged and predicated on the fact that a true mechanism-based mimic of how
the vaccine works in the human patient is never possible. Unlike bioassays for other
biotherapeutics, where the direct interaction of the active with the target or receptor
(on cells, or binding after immobilization on a solid support) is possible, vaccines
involve a complex cascade that is not replicated in any in vitro systems today.
Vendors are working in this area, some with very clever approaches, but a credible
replication of the human immune system to use for assay is currently not available.
As a consequence, there are a great diversity of vaccine potency assays and the
regulatory expectations are less predictable. A brief summary of the many
approaches possible for the range of types of vaccine products, as described in the
fine review by Hendriksen (2009), includes physicochemical methods (e.g., analytic,
biochemical, spectroscopic); immunochemical (e.g., biosensor, ELISA, immuno-
blotting); in vitro immunological (antibody or cytokine production, lymphocyte
activation/proliferation); or potency (e.g., functional antibodies [neutralizing, bac-
tericidal], challenge tests). The latter category (challenge tests), though sometimes
highly relevant as a mimic to function, is increasingly being avoided for ethical
(animal welfare) and practical reasons.

The following sections are intended to summarize the various approaches taken
for vaccine potency assay validation, but first the principles of validation according
to ICH (ICHQ2(R1) 1996) are discussed as generally applicable to vaccines. Being
mindful of the principles of validation and the reasoning for each type of data
collected may simplify the process as applied to the exceedingly complex and
diverse range of vaccine products. The simplest approach of all is in those rare cases
where a physicochemical test is possible, in the manner in which small molecules
rely on drug strength as the only measure of potency (inferring that all actives are
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equally potent). The prerequisites for this approach, according to ICH Q6B, are that
(1) sufficient physicochemical information including higher order structure is
established and relevant correlation to biologic activity has been demonstrated; and
(2) there exists a well-established manufacturing history. It is therefore incumbent
on the manufacturer to collect this body of information and have enough con-
vincing data to make this case at the time of registration and approval of the vaccine
product. This approach is not discussed further, as it is rare and the requirements
according to ICH (ICHQ2(R1) 1996) are straightforward.

Validation requirements for potency, defined as assay test methods in ICH
(ICHQ2(R1) 1996), are that they are able to quantify the active moiety in samples.
This is interpreted to mean that test results are reported numerically and that a
control range is possible for the major component. The requirements for assay
methods are accuracy, precision, specificity, linearity, and range. It is also sug-
gested that robustness be addressed during method development after the procedure
has been optimized. Ultimately the validation may be considered an evaluation of
the test method itself and should expose any flaws, limitations or deficiencies.
Therefore, it is prudent to conclude a base level of test method development well
before embarking on the validation exercise. A noisy or non-specific assay cannot
be solved by validation and may impact the control range possible and the even-
tually the quality of the dossier. Finally, revalidation may be required if the process
or formulation changes. In these cases, careful bridging is important to maintain
continuity of the product throughout development. This is generally achieved
through judicious use of well-characterized reference standards.

Specificity is a primary aspect to confirm in potency method since the method
should be able to differentiate among (1) closely related but undesirable structures
that might be present at the time of manufacture or may form on storage and
(2) impurities or formulation components that are present. This may be manifested
in antibody-based assays that measure epitopes of interest (e.g., known or surmised
to negatively impact the function of the vaccine in humans). It is recognized that
“complete discrimination” is not always possible (ICHQ2(R1) 1996) and therefore
other assay methods are needed. For example, the drug concentration (strength) is
an assay to validate and compensate, as well as being used to match the concen-
trations of standard to the test article. Specificity may be established for the potency
assay by showing that active (from drug substance) spiked into the final formulation
(in drug product) gives equivalent results, i.e., a lack of interference. Specificity is
especially valuable if potency is measured in samples from the process prior to final
processing, where impurities may normally be present. In these cases, comparing
the matched (active) concentrations of process samples to final drug substance in
the potency assay will indicate if there is interference in the presence of impurities/
processing components. Another way to confirm specificity is where a conjugate or
toxoided vaccine is evaluated (using matched concentrations) at various stages of
partial activation versus the final. A specific method will differentiate between
partially activated (i.e., less active or inactive) and the intended product. If speci-
ficity is not established during method development, there is no reason to proceed
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further with validation since the test method must be able to “see” as it is intended
to measure and be “blind” to other substances that are not an active component.

Linearity for a potency assay is the least useful and most misinterpreted vali-
dation characteristic for the simple reason that most biological responses are not
linear. This is acknowledged in ICH (ICHQ2(R1) 1996) where it is stated that
immunoassays may not be linear and other approaches are allowed. In fact,
regression analysis for potency assays are multifactorial, often four-parameter, and
based on the nature of the data for a given assay. Regardless of the equation
applied, the expectation is that at least 3, and preferably 5, concentrations will be
used, an overall assessment of goodness of fit will be applied, and a data plot will be
provided in the report. One approach, perhaps overlooked, is to simply transform
the data by using the “calculated” Y values and X (known concentration) values to
produce a linear response. In this manner, the required data for linear regression can
be fulfilled (correlation coefficient, y-intercept, slope of the regression line, and
residual sum of square). A well-characterized reference standard is typically used
for this evaluation and this has practical value since the data produced for linearity
is often the same replicated in routine application when the method is standardized
and used routinely to test samples. In cases where a reference standard is utilized, it
is expected that the responses of the test sample and the reference will be parallel.

Range may be determined from the bounded concentrations (upper and lower)
of the standard dilutions tested for linearity (above). However, for potency assays,
the most practical value is obtained by using (1) the suggested levels as a per-
centage bounding the target antigen concentration, (2) the range covered by any
other physicochemical assay [e.g. strength], and (3) the shelf-life strength lower end
of the acceptance range if applicable. ICH (ICHQ2(R1) 1996) recommends for
assay that the target ±20 % should be studied as part of the validation. For instance,
if the target vaccine concentration at release is 1.0 ug/mL, it should be evaluated at
0.8 and 1.2 ug/mL at a minimum. Using the same example, if the end of shelf
specification is 0.7 ug/mL, this level should also be included. Ideally, a broader
range to encompass most contingencies is desirable and is does not add to the
burden if planned in the initial validation design. Range is unique among validation
criteria, since it does not require data other than a listing of the range to be tested
and the rationale. More importantly, the accuracy and precision is the data con-
firming the appropriate range. Note that if the study is designed with the appropriate
number of concentrations and tests, including the target, the same data may be used
for accuracy and precision without additional laboratory studies (see following on
accuracy and precision).

Accuracy defined as the closeness of agreement between the value measured
and that of a reference value. Since a reference value is obtained only through large,
interlaboratory studies such as those sponsored by the USP or NIBSC, it is rarely
applicable to new drugs under investigation. Several means to assess accuracy are
described in ICH (ICHQ2(R1) 1996), the most pertinent being “comparison to an
analyte of known purity,” in most cases the manufacturer’s reference standard. Also
applicable is the fact that once specificity, linearity, and precision are established,
accuracy is inferred. In practical terms, accuracy is measured by diluting a reference
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material based on known (“actual”) strength to exact concentrations, to include the
target and a total of at least 3 levels that cover the specified range. Typically, 5
levels are tested including the least and greatest values in the range (above), plus the
target (100 %) and 80 and 120 % of target. A total of 9 determinations are required,
although it is often practical to test 15 (5 levels prepared independently in tripli-
cate). This will result in 15 determinations and satisfy the requirement of at least 9.
In addition, this will provide the data that can be used for precision (repeatability)
below without additional laboratory study. Note that it is important that the
intended protocol for the test method to be used routinely be followed exactly. For
example, if the samples are to be analyzed in duplicate or triplicate and the results
averaged, this should be included in the assay design. In this case, each of the 15
determinations would be tested twice (or thrice) after preparation and averaged to
generate only 15 “reportable results.” By this manner, the accuracy data will reflect
the true method performance under conditions of actual use. An example is pro-
vided in Table 13.2 as a matrix for a vaccine where the target antigen concentration
is 1.0 mg/mL and the necessary upper and lower ranges are 1.3 and 0.7,
respectively.

For all determinations, the difference between the measured value and the actual
is estimated by calculation of percent recovery. The confidence intervals are also
required data.

Precision is the closeness of agreement (degree of scatter) between a series of
measurements from sampling of a homogeneous sample. Precision is to be inves-
tigated in at least two ways: (1) repeatability (within assay) and (2) intermediate
precision. A third way, reproducibility, is reserved for situations where the test
method is to be performed in more than one laboratory, in which case it may be
substituted for intermediate precision. Repeatability (“within” assay or intraassay)
is typically performed by a single analyst under the same operating conditions over
a short interval of time. It shows the capabilities of the method under the best
possible conditions where samples are compared directly in the same test. Inter-
mediate precision (“between” assay, within same laboratory or facility) is ideally
performed by different analysts, on different days, using different instruments, and
any other variables that analysts may be expected to encounter in the future.
Reproducibility is the same as Intermediate precision but adds an additional vari-
able, that of the laboratory. Intermediate precision and reproducibility information

Table 13.2 Example sample matrix for accuracy determination

Preparation 1 Preparation 2 Preparation 3

0.7 mg/mL Lower end of range Xn = 1, 2 or 3
a Xn = 1, 2 or 3

a Xn = 1, 2 or 3
a

0.8 mg/mL 80 % of target Xn = 1, 2 or 3
a Xn = 1, 2 or 3

a Xn = 1, 2 or 3
a

1.0 mg/mL Target Xn = 1, 2 or 3
a Xn = 1, 2 or 3

a Xn = 1, 2 or 3
a

1.2 mg/mL 120 % of target Xn = 1, 2 or 3
a Xn = 1, 2 or 3

a Xn = 1, 2 or 3
a

1.3 mg/mL Upper end of range Xn = 1, 2 or 3
a Xn = 1, 2 or 3

a Xn = 1, 2 or 3
a

a If assay tests samples as singlets (n = 1), 15 determinations required, if n = 2, 30 determinations
required, if n = 3, 45 determinations required
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is uniquely valuable in that it provides an estimate of variance that most mimics the
application of the method in the future under all kinds of expected and random
variables. For example, potency test results that seem out of trend in future stability
studies can be interpreted as likely due to method versus a true change in the quality
of the material. Care must be exercised to avoid validation experiments that are
done in a short time under artificial control since it may suggest that the analytical
test method has greater capabilities than are truly the case in normal use. For all
types of precision, the required data is a determination of standard deviation, rel-
ative standard deviation (coefficient of variation), and confidence intervals.

Repeatability (Precision) minimally requires either (1) 6 determinations at target
(100 %) of test concentrations or (2) 9 determinations of three concentrations across
the range (each in triplicate). The latter approach allows assessment together with
the accuracy determination (see above), where the standard deviation from the
replicate values for each of the 5 levels may be calculated from the data.

Intermediate precision may use either the reference against itself or, ideally,
another batch of material. Critical to this determination is careful design of the
study so that normal variables (day of assay, analyst, instrument, etc.) are in play
and represented in the final reportable result. These variables are necessarily con-
founded, but confined, since the purpose is to capture all normal variation in the
reportable results. It should be noted that understanding of the major sources of
assay variability are best studied during the method development phase, where they
can be controlled and built into the test method prior to validation (see Robustness
below). The validation exercise measuring intermediate precision is intended to
give results as expected in the future under normal conditions of use. An example
matrix is given in Table 13.3, where a single sample (separate from the reference
standard) is tested by itself as a target (100 %) a total of 6 times, by two analysts in
the same laboratory facility using two instruments. By this design, six reportable
values are calculated for percentage relative potency. These results are averaged and
standard deviation calculated. The percent relative standard deviation can then be
used to calculate the statistical probability that a given result is different than 100 %,
and future data interpreted as likely the same as reference or different. The minimal
number of data points is not specified in ICH (ICHQ2(R1) 1996), but at least three
results are necessary to calculate standard deviation, and at least two analysts for at
least 2 days are necessary to meet the minimum design requirements.

Table 13.3 Example sample matrix for intermediate precision determination

Analyst 1 Analyst 2

Day 1 Instrument 1

Day 2 Instrument 2

Day 3 Instrument 2

Day 4 Instrument 2

Day 5 Instrument 1

Day 6 Instrument 1
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Reproducibility may be required if more than one laboratory will be performing
the potency assay. In this case, the matrix above may be modified such that Analyst
2 is from the second laboratory. In this case, two instruments in the same lab may
not be required because the separate laboratories will have their own units. If
intermediate precision was completed as per the design above, and a new laboratory
is being qualified, reproducibility can be conducted by simply having the new
facility execute the same design as one of the analyst using identical samples (stably
stored so there is no degradation). The dataset will then increase from six reportable
results to nine, and the performance in the new facility can be directly compared to
the originating laboratory. This is a practical and economical approach, but should
not be conducted until the receiving laboratory has been trained and become
familiar with the method.

Robustness is recommended to be conducted during method development and is
an evaluation of the influence of assay conditions deliberately manipulated to
understand their impact on results. It is not to be confused with intermediate pre-
cision (normal variation under typical conditions of use). Robustness is therefore an
exercise to understand the susceptibility of the test method to known variations. It is
expected that those parameters critical to performance will then be controlled for in
future executions of the test method. For example, if an incubation step is thought
(or known) to be susceptible to the concentration of antibody, then deliberately
prepared antibody dilutions will be tested against each other and a range (or
maximum dilution) written into the test method. No step in an analytical method
should knowingly be near the edge of failure and, if necessary, should be controlled
with training and special precautions written into the test method procedure.

13.8 Stability

The stability of vaccine preparations during their period of use is an essential aspect
to confirm during clinical development and before commercialization. The first
requirement of a robust stability system is to establish that the potency method itself
is stability indicating. This is typically established by treating samples with the
mildest possible conditions to cause structural changes in the antigens. This may
require experimentation with a range of antigen concentrations, buffers, pH, tem-
perature, and all against time. A simple protocol for a vaccine to be stored at 4 °C is
to test an accelerated (e.g., 25 °C) and stressed (e.g., 37 °C) condition for a period of
2–4 weeks. As these conditions are relatively mild, if the potency is diminished
compared to untreated controls, these may be ideal for generating evidence that the
potency assay is stability indicating under conditions where samples might be
inadvertently exposed during shipping. Other characterization is necessary to
understand which structural elements influence the potency result, although caution
is advised since treatments can cause a multiplicity of alterations, any one or
combination thereof altering potency. In some cases, the potency assay may be more
sensitive than any other technique in detecting the structural change, in which case
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its use is increasingly vital to product understanding. If the relatively mild conditions
are ineffective in changing the potency, higher temperatures and harsher conditions
may be employed. It is important to include a range of characterization methods in
addition to the potency method, (including the method for strength) to confirm that
the potency is altered. Otherwise, the strength measurement alone would be suffi-
cient for potency. In cases where there is no other potency test possible, monitoring
strength (drug concentration) as a function of storage time may be sufficient.

The ability to trend potency assay data as a function of time during stability
studies is made challenging for assays with high variability. For this reason, a
replication strategy should be used to increase confidence in the mean or “true”
value. Of course, the cost due of replication can be very high (in materials and
animals) and needs to be considered before embarking on stability studies. It is
important to include the potency test for the final time points in stability studies in
order to ensure that shelf life is well established for the vaccine drug product as
used clinically or commercially. The stability of drug substance is important early
to support preclinical studies to establish that there are no changes during the time it
is stored prior to drug product manufacturing.

13.9 Reference Standards

A reference vaccine preparation is a critical component for many potency assays
and is used to control for experimental factors that can vary over time and to
provide a link between a vaccine preparation that was effective in the clinic and
subsequent commercial lots. The World Health Organization maintains guidelines
for the establishment and characterization of reference standards (WHO 2006). The
goal of the WHO program is to establish international reference standards that allow
the activity of biological products to be expressed the same way by various labo-
ratories throughout the world and thereby provide a consistent basis for measure-
ment and comparison. The WHO reference standards are typically provided in
small quantities that are intended to be used to calibrate secondary standards that are
prepared and routinely used by each laboratory (WHO 2014).

For novel vaccines where an international reference standard is not available, the
WHO guideline provides a blueprint for the establishment of an internal reference
standard, its use, and maintenance. Of particular note, a reference standard should
resemble as closely as possible the response and characteristics of the test samples
in the specific potency assay used. “The general principle is that of “like versus
like.” Thus although it may not be necessary for the standard to be prepared in the
same formulation or matrix as test samples, it is necessary that the dose–response
characteristics of the standard are the same as those of tests samples. In addition, the
establishment of primary and secondary tiers of reference standards is highly rec-
ommended. The primary standard functioning as a “gold standard” against which
all future secondary standards are calibrated to avoid the propagation of errors that
can occur when standards are sequentially calibrated.
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13.10 Potency Assay Challenges

The development of a novel potency assay can present significant technical and
scientific challenges. These challenges can be compounded by many factors,
including properties of the vaccine active ingredient(s) and/or the excipients added
during formulation. The development of new or modified assays for older vaccines
also presents unique obstacles.

13.10.1 Combination Vaccines

The development of combination vaccines has been encouraged in the drive to reduce
the number of immunizations children receive and to increase efficacy by incorpo-
rating additional antigens. With the addition of each new antigen, the development of
a potency assay becomes correspondingly much more complex. Current regulatory
expectations assume that the potency of each of the individual components of a
vaccine will be determined in the final container. Therefore, the first question to be
answered is whether a single assay can be sufficient for all the components or whether
several distinct assays will be required (e.g., DTaP potency assays). It must be
determined if the presence of one or more of the components interferes with or
introduces a bias in the measurement of any of the other components.

13.10.2 Adjuvants

Many vaccine preparations include adjuvants that are used to boost the immune
response to the target antigen(s). While adjuvants can be critical to the efficacy of
vaccines, they also can present unique challenges in the context of in vitro potency
assays. (In vivo potency assays are typically performed in the presence of the
adjuvant). The presence of adjuvants, such as aluminum salts, can interfere with
the detection of the target antigen. Several vaccine potency assays have circum-
vented this problem by desorbing the antigen from the adjuvant prior to analysis
(Shank-Retzlaff et al. 2005; Coombes et al. 2009; Shanmugham et al. 2010). The
stability of the interaction of the antigen and adjuvant over time should also be
carefully studied and understood in the context of the potency assay.

Potency assays for vaccines come in diverse forms and vary greatly in terms of
format, complexity, statistical characteristics, and their ability to predict the thera-
peutic effect of the target antigen(s) (Table 13.4). Technological advances and quality
by design principles will continue to change the way companies and regulators
approach these assays and the subsequent improvement in understanding critical
quality attributes will lead to better monitoring of vaccines at release and through
shelf life. The tools and approaches may continue to evolve but the central and critical
role potency assays play in vaccine analysis will persist into the foreseeable future.
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Table 13.4 List of approved vaccines with selected potency assay references

Organism Vaccine Company Potency referencea

Live virus

Smallpox ACAM2000 Acambis Bartell and Tint (1961),
Kolb et al. (1961),
Leparc-Goffart
et al. (2003)

Measles/Mumps/
Rubella

M-M-R II (MMR) Merck Schalk et al. (2005)

ProQuad (MMRV) Merck

Chickenpox Varivax Merck Van Vliet et al. (1987)

ProQuad (MMRV) Merck

Zostavax Merck

Rotavirus RotaTeq (RV5) Merck Ranheim et al. (2006)

Rotarix (RV1) GSK

Influenza FluMist (LAIV) MedImmune Mo et al. (2008)

Yellow fever YF-Vax Sanofi Monath et al. (2010)

Inactivated virus

Polio Ipol Sanofi Souvras et al. (1980)

Poliovax Sanofi

Japanese
encephalitis

Ixiaro Novartis Kikukawa et al. (2012)

JE-CV Sanofi

Hepatitis A Havrix (HepA) GSK Poirier et al. (2000)

Vaqta (HepA) Merck

Epaxal (HepA) Crucell

Twinrix (HepA-HepB) GSK

Influenza
(seasonal)

Afluria CSL Wood et al. (1977)

Agriflu Novartis

FluLaval GSK

Fluarix GSK

Fluvirin Novartis

Flucelvax Novartis

Fluzone Sanofi

Flublok Protein Sci.

Rabies Imovax Sanofi (Seligmann 1996)

RabAvert Novartis

Viral proteins and VLPs

Hepatitis B Twinrix (HepA-HepB) GSK Stephenne (1990),
Emini et al. (1986)Pediarix

(DTaP-HepB-IPV)
GSK

Engerix-B (HepB) GSK

Recombivax HB Merck

Human
papillomavirus

Gardasil (HPV4) Merck Shank-Retzlaff
et al. (2005)Cervarix (HPV2) GSK

(continued)
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Table 13.4 (continued)

Organism Vaccine Company Potency referencea

Live bacteria

Tuberculosis BCG Merck Smith et al. (1979)

Tice BCG Merck

Mycobax Sanofi

Typhoid Vivotif Crucell

Toxoid

Pertussis/Tetanus/
Diptheria

Decavac (Td) Sanofi Ph.Eur.2.7.16 (2012),
Ph.Eu.2.7.6 (2005),
Coombes et al. (2012),
Sesardic (2012)

Daptacel (DTaP) Sanofi

Infanrix (DTaP) GSK

Boostrix (Tdap) GSK

Adacel (Tdap) Sanofi

Tripedia (DTaP) Sanofi

Kinrix (DTaP-IPV) GSK

Pediarix
(DTaP-HepB-IPV)

GSK

Pentacel
(DTaP-IPV/Hib)

Sanofi

Anthrax Biothrax Emergent Hering et al. (2004)

Polysaccharide

Pneumococcal Prevnar13 (PCV13) Pfizer Kim et al. (2003)

Pneumovax 23
(PPSV23)

Merck

Typhoid Typhim Vi Sanofi

Haemophilus
type B

ActHIB (Hib) Sanofi Habig (1993)

PedvaxHIB (Hib) Merck

Hiberix (Hib) GSK

Comvax (Hib-HepB) Merck

Pentacel
(DTaP-IPV/Hib)

Sanofi

Meningococcal Menactra (MCV4) Sanofi Habig (1993)

Menomune (MPSV4) Sanofi

Menveo (ACWY) Novartis

Bexsero (B) Novartis

MenHibrix (C,Y,Hib,T) GSK
a Vaccine package inserts typically contain basic information about the potency assay. Package
inserts for vaccines licensed in the US can be found on the FDA website (FDA 2013)
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Chapter 14
Establishing a Shelf Life and Setting
Lot-Release Specifications

William Egan and Timothy Schofield

14.1 Introduction

Potency is a critical quality attribute of a vaccine and those attributes that impact
potency are essential to assuring vaccine quality. Over its entire shelf life, a vaccine
must exceed a minimal potency value and, when defined, cannot exceed a maximal
potency.1 Thus, over their shelf lives, vaccines must remain either above a mini-
mum value of potency or within a defined range of potency. The upper and lower
potency limits are established through clinical studies, with the lower limit based on
efficacy and the upper limit based on known or potential safety concerns. As
illustrated in Fig. 14.1, the vaccine’s potency at release (expressed as a TCID50

value in the Figure for a hypothetical live attenuated viral vaccine) and its asso-
ciated shelf life are linked by the rate at which the vaccine, under defined storage
conditions, loses potency. Thus, for the hypothetical viral vaccine in Fig. 14.1, with
a lower allowed potency limit of 3,000 TCID50s, its effective shelf life is nearly
36 months if released at 5,000 TCID50s or ca, 19 months if released at 4,000
TCID50s. The choice of the shelf life and its associated release value would be the
manufacturer’s decision (assuming that both release values were shown to be safe).
In establishing a release potency value and shelf life specification, the uncertainties
in the potency determination at release and rate of potency loss must also be
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established and accounted for; these uncertainties are not illustrated in Fig. 14.1.
This chapter will focus on the determination of a vaccine shelf life and release
specification, including the effects of statistical uncertainties using potency as an
example attribute.

14.2 Establishing the Release Specification and Shelf Life

14.2.1 Establishing the Rate of Loss of Potency

Consider a hypothetical live attenuated viral vaccine and its associated potency
values (TCID50 values; herein expressed as their natural logarithm) as a function of
time for three vaccine Lots as depicted in Fig. 14.2 (the TCID50 values depicted in
Fig. 14.2 are presented in Appendix). The immediate question is how to use these
three data sets to establish a shelf life and associated release specification for the
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Fig. 14.1 Time dependence of the potency value for a hypothetical vaccine that would be released
at either 5,000 or 4,000 TCID50 units

Hypothetical  Data Sets

0 12 24 36
7.5

8.0

8.5

9.0
Lot # 1

Lot # 2

Lot # 3

Lower Limit

Time (months)

TC
ID

50

Fig. 14.2 Simulated time dependence of the potency (TCID50 values; expressed as their natural
logarithm) for three Lots of a hypothetical live attenuated viral vaccine
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vaccine. Most simply, it could be concluded that if the vaccine were released at
5,000 TCID50s [ln(5000) ≈ 8.52], or more, as permitted, then the vaccine’s potency
would remain within specification, i.e., above 3,000 TCID50s [ln(3000) ≈ 8.0], for
24 months (although two of the Lots remained above this lower limit at 30 months,
this was not the case for Lot #1 which fell below the lower limit at the 30-month
time point); the shelf life could be set as 24 months, the last time point for which all
three Lots remained within specification.

The above-described model for setting a shelf life, which may be termed a “com-
pliance model” as it sets a shelf life by the length of time that the vaccine’s potency
measurements remain above (are compliant with) the assigned lower limit, while
workable and having the advantage of simplicity, suffers several drawbacks.2 First,
there is an overreliance placed on the one or few data points that appear outside of the
specification window; moreover, the totality of stability information that is contained
within the other data points, namely, how potency is changing with time, is ignored.
Second, there is a realization that increasing the number of Lots (or the number of time
points for a given lot) that are tested will result in an increased probability that a test
result, due simply to the random errors inherent in the assay, will fall outside the
specification window and, therefore, result in a shortened shelf life. This discourages
the collection of additional data. Third, a sense of the confidence or extent of certainty
thatmay beplaced in the shelf life is lacking. Finally, the shelf life of the vaccinewould
be undefined if the vaccine were to be released at a lower potency value.

As an alternative procedure, and to overcome the above-noted deficits, the time
and potency data sets may be fit to a mathematical model (regression analysis) to
obtain an estimate of the time dependence of the potency loss. The regression
analysis would utilize all of the data and not rely on a single point or select set of
data points. From the fitting process, an estimate for the mathematical model as well
as a measure of the confidence in that estimate, expressed as a standard deviation or
confidence interval on the regression line, is obtained. Non-mechanistically asso-
ciated mathematical models, for example, fitting the data to a polynomial equation,
or mechanistically associated models, such as a particular chemical kinetic model
(with its accompanying mathematical form), can be explored.

Changes in vaccine potency arise from various processes. For a protein-based
vaccine, the changes may derive from denaturation/aggregation, hydrolysis,
deamidation, oxidation, disulfide interchanges, or other transformations to which
proteins are subject. For a polysaccharide-based vaccine (including polysaccharide-
protein conjugates), the changes in potency may derive, inter alia, from hydrolysis
of the saccharide main chain or side chain, or loss of particular appended groupings
(such as O-acetyl or pyruvate). For a live attenuated virus vaccine, changes in

2 The World Health Organization, in its Guidelines on Stability Evaluation of Vaccines, has noted
that “In many countries, expiry periods of vaccine products are calculated by testing a predefined
number of Lots, at pre-defined intervals, and designating the expiry period as the first time at
which a stability measurement falls below an acceptable threshold”. The WHO Guideline also
notes that “This approach has the advantage of simplicity, but may yield spurious results due to
assay variability”.

14 Establishing a Shelf Life and Setting Lot-Release Specifications 545



potency may derive from various changes which inhibit the ability of the virus to
enter cells or to replicate within those cells. Such changes may be modeled—and
have been modeled—as processes following particular kinetic rate equations.
Oftentimes, these changes in potency, typically losses in potency, may be modeled
as a first-order reaction, i.e., as a single exponential process. However, at times,
more complicated kinetic models (for example, biphasic kinetics) are necessary. In
this chapter, we will illustrate general concepts, treating changes in potency as
simple exponential processes, i.e., as first-order kinetic processes.

14.2.1.1 First-Order Kinetics

The simplest plausible model for the loss of vaccine potency would be based on
first-order kinetics, where the potency of the vaccine follows a rate law of the form

P tð Þ ¼ Pð0Þe�kt ð14:1Þ

where,
P(t) is the vaccine potency at time, t
P(0) is the vaccine potency at time zero
k is the rate constant for the loss of potency
e is the base of the natural logarithm

In Eq. 14.1,P(0) is the time that the kineticmeasurements are begun. Equation 14.1
may be linearized by taking the natural logarithm of both sides of the equation. Thus,

lnP tð Þ ¼ lnP 0ð Þ � kt ð14:2Þ

Linear regression of a [time, potency] data set to Eq. 14.2 will provide estimates
for the slope and y-intercept, representing, respectively, the estimated rate constant
for the loss of potency, k, and the natural log of the value of the potency at t = 0, ln P
(0). As an example, the data from Fig. 14.2 (see Appendix) may be analyzed for a
particular lot, for example, Lot 1. The least-squares analysis provides the best esti-
mates of the parameters of the linear model and the uncertainties associatedwith those
parameters (see Fig. 14.3). The regression line crosses the lower limit for potency at
ca. 27 months, a value that might reasonably be regarded as a shelf life. The ICH
Guidance on stability (Q1E) recommends, however, that the uncertainty in the
regression analysis needs also to be considered. Thus, given a decrease in potency
over time, the shelf life may be set as the point in time where the one-sided 95 %
confidence limit on the regression line intersects the prescribed lower limit for
potency—approximately 22 months for Lot 1.3 (The dashed line in Fig. 14.3 presents

3 ICH Q1E notes that, “for an attribute known to decrease with time, the lower one-sided 95 %
confidence limit should be compared to the acceptance criterion. For an attribute known to increase
with time, the upper one-sided 95 % confidence limit should be compared to the acceptance
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the two-sided 90 % confidence limits about the regression line; the lower branch of
the two-sided 90 % confidence limit is equivalent to the lower one-sided 95 %
confidence limit. A similar analysis can be carried out for Lots 2 and 3 and, as can be
noted in Table 14.1, slightly different estimates for the rate in potency loss are
observed, with slightly decreased rates of potency loss seen for Lots 2 and 3. Under
suitable conditions, as defined in ICH Stability Guidance (ICH Q1E), the data from
various vaccine Lots may be combined to obtain a better estimate of the parameters of
the kinetic model.4 This was done for the three Lots (which meet the ICH criteria for

Lot #1

0 12 24 36
7.5

8.0

8.5

9.0

Best-fit values
Slope

Y-intercept when X=0.0
X-intercept when Y=8.0

1/slope
95% Confidence Intervals

Slope
X-intercept when Y=8.0

Goodness of Fit
r²

Sy.x
Is slope significantly non-zero?

F
DFn, DFd
P value

Deviation from zero?

Lot # 1

-0.02364 ± 0.003705
8.637 ± 0.07165
26.97
-42.31

-0.03240 to -0.01487
21.96 to 35.69

0.8532
0.1310

40.70
1.000, 7.000
0.0004
Significant

Time (months)

TC
ID

50

Fig. 14.3 Linear least-squares fit of time and potency data set for Lot 1. The regression line is the
solid line and the 90 % confidence interval about that regression line is represented by the dashed
lines. The least-squares values from the regression analysis are presented in the accompanying
Table. In the accompanying Table, “Sy.x” represents the standard deviation of the residuals

Table 14.1 Calculated slope and intercept, with associated standard deviations, for Lots 1, 2, and
3, as well as combined Lots 1, 2, and 3

Lot number Slope Standard deviation of
the slope

Intercept Standard deviation of the
intercept

1 −0.0236 ±0.0037 8.637 ±0.0716

2 −0.0194 ±0.0027 8.601 ±0.0521

3 −0.0207 ±0.0034 8.629 ±0.0663

1, 2, 3,
combined

−0.2125 ±0.0018 8.622 ±0.0487

(Footnote 3 continued)
criterion. For an attribute that can either increase or decrease, or whose direction of change is not
known, two-sided 95 % confidence limits should be calculated and compared to the upper and
lower acceptance criteria”. In the examples of the time dependence of potency presented in this
chapter, a loss in potency with time is considered.
4 Analysis of covariance (ANCOVA) can be employed, where time is considered the covariate, to
test the differences in slopes and intercepts of the regression lines among batches. Each of these

14 Establishing a Shelf Life and Setting Lot-Release Specifications 547



combining of the data sets) of this example and the results are displayed in Fig. 14.4
(see also Table 14.1). Through the combination of the three Lots, it can be seen that
the confidence limits about the regression parameter estimates have decreased. An
additional comment about the results of these data analyses may be made. For any
given time point over the vaccine shelf life, the potency estimate that is provided by
the regression linemay be regarded as a better estimate of the potency at that time than
the measured value (for example, see Fig. 14.3) or the average of the measured values
if replicate determinations aremade (for example, see Fig. 14.4). This consideration is
of importance when considering potential “out-of-specification” values at any given
time point, and especially at time points approaching the end of shelf life for those
vaccines that exhibit a loss of potency over time.

As noted, the regression analysis is based on a mathematical model. Various
results from the regression analysis may be used to assess the adequacy of the
model; for example, an analysis of the residuals (the residuals should be randomly
distributed about the regression line and their standard deviation should be
approximately equal to the SD of the potency assay).

The value of the coefficient of determination (the r2 value) or the correlation
coefficient (r) is often taken as a measure of the adequacy of the linear model.
However, as is noted in the following Sect. 14.2.2.1, there are concerns associated
with the sole use of this evaluation metric.

As shown in Fig. 14.4, the regression line intersects the lower assigned potency
limit at nearly 30 months, while the lower one-sided 95 % confidence limit inter-
sects the lower limit at approximately 27 months. These are slightly different values
than were obtained from the analysis of Lot 1 (or of Lots 2 and 3).

Combined Lots 1, 2, & 3
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Fig. 14.4 Least-squares
regression analysis of Lots 1,
2, and 3 combined. The
dashed lines represent the
two-sided 90 % confidence
limits of the regression line

(Footnote 4 continued)
tests should be conducted using a significance level of 0.25 to compensate for the expected low
power of the design due to the relatively limited sample size in a typical formal stability study.
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14.2.2 Setting a Shelf Life and Associated Lot-Release
Specification

In the introduction of this chapter, we noted that, although commonly used, several
drawbacks attend the use of a “compliance model” to setting a release specification
and shelf life. We now present an alternative paradigm, the “Expiry Model”, which
has also been described in the aforementioned WHO Guideline on Vaccine Sta-
bility. The various elements of the Expiry Model are illustrated in Fig. 14.5.
Basically, with a target shelf life as a goal, a minimum release value is calculated by
accounting for the loss of potency over the period of the proposed shelf life and the
combined uncertainties in the rate of potency loss and the determination of the
potency at release. Knowing the rate at which potency is lost (from the least-squares
regression analysis), a potency value at t = 0 is determined (the y-intercept at t = 0);
uncertainties in (i) the rate of potency loss and (ii) the release potency assay are then
added in. The combined uncertainty is given as a statistical multiplier (associated
with 95 % confidence5) times the square root of the sum of the variances of the
individual determinations for the rate of potency loss and the release potency assay.
Thus, we have:

Release Potency ¼ Lower Potency Limitþ b̂1 � t þ ta;df

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t � sbð Þ2þ sað Þ2

q

Fig. 14.5 Calculation of a minimum release specification as presented in the WHO Guidelines of
stability for vaccines. The release specification is determined by the estimated rate of loss of
potency over time as well as the uncertainties in the estimation of that rate of potency loss and the
release assay

5 Although other confidence limits might be chosen, 95 % is a generally agreed-to default value.
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where
b̂1 is the least-squares slope of the regression line
t is the shelf life
tα,df is the critical t-value for the desired certainty with the degrees of freedom

associated with the regression
sb is the standard deviation of the regression line slope
sa is the standard deviation of the release assay potency.

Similarly, an upper release limit can be calculated to assure (with 95 % confi-
dence) that the true potency does not exceed an upper bound.

Ideally, the thus-calculated release potency value will embrace the range of the
manufacturing capability. If, however, the lower release limit is not less than the
lower value of the manufacturing capability, it will be necessary to either decrease the
shelf life and recalculate a minimum release limit or, alternatively, reject those Lots
where the manufactured value falls below the needed release value. This relationship
between manufacturing capability and release value is illustrated in Fig. 14.6.

14.2.2.1 A Statistical Interlude

For purposes of establishing an estimate for the potency loss over time, as shown in
Figs. 14.3 and 14.4, the mathematical expression describing the loss of potency,
Eq. 14.1, was first transformed to a linear form, Eq. 14.2; the transformed data were
then analyzed to provide estimates for k and P(0). While the transformation pro-
vides an equation which can be fit using simple linear regression, this logarithmic
transformation also generates data that are commonly more suitable for statistical
modeling. An assumption of least-squares linear regression is that the variance is
uniform across levels of response and that the error values (the differences between

Capability
Limits

Specifications

0 6 12 18 24 30 36

Minimum Requirement

Maximum Requirement

Shelf -Life

Release
Limits

Fig. 14.6 Ideal relationship between the minimum release value and manufacturing window
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the measured and fit values) are normally distributed. Potency measurements are
frequently log-normally distributed. A log transformation of such measurements
will therefore have attributes which satisfy the assumptions of the modeling.

In Figs. 14.3 and 14.4, in addition to providing the least-squares regression line,
the confidence interval (CI) about that regression line was provided (the dashed
lines in the Figures). The confidence interval represents the uncertainty in the
estimation of the kinetics model. In this regard, the point in time where the lower
confidence bound intersects the minimum potency requirement is the maximum
time that we are assured (assured with probability ≥0.95) that the vaccine remains
above the minimum potency (Fig. 14.5).

In selecting a set of time points for the determination of the rate of potency loss,
time points presented by the ICH Guidance on stability, were used (these are
generally 0, 3, 6, 9, 12, 18, 24, 36, 48 months). Although generally regarded by
regulators and manufacturers as an acceptable set of time intervals, from the point
of view of minimizing the error in the estimated shelf life, they are not always ideal.
The equation for the lower confidence bound (at time t) is as follows:

LCBðtÞ ¼ ŷðtÞ � ta;df � s �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n
þ t ��tð Þ2P

ti ��tð Þ2

s

where
ŷðtÞ is the estimated response from the linear regression equation,
ta;df is a critical value from the t-distribution,
s is the regression means square error (an estimate of assay variability), and
�t is the average time

The limiting factor in this equation is: t��tð Þ2P
ti��tð Þ2. This is reduced by either

decreasing the numerator or increasing the denominator. The numerator is mini-
mized by concentrating time points near the expected shelf life, t. It will be shown
later that the denominator is maximized by concentrating time points at the
beginning and end of the shelf life period.

The point of showing that alternative designs may provide better estimates of the
shelf life than ICH is not to argue against using ICH intervals. These are de facto
regulatory intervals. Rather the point is to illustrate that better estimates can be
achieved in stability studies through reduction of uncertainty (variability), which
can be managed through stability study design. For example, this may be achieved
by addition of extra data points near the expected time of expiry or past the
expected time of expiry.

We have noted that the simplest plausible kinetic model for loss of potency
would be a first-order kinetic model. However, the loss of potency for any particular
vaccine may not follow first-order kinetics and more complicated kinetic models
may be necessary. The first question we should address is whether a first-order
kinetic model is adequate to describe the data and then whether a first-order kinetic
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model is able to predict the potency at a later time point. To the first part of this
question, statistical tests may be applied to the model, namely, we can ask whether
the log-transformed data are linear. A common statistic r2 (r-square) is not ideal for
detecting nonlinearity. This is because r-square is impacted by a number of factors:
(1) the steepness of the slope; (2) the variability about the regression (s); and (3) the
variability (range) in the time points. The variability about the regression (s) is
closest to capturing the aspect of graphical linearity, and may therefore be used to
monitor linearity. Alternatively one may use residual plots or fit a model with a
quadratic (curvature) term in the model. While a test of significance of the quadratic
term would indicate statistically significant curvature, an equivalence approach
using a range on the quadratic coefficient (equivalence margin) is better.

14.2.2.2 A Chemical Kinetics Interlude

At times, it may appear that it is not necessary to log-transform the data; that is, that
the data are adequately fit by a simple linear model. Chemically, this would cor-
respond to the vaccine losing potency via a zero-order kinetic model, wherein P
(t) = P(0) − kt. Although zero-order reactions are rare, and generally derive from
surface catalysis, the appearance of zero-order like kinetic behavior is not surprising
as it mimics the initial portion of an exponential process, i.e., first-order kinetics.
The similarity between a zero-order reaction and the initial portion of a first-order
reaction is readily seen by expanding the exponential (see Eq. 14.2) in a Taylor
series and noting the close correspondence of time values to a zero-order model
when

e�kt ¼ 1� kt
1!
þ ðktÞ2

2!
� ðktÞ3

3!
þ � � �

values of kt are small; see Table 14.2.
Although a zero-order model may be seen to adequately fit the available data, we

note that such a model would be highly unusual from a chemical kinetics viewpoint,
but, more importantly, that extrapolating zero-order kinetics to longer times, for
which data are not available, would inappropriately lead to a markedly reduced
estimate for the shelf life. This example also serves as a caution in overly relying on
extrapolated data, even when the model appears to provide a reasonably good fit to
the existing data.

Table 14.2 Values of A0 exp
(−kt) and A0[1−kt] as a
function of kt

kt A0 exp(−kt) A0[1−kt]

0.05 95.1 95.0

0.10 90.5 90.0

0.15 86.1 85.0

0.20 81.9 80.0

0.25 77.9 75.0
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14.3 The Temperature Dependence of Reaction Rates
and the Arrhenius Equation

The rates of chemical reactions are, in general, dependent on temperature,
increasing with increasing temperature. It is a relatively well-accepted generaliza-
tion, about which we will soon have more to say, that the rate of a reaction
approximately doubles with each 10° increase in temperature. As changes in vac-
cine potency derive ultimately from chemical transformations, potency changes are
also temperature dependent. This temperature dependence is generally described in
terms of the Arrhenius6 equation, shown below:

k ¼ Ae�Ea=RT ð14:3Þ

where
k is the reaction rate constant
R is the universal gas constant
T is the temperature in degrees Kelvin
Ea is the activation energy for the reaction
A is the pre-exponential factor (the units of A are those of the rate constant, k; for

a first-order reaction, the units are time−1)

The values of Ea and A are considered constant for a given reaction, a reasonable
approximation given the relatively limited temperature range that is generally
investigated in kinetic studies of vaccines. Therefore, if Ea and A are known, the
reaction rate at any temperature may be calculated. The values of Ea and A may be
determined measuring the reaction rate at two different temperatures, generating
two equations for the two unknowns. In practice, the reaction rate at a number of
temperatures is determined and the [rate, temperature] data set are then analyzed by
a least-squares fitting procedure to a linearized form of the Arrhenius equation,
gotten by taking the natural log of both sides of Eq. 14.3; thus

ln kð Þ ¼ ln Að Þ � Ea

R
� 1
T

ð14:4Þ

From a least-squares fit of ln(k) versus 1/T, one obtains a slope, Ea/R, and
intercept, ln(A); see Fig. 14.7. With the values of Ea and A in hand, as noted above,
the rate constant at any other temperature may be calculated, either within or
outside of the investigated temperature range; it is important to note, however, that
the further outside of the investigated temperature range, the greater the uncertainty
in the predicted reaction rate, as indicated by the 95 % confidence limits about the
regression line shown in Fig. 14.7. It should be noted that the accuracy of the

6 The relationship between reaction rates and temperature was developed by the Swedish physical
chemist, Svante August Arrhenius (1859–1927).
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simple least-squares fit presented in Fig. 14.7 is premised upon determining the
reaction rates at each temperature with the same degree of accuracy; since reaction
rates decrease with decreasing temperature, increasing amounts of time are needed
to monitor a fixed level of change (and hence constant error in the rates) as the
temperature decreases. Because of time constraints, this is seldom done and more
sophisticated statistical approaches should be considered, namely, attaching
appropriate weighting factors to the various the data points.

As noted above, the statement is generally made that reaction rates increase
approximately twofold for each 10° increase in temperature. Although a useful
rough approximation, the actual increase in rate depends on the value of the acti-
vation energy and on the temperature range that is investigated. For two specific
temperatures, T1 and T2, we may write the Arrhenius equation as:

ln k1ð Þ ¼ ln Að Þ � Ea

RT1
ð14:5aÞ

and

ln k2ð Þ ¼ ln Að Þ � Ea

RT2
ð14:5bÞ

Subtracting Eqs. 14.5a from 14.5b, we arrive at the expression:

k2
k1

¼ exp
EaðT2 � T1Þ

RT2T1

� �
ð14:6Þ

Arrhenius Plot

0.0028 0.0030 0.0032 0.0034 0.0036

-5

0

5

1/T (oK)

ln
(k

)

Fig. 14.7 A plot of ln(k) versus 1/T for a hypothetical vaccine displaying Arrhenius-type
behavior. From such a plot, values of Eact and A may be obtained. An extrapolated rate, at a lower
temperature, is shown in red
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The n-fold increases in rate (the value of k2/k1) as a function of selected values
for the activation energy for an increase in temperature from 5 to 15 °C are dis-
played in Fig. 14.8. We also note that as the average temperature for the 10° interval
increases (for example, from 100 to 110 °C vs. 5 to 15 °C), the n-fold change in rate
will decrease.

As noted, the value of having established the Arrhenius parameters is that the
reaction rate may then be calculated at any temperature. Thus, one may determine
the Arrhenius parameters at high temperatures, where reactions occur rapidly, and
then calculate the expected reaction rate at lower temperatures, where reactions
occur slowly. Thus, one may determine in several months, what might otherwise
require several years. This is illustrated in Table 14.3, where, for a first-order
reaction, and a representative value of Eact and A, the change in rate is provided as a
function of temperature; the change in the reaction half-life7 is also provided in the
Table.

The question may be raised why, given this potentially enormous saving in time,
that accelerated kinetics are not used in establishing a product shelf life. There are
two major reasons why this is not done. The first is a practical one. Due to
experimental errors in determining the reaction rates at various measured temper-
atures, there is an associated uncertainty in the determined Arrhenius parameters
and, accordingly, uncertainties in the extrapolated rates; the greater the extent of the
extrapolation, the greater the uncertainty. In general, a sufficiently accurate shelf life
can simply not be gotten by any practical use of the Arrhenius equation. There is
also a theoretical component, in that Arrhenius behavior may only be approxi-
mately followed; that is, the Arrhenius parameters may themselves be temperature
dependent. Although the Arrhenius equation may not be used for setting a shelf life,
it does have a number of valuable uses. First, it is of considerable values in
developing a vaccine formulation, where the primary concern is an increased shelf
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Fig. 14.8 The n-fold increase
in reaction rate due to a 10°
increase in temperature, from
5 to 15 °C, as a function of the
energy of activation

7 The half-life for a reaction is the time taken for one-half of a reactant to be consumed; for a first-
order reaction, the half-life, τ½, is equal to ln (2)/k.
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life. The trends that are observed at higher temperature will, in nearly all cases,
persist at lower temperatures. Thus, a formulation that provides greater stability at
35 °C will provide a greater stability at 5 °C. A comparison between two formu-
lations may be carried out in several months at 35 °C, whereas the comparison
might require several years at 5 °C. Second, an accelerated stability study is of
considerable use in establishing product comparability following a manufacturing
change. If the vaccines are comparable at a higher temperature, for example 35 °C,
they are very likely to be comparable at 5 °C. Again, observing a change and
showing that the change is comparable in the two vaccines, is more readily
accomplished at the higher temperature(s). Finally, from values of the Arrhenius
parameters, one may estimate the extent of potency losses that may occur during
excursions from given storage conditions.

14.4 Stability Studies and the Product Life Cycle

The goals of stability studies vary during the product life cycle. Prelicensure, at the
earlier stages of product development, the goals of stability studies are related to
knowing stability over the course of clinical trials (and thus knowing the potency of
vaccine that clinical trial subjects will receive and have received) and developing a
vaccine formulation that maximizes product stability. At the time of licensure, the
goals of stability studies are related to establishing a shelf life and release speci-
fications as well as demonstrating manufacturing consistency. Postlicensure, the
goals of stability studies are to demonstrate manufacturing consistency as evidenced
by similar potency profiles over time (i.e., the annual stability studies) and to
support the comparability of the vaccine following manufacturing process changes.

Prelicensure and licensure. As noted above, at the prelicensure stage of
development, the goals of stability studies are to describe the vaccine stability over
the course of clinical trials, to develop a formulation that maximizes the stability of
all active components of the vaccine, and to demonstrate manufacturing consistency
through a consistent stability profile. Finally, a shelf life, under defined storage
conditions, must be established at the time of licensure.

As stated, vaccines are formulated to maximize stability. For this purpose,
namely, developing a formulation that maximizes vaccine stability, it is useful to
carry out the stability studies at temperatures that are higher than those that are
intended for storage. At the higher temperatures, changes in vaccine potency are

Table 14.3 Rate constants
and associated half-lives for a
reaction with an Eact of 90 kJ/
mole and pre-exponential
factor, A, of 1 × 109 s−1

Temperature (°C) Rate constant, k Half-life,
τ½ (months)

5 3.2 × 10−2/month 21.6

15 12.3 × 10−2/month 5.6

25 43.4 × 10−2/month 1.6

35 131.4 × 10−2/month 0.5
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detected more rapidly and, generally, more precisely. The trends in stability at the
higher temperatures will, with rare exception, remain at the lower temperatures; that
is, the more stable formulation at the higher temperature will be the more stable
formulation at the lower temperature (as illustrated in Fig. 14.9). Indeed, based on
the previous discussion of n-fold changes in rates with temperature, the ratio of
rates would be expected to become slightly more disparate at lower temperatures.
Although it would be sufficient to study the various formulations at a single higher
temperature, it is, nonetheless, useful to study a range of temperatures, both to
demonstrate that Arrhenius behavior is followed over the studied temperature range
(for example, 15–45 °C) as well as to actually determine the Arrhenius parameters,
Eact and A, so as to be better able to extrapolate kinetic behavior to the lower
temperatures (and, thus, an estimate for the expected shelf life) and to be able to
estimate stability at intermediate temperatures (and thus be able to determine the
consequences of unexpected temperature excursions).

During the final phases of clinical development, it is necessary to demonstrate
manufacturing consistency, for which stability studies play an important role. In
this regard, it is necessary to select the best metric for demonstrating consistency. A
relevant metric of consistency might be a comparison of the slopes of the regression
lines from the stability studies of the various vaccine Lots (generally three Lots are
evaluated for manufacturing consistency). While this seems a reasonable choice of
metric, a question then arises as to the basis for comparing the thus-obtained slopes.
The slopes might be compared for poolability as outlined in the ICH Guidance
(Q1E). Alternatively, the slopes might be evaluated for equivalence within a pre-
defined margin. A fuller discussion of these two approaches is provided in the next
section on postlicensure stability studies.

At the time of licensure, a shelf life for the vaccine, under defined storage
conditions, needs to have been established. This shelf life must be established from
data gathered under the intended storage conditions and over the period of the
intended shelf life. Some extrapolation of the data in establishing the shelf life may
be warranted; however, further data to justify the extrapolation would then be
needed. In practice, to reduce the error in estimating the shelf life, having additional
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Fig. 14.9 Arrhenius plots of two hypothetical vaccine formulations having slightly different
energies of activation for a process leading to a loss of potency
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data points near the intended expiry period (additional to those indicated by the ICH
Guidance) as well as having data from time points in excess of the intended shelf
life are useful.

Postlicensure. Postlicensure, annual stability studies are required. Each year
randomly selected vaccine Lots are required to undergo stability testing over the
product’s shelf life. The goal of these studies is primarily to demonstrate that the
stability profile of the postlicensure produced vaccine is comparable to that of
vaccine produced at the time of licensure and to provide ongoing support for the
shelf life that was established at the time of licensure (the precise goals of post-
licensure stability studies have not been delineated in either regulation or guidance).

With this goal in mind—demonstrating comparability to previously manufac-
tured Lots—the question may be raised as to what might constitute the best metric
for defining comparability. One commonly employed approach is to simply dem-
onstrate that the vaccine maintains its potency at all measured time points (gen-
erally, those stated in the ICH Guidance), falling between the established upper and
lower limits. This is akin to the “compliance model” that was previously mentioned.
While this may help to confirm the appropriateness of the designated shelf life
(assuming that the potency for all time points remain within the upper and lower
bounds), several problems attend this approach. The first is that an actual change in
stability, albeit one that is consistent with the assigned shelf life, may be over-
looked. From a cGMP perspective, this is undesirable. If there is a change in the
stability profile, it should be known and further studied to determine its root cause
and potential effect on other vaccine attributes.8 The second problem relates to an
observed out-of-specification value, a situation that becomes increasingly more
probable as the expiry period is approached. The question may be posed whether
the product actually is out of specification because of a change in the product
stability profile, or, alternatively, appears to be out of specification because of the
variability in the potency assay. The potency at that time point or a subsequent time
point may be remeasured. If the value for the subsequent measurement is within
specifications, the problem of deciding which measurement is “correct” remains.
The results of additional measurements may help to assure certainty in a decision;
however, such additional testing may require a significant amount of time, espe-
cially if the potency assay is animal based. The point to be made, however, is that
there is additional stability information that is contained within the previous
potency determinations and these should be brought to bear on this latter problem.

A more meaningful metric of comparability may be to compare the rates of
potency loss of prelicensure Lots of vaccine (and that were used in efficacy studies)
with those being currently marketed. In such an exercise, the slopes from the
respective regression analyses would be compared. This comparison might be made
in different manners. One might, for example, employ methods and acceptability
criteria to determine if the data were “poolable”, i.e., the slopes were parallel, as in

8 Although potency tests are designed to indicate the expected effects in the intended recipient
population, they are, in reality, often imperfect predictors.

558 W. Egan and T. Schofield



the ICH Q1E Guidance. Alternatively, the data might be the subject of an equiv-
alence test. We would like to comment on these two methods. The above-men-
tioned test for poolability, while often used, suffers from a significant drawback. On
the one hand, for regression analyses having scant and variable data, one is not able
to conclude that the slopes are different and hence the data are regarded as poolable;
on the other hand, for regression analyses with abundant and precise data, minor
differences, which may not be practically significant (as opposed to statistically
significant) from a consideration of vaccine use, will be detected and the data will
be considered noncomparable. These possibilities are illustrated in Fig. 14.10.

Thus, there is seen to be a risk of masking real differences due to data variability
or inadequate study design or the risk of highlighting an insignificant difference
when the assay is precise or there is an adequate study design. Such an approach
appears counterintuitive in that there is a reward for excess variability and a penalty
for good precision. An alternative approach would be to evaluate the equivalence of
the slopes within predefined limits, as illustrated in Fig. 14.11.

Postlicensure, various manufacturing changes are made, for which it is necessary
to demonstrate product comparability. Stability studies form an integral part of that
comparability study. The basic principles that have been given above for evaluating
annual stability studies will equally apply to comparability studies following
manufacturing changes. Of course, some changes are made to enhance product
stability and it would then be necessary to demonstrate a superiority.

Returning to the theme of demonstrating comparability, either in the annual
stability studies or following manufacturing changes, and accepting use of the slope
as a metric for comparability, the question may be posed as to whether that com-
parability should be demonstrated at the intended storage temperature or at an
elevated temperature, or both. In general, stability studies at elevated temperatures
form part of the comparability assessment following manufacturing changes; data
under the intended storage conditions are also utilized and do form the primary
basis for the assigned shelf life. In contrast, the annual stability studies are carried
out under the licensed storage conditions, generally 5 ± 3 °C. For a fixed time
increment, there will be a greater change in vaccine potency that is observed at a

Fig. 14.10 Hypothetical time, potency data sets wherein a significant difference in rates of
potency loss may be masked by limited, imprecise data (left hand panel) or minor difference in
potency loss is considered statistically significant because of precise data (right hand panel)
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higher temperature than at a lower temperature; for example, for a vaccine studied
at 5 and 25 °C, we might expect an approximately 10 to 20-fold decrease in potency
at 25 °C relative to that observed at 5 °C. Given that the error in measuring potency
is the same for all samples, e.g., whether there has been a 5 % loss in potency or a
50 % loss in potency, then the ability to detect a change in the rate of potency loss is
greater for the sample that has undergone the greater change. An argument might
therefore be advanced that annual stability studies might best be carried out at
elevated temperatures, provided the goal of such studies is to monitor the consis-
tency of manufacture (as evidenced by the consistency of the stability profile). This
is illustrated in Fig. 14.12. Consider a vaccine that had a modest loss in potency
(approximately 6 %/year; k = 0.005 month−1) and that, due to an unsuspected
manufacturing variation, the rate doubled.9 Given a modest uncertainty in potency

Fig. 14.11 A comparison of the slopes obtained from linear least-squares regression analyses of
two vaccine Lots. Having selected a Δ-value that is considered as an allowable variation in the rate
of potency loss relative to a reference value (indicated by the shaded rectangle), the confidence
intervals of the test samples may be compared. The blue line depicts a comparable value in that the
depicted confidence interval about the point estimate for newly measured slope is within the
agreed-to range; the red line depicts a noncomparable value in that the confidence extends outside
this range
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Fig. 14.12 Depiction of a twofold change in the rate of potency loss as might occur at a low
temperature (black lines) and as that twofold rate change might appear at an elevated temperature,
corresponding to a 20° increase in storage temperature (red lines)

9 In the above example, activation energies, Ea, of 94.28 and 92.67 kJ/mole (with a pre-expo-
nential factor of 10−9 ) were chosen to mimic the kinetics at 5 °C and to subsequently calculate the
rates at 25 °C.
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determinations, it would be difficult to detect a twofold change within 1 year at
5 °C, as is illustrated by the solid and dashed black lines in Fig. 14.12. For this
hypothetical vaccine having the Arrhenius parameters presented in Footnote 6, a
20° increase in temperature would lead to an approximately 15-fold increase in rate
as depicted by the solid and dashed red lines in Fig. 14.12. The twofold change in
rate at 5 °C would be more likely to be detected at the increased temperature within
the 12-month period and, possibly, sooner. In summary, a reasonable case may be
advanced for conducting annual stability studies at elevated temperatures, either in
lieu of studies at the storage temperature or in addition to them.

14.5 Concluding Remarks

The principle goal of all stability studies is to ensure vaccine quality throughout the
vaccine’s shelf life. This entails having established an acceptable lower limit for
potency and knowing the rate at which the vaccine loses potency, and, finally,
accounting for the uncertainties in the determination of potency at release and the
rate of potency loss. Done properly, such stability studies reduce the risk to
the vaccine recipient of receiving a subpotent vaccine while reducing the risk to the
manufacturer of rejecting suitably potent vaccines.

Stability studies begin with establishing an appropriate mathematic model for the
data; in this chapter, we have exemplified various principles using a first-order
kinetic model, the simplest feasible model for loss of vaccine potency; we have
noted that more complex models may be needed—for example, biphasic kinetics or
second order kinetics (as might be encountered in protein oxidation). Various
statistical tests to determine the adequacy of the model are then employed—for
example, testing for linearity of the log-transformed data or evaluating that the
residuals are normally distributed. Given the adequacy of the kinetic model, the
uncertainties associated with the key parameters can be determined; confidence
limits on the slope of the regression line can be determined and, together with the
known variance of the release assay, can be used to establish a lower release limit
and shelf life for the vaccine.

Although the shelf life of the vaccine needs to be established at the intended
storage temperature, the use of accelerated degradation studies (at higher temper-
atures than intended for storage) were seen to be useful in developing a vaccine
formulation to optimize stability and in situations where it is necessary to establish
the consistency or comparability of the vaccine’s stability profile. From a study of
the vaccine’s degradation rate as a function of temperature, the Arrhenius param-
eters for the loss of potency can be determined and used to estimate vaccine
stability at other temperatures (although it is not used in establishing the shelf life).

The importance of statistical considerations have been emphasized in this
chapter. Such considerations are necessary for understanding the risk that is asso-
ciated with interpreting stability data and establishing a lower release limit. A basic
principle in evaluating stability that has been emphasized in this chapter is that a set
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of measurements are collected over time to provide estimates of stability parameters
(rates of potency loss and the associated uncertainty in those rates) and not to assess
compliance of individual data points with specifications. Measuring uncertainty in
connection with stability estimates places an emphasis on the design of experiments
together with the goals of the study, for the end purpose of delivering high quality
vaccines.

14.6 Appendix

See Table 14.4.

Table 14.4 Time and potency data for Lots 1, 2, and 3 as shown in Fig. 14.2, prior to logarithmic
transformation

Time (months) TCID50 for Lot 1 TCID50 for Lot 2 TCID50 for Lot 3

0 5082 5882 5575

3 5201 5893 5431

6 4693 4177 4367

9 4376 4193 4118

12 4844 4148 4718

18 3885 3836 4335

24 4073 3346 3783

30 2507 3309 3268

36 2115 2684 2208
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Chapter 15
Vaccine Reference Standards

Brian K. Nunnally

15.1 Philosophy

The characterization and use of vaccine reference materials are the most important
responsibilities of the vaccine analytical laboratory. This could be considered an
odd statement given the importance placed on potency and content. Minimizing
variability is important in all vaccine analytical analysis; this is especially true of
reference standard characterization. If variability is allowed to run rampant through
the characterization of a reference standard, trouble will ensue. Since nearly all of
the numbers generated by the laboratory depend on the standard used, the conse-
quences of poorly characterized and improperly used reference materials are dire.
The customers (i.e., the production unit, the patients) depend on the laboratory to
understand and minimize variability associated with reference materials. Proper
characterization does not happen by accident; it requires close oversight and careful
analytical scrutiny. Once the standard is characterized, the oversight does not end. It
is needed while the material is being used, on an ongoing basis. This is good
science. Too many issues, as discussed in the case studies, can be traced back to
standards which are not closely monitored.

15.1.1 Factors to Consider When Selecting a Reference
Material

There are several factors to consider when selecting a vaccine reference material
(Note: the terms reference material, reference standard, and standard will be used
interchangeably throughout this chapter. There is no intended difference in the

B.K. Nunnally (&)
1201 Fairfax Woods Drive, Apex, NC 27502, USA
e-mail: usc4duke@yahoo.com

© Springer-Verlag Berlin Heidelberg 2015
B.K. Nunnally et al. (eds.), Vaccine Analysis: Strategies, Principles, and Control,
DOI 10.1007/978-3-662-45024-6_15

563



meaning of these terms.) First, it is critical for the standard to be stable, at least for a
reasonable time. Standards which are unstable can be used, but the constant
changing of standards will inject additional variability into the assay. When this is
unavoidable, sufficient work needs to be performed to ensure any shifts in the data
are expected and communicated. A standard should be pure. It is possible to use an
impure standard, but this adds an additional characterization burden and increases
the likelihood of getting a matrix effect. The standard should have sufficient supply.
Determining the amount of material needed for a standard is an inexact science.
Some factors to consider are discussed in the section below. Finally, the standard
needs to be representative of material being analyzed. This seems an obvious point,
but it is a point that is often neglected. When the standard is not representative, it
creates questions about the ability of the standard to provide proper quantitation of
the samples analyzed. These can be avoided by ensuring representative materials
are selected.

One additional consideration is related to wishes of the regulatory agencies. The
European Medicines Agency (EMA) and Food and Drug Administration (FDA)
prefer the use of standards which have been in the clinic or can be tied directly to
the pivotal clinical lot(s).

15.1.2 How Much Do I Need?

The amount of material needed for a standard depends on many factors including
the usage rate (e.g., how much do I use), the amount of standard in each vial (e.g.,
how much do I need each time I use it), the stability of standard (e.g., how long will
it last), and the amount of available material (e.g., how much can I get). Multiplying
the number of assays per month (usage), the amount of standard in each vial, and
the months of stability together provide an overall amount of standard needed to be
determined. The next step is to add an overage amount to account for the uncer-
tainty in the factor estimates. The overage should be anywhere from 25 to 100 %,
depending of how much uncertainty went into the calculations. This is the amount
of material to request, assuming this amount of material is available. In many
vaccine companies, the material must be bought (internal accounting). Good
standards (and controls) are so valuable that this cost should be paid, as it is crucial
to the laboratory’s aim to produce quality data.

15.1.3 Research and Development Versus Commercial

Vaccine research and development groups often have different needs than com-
mercial vaccine laboratories when it comes to standards. The process for charac-
terizing standards in development is different from marketed products. In many
cases, the assays used to characterize the materials are still in development (or do
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not exist), the material availabilities are limited (or non-existent), and the under-
standing of the critical attributes is still years away. Vaccine research and devel-
opment groups have to be more flexible in the materials used for standards. Sources
for development reference standards include lab-scale lots, demonstration batches,
and development batches (e.g., clinical batches, manufacturing runs, etc.). Ulti-
mately, the most important caveat is that the material must be representative of the
current process. This may mean that materials need to be changed as the process
continues to develop and change.

The closer the process gets to commercialization, the more characterization
required. This is illustrated diagrammatically in Fig. 15.1. The amount of charac-
terization needed for a vaccine research and development fermentation standard is
quite different from a commercialized drug product standard. One kind of charac-
terization does not fit all situations.

15.1.4 Monovalent or Polyvalent

For polyvalent vaccines, will the standard be a monovalent or a multivalent? This is
an important consideration. Either type of standard is possible depending on the
application. It often makes sense to make both types to take advantage of when each
is needed.

15.2 Types of Standards

There are several different types of vaccine standards. Not all types of standards are
applicable to all industries, but there are some common elements which cross
industries.
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15.2.1 Compendial/Regulatory

Compendial (or Regulatory) standards are produced by governmental or widely
accepted standard setting bodies (e.g., National Institute of Standards and Tech-
nology, United States Pharmacopeia). Groups such as the American Type Culture
Collection (ATCC) fit into the category as well. There are several advantages to this
type of standard. They are considered to be reliable and their use as a standard is not
questioned by regulatory or certification bodies. They are always well characterized
and this characterization work does not have to be done by the laboratory using
them. In nearly all cases, there is sufficient supply. Unfortunately, these types of
standards are not available for all vaccines or intermediates and they can be
expensive. In many cases, it is better to use them as a primary standard and create
secondary standards from material produced in-house.

15.2.2 Primary

Primary standards are reference materials that are accurate enough to not require
calibration or be considered subordinate to other reference materials. Primary
standards are often created when compendial or regulatory standards are not
available. The source material is made in-house and should be well characterized.
By spending the effort on a primary standard, this allows for significantly reduced
characterization in subsequent (secondary) lots. This is also a disadvantage since
significant resources are needed to characterize these materials. In addition, a siz-
able portion must be kept in reserve for future lots, so the supply of these materials
is nearly always limited. Finally, this can be difficult when the standards are
unstable and/or not able to be frozen.

15.2.3 Secondary

Secondary standards are reference materials that are calibrated against a primary
standard. These types of standards are created as a working standard so the primary
standard supplies are not consumed. The source material is made in-house and
should be linked to the primary standard. As stated previously, reduced charac-
terization is needed since it is linked to the primary standard. Assuming there is an
active production process, there can be a relatively limitless supply of material
suitable for a secondary standard. This limitless supply is the issue since long-term
variability is a concern. As long as the secondary standard stays closely linked to
the primary standard, there should be no standard drift over time.
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15.2.4 Laboratory

The final type of standard is a laboratory standard. This type of standard is a
minimally characterized material purchased just as any other reagent is purchased.
The requirement for minimal characterization is a distinct advantage. Unfortunately,
this is also a distinct disadvantage since the standard is dependent on the certificate
of analysis and the accuracy of the data contained on the certificate of analysis
(CoA). Since this material is made by another company, there is a seemingly
limitless supply. Since there is little to no characterization in the laboratory, there is
little to no defendable data available if the validity of the standard is questioned.
This type of standard should be avoided except in the simplest of assays and only
when no higher level of standard is possible.

15.3 Process

The process for standard characterization is shown in Fig. 15.2. The process is
described in detail in the section below.

15.3.1 How to Characterize a Standard

The first step in the characterization process is to write a protocol. This is useful
even in non-regulated groups since this will outline the assays used to characterize
the standard, prepare timelines, and determine the resources needed to generate the
data. In regulated groups, this may require several different approvals. Once the
protocols are approved, the material can be manufactured. (Note: It is acceptable for

Write protocols Approve
protocols

Manufacture
material Aliquot

Material sent for
Characterization

Characterization
testing

Write
Characterization

report

Approve
Characterization

report

Write COA Approve COA Inventory material Material is stored
and available!

Fig. 15.2 Standard characterization process
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the material to be made prior to protocol approval.) In general, standards should be
aliquoted into individual use vials. This prevents contamination, provides a con-
venient presentation for the analysts, and makes usage and replacement determi-
nations easy. Once the material is aliquoted, it can be characterized in the different
laboratories. All aspects of the characterization must be closely monitored. It is
important that the characterization utilizes “all the best.” In many vaccine labora-
tories, standard characterization takes second priority to sample analysis. In labo-
ratories which do not value standard characterization, the analysts used for
characterizing the standards are those freed from sample analysis (usually because
they exhibit more variability than other analysts or are not as skilled at the assays)
and the instrumentation utilized are those which are not being used for sample
analysis (again, because the instrument generates more aberrant data). Since these
data are going to serve as the value to which all data are compared, the best analysts
and the best equipment should be used for the characterization studies. There is an
alternative opinion on this point. If there are multiple different laboratories,
equipment, and analysts using the standard, then a study can be designed to
incorporate all of the different variables. If this type of study is undertaken, it is
important to do multiple replicates (e.g., design the study statistically) to ensure
sufficient replicates are generated to understand the differences. Once all of the data
are generated, a report summarizing the data is generated and approved. Any issues
encountered during the characterization study should be reviewed and resolved in
the final report. Once the report is approved, a CoA is prepared and approved. The
standard is now approved for use.

15.4 Case Study—Human Gonadotropin (hCG) Reference
Reagents

The World Health Organization (WHO) provides standards for some reagents such
as human gonadotropin (hCG), which is used in pregnancy tests (Birken et al.
2003). Although not a vaccine example, there are useful concepts to be learned
from the characterization of hCG reference reagents. Previous preparations have
contained hCG metabolites as well as protease activities, making the reagents less
effective and useful. A working group was created to characterize new materials for
use as reference reagents.

The characterization of the reference reagents utilized sodium dodecyl sulfate
polyacrylamide electrophoresis (SDS-PAGE) to determine the purity, isoelectric
focusing (IEF) as an orthogonal purity measurement and to determine the isoelectric
point (pI), Western blot as an identification technique, N-terminal sequencing as an
orthogonal identification technique, mass spectrometry (MS) for molecular weight
determination, high-performance liquid chromatography (HPLC) for additional

568 B.K. Nunnally



purity measurements, carbohydrate analysis for content, and amino acid analysis
(AAA) for protein content.

SDS-PAGE, Western blot, HPLC, and IEF all showed the expected profile. The
IEF should six major bands around pI = 4.5. The N-terminal sequencing showed
less than 2–3 % contaminants. The MS showed hCG with a molecular weight of
37.5 kD. The carbohydrate Analysis agreed with expected content (11.1 % sialic
content by weight). The AAA determined the protein quantity.

The conclusion of the characterization was that a highly purified, well-charac-
terized reference standard for hCG was available for use. No significant contami-
nants and negligible protease activity was observed during the characterization.
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15.5 Case Study—Vaccine Stability Issue?

Stability issues can ultimately doom a vaccine. In this case study, there appeared to
be a stability issue with the vaccine. A trend in the concentration over time was
observed (Fig. 15.3). In addition, an out of specification (OOS) result on the vac-
cine candidate concentration triggered an investigation. The investigation tried to
determine if the OOS is a manufacturing issue, an analytical issue, or a sampling
issue?

In Fig. 15.3, a linear fit applied. The correlation coefficient is fairly poor due to
variability in the data, but the correlation shows a statistically significant trend.
However, the direction of trend does not make sense. The concentration should not
be increasing over time. This would seem to rule out a manufacturing or sampling
issue.
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In order to determine if the issue was related to the material or the analytical
measurement, the peak areas for the HPLC were plotted for the study and a linear fit
was applied (Fig. 15.4). This model showed no correlation and no statistically
significant trend (e.g., no change in peak area over time). If the concentration was
truly increasing, why is peak area stable? The peak areas should be growing.

When this type of behavior is observed, it is often a standard issue. In order to
determine if there was a change in the standard, the peak area of the standard whose
concentration is closest to the samples was plotted. The data are shown in Fig. 15.5.

A key assumption was made at this point. If the UV lamp for the HPLC was
stable, then the peak areas could be plotted over time. Once a linear fit was applied
to the standard peak area, everything became clear. The issue was a change in the
standard peak area over time. The R2 (0.997) is excellent (although the data are
limited). The data indicate an issue with the reference material. This is concluded
from:
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• Statistically significant increases over time in sample concentration of the
vaccine without a corresponding increase in peak area for the samples.

• Statistically significant decreases over time in the standard which corresponds to
the peak area for the samples.

A decrease in the reference material would result in an increase in the sample
concentration, unless the peak areas of the sample were also decreasing. However,
the peak areas of the samples did not show a trend. Upon further investigation,
the standard was a dry powder which was known to be hygroscopic. Over time, the
standard was picking up water. This means some of the weight attributed to the
vaccine was actually just water and was not going to contribute to the peak area. As
expected, there was no stability issue with the vaccine.
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Chapter 16
Lot Release of Vaccines by Regulatory
Authorities and Harmonization of Testing
Requirements

Rajesh K. Gupta, Chander K. Gupta and Laurent Mallet

16.1 Introduction

Unlike most drugs that contain chemical substances with known structure and
purity, biological products, including vaccines, are made or derived from biological
sources, such as cells, tissues, or plasma from humans, animals, or microorganisms.
Often vaccines are complex products that cannot be characterized fully by physi-
cochemical methods routinely used to characterize most drugs. Activity (safety and
potency) of biological products is often measured by bioassays using biological
systems, such as animals, tissues, and microorganisms. Therefore, most of the tests
for safety and potency have large inherent variability due to biological nature of the
product itself as well as variability of biological systems used in these tests.

To have an assurance of potency and safety of biological products, particularly
vaccines, regulatory agencies around the world require an independent review of
critical manufacturing and testing data, and an independent testing at the regulatory
agencies for critical attributes for safety and potency before marketing each lot or
batch of the product after licensure. This has been referred to as lot release (Health
Canada 2005; World Health Organization 2013c), official release (US FDA 2013a)
or official control authority batch release (OCABR) of biological products (EU 2013;
EDQM 2013). Lot release has been an essential component of regulation of vaccines
to (1) assure the acceptable quality and safety of each manufactured lot; (2) to obtain
confidence in the strength of active components assigned to a particular lot, and (3)
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to assess the validity and accuracy of the safety and potency tests performed on a lot
by the manufacturer.

It should be noted that lot release is not an alternate to other regulatory activities.
It is an important component of the total regulatory framework, including regula-
tory review and oversight during development and licensure of the product, regu-
latory inspections during review of an application and periodic good manufacturing
practices (GMP) inspections, postmarketing surveillance (PMS), etc.

Differences in testing requirements in various countries cause complexity and
delays in manufacture and release of quality products at affordable cost. There is a
need for harmonization of global testing requirements and lot release of vaccines.

16.2 Background on Lot Release of Vaccines

The World Health Organization (WHO) (2013c) strongly recommends an inde-
pendent lot release by national regulatory agencies for vaccines used in their
country, at least by review and approval of the manufacturers’ summary protocol,
or through recognition of the decision of another regulatory authority.

In the US, this is required as per 21 CFR 610.2, referred as “Official Release”
(US FDA 2013a) and in the Europe this is mandated through European Union (EU
2013) and European Directorate of Quality of Medicine (EDQM 2013) as OCABR,
managed through the network of Official Medicine Control Laboratory (OMCL)
network. Certain biological products, such as therapeutic proteins and monoclonal
antibodies developed during approximately last 2 decades, have been exempt from
this requirement in the US (Federal Register 1995) and other countries, because
these products could be characterized by physicochemical methods. Such products
are usually referred to as “well-characterized biological products.” None of the
vaccine products are considered as “well-characterized biological products” and are
not exempt from the lot release requirement. However, on a case by case basis,
certain products may not be subject to a routine lot release requirement. This
depends upon the complexity of the product, consistent track record in manufac-
turing and testing and the history of the manufacturer with regulatory compliance.
In the US, this is referred to “Alternate to Lot Release” or “Surveillance” (Federal
Register 1993). Most of the vaccine products are not under “Alternate to Lot
Release” and are subject to a typical lot release.

16.3 Why Is Lot Release Necessary for Vaccines?

Among biological products lot release is critical for vaccines, because vaccines are
used in healthy normal populations. If strength of active components (potency) in a lot
or batch of a vaccine is suboptimal, impact of using such a suboptimal lot will not be
known for a very long period (years), because benefits of vaccination against a disease
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are not visible immediately and the protection is not on an individual basis. Similarly,
if there are safety issues with a particular lot or batch of a vaccine, the impact will be
devastating as a large number of healthy normal individuals (whole populations,
usually pediatric population) receive vaccines. Often the adverse effects due to safety
issues, such as effects due to residual live virus or residual or reverting toxins, may not
be known immediately (within a few hours or even days) after injection. During “the
Cutter Incident” in 1950s affecting about 40,000 children with headaches, neck
stiffness, muscle weakness and fever, including about 200 children with severe and
permanent paralysis and 10 deaths, symptoms due to presence of residual live virus in
the inactivated polio vaccine were not observed in children for several days after
vaccination (Nathanson and Langmuir 1963a, b). By the time consequences due to
safety issues or symptoms due to side effects after vaccination are visible or known,
the lot or batch of the vaccine is already used due to mass vaccination campaigns as
vaccines are given to large populations of healthy subjects, often during mass vac-
cination campaigns, to prevent transmission of the disease. Normal healthy popula-
tions take vaccines with a certain degree of risk of adverse reactions, based on the trust
that regulatory agencies have high degree of assurance of safety and potency of these
products. Lot release of vaccines by regulatory agencies provides such an assurance.
When regulatory authorities do not perform a lot release as per the intent of this
process, they violate the public trust in vaccines.

Further, importance of lot release for biological products cannot be undermined,
because reference standards used in testing of biological products, including vac-
cines, may not be fully characterized and have the same issues of complexity and
stability as the biological products, thus affecting the assurance of content in these
products. Additionally, for most new products national or international standards and
reference preparations are not available and there is limited data on the stability of in-
house or working standards. Independent review of data from each lot or batch of a
vaccine by regulatory agencies, including data on the performance and validity of
these reference preparations during official or lot release of the lot is necessary to gain
confidence in results of safety and potency tests used for release of the lot. In the
beginning of twentieth century, significant efforts were made in establishment of
international standards for biological products by Paul Ehrlich and Sir Henry Dale
(Burn 1950). These efforts, particularly for vaccines, were continued through the
League of Nations and the WHO’s Expert Committee on Biological Standardization
(ECBS) (World Health Organization 2004), Staten Serum Institute in Copenhagen,
Denmark, US FDA’s Center for Biologics Evaluation and Research (CBER), UK’s
National Institute for Biological Standards and Control (NIBSC) and International
Association of Biological Standardization (IABS). Experts from these organizations
and other vaccine manufacturing and regulatory institutions, most of whom were
members of the ECBS and the IABS met regularly to discuss creation of Interna-
tional Standards for vaccines and other biological products. Scientists and reviewers
in regulatory agencies performing lot release and other review activities gained
critical knowledge about the challenges in manufacturing and testing of vaccines and
discussed these in a proactive and scientific manner during various meetings. Strong
biological standardization program managed through ECBS with scientific
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discussions at the IABS meeting has been partly responsible for success of complex
vaccines used during twentieth century in controlling many infectious diseases.

However, in the last 2–3 decades, vaccine industry has changed significantly,
good for the most part, with regard to implementation of current good manufacturing
practices (cGMP) regulations, and upgradation of manufacturing facilities to modern
standards of clean rooms with classified environment. However, due to budgetary
constraints at the WHO and many regulatory agencies, there has not been much
effort to generate standards for new biological products, including vaccines devel-
oped during last 2–3 decades. During this period, the IABS also changed its pri-
orities and focus from biological standardization to biologicals. These developments
led to regulatory agencies relying solely on the manufacturers of these products for
the reference materials. Often these reference materials are not independently cali-
brated or managed by the regulatory agencies. In such a situation, manufacturers did
not have much option, but to generate and calibrate product specific homologous in-
house reference materials for testing and releasing their products. Occasionally such
reference materials have been referred as “Standards” due to confusion between
terminology of “Standards” and “Reference Preparations” (Gupta 2011). Such
preparations should not be referred as “Standards” as these have not been inde-
pendently verified by a third party, such as a regulatory agency, for example, FDA,
European Medicines Agency (EMA), or a standard management organization, for
example, United States Pharmacopoeia (USP), EDQM, NIBSC or National Institute
of Standards and Technology (NIST). In the broader principles of biological stan-
dardization, use of in-house reference materials, occasionally referred as “Standards”
is a “conflict of interest” for manufacturers to generate, calibrate, and use standards
for their products themselves without independent verification. There is a need for
regulatory agencies, such as CBER, EMA, international bodies, such as WHO and
standard management organizations, such as NIBSC, EDQM, USP, NIST, to
facilitate independent calibration of reference materials and standards for new
products. In the current situation due to absence of official “Standards” for new
products, lot release process gets additional significance to assure safety and quality
of new vaccines, because regulatory agencies get an opportunity to use manufac-
turers “reference materials,” or “standards” during lot release testing. Additionally,
regulatory agencies review data and performance of these “standards,” when these
were used by the manufacturers during release testing of the lot. Standards and
reference materials have critical role in assuring quality of biological products,
particularly for new combination vaccines, such as multicomponent vaccines.

16.4 Lot Release or Official Control Authority Batch
Release Process

Currently, lot release of vaccines is done by (1) review of the manufacturer’s
protocols, usually referred to as lot release protocols (LRP) containing manufac-
ture’s information and results on manufacture and testing of a lot, and independent
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testing at the regulatory agencies (full or selected testing) on all or selected lots, (2)
review of LRP only, (3) alternate to lot release or surveillance, and (4) acceptance
of lot release certificates from other regulatory agencies (Table 16.1). These
approaches have been used for different products in the same country. There is a
tremendous variability or heterogeneity in the lot release approaches in different
countries, with EU performing lot release testing on 100 % of the lots released,
whereas other countries releasing many vaccines based on review of manufacturer’s
LRP only, with no testing. It is possible to use various approaches in a same country
for different products based on nature of the product, the postmarketing experience,
including production history, safety profile (risk) of the product, manufacturer’s
track record with regulatory inspections and the availability of other independent
evidence of product quality.

In general, when a vaccine is manufactured and licensed in a country, either for
domestic use or for export, the regulatory authorities of the country take the
responsibility for quality and regulatory oversight, including lot release. However,
almost all countries importing the product perform an independent evaluation of
license application, and postlicensure lot release of the product. Of course, the
regulatory agencies of the country manufacturing the product share information
with the WHO and the importing country depending upon the confidentiality and
other agreements between regulatory agencies of manufacturing and importing

Table 16.1 Various approaches for lot release of vaccines

Approach Application Strengths/limitations

Protocols review and testing New products
Complex products
Combination vaccines

Best option, when large fractions
(>25 % lots) tested
Reviewers gain product
knowledge
Require resources and expertise
Require quality management
systems (QMS)

Protocols review only After significant knowl-
edge about product
Products with precise
and accurate methods

Does not requires significant
resources
Does not provide independent
evaluation of quality of the
product
Trending and tracking of manu-
facturers’ results critical

Alternates to lot release/
surveillance

Characterized product
Good track record of
quality of product
Manufacturer with
compliance

Better use of resources
Decision should be made after
reviewing benefits and risks

Acceptance of lot release
certificates from other
agencies

Confidence in QMS of
agencies performing
release

Mutual recognition avoids
unnecessary testing
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countries. For global manufacturers, lot release performed by multiple countries
independently sometimes with different testing methods and specifications, cause
extra burden with regard to performing multiple tests for the same quality attribute
and also with regard to cost and time in making products available in many
countries at an affordable cost.

In Europe, mandated by the European Commission, EDQM is overseeing
OCABR network. It is a specific network within the General European OMCL
network. This network is covering vaccines, blood and plasma derivatives. As
described in the EU administrative procedure for OCABR (EU 2013), the following
principles are followed: “For batches of a medicinal product to be marketed in a
Member State requiring OCABR, there shall be an Official Control Authority Batch
Release Certificate common to all Member States. This shall show that the batch of
medicinal product has been examined and tested by an OMCL within the European
Union (EU) in accordance to this procedure and with OCABR guidelines pertaining
to the medicinal product within the EU and is in compliance with the approved
specifications laid down in the relevant monographs of the European Pharmaco-
poeia (Ph. Eur.) and in the relevant marketing authorisation (MA).”

The Member State informs the Marketing Authorization Holder (MAH) that its
authorized human biological medicinal product is subject to OCABR. Samples of
the batch to be released are sent, along with production and control protocols, to an
OMCL within the European Union (EU)/European Economic Area (EEA). If the
results are satisfactory, the Competent Authority (CA) issues an ‘Official Control
Authority Batch Release Certificate’ to the MAH. This certificate means that the
batch has been examined and tested by an OMCL in accordance with the OCABR
guidelines pertaining to the medicinal product and is in compliance with the
approved specifications laid down in the relevant monographs of the Ph. Eur. and in
the relevant MA. The MAH must provide a copy of the OCABR Certificate to the
CA of the Member State where the batch will be marketed. The certificate is
recognized by all members of the network (EDQM 2013).

It is important to note that the MAH proposes OMCL(s) which would carry out
OCABR for the product and that the collaboration with the OMCL(s) should begin
at least 1 year before submission to allow for input to be considered in the
development of suitable testing methodology for potency assays and batch release.
Transfers of analytical methods and related critical reagents between the MAH and
the OMCL(s) are usually part of this collaboration process.

The OCABR legislation concerns EU/EEA Member States and is also applied by
any state having signed a formal agreement which includes recognition of OCABR,
with the EU, via a Mutual Recognition Agreement (MRA).

Another specificity of the European legislation is the role of the Qualified Person
(QP) in release of vaccines. As described in the Annex 16 “Certification by a
Qualified Person and Batch Release” from EU GMP (European Commission 2001,
under revision), each batch of finished product must be certified by a QP before
being released for sale or supply in the EU/EEA or for export. The QP from the
MAH will take personal responsibility for this certification by ensuring that the
batch has been manufactured and tested or evaluated in accordance with the
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requirements of MA, the principles and guidelines of EU GMP or the GMP reg-
ulations of a third country recognized as equivalent under a MRA. If products are
imported from a third country, and if no MRA is in operation between the European
Community (currently called EU) and the third country, samples from each batch
should be tested in the EU/EEA before certification of the finished product batch by
a QP. This is what is commonly called “Testing on Importation” (TOI).

To give an example, it is interesting to note that a vaccine lot manufactured
(totally or partially) in the US destined for sale in US and EU is release tested (e.g.,
for potency) by the US manufacturer, the FDA, the importing manufacturing
company in the EU and the OMCL in EU.

16.5 Lot Release Protocols

Since protocol review is an essential component of the lot release process, it is
critical to develop carefully the template of the LRP based on the approved license
application or MA. LRP templates for a number of vaccines are available as part of
the WHO Guidelines for many vaccines, which can be a good starting point for a
country-specific LRP (World Health Organization 1990, 1994, 1999, 2005, 2011a,
b, c, 2013a, b, d, e, f, g). The format and the content of manufacturers’ summary
protocols or LRP that will contain important information taken from the production
and test records for ensuring quality of the vaccines are generated during review of
license application by the regulatory agencies. LRP must contain information on the
traceability of critical starting materials, such as seeds and cell banks, active and
critical components used in the manufacture of the product, and the results from
tests performed by the manufacturer at various stages of manufacture, including
tests performed on critical components, intermediates, final bulk, and final product.
Careful attention should be paid to include critical information on tests for safety,
potency, and quality performed at various stages of manufacture. The LRP should
also include information on standards and internal controls used in the test to
demonstrate the performance of these materials and validity of the test. In practice,
manufacturer submits a LRP template along with the license application and works
with the regulatory agencies to finalize the LRP template that should include
important manufacturing and testing summary required to evaluate quality of the
product. The protocol may need to be amended when changes are made to the
approved production process, testing methods and specifications. Of course, these
changes are approved by the regulatory agencies.

LRP is product specific, but basic structure of the LRP containing a number of
general items should be similar to achieve consistency and ease of reviewing. This
information includes details about the manufacturer, lot number and size, manu-
facturing and expiration dates, genealogy of the manufacture of a lot (flow chart) with
traceability to components used and testing performed at various stages of manu-
facture, summary of various stages of manufacture starting with seed strains and cell
banks, and testing performed at various stages with specifications (Table 16.2).
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In Europe, at the time of submission, the OMCL(s) eligible for OCABR, in close
collaboration with the Rapporteur and Co-Rapporteur, indicate the need to prepare an
appropriate guideline to the relevant OCABR drafting group and/or the OCABR
Advisory group. This includes a list of tests to be performed during OCABR and
highlighting of any special issues related to the model protocol. The drafting group
determines if a new guideline is needed or if an existing guideline can be revised. The
draft OCABR guideline/protocol should be ready at the time the MA is granted and is
formally adopted by the OMCL batch release network once theMA has been finalized.

16.6 Lot Release Testing

Testing at regulatory agencies for lot release of vaccines, particularly immediately
after licensure of the product and for complex vaccines, plays a critical role in
monitoring quality of the products and the consistency in manufacture. Such testing
also enables regulatory authorities to gain scientific and technical knowledge about
the testing methods in collaboration/support with the manufacturers. Technical
expertise developed at the regulatory agencies helps in assessing various issues,
including changes in specifications, methods, etc., which are key to maintain quality
of the product. Maintaining expertise in testing at regulatory agencies is important
for the competence of these agencies in effectively monitoring the product.

In addition to verifying compliance to the specifications and the test results of
manufacturers, lot release testing also provides an assurance on the continuing
suitability of the methods and acceptable performance of the manufacturer’s gen-
erated reference standards and internal controls. Due to regulatory agencies’
knowledge and experience with the testing methods, it is easy to implement better
and modern methods for testing. Further, the expertise in testing is useful during
periodic inspections of the manufacturing facilities and quality management sys-
tems (QMS) used during manufacture and testing of the product.

Table 16.2 General information typical for a lot release protocol

Information

Details about manufacturer, including name, location, and license number

Name of the product, lot number, and size of the lot

Dates of manufacturing and expiration

Flow chart showing genealogy of the lot with traceability to components and testing performed
at various stages

Summary of each manufacturing stage with testing performed

Summary of final bulk (formulation)

Tests performed at various stages with date of test, method, summary, and performance of critical
reagents, including reference preparations, standards, internal controls, summary of assay
validity criteria (for example, slope, intercept, linearity, 50 % end points, results of internal
controls, challenge doses)
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For lot release testing to be effective and meaningful, the laboratories at the
regulatory agencies should have adequate resources and should operate under a
QMS. Testing performed without adequate resources and without a QMS may
generate inaccurate results leading to delays in release of products or rejection of
quality products.

Testing strategy or plan needs to be established, including tests to be performed at
the regulatory agencies and frequency of testing. Testing strategy for a product is
developed, when regulatory and scientific review of testing methods, including
performance of safety and potency related tests are completed at the regulatory
agencies during evaluation of license application. A risk-based approach in selecting
the methods to be performed during lot release testing and in developing frequency
of lots to be tested would optimally utilize resources at regulatory agencies.

There is a wide variability in the percentage of lots of a product tested by various
regulatory agencies around the world, with Europe testing 100 % of the lots and
other regulatory agencies performing no testing for a number of products. For new
licensed vaccines and complex vaccines, particularly those without a surrogate
potency test for clinical efficacy, large fractions of lots should be tested to assure
quality of vaccines and their consistency in manufacture. When a reduced testing is
performed due to inadequate resources, lots selected for testing should be repre-
sentative of the total production. Assuming the product is stable at this stage, testing
final bulk may represent more final product lots, because multiple final lots are
usually made from a final bulk. The testing plan, including tests performed and the
percentage of lots tested, should be evaluated periodically and may be revised on
the basis of results from lot release testing. A good consistency over a period can
reduce percentage of lots tested, whereas repeated failing results and/or specific
testing issues may increase percentage of lots tested.

When regulatory agencies do not have adequate resources or testing laboratories,
lot release testing could be performed by a contract testing laboratory with
appropriate confidential disclosure agreement and having adequate technical and
regulatory capabilities. The contract testing laboratory should be inspected or
audited for the technical capabilities and the laboratory QMS.

In Europe, the OCABR procedure consists of a critical evaluation of the man-
ufacturer’s production and control protocol, and of the testing of the samples
submitted by the manufacturer as specified in the relevant guidelines.

Regulatory agencies, particularly those with inadequate resources and not per-
forming much testing, should consider lot release testing for new vaccines and for
products from new manufacturers for which there is little accumulated experience.

16.7 Selection of Methods for Lot Release Testing

Due to limited resources at many regulatory agencies, testing methods should be
carefully selected, choosing those methods that add value to the assurance of safety
and potency of vaccines. Testing for all product release parameters may not add
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much value. Test methods that ensure safety and potency of products during lot
release testing include potency, purity including free saccharide components of the
polysaccharide-protein conjugate vaccines, specific toxicity tests, and other product
specific tests such as adsorption of vaccines onto adjuvants, appropriate strains in
the product (strain identity), etc.

It is also important to carefully select the stage at which lot release testing should
be performed. Final product or drug product is a stage where most testing is
desirable. However, it is not possible to perform all quality related testing at the
final product. Certain vaccines, such as influenza vaccines in the US, are released at
final bulk stage in order to have these products available faster for use. Certain
complex vaccines, particularly combination vaccines, may require testing at inter-
mediate stages, such as monovalent bulks or individual vaccine components for
complete evaluation of quality and safety. Testing at intermediate stages may also
be necessary when the final bulk and final product cannot be tested due to the
presence of adjuvant in the final product. For influenza vaccines, seed virus of the
strains used for a particular season, may also be tested by regulatory agencies.

In Europe, the selection of the methods happens at the time of the MA grant. The
tests are selected by the OCABR drafting group on the basis of the dossier sub-
mitted by the MAH. Normally OCABR consists only of phase 1 testing described
in the guideline. However, in some cases (e.g., a significant change in the manu-
facturing process, adverse events, unexpected variability in the results of quality
control tests performed by the manufacturer or the OMCL, a critical inspection
report from the medicinal inspectorate), phase 2 testing may be appropriate as a
transitory measure. Phase 2 testing represents a set of additional testing measures.

Some quality attributes may not add value for lot release testing and should be
monitored through other tools. Sterility and general safety tests (GST) that require
aseptic testing laboratory and animal facilities, respectively, are examples of tests
that do not add much value to lot release testing and should not be performed at the
regulatory agencies.

16.7.1 Sterility Testing in Lot Release

Sterility test, performed to detect microbial contaminants, is a requirement for all
injectable drugs that cannot be terminally sterilized. Most biological products,
including all vaccines, cannot be terminally sterilized. These products are manu-
factured aseptically and tested for sterility at various stages of manufacture. Sterility
test does not demonstrate absolute sterility of the product, but is one of the com-
ponents along with aseptic process validation, environmental monitoring and use of
sterilized equipment and reagents, providing assurance that biological products are
free from detectable microbial contaminants and meet sterility requirements,
specified in the US FDA requirements for biological products (US FDA 2013c;
USP 2011; European Pharmacopoeia 2013a).
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As emphasized earlier in this chapter, vaccines are used in healthy subjects,
including babies and must have the highest degree of assurance for absence from
microbial contaminants. Sterility test, performed during various stages of manu-
facture of vaccines, is important component to assure sterility of the product as well
as to assure validity of aseptic manufacturing process. However, testing small
fraction of final product at regulatory agencies for sterility test does not add any
value. Instead, sterility test requires significant resource in terms of need for an
aseptic testing laboratory with environmental monitoring. Further the test takes
2 weeks causing delays in the lot release and may cause further delays due to false
positives, which occur at a higher frequency if the test is not performed in an
isolator.

16.7.2 General Safety as a Lot Release Test

GST was started on biological products during early part of twentieth century after
death of individuals taking products containing extraneous toxic substances. As per
US FDA Code of Federal regulations (2013b), most biological products for
administration to humans, including vaccines, must meet the requirements of GST,
unless these products have been exempted from this test by the regulations or FDA
(Federal Register 1998a, b). The GST is intended to help ensure the safety of such
products by detecting extraneous toxic contaminants that may be present in the
product at the final container. The test is required for every final product lot of the
biological product. Such toxic contaminants may be bacterial and fungal by-
products that persist after the bacteria are removed by filtration or killed by ster-
ilization, or formulation errors that result in harmful levels of certain substances, e.
g., preservatives. The test serves as a safety net to detect harmful contaminants.

Over the years with advances in testing methods and the implementation of cGMP
regulations in manufacture of vaccines during 1990s, GST lost its utility, particularly
in the presence of product-specific toxicity tests, such as specific toxicity test for
tetanus and diphtheria products, mouse weight gain test for whole cell pertussis
vaccine and inactivation or residual infectious virus test for inactivated viral vaccines
(Gupta 1996). Abnormal toxicity test which is equivalent to the GST was eliminated
from the European Pharmacopoeia (Ph. Eur.) for vaccines due to inherent toxicity of
certain vaccines, which interfered with the GST and also due to the fact that no
vaccine product ever failed the GST or abnormal toxicity test (Schwanig et al. 1997).
In the US, the FDA published in the Federal Register, a final rule exempting certain
biotechnology and synthetic biological products from a number of regulations
applicable to biological products, including the GST (Federal Register 1998a, b).

To overcome the inherent toxicity of such vaccines in the GST or abnormal
toxicity test, the test had been modified, so that the product passes the test (Bhandari
et al. 1990;World Health Organization 1990).Modification of GST compromised the
original intent of the test to assess the vaccine for any toxicity at a single human dose.
The important aspect in removal of the GST is to understand the inherent toxicity
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observed in GST or other preclinical toxicity testing and to develop appropriate
product specific tests to manage and control inherent toxicity due to product itself.
Product specific toxicity tests have significantly different test design as compared to
abnormal toxicity or GST in terms of choice of animal species, dose and observation
period, to detect the inherent product toxicity. For example, Specific toxicity test for
diphtheria vaccine uses five guinea pigs injected with 5 times the human dose and
observed for 6 weeks, whereas abnormal toxicity test used 2 guinea pigs and 5 mice
and GST uses 2 mice and 2 guinea pigs that are observed for 1 week only. The reason
not to use mice in the specific toxicity test of diphtheria vaccine is that mice are not
sensitive to diphtheria toxin thatmay be present in the vaccine (Gupta et al. 1997). The
longer observation period for specific diphtheria toxicity test is to detect possibility of
reversion of toxoid to toxin, which can happen in the body at 37 °C (Akama et al.
1971). GST is not suitable for such purposes. It should be noted that need for the
specific toxicity test should be evaluated case by case depending upon the inherent
toxicity of the product. For many recently licensed vaccines, comprising purified
components, specific toxicity tests are not required.

For a new biological product, it is important to understand inherent toxicity of
the product during preclinical and clinical development, particularly the final for-
mulation given to humans. For certain vaccines, adjuvant and the vaccine product
are mixed before use. It is important to evaluate toxicity of the mixture in an
appropriate product specific toxicity test, if required, that is suitable to detect toxic
reactions of final formulation. GST is not a scientifically sound test to detect product
specific toxicity.

16.8 Quality Management Systems for Laboratory
Operations at Regulatory Agencies

All lot release activities at the regulatory agencies, including review of LRP, must be
performed under the QMS, appropriate for laboratory operations to ensure reliability
of results and avoiding false “Out of Specifications (OOS)” results that may cause
delays in release of lots and even rejection of quality products. The QMS system
should comprise the following subsystems: sample management with full chain of
custody of samples received, documentation, including written procedures and
controlled worksheets to capture raw data during testing, training of personnel,
equipment life cycle management, including qualification, preventative mainte-
nance, calibration and validation of all equipment and instruments used in testing,
analytical methods life cycle management, including method development/qualifi-
cation, if required, method validation, method transfer, trending and tracking,
internal and external audits, management of deviations, nonconformances, OOS,
including investigations with a thorough root cause analysis, leading to effective
corrective actions and preventative actions (CAPA) (Table 16.3). The testing lab-
oratories should have an oversight by an independent Quality Assurance (QA)
Department, ensuring the verification of appropriate QMS and their implementation.
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The WHO provides assistance and guidance to the national regulatory agencies in
setting up the QMS (WHO 1992).

Adequate resources in terms of appropriately designed laboratories suitable for
intended testing, qualified personnel with the appropriate technical and scientific
expertise, qualified and well maintained equipment with appropriate calibration and

Table 16.3 List of subsystems required for an effect quality management system (QMS) in
laboratory operations for lot release testing

QMS subsystem Element, important factors

Roles and responsibilities Quality assurance group independent of laboratory
operations

Progression of responsibilities with positions

Training General, safety, cGMP, on-the-job training

Documentation Management and control

Written procedures

Controlled worksheets to record raw data

Procedures for generation, documented review, correction/
change of documents, data and records

Procedures for security, audit trail and backup of electronic
data and records

Sample management Procedure for receipt, storage, testing and disposal of
sample, including documented chain of custody

Equipment and instruments Life cycle management of laboratory equipment and
instruments, including written procedures for qualification,
operation, monitoring, maintenance, calibration, verifica-
tion, repair

Critical reagents, standards Procedures for receipt, approval for use, assigning expira-
tion, disposal, etc. of reagents

Generation, calibration or qualification of standards and
critical reagents

Analytical methods life cycle Development, qualification, validation, verification,
transfer

Change control Documentation of changes to method

Deviations, OOS, nonconfor-
mances, and complaints

Written procedures for documentation, investigations,
corrective action preventive actions (CAPA)

Investigations Root cause analysis

CAPA Correction, corrective and preventative actions

Trending and tracking Important parameters of standards, internal controls, results

Internal and external audits Independent audit of quality management systems

Vendor qualification Qualification of vendors performing calibration, mainte-
nance, providing critical reagents, or other services

Management review Management review of performance of laboratory
operations

Stability Stability of critical reagents

Environmental monitoring For controlled and classified environments
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verification, and qualified reagents, reference standards and internal control are
essential to generate reliable results during lot release testing.

QMS for review of LRP include appropriate checklists used in the review of
protocols to ensure a complete and consistent review (WHO 2013c). Such check-
lists also ensure appropriate documentation of the review. Tracking and trending of
manufacturer’s test results, including performance parameters of standards and
internal controls from LRP along with data from lot release testing performed by
regulatory agencies are essential components of QMS in ensuring quality of the
product and in achieving consistency in manufacture.

16.9 Setting up Testing Methods at Regulatory Agencies

With adequate technical capabilities, laboratory space, appropriate equipment and
independently accredited QMS, regulatory agencies can set up test methods that
will generate reliable results. For setting up test methods for lot release efficiently,
the regulatory agencies should plan transferring methods from the manufacturers
during late stages of clinical development of the product or during licensure pro-
cess, including setting up and appropriate qualification and validation of the
methods. These method transfers are not necessary for compendial tests.

16.10 Conducting Lot Release

The manufacturers’ LRP must be carefully reviewed by the regulatory agencies
before release of a lot for use to ensure that the lot met all specifications and the test
methods met all validity criteria with acceptable performance of standards and
internal controls. Review of LRP by the regulatory agencies should be appropri-
ately documented with selected data tracked and trended to assess product con-
sistency. Additionally, independent testing should be performed for critical safety
and potency attributes, particularly for legacy complex vaccines and newly licensed
vaccines. When marketing products in multiple countries, results of testing per-
formed at regulatory agency of the manufacturing country or other countries may be
provided to avoid repetitive testing. Information about such testing or the lot release
certificate from another country can be provided with the LRP.

16.10.1 Protocol Review Process

The quality and value of the LRP review depend on the information provided by the
manufacturer in the protocols. Review of LRP requires sound technical and regu-
latory knowledge of the product and analytical methods. The LRP for a product can
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be reviewed by a subject matter expert for that product or by a team of experts
depending on the complexity of the product. A validated software with appropriate
access control, security, and an audit trail for tracking and trending of the data from
LRP is essential for performing a meaningful review of protocols.

The lot release process starts with receipt of the manufacturers’ protocols and
test samples. The receipt of LRP and samples are appropriately documented by the
regulatory agencies, after verification of the label information for the test sample
and on the protocol. Next, it should be confirmed that appropriate and correct
version of LRP has been used by the manufacturer. Then the protocols are routed to
predetermined reviewers, who are subject matter experts by a manual system or by
an online system. The review of LRP should be managed through an independently
accredited QMS. Software used documenting review of LRP and tracking/trending
of data should be appropriately validated. Captured data should be reviewed peri-
odically for any trends or atypical observations. Such findings should be discussed
with the manufacturer to take appropriate corrective and preventive actions, if
necessary to ensure quality of products and consistency in manufacture.

16.10.2 Capturing, Tracking, and Trending of Data for Lot
Release Process

Capture, tracking, and trending of appropriate data during lot release process are
important to add value to the process. Results on safety and potency attributes of the
product and other critical parameters from the LRP and from regulatory agencies
testing should be tracked and trended with appropriate periodic review. In the
absence of standards for new products, critical parameters of reference preparations
should be tracked and trended to monitor performance and stability of these prep-
arations over time. A trend or a shift in the slope, intercept or 50 % endpoint of a
reference preparation may indicate a problem with the reference preparation or other
critical reagents used in the test method. Validity criteria for various quality attributes
of a reference standard or results of internal control are usually based on 95 or 99 %
confidence intervals. Wide variations from expected 95 % or 99 % acceptance of that
attribute indicate inaccuracy in setting the limits or performance of that attribute. Else
the data are not normally distributed, which is usually the case with biological
methods. Appropriate measures should be taken to change the limits.

16.11 Challenges in Lot Release

From manufacturers’ perspective, when the same lot of a product is supplied to
multiple countries, independent testing at various regulatory agencies is not only
costly and time-consuming, it may cause regulatory complexities due to high
inherent variability of many biological assays. Repetitive testing and lack of
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experience at certain regulatory agencies with complex assays can result in a “false”
OOS results which then require extensive investigation and can cause delays in
vaccine supply. The decision to repeat tests on a lot that has already been tested by
another competent authority should be carefully considered in light of all available
information. While it is important to perform independent testing at regulatory
agencies, it is necessary that the regulatory agencies have adequate resources with
regard to equipment, scientific expertise, and independently accredited operational
quality systems to perform laboratory operations. It is an issue with regulatory
agencies in developing countries, particularly for complex assays or methods
requiring expensive and modern equipment.

The development and implementation of better test methods in terms of accu-
racy, precision, and also better surrogates for human efficacy should be encouraged
by regulatory agencies. However, due to fear of subjective and unpredictable
response of regulatory agencies to atypical results or new information from new test
methods with higher accuracy, sensitivity and precision, manufacturers have been
reluctant in some cases to adopt new methods. Such methods may be highly
beneficial for legacy vaccines to ensure not only quality and consistency in man-
ufacture, but also providing information that may help in improving these products.

Overall, the implementation of alternative methods, including development and
validation, is a long process requiring significant resources and a persistent
approach at the level of the manufacturers and/or regulatory agencies. A formal
cross-validation or demonstration of equivalency of the new or alternative method
against the current or compendial method may be challenging because:

• Most of the compendial methods have been developed at a time when current
validation requirements (International Conference on Harmonisation 2005) were
not in place and these methods may not be validated to the current standards.

• In particular current in vivo potency tests, having high variability may not allow
establishing a correlation with the proposed in vitro method with high precision,
mainly due to low precision of the current in vivo method.

• The alternative method may detect one characteristic of the microorganism to be
detected (e.g., nucleic acid) while the compendial test detects another charac-
teristic (e.g., viable or infectious microorganism).

For these reasons, there is a need to reevaluate the way alternative methods are
developed, validated by manufacturers and finally accepted by the regulatory
agencies. Some ongoing or recent approaches are promising. For example, the
global efforts between manufacturers of rabies vaccines for human and veterinary
use, regulatory agencies, National Institutes of Health (NIH), and several organi-
zations to replace the in vivo potency test (called “NIH test”) used to release these
vaccines by in vitro alternative methods consistent with 3Rs principles of animal
testing (Replacement, Reduction and Refinement) (Stokes et al. 2012). For this
particular test, a “concordance study” demonstrating the ability to discriminate
between potent and subpotent lots with a qualitative comparison of the alternate
in vitro method with the in vivo mouse challenge test rather than a statistically
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significant correlation is recommended. This is mainly due to low precision or high
variability in the in vivo mouse challenge test.

Another recent successful approach to implement alternative methods is the
example of mycoplasma Nucleic acid Amplification techniques (NAT) where the
guidelines for validation of the alternatives methods and for comparability study
were published in January 2007 as part of the Chap. 2.6.7 from Ph. Eur. (European
Pharmacopoeia 2013b). These guidelines provided clarity in the development and
validation of alternative methods to the existing tests for mycoplasma detection and
helped significantly in developing and validating alternative methods.

For the older vaccines, there are common release methods, most of which have
been developed at regulatory agencies. With development of new vaccines during
last 2 decades, test methods for same product, for example Haemophilus influenzae
type b (Hib) conjugate vaccine, have been different for various manufacturers. This
has been due to proprietary nature of the products, inadequate resources at regu-
latory agencies in developing new methods or harmonizing various methods and
nondevelopment of standard and reference materials for new products by the reg-
ulatory agencies. This situation leads to having regulatory agencies perform a
slightly different test method for lot release testing than the method approved for
that product. Such scenario may cause delays in release of the product due to
discrepancies in results between the manufacturer and the regulatory agencies. In
this situation the regulatory agencies should perform the approved test method
defined in the dossier.

Any testing of samples for lot release outside approved methods should not be
performed without a defined goal of the testing and risk mitigation strategies, when
atypical results or new information about the product is obtained.

16.12 Challenges and Opportunities in Global
Requirements for Testing Vaccines

Testing requirements for licensed vaccines are described in several pharmacopeias
around the world including European Pharmacopoeia (2014a), United States
Pharmacopoeia (2013), Japanese Pharmacopoeia (2011), Chinese Pharmacopoeia
(2010), and Indian Pharmacopoeia (2014). In addition, in the United States, general
testing requirements for vaccines are described in the Code of Federal Regulations
(e.g. US FDA 2013b, c). Prior to mid-1990s, 21 CFR 600 had sections for indi-
vidual vaccines containing detailed requirements for testing licensed vaccines. With
the development of manufacturer specific vaccines, for example, Hib conjugate
vaccines, and changes in testing requirements to the licensed vaccines through
supplements or changes to the licensed applications, regulatory authorities could
not keep the testing requirements in 21 CFR 600 current. In the US, testing
requirements for vaccines are those approved in the license application or supple-
ment to the license application. However, in Europe, all marketed vaccines must
meet, unless otherwise justified and authorized, the requirements in specific
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monographs in Ph. Eur., which are regularly updated. To provide guidance to the
industry and communicating current thinking on testing requirements, particularly
for new vaccines, testing recommendations are provided in the FDA Guidance for
Industry, EMA and ICH guideline documents. Further, WHO has published rec-
ommendations for almost all marketed vaccines as well as some vaccines under
development such as vaccine candidates against Dengue (WHO 2013f).

Often these testing requirements, particularly those in individual monographs of
21 CFR 600 prior to mid-1990s, EP monographs and guidance documents include
detailed descriptions on test procedures, including description of operating condi-
tions as well as manufacturing stages where these tests should be carried out. This
sometimes leads to specifying strictly the way the test must be performed, restricting
the manufacturer to develop a product and host cell substrate specific tests based on
the risk analysis. An example for such testing requirements is the adventitious agent
testing required for cell banks and viral vaccines. Majority of these tests have been
inherited from the tests developed in 1950s for primary rhesus monkey kidney cells
used in the production of polio vaccines. Based on experience with the manufacture
of polio vaccines, detailed guidelines and monographs are available for adventitious
agents testing of cell substrates and viral seeds. Overall requirements and tests are
well described and useful for the industry. However, subtle differences in testing
required by different regulatory agencies, related to operating conditions, stage of
testing or nature of the sample to be tested and suitability of all tests for well-
characterized human diploid cells and continuous cell lines, add complexity and
unnecessary testing burden for the products marketed in multiple regions.

Various regulations and guidelines for the adventitious agent testing are
described in the following documents.

• FDA Guidance for Industry, “Characterization and Qualification of Cell Sub-
strates and Other Biological materials Used in the Production of Viral vaccines
For Infectious Disease Indications” (US FDA 2010) which is applicable to both
cell substrates of human or animal origin and viral seeds, intermediates, live
attenuated and inactivated viral vaccines as well as purified recombinant proteins.

• The Ph. Eur. Chap. 5.2.3 “Cell Substrates for the Production of Vaccines for
Human Use” applicable to diploid cell lines and continuous cell lines used for
the production of vaccines for human use (European Pharmacopoeia 2013c).

• The Ph. Eur. Chap. 2.6.16 “Tests for Extraneous Agents in Viral Vaccines for
Human Use” applicable to viral seeds and harvests manufactured on human and
animal cells and on eggs (European Pharmacopoeia 2013d).

• WHO recommendations on cell substrates “Recommendations for the evalua-
tion of animal cell cultures as cell substrates for the manufacture of biological
medicinal products and for the characterization of cell banks” applicable to
animal cell substrates used for the productions of biological medicinal products
including vaccines (WHO 2013h).

Some of these documents are Guidance documents with implied flexibility that
equivalent or better methods suitable for intended purposes may be used. However,
several subtle differences between these monographs and guidelines result into
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differences in testing for the same product for different regions if the reviewers at
regulatory agencies do not show flexibility. Despite the flexibility in the guidelines
documents, subjectivity in reviews and in acceptance of alternate methods to those
specified in guidelines results in having multiple testing profiles for the same
attribute to meet the global regulatory requirements. For example, for the in vitro
adventitious agents testing on cells, the Ph. Eur. Chap. 5.2.3 requires three tests
(hemadsorbing virus test on cells, extraneous agent test on cell culture fluids and
cocultivation of intact and/or disrupted cells), while the WHO guidelines recom-
mends the testing to be combined in a single test using cells or cell lysate with spent
culture fluid. For the same in vitro tests, FDA recommends using 3 cell types with
an incubation for 2 weeks and a subculture for additional 2 weeks, while WHO
guidelines and Ph. Eur. monographs require a minimum of 2 weeks incubation on at
least 2 cell types.

US FDA may have a flexible approach at the time of submission, but the sponsor
or manufacturer must have sound scientific data to support alternative method to
that suggested in the Guidance document. As described in the FDA guidance for
industry (US FDA 2010), “alternatives such as those recommended by WHO or EP
or different inoculation strategies for testing cell bank lysates and viral harvests will
be considered when justified in the context of the entire testing program.” The best
way to deal with subjectivity in regulatory reviews is submission of clear and
convincing rationale for the alternative method supported by strong science.
Additionally a sound risk analysis of the alternative method or approach with regard
to the impact on the quality of the product will be helpful in having these methods
or approaches approved by the regulatory agencies.

However, in some cases, the subtle differences are historical and the scientific
rationale regarding these differences has been lost. For example, for the in vivo
adventitious test in adult mice, the Ph. Eur. Chap. 5.2.3 requires i.m. and i.c. routes
of inoculation while WHO and US FDA recommend i.p. and i.c. routes of inoc-
ulation. The same subtle difference is observed for the in vivo test in suckling mice
where a s.c. route is required in Ph. Eur. Chap. 5.2.3 while and i.p. and i.c routes are
recommended by US FDA. A similar situation is also observed for the in vivo
adventitious agent tests in eggs where a passage is recommended after 3 days for
the allantoic route and 9 days for the yolk sac route by the FDA, while for WHO
and Ph. Eur. the observation period is not less than 5 days without passage. All
these subtle and small differences, if not harmonized, lead to performing multiple
animal tests for the same attribute to satisfy global requirements.

Due to legacy of the adventitious testing from the primary rhesus monkey kidney
cells, certain tests may not be required for well-characterized cell banks. For
example, test for Mycobacterium was required for the polio vaccines made in
primary rhesus monkey kidneys due to high susceptibility and high incidence of
tuberculosis in rhesus monkeys. Such testing does not have much scientific basis for
well-characterized human diploid cells, cells lines and insect cells. The insect cells
are not susceptible to Mycobacteria, but require this test. Similarly testing insect
cells for Mycoplasma on Vero cells is not scientifically sound because Mycoplasma
for plants, such as Spiroplasma citri does not infect Vero cells.
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The adventitious agent testing package is one example but it is clearly not an
isolated example. There are other examples of differences between various tests
performed in different regions. For example, the abnormal toxicity test in Europe
and GST in the US and other tests described in the regulations. Such differences
have several consequences for global manufacturers of vaccines. These include:

• Complexity in worldwide registration or licensure of new products with impact
on global vaccine supply and availability of new vaccines in a timely manner for
some countries. This complexity is increasing with the expansion of some
pharmacopeias (e.g., Chinese Pharmacopoeia) particularly if new requirements
and/or different methods/specifications are included in these pharmacopeias.

• Slowing the development and implementation of new methods by manufac-
turers because proposed alternative methods must show equivalency to several
methods considered as “compendial.”

• Regulatory questions, observations or citations during inspections with regard to
the status of “compendial nature” of the method because one method considered
as “compendial” in one region may not have the same status in another region.
Thus the inspector from the second region will require a full validation of the
method. This has a huge impact, for example in Europe and the US, compendial
methods are considered as validated per se and thus only the suitability of the
method under the actual conditions of use should be demonstrated (European
Pharmacopoeia, General Notices 2014b). If the inspector from another region
does not recognize the method as a compendial, then the manufacturer will be
cited with a deficiency of absence of an in-house method validation.

• Following several testing profiles to comply with various requirements, partic-
ularly in implementing post approval changes. The complexity in the batch
release process and global supply is, of course, increased by these potential
multiple testing profiles and/or specifications. This complexity is further
increased by the submission of post approval changes to multiple regulatory
agencies and approval of these changes at different times. Since this process is
not harmonized across the world, manufacturers may be in a difficult situation
when a change is approved by one regulatory agency, which then expects to
have the change implemented immediately upon approval, whereas the change
is still under review with another regulatory agency. This creates a situation
where the manufacturer may be following two processes or performing two
tests, the new or proposed for the market whose regulatory agency has approved
the change and the current or old for the market where the change is under
review. Finally, one country may require a modification of the test, additional
validation data while the other countries have accepted the new method.

Based on these examples and in order to assure safety and to facilitate global
supply of high quality vaccines by streamlining the overall batch release process,
there is a need to develop and validate new state-of-the-art alternatives methods and
to harmonize regulatory requirements. For this purpose, collaborative studies
organized by WHO, EDQM, or FDA are critical and should be encouraged. These
collaborative studies are focused on either evaluating new reference materials or
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exploring/validating alternative methods. They have been extremely useful in
introducing alternative tests for in vitro potency assessments of vaccines (IPV,
Hepatitis A vaccine) or new methods such MAPREC test (Chumakov et al. 1991)
for neurovirulence testing of oral polio vaccines, reducing or eliminating the use of
monkeys in this test.

Finally, in addition to these collaborative studies, there is a need for convergence
of regulatory requirements to avoid the multiple testing performed to comply with
several regulations. For this convergence goal, WHO could play a critical role in
order to facilitate the scientific discussion between the stakeholders in public health
(Regulatory agencies, manufacturers, international agencies) and to promote the
introduction of new methods consistent with 3Rs principles worldwide. Pharma-
copeia requirements and guidelines should be developed using these scientific
discussions and rationales and without the a priori that compendial methods,
implemented several decades ago, are always gold standards. This is probably the
only way to promote the introduction of alternatives and modern methods. Finally,
in the absence of regulatory requirements for a particular test or product in one
country, a mutual recognition of other existing compendial monographs should be
encouraged in order to avoid revalidation exercise that will not change the per-
formances of the established compendial test.

16.13 Mutual Recognition Among Regulatory Authorities

As it is the case within Europe and between Europe and many countries, mutual
recognition among regulatory agencies in lot release process, particularly lot release
testing should be encouraged to avoid repetitive testing and delays in product
release. This would also help in avoiding a regulatory dilemma when a lot met the
lot release criteria at one regulatory agency and failed to meet such criteria at
another regulatory agency. The WHO plays an important role and can play an
increasing role in this aspect by accrediting laboratories at regulatory agencies for
lot release testing.
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Chapter 17
Dendritic Cell Targeting Vaccines
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Abbreviations

AIDS/HIV Acquired immune deficiency syndrome and human immuno-
deficiency virus disease

APCs Antigen presenting cells
BAL Bronchoalveolar lavage
CD40L CD40 ligand
CFA Complete freund’s adjuvant
CFSE Carboxyfluorescein succinimidyl ester
CFU Colony forming unit
CHO Chinese hamster ovary
CMI Cell-mediated immunity
CTL Cytotoxic T lymphocytes
DCs Dendritic cells
DCR DC-receptor
DC-SIGN/CD209 Dendritic cell-specific intercellular adhesion molecule-3-grab-

bing non-integrin
DEC-205/CD205 Dendritic and epithelial cells 205 kDa
EBNA-1 Nuclear antigen 1 of Epstein-Bar-Virus
EBV Epstein Bar Virus
EDE Glu-Asp-Glu
ELISA Enzyme-linked immunosorbent assay
ELISPOT Enzyme-linked immunosorbent spot assay
F1 Capsular antigen fraction 1
FACS Fluorescence activated cell sorting
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Fcγ Cell-surface receptors that bind the Fc portion of IgG
GLA Glucopyranosyl lipid A
GM-CSF Granular macrophage colony stimulating factor
HER2 Human epidermal growth factor receptor
HPV Human papilloma virus
ICS Intracellular cytokine staining
IFN Interferon
I.M. Intramascular
I.N. Intranasal
I.P. Intraperitoneally
KLH Keyhole limpet hemocyanin
KO Knock-out
LcrV Low-calcium response virulence protein
LD50 Lethal dose, 50 %
LNs Lymph nodes
LPS Lipopolysaccharide
mAb Monoclonal antibody
MAdCAM Mucosal addressin cell adhesion molecule
MALP-2 Macrophage-activating lipopeptide-2
MCM Monocyte-conditioned medium
MDA5 Melanoma differentiation-associated protein 5
MMR Macrophage mannose receptor
Mo-DCs Monocyte-derived DCs
MPLA Monophosphoryl lipid A
NHP Nonhuman primates
NK Natural killer
NKT Natural killer T
NOG NOD/LtSz-scid IL2Rγnull

NOS2 Nitric oxide synthase 2
NYVAC New York vaccinia virus
OVA Ovalbumin
PBMC Peripheral blood mononuclear cell
PGE2 Prostaglandin E2
Pgm- Pigmentation negative strain
PHRI Public health research institute
Poly IC Polyinosinic: polycytidylic acid
Poly ICLC Poly IC with poly-L-lysine and carboxymethyl cellulose
S.C. Subcutaneously
SDS PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis
STAT Signal transducer and activator of transcription
T3SS Type III secretion system
TAPs Transporters for antigen presentation
TLR Toll-like receptors
TNF Tumor necrosis factor
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Treg Regulatory T cell
TT Tetanus toxoid
Y. pestis Yersinia pestis
Yops Y. pestis effector molecules

17.1 Introduction

Vaccines are effective and have long-lived immunity only to the extent that they
induce T cell memory directed against appropriate target antigens. T cell memory
controls humoral and cell-mediated anamnestic responses, and appropriate targeting
insures effectual immune action against the etiological agent of disease. This dual
requirement for an efficacious vaccine is achieved by delivering target antigen
epitopes which drive successful processing, presentation, and T cell induction. The
inclusion of such antigens has been somewhat empirical, though modern biotech-
nology and recombinant engineering has enabled the rational design of potent new
chimeric biomolecules. Several types of vaccines have been described in this book,
categorized by antigen source as being natural, modified, engineered, combination,
or expressed in vivo; exemplified by whole cell-, live attenuated-, subunit-, con-
jugate- or DNA vaccines. This chapter describes another category of vaccine dif-
ferentiated by its strategy of antigen presentation. Dendritic cell vaccines share a
targeting strategy in which specific antigen is delivered to dendritic cells (DCs) via
antibodies directed against their specific endocytic receptors. DC-targeting vaccines
have been under development for nearly a decade and recent advances have greatly
improved the DC vaccine strategy. This chapter summarizes the development and
use of a recent DC-targeting vaccine platform as tested against disease models of
particular importance. We also provide a generalized method for development and
application against other antigens.

In spite of past advances in biotechnology and the exponential accumulation
of genomic data and biomolecular information, some diseases and pathological
conditions are still recalcitrant to effective prophylaxis or therapy. To date, con-
ventional vaccine technologies have been problematic or ineffective against several
important infectious diseases (i.e., tuberculosis, malaria, HIV/AIDS) and nonin-
fectious diseases (e.g., cancer). Beginning in 1995 (Hsu et al. 1996; Ridgway
2003), the new vaccine approach of DC-targeting entered clinical testing, and
continues to gain interest, particularly in areas of cancer prevention and treatment.
Recent progress in the DC-targeting strategy has improved the engineering, man-
ufacture and efficacy of targeting products, and promises to revolutionize vacci-
nation against difficult diseases. The first section describes unique and centrally
important features of DCs with regard to vaccine biology, and focuses on con-
ventional features and future challenges of DC-based vaccine development.
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17.1.1 Dendritic Cells

We begin with a brief overview of DC immunobiology and description of how DCs
are pivotal to this vaccine technology platform. Extensive information on DCs
immunobiology is available elsewhere (Banchereau and Steinman 1998; Steinman
and Banchereau 2007) to which the reader is guided for detailed and current
reviews of background knowledge. Basic research and lessons learned from clinical
trials have well established that effective vaccines must induce enhanced cell-
mediated immune responses with memory in concert with humoral immunity, and
must involve mucosal aspects of protection as related to disease pathogenesis. DCs
are very capable of meeting these diverse requirements, as is illustrated throughout
this chapter. DCs are specialized antigen presenting cells (APCs) that initiate and
control immune responses (Banchereau and Steinman 1998; Steinman and Ban-
chereau 2007). Foremost, DCs are potent T cell stimulators.

Immature DCs, as sentinels have a critical role in establishing adaptive immunity
to a newly encountered threat; They are abundant at body surfaces including
mucosal areas where most infections occur, and they actively acquire antigens by
extending their dendrites through the tight junction interfaces of epithelial cells
(Rescigno et al. 2001; Niess et al. 2005). DCs have a specialized endocytic system
comprised of various uptake receptors and antigen processing compartments
(Trombetta and Mellman 2005), which underlie their central and unique role in
innate immunity. After encountering nonself entities, DCs bearing antigen then
migrate into local lymphoid organs (Cyster 1999; Randolph et al. 2005), which
allows efficient selection of specific clones from the diverse antigen-specific rep-
ertoire, often less than one in 105 lymphocytes. This facilitates presentation of
processed antigens to CD4+ and CD8+ T cells, glycolipids to NKT cells, as well as
native antigens to B cells leading to diverse forms of adaptive immunity (Mellman
and Steinman 2001). When a pathogen unsuccessfully infects a DC, microbial
proteins are imported to the cytoplasm where they are clipped by proteasomes and
then transported to the rough endoplasmic reticulum through TAPs (transporters for
antigen presentation). Processed peptides of about nine amino acids in length are
loaded onto the antigen-binding cleft of newly synthesized MHC class I molecules,
and the MHC I-peptide complexes reach the surface during transit through the
Golgi apparatus. This classical endogenous pathway of DC processing leads to
activation of antigen-specific CD8+ T cells (Pamer and Cresswell 1998). In contrast,
the exogenous pathway begins when proteins are delivered to DCs through
phagocytosis or receptor-mediated endocytosis. Within non-lysosomal transport
vesicles, the processed peptides, either preloaded or newly loaded onto MHC class
II, are then presented to specific CD4+ T cells (Turley et al. 2000). Importantly, the
vesicles contain not only MHC II-peptide complexes but also CD86, which is a co-
stimulatory molecule that enable DCs to stimulate CD4+ T cells very efficiently
(Engering and Pieters 2001). Another pathway and special feature of DCs is “cross-
presentation,” which is essential for induction of enhanced T cell immunity in
vaccine biology (Albert et al. 1998; Heath et al. 2004). During cross-presentation,
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peptides from extracellular antigens are presented within the MHC class I complex.
This cross-presentation capacity allows DCs to elicit CD8+ CTL (cytotoxic T
lymphocytes) reaction without infection or endogenous biosynthesis of proteins in
contrast to the “classical endogenous pathway.” For example, proteins derived from
immune complexes arising via the Fcγ receptor (see Abbreviations), or from dying
cells via phosphatidylserine receptor, or from microbes inactivated by ultraviolet,
heat or chemical treatments, each gain access to the cytoplasm of DCs resulting in
protein ubiquitination, proteasomal degradation, and routing via TAP-mediated
transportation to the surface. Thus, many non-replicating antigens, including pro-
tein subunit vaccines and chemically inactivated vaccines, can “cross” over to MHC
class I products of DCs and elicit CD8+ T cell responses. This cross-presentation by
DCs is critical to the effectiveness of vaccines intended against chronic intracellular
infectious diseases and cancers.

In the steady state, or in the absence of immune system perturbation, DCs remain
in an immature status, and can actively silence untoward immune activation against
self and environmental proteins (Hawiger et al. 2001). This induction of tolerance
by DCs is also important in immune-regulation, and is particularly important in
developing treatments for transplantation, allergy, or autoimmunity. Therefore,
awareness of DC “maturation” and tolerance is necessary to exploit DCs for vac-
cine development (Reis e Sousa 2006). A spectrum of stimuli has been identified as
DC maturation signals. One category important for signaling in the presence of
microbes is the toll-like receptor (TLR) (Akira et al. 2001; Medzhitov 2001), and a
second is TNF signaling by other lymphocytes including NK, NKT, T, and B cells
(Fujii et al. 2004). Although different stimuli can affect DC functioning at different
levels, matured DCs generally: reduce antigen capturing and processing, increase
the expression of co-stimulatory molecules (i.e., CD40, CD80, CD86), increase
production of various cytokines and chemokines, and increase migration to draining
lymph nodes (LNs) and the survival of DCs (Banchereau and Steinman 1998;
Steinman and Banchereau 2007). These series of processes convert DCs from
functioning as “immune silencer” to “immune stimulator” and, therein, bridge
innate, and adaptive immunities. This was the subject of the 2011 Nobel Prize in
Physiology or Medicine, co-awarded posthumously to Dr. Ralph Steinman for his
important discoveries in this area. Recent insights also suggest that different
functions by distinct DC subsets are responsible for such various and almost
contradictory immune responses as tolerance versus activation (Pulendran et al.
1999; Shortman and Liu 2002; Shortman and Naik 2007).

Based on the cell physiology discussed above, the advantages of utilizing DCs in
vaccine biology can be summarized in two aspects: the quantity and the quality of
induced immune responses. For example, DCs prime antigen-specific CD4+ T cells
efficiently and differentiate them into IFN-γ secreting Th1 type CD4+ T cells.
DC-delivered peptides are observed to induce specific immune responses that are
100–1,000 times more efficiently than nonspecifically delivered peptides mixed in
Complete Freund’s Adjuvant (CFA) (Hawiger et al. 2001). Th1 helper T cells play an
important role in activating macrophages to fight against intracellular bacteria and
protozoa. They provide aid to CD8+ T cells in defending against viral infections and
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cancers, and help antigen-specificBcells to proliferate and produce antibodies aswell.
In addition, DCs can directly stimulate CD8+ T cells and B cells. In this circumstance,
the functional affinity of the CD8+ T cells is improved and antibody secretion and
isotype switching are enhanced, including IgA production which is important in
mucosal protection. Moreover, DCs can induce T cell memory for both CD4+ and
CD8+ responses (Steinman 2007; Steinman and Banchereau 2007). Thus, it is
essential to harness the DC’s central and versatile role in controlling immune system
functionwhile engineering improvements in vaccine efficacy, potency, and longevity.

17.1.2 Conventional DC-Based Vaccine Approach

Valuable concepts of DC-based vaccine approaches have been successfully dem-
onstrated in numerous experimental animal models. To date, the DC-based vaccine
platform has proven to be largely safe and able to induce antigen-specific T cell
responses in patients. As discussed further below, Table 17.2 lists clinical vaccine
trials using a DC strategy, all but one of which employs the conventional method.
The difference between conventional and new DC-based vaccine strategies is
described in Sect. 17.1.3 below and illustrated in Fig. 17.1. Here, we first describe

A. Conventional DC - based Vaccine  

2.  Ex vivo DC  manipulation  
      by antigen pulsing,       
      maturation, or  modification  

3.  Administration of  
     the antigen-bearing      
     matured DCs  back  
     into patient  

Immature DC  Matured DC 
Ag-conjugated  
DC-targeting Ab 

Ag-specific  
lymphocyte  

1. Administration of  
        anti-DC targeting 

antibody fused to 
antigens + adjuvants  

2.   In vivo, in situ targeting of  
       antigens to DCs of systemic  
       lymphoid tissues + DC maturation  

3.  In vivo priming and   
     education of antigen- 
     specific T cells  
     by antigen targeted  
     DCs in lymphoid  
     tissues  

B. Improved Dendritic Cell Targeting Strategy 

Key 

Blood 

Antigen  
(      )Ag  

DC-specific 
endocytic receptor  

1. Expansion of immature DCs    
isolated from blood 
withdrawn from patient. 

Fig. 17.1 Comparison of conventional and new DC-targeting vaccine strategies. The principal
stages and components of dendritic cell-based vaccine strategies are depicted for the conventional
(a) and new, improved (b) approaches. Diagrammatic representations of critical components are
given in the key below for blood, immature DC, matured DC, DC-endocytic receptor, antigen
(red), antigen-conjugated DC-targeting antibody, and antigen-specific lymphocyte. Arrows depict
stages that involve medical or laboratory handling of material that is withdrawn from or
administered to the patient. Numbered stages occur either ex vivo or in vivo as described
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the general procedure of conventional DC-based vaccines used in clinical appli-
cations with some discussion methods used in isolating DC precursors, antigen
pulsing, and ex vivo manipulations, as well as suggested improvements to be
considered for future DC-based vaccine approach.

Two general sources of DC precursors have been facilitated for use in the
conventional DC strategy, CD34+ proliferating hematopoietic stem cells, and
CD14+ monocytes (Banchereau et al. 2001; Steinman and Dhodapkar 2001).
Monocyte-derived DCs (Mo-DCs) have been extensively used in clinical applica-
tions, partly because they are easier to be obtained and a more homogenous pop-
ulation than CD34+-derived DCs. The methods for isolating DC precursors and
their subsequent culturing have improved so that large numbers of homogenous
Mo-DCs (i.e., 300–500 million mature DCs per apheresis) can be generated with
GM-CSF (granularmacrophage colonystimulating factor) and IL-4 to give a product
of consistent quality (Berger et al. 2002). While increased yields of homogenous
DCs would be ideal for use in clinical trials, better understanding is needed with
regard to the specialized immune functions induced by distinct DC subsets.

For introducing or “pulsing” antigens into DCs, various forms of antigen and
delivery vehicle have been applied, including transfection of RNAs or immune-
dominant peptides, and antibody-coated tumor cells, whole cell lysates, or necrotic
cells (Schuler et al. 2003). Using cells or cell lysates does not require identification
of antigenic epitopes, so is presumed to save time and effort compared to using
immune-dominant peptides or RNAs. However, the latter approaches can be used in
patients regardless of tumor type and does not require a preparation of large amount
of antigen. Moreover, it might provide DCs with selective antigens leading to
enhanced antigen-specific immune responses.

As described in Sect. 17.1.1, activating DCs into “mature” status is critical for
immune stimulation. There are several established “maturation cocktails” including
TLR ligands (e.g., MPLA, poly IC) or inflammatory cytokines (e.g., TNF-α).
Monocyte-conditioned medium (MCM) composed of IL-1β, TNF-α, IL-6, PGE2, or
CD40L represents a standard for Mo-DCs stimulation (Steinman and Pope 2002;
Schuler et al. 2003), although a validated clinical standard has not been published.
Previous studies reported that Mo-DCs became more homogenous in population
diversity after MCM treatment, and they were highly viable and migrated well upon
chemotactic signals (Schuler et al. 2003). A critical question remains, however, of
how to determine whether the ex vivo-manipulated DCs are truly matured functional
and in vivo. So far, various protocols to check either up-regulation of surface
co-stimulatory molecules (e.g., CD80, CD86, CD83), cytokine production (e.g.,
IL-12), or in vitro immune responses using a positive control antigen pulsed together
with real pathogenic antigens such as tetanus toxoid (TT) or keyhole limpet hemo-
cyanin (KLH), have been applied. For clinical DC-based vaccines, standardized
protocols are needed that provide improved functional aspects of DCs.

Although optimized vaccination schedule, dosage, and routes of DC-based
vaccine approaches have yet to be determined, previous trials have demonstrated
that tumor-specific T cells could be induced by either intradermal (Fong et al.
2001a), subcutaneous (Schuler-Thurner et al. 2002), intranodal (Jonuleit et al. 2001),
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or intravenous (Fong et al. 2001b) injection of ex vivo-manipulated DCs in patients.
Given the facts that efficient migration to lymph nodes of the administered DCs is
essential for the induction of antigen-specific T cell immunity, and less than 6 % of
the Mo-DCs could reach the nodes (Schuler et al. 2003), it can be surmised that
improved delivery should be pursued. Although methods are conceived to overcome
such migratory limits, including a direct intranodal injection, manipulation of
CCL19/CCR7 interaction, or an increased cell count and schedule frequency of DC
administration, they bring additional difficulties which have hampered clinical
application depending on cancer types. For example, diminished DC functions due
to over-manipulation, or induction of unwanted counter immune responses due to
already sensitized immune responses have been observed. Therefore, for improved
DC-based vaccine approaches, developers must consider such a way to deliver
antigen to as many DCs as possible so that effective B and T cell immunity can be
induced in systemic lymphoid tissues including mucosal nodes.

Beginning with the first clinical DC vaccination study in 1995 (Hsu et al. 1996),
numerous trials have been launched against various cancer diseases and infectious
diseases. To date, there are 220 clinical trials worldwide listed that use some form
of DC vaccine intervention, as publically listed by www.clinicaltrials.gov
(Table 17.2). The majority of these are centered in the US and Canada, followed
by Europe and the Asia/Pacifica region. Most studies are in Phase 1 and/or Phase 2,
with 33 listed as Phase 3 at the time of this writing. Nearly, all studies target cancer
and neoplasms, though 10 target an infectious disease, all of these being against
HIV/AIDS. One study uses the new DC-targeting platform described in this
chapter, employing a target antigen-fused anti-DC receptor antibody, called the
DEC-205-NY-ESO-1 fusion protein vaccine (Study NCT01522820; Table 17.2,
italics). While some studies have generated results, these data are not publically
accessible.

Although we still need more data to draw broad conclusions on the efficacy of
DC-based vaccine approaches, it is clear that valuable proofs of concept in clinical
applications have been collected, and the strategy has demonstrated sufficient
potential to warrant further pursuit. The new DC-targeting platform is discussed
below.

17.1.3 New DC-Targeting Vaccine Approach

The concept of a novel DC-targeting strategy is depicted in Fig. 17.1, where dif-
ferentiating principles and improvements are compared to conventional DC-based
vaccine approaches. The principal advantages of the new targeting strategy is greater
targeting efficiency and greater procedural safety through less handling of material
introduced into the patient. The strategy is elegant: antigen is couriered directly via
an anti-DC receptor antibody. In brief, the new DC-targeting strategy uses a chimeric
conjugated antibody in which heavy chain is fused to antigen by recombinant
engineering with a systemic DC maturation stimulus (Trumpfheller et al. 2012).
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The conjugated antibody targets DCs at various DC-specific endocytic receptors, and
the targeted antigens are endocytosed, processed, and presented to antigen-specific T
cells by mature DCs. Thus, the new DC-targeting strategy employs natural processes
occurring in vivo to achieve antigen loading, DC maturation, enrichment, and pre-
sentation. This new strategy circumvents several problems associated with the
conventional approach as listed below (see boxed insert). Although both approaches
involve a single parenteral product, the conventional approaches require collection of
DCs from patient for manipulation and purification before re-introduction, creating
more risk to negatively impact quality, safety, and efficacy. Complexities associated
with the isolation and culture of DCs, their ex vivo manipulation, and their homing to
LNs on reintroduction render the conventional approach generally intractable for
analytical measurement and therefore problematic in monitoring for quality control.

Problems with Conventional DC-Based Vaccine Approaches

• Difficulty in isolation and expansion of DCs with proper number and
quality

• Inefficacy of the ex vivo cultured DCs in homing to draining LNs and
purity

• Potential problems during ex vivo DC manipulation
• Limitations of antigen preparation
• Potential risk to quality (e.g., freezing and thawing cells) and safety due to

ex vivo handling and manipulation of material introduced back into the
patient

The key of DC-targeting strategy for vaccine biology is harnessing the capacity
of DCs as APCs and thus, to maximize a role of DCs immune system, or nature’s
adjuvant. In other words: (1) by targeting antigens to endocytic receptors, antigen
capture and process is significantly enhanced; (2) by administrating DCs stimulus
simultaneously, antigen-bearing DCs become true immune stimulators; and (3) by
delivering antigens directly to DCs in vivo in situ, critical challenges on DC iso-
lation, ex vivo-manipulation, or migration to the nodes are overcome.

Due to these influential capabilities, the DC-targeting strategy was developed
incrementally and extensively wherein several aspects were considered carefully
including, the screening and characterization of DC-specific endocytic receptors,
generation of monoclonal antibodies with quality control, selection of antigens of
interest and disease models, and efficient immune monitoring system to examine the
efficacy of the strategy as therapeutic as well as preventive vaccines. Technology
discovery and development information on each of these topics is discussed further
in following sections of this chapter. We begin with the rationale to select the DEC-
205 endocytic receptor for the DC-targeting strategy and lessons learned from first
demonstration using a model ovalbulin antigen (OVA) system (Sect. 17.2). The
DC-targeting strategy has been refined using pathogenic disease models, giving
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expected results, and some surprise observations (Sects. 17.3 and 17.4). Lastly,
various efforts for clinical applications (Sect. 17.4) and future directions (Sect. 17.5)
are considered and discussed.

17.2 DC-Targeting Strategy: Technology Discovery
with OVA Model Antigen

This section describes the rationale for selecting DEC-205 over other DC-specific
endocytic receptor as a targeting molecule, and valuable information on the DEC-
targeting strategy as potential prophylactic and preventive vaccine approach. Much
of this information was gained from early experiments using the ovalbumin model
antigen and OVA transgenic mice system.

17.2.1 The DC Receptor for Endocytosis, DEC-205

Dendritic cells express various receptors for absorptive uptake of antigens, and DC
subtypes are classified in part by the identity of these antigen uptake receptors. For
example, Fcγ receptors (Regnault et al. 1999), and macrophage mannose receptor
(MMR) (Sallusto et al. 1995) are shared with other type of cells, while CD205
(DEC-205) (Jiang et al. 1995), CD207 (Langerin) (Valladeau et al. 2000), CD209
(DC-SIGN) (Engering et al. 2002) or BDCA-2 (Dzionek et al. 2001), are more
DC-restricted receptors. Among these, DEC-205 has received intense interest for
use in the DC-targeting strategy due to the following features. First, this endocytic
receptor mediates the efficient processing and presentation of antigens on MHC
class I and II products in vivo (Jiang et al. 1995). An early study demonstrated that
the DEC-205 receptor targets late endosomes or lysosomes rich in MHC class II
products, while the homologous MMR was found in more peripheral endosomes
(Mahnke et al. 2000). In addition, DEC-205 showed enhanced surface binding,
up-taking, and presentation in comparison of MMR. These properties of DEC-205
were mediated by a membrane-proximal region with a coated pit sequence for
up-taking, and a distal region with an EDE triad (Glu-Asp-Glu) for the unusual
deeper targeting (Mahnke et al. 2000). Second, DEC-205 is expressed at high levels
on lymphoid tissue DCs, and particularly in the T cell areas of lymphoid organs,
which might enhance antigen-specific DC/T cell contact (Witmer-Pack et al. 1995).
Moreover, monoclonal antibody against DEC-205 (anti- or αDEC-205 mAb)
demonstrates a target selectively for DEC-205+ DCs in mice (Hawiger et al. 2001).
Based on these properties, any protein joined to the DEC-205+ DCs via αDEC-205
mAb was anticipated to be processed and presented efficiently (now, we define this
as DEC-targeting). This capability was demonstrated with greatly enhanced
induction of antigen-specific CD4+/CD8+ T cell responses (Hawiger et al. 2001).
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Given the fact that less than one in 10,000 naïve T cells are able to respond to a
specific antigen in general, its stimulation is difficult to detect by conventional
immune assays. To aid development and testing, ovalbumin (OVA) was selected as a
model antigen within OVA transgenic mice, such as OT-I (transgenic T cell receptor
for MHC class I-restricted OVA peptide, amino acids 257–264, SIINFEKL) or
OT-II (transgenic T cell receptor for MHC class II-restricted OVA peptide, amino
acids 323–339, ISQAVHAAHAEINEAGR). This experimental system proved to be
very useful in the analysis of antigen-specific T cell immunity in early exploration of
the DC-targeting strategy. When graded doses of the anti-DEC-205 antibody con-
jugated to OVA protein (αDEC:OVA) were subcutaneously (s.c.) injected into the
mice, OVA antigen was efficiently presented to OVA-specific CD8+/CD4+ T cells
in vitro, as well as in vivo by CD11c+ DCs, but not by CD11c− DCs or B cells in the
draining lymph nodes. These findings indicated high specificity of the DEC-tar-
geting strategy (Bonifaz et al. 2002). In case of MHC class I presentation by CD11c+

DC after αDEC:OVA targeting, transporter associated with antigen processing
(TAP) was required which suggested an exogenous MHC class I pathway (Jung
et al. 2002). Interestingly, both efficient targeting and peripheral CD8+ T cell tol-
erance via presentation on MHC class I were observed under steady state or in the
absence of infection (Bonifaz et al. 2002). Briefly, in the absence DC stimuli, as
achieved experimentally by omitting anti-CD40 mAb (αCD40), OVA-specific CD8+

T cells first proliferated then died by 12–14 days. T cells were not found in lymph
nodes, spleen, bloods, or peripheral tissues such as lung. Moreover, there were no
recall T cell responses to rechallenge with OVA plus a strong adjuvant such as CFA,
which demonstrated the deletion of the T cells or the induction of peripheral toler-
ance by DEC-205 receptor-mediated antigen delivery. In contrast, when αDEC:
OVA was administered in the presence of DC maturation, such as injected αCD40,
OVA-specific CD8+ T cells proliferated, produced IL-2 and IFN-γ, and strongly
responded to the rechallenge. This demonstrated two important points: first, as
previously known, a “danger signal” is required to induce immune stimulatory
function of DCs (Bendelac and Medzhitov 2002; Steinman and Banchereau 2007)
(see Sect. 17.1.1 for more information); and second, that DEC-205 provides efficient
receptor-mediated antigen processing and presentation for MHC class I in vivo,
leading to peripheral tolerance with small amounts (see Sect. 17.2.2 for more
information). This latter effect typically requires repeated injections of large amounts
of proteins or peptides. DEC-205 might play an efficient role for developing toler-
ance to harmless environmental proteins and self-proteins on MHC class I by
continuously deleting those T cells in vivo. Since injection of only αDEC:OVA
neither increased DC numbers nor induced DC maturation, these data proved that a
coupled target antigen was required in this DC-targeting strategy (Bonifaz et al.
2002).

Based on these findings, the DC-targeting strategy was proposed as an improved
DC-based vaccine approach. The effectiveness and practical utility of this platform
rests on unique composition of the active pharmaceutical ingredient, comprising
αDEC-205 conjugated to target antigen, and adjuvant, comprising αCD40 to induce
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strong antigen-specific CD4+/CD8+ T cell immune responses. Demonstrations of
this new DEC-targeting strategy in model diseases are described in Sects. 17.3 and
17.4 of this chapter.

17.2.2 Highly Efficient CD4/CD8 T-Cell Immunity

The immunostimulatory efficiency of DC-targeting was found to be very efficient
compared to the standard subunit vaccine approach using purified antigen. For
example, more than 1,000-fold increased efficiency was observed for the OVA
antigen. In escalating dose-response tests of αDEC:OVA with αCD40 (fixed at
25 μg/mouse) injected into the mice, and OVA-specific CD4+/CD8+ T cells were
assessed by proliferation and by ELISPOT detection of IFN-γ secretion (Bonifaz
et al. 2004). A minimum of 2,500 ng non-targeted soluble OVA was required to
elicit OVA-specific CD8+ T cell proliferation, while just 2 ng of the DEC-targeted
OVA gave the same response. Thus, comparing DEC-targeting delivery to a non-
targeted soluble protein administration 1,000 times and 50 times less amount of
antigen, respectively, were required to achieve similar level of OVA-specific CD8+

and CD4+ T cell induction. Beyond efficient T cell proliferation and IFN-γ
production, DEC-targeting was also observed to induce functional cytotoxic T
lymphocytes (CTLs) (Bonifaz et al. 2004).

Interestingly, the efficacy of DEC-targeting for induction of antigen-specific T
cell immune responses was more prominent than other vaccination methods tested.
For example, mice were injected s.c. with either: (1) splenic DCs pulsed ex vivo
with 10 μg/ml of αDEC:OVA and αCD40, (2) 500 μg of the non-targeted soluble
OVA protein in CFA, (3) 50 μg of the non-targeted soluble OVA protein with
αCD40, (4) 50 μg of OVA peptide (SIINFEKL) with αCD40, or (5) 50 ng of OVA
containing αDEC:OVA with αCD40. Following 7 and 30 days after vaccination,
OVA-specific T cell expansion was measured by double staining with CD62L and
Kb-SIINFEKL-PE tetramer from lymph nodes and spleens. The data showed that at
both days, DEC-targeting was the most effective among the group in the induction
of the antigen-specific T cell immune responses. The frequency of OVA-specific
CD8+ T cells was *5 % with 50 ng of the OVA containing αDEC:OVA plus
αCD40 treatment at day 7 in spleen, while those of the 50 μg soluble OVA protein
(1,000 × molar excess of protein) plus αCD40 group and the 50 μg OVA peptide
(467 molar excess of processed peptide) plus αCD40 group were around 1 and
0.2 %, respectively. The frequency of the expanded T cells secreting IFN-γ was the
highest in the DEC-targeting group as well. Even after 30 days, about 1.3 % of the
OVA-specific CD8+ T cells were detected in the group immunized with the DEC-
targeting, and such was not detectable with other vaccination strategies demon-
strating the efficacy of the DEC-targeting strategy in the induction of T cell
immunity (Bonifaz et al. 2004).
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17.2.3 Systemic Antigen Presentation and Durability

It was surmised that the DEC-targeting strategy offered an opportunity for improved
efficient systemic antigen delivery given the fact that few ex vivo-manipulated DCs
were found in the draining lymph nodes of reinjected patients using the conven-
tional DC-based vaccine approach.

In order to test the rate and the durability of the DEC-targeting antibody in
lymphoid tissues, Alexa488-conjugated DEC-targeting antibody was injected s.c.
into the mice and tracked at various time points (Bonifaz et al. 2004). As early as
30 min after vaccination, the DEC-targeting antibody was bound not only to the
CD11c+ DCs in draining lymph nodes but also to the spleen DCs. At 6 h post
injection, *50 % of the DCs in the draining lymph nodes and 40 % of the DCs in
distal lymph nodes were targeted, and as late as 3 days after injection, the DEC-
targeting antibody was detected in all sites tested. Considering at least 6 h in transit
for carriage of the antigen by peripheral DCs to the draining lymph nodes, and that
they would not easily move to other organs (Kamath et al. 2000, 2002) (i.e., distal
lymph nodes and spleens), this study demonstrated that the DEC-targeting strategy
greatly enhanced systemic antigen delivery to the DCs in vivo.

Unexpectedly, the antigen products delivered by the DEC-targeting antibody,
particularly those processed on MHC class I products, persisted for longer periods
than the typical half life of many DCs (i.e., less than 2 days) (Kamath et al. 2002;
Bonifaz et al. 2004). When OVA antigens were given to the mice in two forms-either
targeted via αDEC:OVAor as non-targeted solubleOVA-at different time points (1, 3,
7, 15 days) before transferring the OVA-specific T cells, prolonged presentation was
detected in the lymph nodes of theDEC-targeted group even after 15 days. In contrast,
minimal presentation was detected in the soluble OVA treated group after 7 days.
Although further studies are needed to better understand the destiny and mechanisms
of antigen targeting, it appears that the DEC-205 receptor is specialized in its capacity
for both processing and presentation of antigen as MHC class I products.

Importantly, DC targeted antigens were able to induce stronger antigen-specific
T cell responses with durability as well (Bonifaz et al. 2004). For example, IFN-γ
secreting CD8+ T cells were examined 14, 21, 60, or 90 days after vaccinating mice
with αDEC:OVA, containing 50 ng OVA protein, plus αCD40. Even after 90 days
of a subcutaneous single dose of the DEC-targeting antibody vaccination, strong
IFN-γCD8+ T cell responses were detected and efficient CTL activity was still
observed. This indicated great efficacy in the formation of effector memory T cells
by DEC-targeting.

Taken together, these findings demonstrated several practical attributes of the
DEC-targeting strategy as a novel DC-based vaccine platform: (1) fast systemic
delivery of antigens to large numbers of DCs in lymphoid tissues with durability;
(2) induction of higher frequency of antigen-specific T cell immunity with signif-
icantly less antigen; and (3) generation of durable effector memory T cells. These
salient features of the DEC-targeting strategy were further demonstrated using a
tumor model as shown in the below section.
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17.2.4 Vaccine Efficacy

To study the efficacy of the DEC-targeting strategy as a novel DC-based vaccine,
mice were injected s.c. with αDEC:OVA or isotype control in the presence and
absence of αCD40. Sixty days later, they were challenged with B16 melanoma cells
bearing OVA (Bonifaz et al. 2004). Only mice vaccinated with αDEC:OVA plus
αCD40 were protected and the protection was mediated primarily by OVA-specific
CD8+ T cells with protection by CD4+ T cells to a lesser extent. Testing a thera-
peutic approach, mice were inoculated with the tumor first (5–10 mm diameter) and
subsequently received various forms of OVA antigens, including αDEC:
OVA + αCD40, soluble OVA in CFA, ex vivo OVA-pulsed spleen DCs, or PBS/
adjuvant alone. The only group to show a therapeutic effect was that treated with
the DEC-targeting antibody plus adjuvant. Based on the data showing that primed
effector T cells induced by the DEC-targeting strategy emigrated to the lung
(Bonifaz et al. 2002), mucosal resistance after a single dose of s.c. vaccination was
also tested. Mice were injected either with αDEC:OVA or isotype control plus
αCD40, and challenged with intranasal recombinant Vaccinia virus expressing
OVA. As evaluated by lung viral titers and weight loss, only αDEC:OVA + αCD40
induced systemic protective immunity including at mucosal surfaces.

In summary, all the data obtained in initial studies with OVA model antigen
provided promising aspects of the DEC-targeting strategy as a novel DC-based
vaccine approach. In particular, greatly enhanced antigen-specific CD8+ T cell
immunity induced by the DEC-targeting strategy drew more attention to its
potential application as an efficient vaccine against diseases that require strong
cytotoxic killer T cell-mediated immunity such as cancer or viral diseases. To our
surprise, the DEC-targeting strategy was more efficient in the induction of antigen-
specific responses by CD4+ T cells rather than CD8+ T cells when conjugated with
various real pathogen antigens as compared to OVA model antigen. These unex-
pected results will be explained in detail with a case of plague vaccine development
in Sect. 17.3 and with other cases in Sect. 17.4. The ability for cross-presentation by
the DEC-targeting strategy will be discussed further in Sect. 17.4 as well.

17.3 DC-Targeting Strategy with a Known Pathogenic
Antigen, Yersinia Pestis LcrV

Based on results obtained with the OVA model, our DC-targeting strategy was then
investigated in various disease models using real disease-related antigens as an
improved DC-based vaccine platform. Infectious disease models in which a bene-
ficial role of cell-mediated immunity (CMI) could be investigated were considered
first. Plague, caused by Y. pestis, was chosen for study among other bacterial
infectious disease models due to the ongoing inquiry about host immune protection
and the importance of plague as a potential biological weapon or bioterrorism threat.
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17.3.1 Breadth and Efficiency of T Cell Immunity Induced
by DC-Targeting Strategy

Yersinia pestis (Y. pestis) is a Gram-negative bacterium and a etiologic agent of
plague or Black Death (Perry and Fetherston 1997) (see also, Chap. 7). Three
clinical forms of plague occur in humans depending on the route of bacterial
infection. Bubonic plague results from subcutaneous deposition of Y. pestis bacillus
via infected flea bite. If untreated, bloodstream contamination may result in septi-
cemic plague or pneumonic plague upon infection of the lungs (Perry and
Fetherston 1997). Pneumonic plague produces rapid death and natural disbursement
through contaminated respiratory droplets. Aerosolized Y. pestis may also be cre-
ated unnaturally as a bioweapon, and is ranked in the highest category of potential
biological threat agents due to its relative ease of dissemination and deadly con-
tagiousness. The development of an effective pneumonic plague vaccine is
important for military preparedness and homeland security (Inglesby et al. 2000).

There have been numerous efforts to develop human plague vaccines. The only
US-licensed plague vaccine (Plague Vaccine USP), a formalin-killed whole cell
preparation, was reactogenic, ineffective against pneumonic plague, and ended
production in 1999. Live-attenuated plague vaccines such as EV76 are also inef-
fective against pneumonic plague (Meyer 1970). During pathogenesis, Y. pestis
employs a macromolecular needle assembly, called the type III secretion system
(T3SS), through which toxic effector proteins are injected into the cytoplasm of host
cells. These effector proteins disrupt cell signaling pathways critical for phagocy-
tosis, cytokine release, and normal immune-regulation, resulting in paralysis or
induction of apoptosis (Ramamurthi and Schneewind 2002). Macrophages and
dendritic cells are early target cells during infection (Marketon et al. 2005). Among
numerous molecules explored as protective antigens for vaccine development, the
low-calcium response virulence protein, LcrV (or V) and the capsular antigen
fraction 1, Caf1 (or F1), have received much focus due largely to their immuno-
genicity. F1 capsule exerts anti-phagocytic activity on macrophages (Du et al.
2002). As a purified subunit antigen, F1 elicits strong antibody responses in animals
and humans (Meyer et al. 1974; Andrews et al. 1996). F1-directed humoral
immunity is protective against bubonic plague in animal models caused by Y. pestis
strains expressing F1, but ineffective against engineered F1-negative strains or
pneumonic plague models (Meyer et al. 1974; Heath et al. 1998). LcrV is multi-
functional, comprising the structural tip of the T3SS injectosome (Brubaker 1991;
Ramamurthi and Schneewind 2002), regulating the genetic expression and trans-
location of other Y. pestis effector molecules (Yops) into host cells upon contact
(Brubaker 1991), and exerting immunosuppression, including the inhibition of
phagocytosis, up-regulation of anti-inflammatory IL-10 (Sing et al. 2002), and
down regulation of TNF-gamma (Schmidt et al. 1999). While LcrV antigen alone
elicits protective immunity in animal models against infection by either F1-positive
or F1-negative strains, combination of LcrV with the F1 antigen provides better
protection than either subunit vaccine alone, and protects against pneumonic plague
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(Andrews et al. 1996; Powell et al. 2005). Many studies with subunit vaccines
composed of F1 and LcrV proteins bound to alhydrogel adjuvant showed protection
in small animal models of pneumonic plague and indicated that efficacy results
mainly from antibody responses (Williamson et al. 1995; Anderson et al. 1996;
Heath et al. 1998; Powell et al. 2005). However, aerosol infection studies with
nonhuman primates (NHP) have shown inconsistent protection by the F1/V vac-
cines. While full protective immunity has been achieved for the cynomolgus
monkey (Macaca fascicularis), F1/V vaccines have so far failed to elicit demon-
strable protection in the African green monkey (Chlorocebus aethiops) (Davis et al.
1996; Overheim et al. 2012a, b; Pitt 2004).

Based on this discrepancy in NHP protection, we proposed that the induction of
cellular immunity, and the recruitment of DCs in particular, might also be important
for an improved pneumonic plague vaccine (Do et al. 2008, 2010) Our proposal
was based on the following reasoning. Helper T cells are known to contribute to
antibody-based immunity. The CD4+ T cells can secrete high levels of Th1 cyto-
kines (e.g., IFN-γ) that activate macrophages to kill intracellular pathogens, and
Y. pestis is a facultative intracellular pathogen. In addition, CD4+ T cells are
cytolytic on cells bearing MHC class II-targets (Bevan 2004). This helps to explain
why mice treated with only exogenous IFN-γ and TNF-α are protected against
intravenous challenge by LcrV+ Y. pestis (KIM strain, ten median lethal doses),
which inhibits Y. pestis growth in vivo (Nakajima and Brubaker 1993). Likewise,
IFN-γ induces higher antigen-specific systemic immune responses when co-
encapsulated with LcrV antigen (Griffin et al. 1998). Moreover, Stat-4 deficient
mice, which produce low levels of IFN-γ, are poorly protected from Y. pestis strain
GB despite producing levels of serum antibody as high as wild type controls (Elvin
and Williamson 2004). Previous studies by Smiley and colleagues demonstrated
that adoptively transferred Y. pestis-primed T cells could protect naïve B cell-
deficient mice (μMT−/−) against intranasal challenge of attenuated Y. pestis strain
KIM D27 (Parent et al. 2005), and T cells, IFN-γ, TNF-α, and NOS (nitric oxide
synthase (2) play important roles in such protection (Parent et al. 2005, 2006). In a
subsequent study, they demonstrate that the TNF-α and IFN-γ cytokines contribute
to protection against pneumonic plague mediated by anti-F1 and anti-LcrV IgGs in
the mouse model (Lin et al. 2010). These data demonstrated a role for Th1 type
cellular immunity for an effective immune protection against plague. An additional
role for Th17 in protection against pulmonary infection was suggested using B cell-
deficient mice primed and boosted with a live attenuated Y. pestis strain D27-pLpxL
(Lin et al. 2011a). Finally, a dominant CD8 T cell epitope in another Yesinia
virulence protein, YopE, was recently found to confer protection against pneumonic
plague (Lin et al. 2011b). Taken together, an effective plague vaccine may need to
prime not only humoral immunity but also strong Th1 or Th1/Th17 type cellular
immunity. However, the F1/V subunit vaccine in the presence of alhydrogel is
known to induce poor cellular immunity.

Although the above-mentioned studies demonstrate participation by Th1 type
cellular immunity in protecting mice against plague, these approaches have limi-
tations for clinical application, the foremost concern being extrapolation from the
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mouse model to human disease. Mouse immunology is not wholly predictive of
human immune protection (Mestas and Hughes 2004), and pulmonary anatomical
differences confound direct comparisons for pathogenesis and treatment of pneu-
monic diseases (Bates and Irvin 2003). Another concern is the pathogen model and
whether the strain and route of infection represent the actual disease condition
intended for prophylaxis. For example, Y. pestis-specific T cells from mice are
derived from in vivo/in vitro stimulation with attenuated whole organism, such as
pgm- (pigmentation negative strain), which have been already reported to be
inefficient against pneumonic plague in humans (Meyer 1970). Mouse challenge
experiments performed using an attenuated Y. pestis strains in place of a virulent
strain, such as CO92, potentially misrepresent the efficacy of the vaccine regimen.
Therefore, it is a necessary to design a vaccine that could induce strong T cell
immunity with clinical relevance and confer protection against pneumonic plague
by a virulent strain.

In order to induce broad and efficient T cell immunity against Y. pestis, we
developed a DEC-targeting strategy that delivered LcrV protein directly DCs
in situ. Full length LcrV sequence was first codon-optimized to improve expression
in mammalian transfection system and then cloned in-frame into the heavy chain of
anti-mouse DEC-205 mAb (αDEC:LcrV). When mice were immunized subcuta-
neously with a single dose of this targeted LcrV protein in the presence of poly IC
and anti-CD40 (αCD40) as adjuvants, we observed LcrV-specific CD4+ T cell
immunity measured by intracellular cytokine staining (ICS) for IFN-γ in three
different mouse strains or C57BL/6 (H-2b), BALB/c (H-2d), and C3H/HeJ (H-2k)
(Do et al. 2008). The breadth of T cell immunity induced by the DEC-targeting
strategy was demonstrated by observation of two (C57BL/6 and C3H/HeJ) and
three (BALB/c) distinct CD4+ T cell mimetopes in each haplotype. Induction of
broad T cell immunity is critical in considering known human HLA polymorphism
as well as immune evasion exploited by the Yersinia bacteria. We also observed
similar breadth of T cell immunity via an intranasal (i.n.) administration of the
DEC-targeted LcrV at mucosal surfaces indicating efficient DC-targeting strategy
regardless of routes and target organs (Do et al. 2012) (see Sect. 17.3.4 for more
information). The high efficacy of DEC-targeting strategy in the induction of T cell
immunity is further supported by the fact that a single and far smaller relative dose
of administration is sufficient to induce efficient T cell immunity (see Sect. 17.3.2
for more information). This contrasts with standard protein immunization which
requires high concentrations of proteins or peptides, often requiring repeated
injections based on strong standard CFA adjuvant to induce detectable CD4+ T cell
responses. Furthermore, the DEC-targeted protein generates multifunctional T cells
secreting different cytokines such as IFN-γ, TNF-α, or IL-2 at the same time with a
higher frequencies when compared to a non-targeted standard protein vaccine
suggesting the quality of T cells induced by DC-targeting strategy (Flynn et al.
2011). We observed that LcrV-specific T cells primed by DEC-targeted protein
produced IFN-γ, TNF-α, or IL-2, and it will be interesting to confirm whether these
are also multifunctional T cells as found in previous studies.

17 Dendritic Cell Targeting Vaccines 613



17.3.2 Efficacy: Targeting Versus Non-Targeting

Lowering the effective dosage of a vaccine is an important issue for global health,
including in preparation against a bio-terrorism or bio-warfare threat. In comparison
to non-targeted soluble protein vaccine, DC-targeting strategy increases the effi-
ciency of inducing LcrV-specific CD4+ T cell responses greatly. For example,
0.1 μg of the conjugated antibody (αDEC:LcrV) per mouse induced an IFN-
γ+CD4+ T cell response comprising *0.2 % LcrV-specificity, while non-targeted
soluble LcrV protein required at least 10 μg/mouse to induce detectable antigen-
specific T cells responses by ICS (Do et al. 2008). Considering the actual LcrV
protein amount between these two, in that the conjugated antibody is about one-
third of LcrV protein (i.e., 0.1 μg αDEC:LcrV contains 0.03 μg of LcrV), the
DC-targeting platform increased the efficiency of antigen-specific T cell induction
more than 300-fold. Interestingly, even in using different adjuvants, DC-targeting
strategy showed improved the efficiency of T cell induction. Thus, the frequency of
LcrV-specific IFN-γ secreting CD4+ T cells induced by 100 μg/mouse of the non-
targeted soluble LcrV protein with a standard CFA adjuvant was less than the half
of that induced by 10 μg of the DEC-targeted LcrV protein in the presence of poly
IC and αCD40 as adjuvants (Do et al. 2008). In general, a range of 1–5 μg of the
conjugated DC targeted antibodies per mouse has been used with success in various
disease models. When we tested LcrV peptide doses during a re-stimulation assay,
we observed that most T cells responded to antigen at 0.2 μM peptide or higher,
which also indicated efficient priming in vivo via a targeting strategy. Not only a
parenteral but also an intranasal administration of the DC-targeting strategy
increased the efficiency of the T cell immunity when compared to non-targeted
soluble protein. Previously, we showed that at least 10 × more non-targeted soluble
LcrV is required to achieve a similar pulmonary T cell response compared to the
DEC-targeting antibody following a prime and boost administered intranasally (Do
et al. 2012). Moreover, while the number of IL-2+ or TNF-α+ pulmonary CD4+ T
cells reaches a plateau when mice are immunized with 3 and 30 μg of non-targeted
soluble LcrV, this number significantly increases in mice immunized with 0.3 and
3 μg of the DEC-targeted LcrV, demonstrating again the value of antigen targeting
for increasing the efficiency of inducing LcrV-specific cellular immunity (Do et al.
2012). In addition to quantity comparisons, future research should examine the
improved quality of T cells induced by DC-targeting strategy, including frequency
and features of LcrV-specific memory T cells.

17.3.3 DC Subsets Targeting and B Cell Immunity

The significance of antibody responses in protection against plague is well estab-
lished (Williamson et al. 1995). Regarding humoral immunity induced by
DC-targeting strategy, a previous study showed that 10 μg of the DEC-targeted
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LcrV protein with poly IC plus αCD40 as adjuvants induced antibody responses
comparable to 10 μg of the F1-V subunit vaccine with alhydrogel (Do et al. 2008).
Although IgG1 and IgG2b isotypes were predominant in both the DEC-targeted and
the F1-V subunit vaccine-treated group as described, the Th1-dependent IgG2a and
IgG2c (C57BL/6) isotypes were observed only after the DEC-targeted LcrV
immunization. This reflects the influence of Th1 cellular immunity induced by
DC-targeting strategy.

In the beginning, two adjuvants were used in the DEC-targeting, combining both
poly IC (50 μg) and αCD40 (25 μg) in a single dose of protein vaccine adminis-
tration. Later, poly IC (50 μg) alone as an adjuvant with a prime and boost strategy
was explored since this is a clinically more feasible approach (see Sect. 17.4.2 for
more information). As before, broad and efficient LcrV-specific Th1 CD4+ T cell
responses were observed when LcrV protein was targeted to DEC-205+ DCs in the
presence of poly IC alone in a prime and boost strategy (Do et al. 2010). However,
under these conditions, the antibody titers were less in comparison to standard F1-V
subunit vaccine administration. For example, priming and boosting a mouse with
10 μg of αDEC:LcrV plus poly IC with 4–6 week separation generated tenfold
lower titer when compared to those from priming and boosting a mouse with 10 μg
of the F1-V subunit vaccine on alhydrogel. Nevertheless, Th1-dependent isotypes
were still observed only in the DEC-targeted group as shown previously (Do et al.
2010).

In order to extend the DC-targeting strategy in the development of an improved
pneumonic plague vaccine, LcrV protein was targeted to a new DC subset other
than DEC-205+ DCs, and then cellular and humoral immune responses compared.
Distinct DC subsets have been characterized and, in the case of mice, there are two
major myeloid DC subsets in spleen, based on the expression of CD8α and ana-
tomic location (Shortman and Liu 2002). The DEC-205+ DC subset expresses
CD8α and the endocytic receptor, DEC-205, and is located in T cell zone within
lymphoid organs. The DCIR2+ DC subset does not express CD8α, but expresses
another distinct uptake receptor, DCIR2, which can be recognized by anti-DCIR2
mAb. This subset is enriched in the bridging regions of the marginal zone (Dudziak
et al. 2007). Previous studies showed that DEC-205+ DCs are involved in three
main activities: (1) uptake of dying cells (Iyoda et al. 2002); (2) resistance against
certain viral infection (Allan et al. 2003); as well as, (3) cross-presentation (den
Haan et al. 2000). For DEC-205+ DCs, non-replicating antigens can be presented by
MHC I, leading to CTL development, while DCIR2+ DCs more rapidly form
peptide MHC II complexes (Dudziak et al. 2007). Differences were observed
between targeting of these two DC subtypes.

When LcrV was targeted to DCIR2+ DCs via conjugated antibody in the pres-
ence of poly IC alone as an adjuvant, lower frequency of IFN-γ secreting T cells,
but higher frequency of IL-4, IL-10, IL-13, or IL-5 secreting CD4+ T cells were
observed when compared to the DEC-205+ DC targeted group. Moreover, about
tenfold higher LcrV-specific antibody titers were observed in DCIR2+ DC targeted
group as compared to those induced by DEC-205+ DC targeted group (Do et al.
2010). Thus, overall titers generated via prime-and-boosted with αDCIR2:LcrV
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plus poly IC adjuvant were comparable to those generated by standard prime-and-
boost with the F1-V subunit vaccine on alhydrogel. Immunoglobulin isotypes IgG1
and IgG2b predominated, and again Th1-depdent IgG2a isotypes were highly
evident in each of the DEC- and DCIR2-targeted groups, while detection was
difficult in the F1-V subunit vaccinated group. Although a previous report showed
distinct pathways of T cell differentiation by distinct DC subsets under in vitro
condition (Maldonado-Lopez et al. 1999), our study was the first to demonstrate
differences in differentiation of CD4+ T cell subsets in vivo leading to different
antibody responses by distinct DC subsets. The functional aspects of the increased
antibody titers induced by DCIR2+ DC targeted LcrV proteins are further described
in the Sect. 17.3.5.

17.3.4 Mucosal Immunity

The value of applying the DEC-targeting strategy as a novel mucosal vaccine
against pneumonic plague has been tested. In contrast to pneumonias caused by
other Gram-negative bacteria, such as Klebsiella, Y. pestis pathogenesis shows two
distinct stages marked by a 48 h delay in recruitment of inflammatory cells to the
lungs and appearance of proinflammatory cytokines and chemokines, indicating
evasion, and/or suppression of host innate immune responses (Lathem et al. 2005;
Bubeck et al. 2007). An adequately designed pneumonic plague vaccine should
therefore prevent this delayed proinflammatory response so as to aid bacterial
clearance before systemic dissemination. Various approaches have been examined
to enhance mucosal immunity, including different immunization routes and adju-
vants. For example, heterologous prime/boost strategies and intratracheal/intranasal
administration of vaccines each enhanced mucosal immunity as compared to
standard routes of administration (Eyles et al. 1998, 2000; Baca-Estrada et al. 2000;
Reed and Martinez 2006). Cholera toxin B subunit, proteosome-based adjuvant
(ProtollinTM), and the Toll-like receptor five agonist flagellin have all been tested in
mucosal co-delivery with various F1/V subunit vaccines (Eyles et al. 1998; Honko
et al. 2006; Jones et al. 2006). Antigens co-encapsulated in microspheres or for-
mulated in liposomes induced superior humoral immunity at mucosal surfaces
compared to free antigen delivery. In these cases, survival correlated with increased
antibody titers in serum and lung washes (Eyles et al. 1998, 2000; Jones et al.
2006). Furthermore, intratracheal loading of anti-F1 or anti-V antibodies was suf-
ficient to protect mice against aerosolized Y. pestis GB strain challenge (Hill et al.
2006), underscoring the correlation between high-antibody level and protection
against Y. pestis. Clinical studies, however, are needed to show the induction of
antigen-specific humoral and cellular immunity at mucosal surfaces with assay of
correlates for protective efficacy.

Based on background, the efficacy of the DEC-targeting in the induction of
LcrV-specific CD4+ T cells at mucosal surfaces was first compared depending on
administration routes. A single s.c. administration of the DEC-conjugated LcrV
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with combined poly IC and αCD40 adjuvants induced LcrV-specific IFN-γ and
IL-2 secreting CD4+ T cells at mucosal surfaces, and the frequency of such T cells
was increased with an i.n. route of administration (Do et al. 2012). When a prime
and a boost strategy in the presence of only poly IC as adjuvant was applied to an
intranasal route, again a strong and broad CD4+ T cell response was induced. Three
different mouse MHC haplotypes were tested [H-2b(C57BL/6), H-2d(BALB/c),
H-2k (C3H/HeJ)], primed and boosted in with αDEC:LcrV or isotype control in the
presence of poly IC and lung samples evaluated for antigen-specific IFN-γ pro-
duction by ICS. This prime-boost study identified two (C57BL/6 and C3H/HeJ) or
three (BALB/c) T cell mimetopes that were broad as much as the previously
described single dose of αDEC:LcrV + poly IC + αCD40 (Do et al. 2008). These
data suggest that antigen processing by lung-associated DCs is similar to that of
spleen DCs. Since DEC-205 KO (knock-out) mice produced no detectable antigen-
specific CD4+ T cell responses either by parenteral or intranasal routes, it is clear
this effect was dependent on the expression of DEC-205 (Do et al. 2012). The
mechanism of how DEC-targeting initiates immune responses at mucosal surfaces
will be further investigated to better establish the rationale of future mucosal vac-
cine development. Although previous studies showed that most activated T cells
migrated into non lymphoid tissues such as lung, liver, and kidney (Harris et al.
2002; Lefrancois and Puddington 2006), we show here that mucosal priming can
induce local cell-mediated immunity. While the effector mechanisms of such pro-
tection are undefined, it is evident that enhanced antigen presentation by pulmonary
DCs to resident and/or recruited memory—and naive T cells can be beneficial in
vaccine design (Harris et al. 2002). Moreover, expression of inflammatory che-
mokines from effector T cells is critical for the early recruitment of supportive
immune cells including immature DCs and natural killer cells (Lefrancois and
Puddington 2006).

Different combinations of route in the prime/boost strategy were tested to
compare the efficiency of mucosal immunity and found that interestingly priming s.
c. and boosting i.n. induced higher frequency of IFN-γ secreting mucosal T cells
when compared to s.c. priming and boosting (Do et al. 2012). It might be that an
intranasal boost mimics a natural aerosol exposure to Yersinia and, hence, a
mucosal boost would be preferable. Priming and boosting intranasally might be the
optimal strategy for a vaccine as it induced the strongest antigen-specific cellular
immunity at mucosal surfaces. It is advantageous that even after a single parenteral
administration, the DEC-targeted protein could prime the immune system suffi-
ciently enough to efficiently recall and activate antigen-specific T cells at mucosal
surfaces (Do et al. 2012). Thus, it may be beneficial to develop the DEC-targeted
protein vaccine with a mucosal delivery route to enhance T cell immunity at
mucosal surfaces.

Regarding humoral immunity at mucosal surfaces, BAL (bronchoalveolar
lavage) fluid was collected for comparison of immunoglobulin content (Do et al.
2012). The BAL fluid contained LcrV-specific antibodies from a single s.c.
immunization with αDEC:LcrV + poly IC, but prime and boost immunization
further enhanced the mucosal antibody responses tenfold. A broad spectrum of IgG
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isotypes (IgG1, IgG2a, IgG2b) were detected following immunization with αDEC:
LcrV, but IgG2a was not found in the BAL fluid from mice immunized with the
F1-V subunit vaccine. Intranasal administration of the DEC-targeted LcrV protein
increased the BAL antibody titers about 10 to 30-fold relative to the s.c. route. The
isotypes of antibody were examined and IgG1 and 2b were consistently predomi-
nant while IgG2a isotype was the strongest in the DEC-targeted group. This con-
curs with other findings that protection against bacterial pneumonias is polarized for
the IgG2a isotype (Corbeil et al. 1997; Mills et al. 1998). Interestingly, IgA
responses were detected in BAL fluid following i.n. immunization but not with s.c.
immunization. This suggests that local immunization is required to promote
mucosal-specific antibodies such as IgA. Anti-LcrV IgG antibodies were found in
the upper respiratory tract as well as in nasal washes both in the DEC-targeted and
the F1-V subunit vaccine-treated group, but IgA responses in nasal washes were
detectable only in F1-V plus alhydrogel immunized mice. In addition, after intra-
nasal administration, serum anti-LcrV antibody titers were the highest in the F1-V
plus alhydrogel immunized group, demonstrating again the superior efficacy of the
F1-V subunit vaccine in the induction of humoral immunity.

17.3.5 Vaccine Efficacy: Challenge with Human Pathogen

For a challenge study using a virulent Y. pestis human pathogen, CO92 strain with
intranasal inoculation of up to 25 μl 105 cfu (colony forming units) or *100 LD50

was used to model the pneumonic form of plague. This is a high dose and a
challenging method since Y. pestis CO92 requires special procedures as a CDC
Category a agent. In case of the DEC-targeting strategy project, challenge experi-
ments were performed at Public Health Research Institute (PHRI, Newark, NJ), a
state of the art, licensed biological containment facility with approved security and
safety procedures. All reagents for the vaccination were sent to the PHRI and thus,
wherein the entire process from vaccination to challenge and related procedures
were performed. In order to check proper priming before the challenge, random
blood and spleen samples were submitted to the laboratory where LcrV-specific
antibody titers and LcrV-specific CD4+ T cell responses were confirmed by ELISA
and ICS, respectively. After confirmation of the priming, intranasal challenge was
performed and mice were observed twice a day for 14 days and the survival rate
was reported.

The standard F1-V subunit vaccine with alhydrogel treatment was included as a
positive control and a PBS treated group was included as a negative control. Various
approaches were designed to test individual factors in conferring protection: (1)
dosage, (2) targeting versus non-targeting, (3) administration routes, (4) adjuvants
(poly IC vs. Ampligen, see more information in Sect. 17.4.2), as well as (5) heter-
ologous priming and boosting strategy. Through all these efforts, the goal was to
optimize the targeting strategy for protective efficacy for future clinical trials. The
study was designed to answer the critical questions whether to induce combined
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cellular and humoral immunity, to select a clinically acceptable adjuvant, and to
demonstrate protective efficacy against pneumonic plague with a real human path-
ogen. Relevant findings were reported in the following two published papers.

In one study, the relative protection efficacy between two distinct DC subsets
targeting was tested (Do et al. 2010). Groups of mice were primed and boosted
intraperitoneally (i.p.) either with DEC- or DCIR2-targeted LcrV in the presence of
poly IC at 4–6 weeks interval, then mice were challenged with 100 LD50 Y. pestis
CO92 intranasally 6 weeks after the boost. F1-V + alhydrogel protected 100 % and
αDCIR2:LcrV + poly IC protected 90 % of the mice, while αDEC:LcrV alone
protected only 50 %. Interestingly, 50 % of mice survived after immunization with
a single dose of αDCIR2:LcrV plus poly IC, as opposed to 0 % after a single dose
of αDEC:LcrV. Similar findings were observed in a duplicate experiment and there
was a clear correlation between protection and serum antibody levels.

In another study, protection efficacy of a mucosal DEC-targeted protein was
tested as compared to a subcutaneous route of administration (Do et al. 2012). Mice
were primed and boosted with αDEC:LcrV plus poly IC, either via an intranasal
route or a subcutaneous route. Subcutaneous immunization with the F1-V subunit
vaccine plus alhydrogel was included as a positive control. Six weeks after the
boost, mice were inoculated intranasally with 100 LD50 of virulent Y. pestis CO92
strain. As expected, immunization with the F1-V conferred 100 % protection while
all mice immunized with PBS did not survive the challenge. Interestingly, an
intranasal route of αDEC:LcrV with poly IC protected 56 % of the mice while a
subcutaneous route only protected 33 % of the mice. Moreover, a single intranasal
priming with αDEC:LcrV with adjuvant protected 33 % while a single subcuta-
neous showed no impact on survival rate.

From these two studies, we have learned a few lessons in the development of
plague vaccine. First, mice might not be the optimal animal model for testing the
value of cellular immunity against pneumonic plague since we still find a strong
correlation between survival rate and serum antibody titers. In particular, a high
challenge dose such as 100 LD50 Y. pestis CO92 strain disguises the benefit of
cellular immunity since mice cannot survive without antibodies regardless of cel-
lular immunity induction. Further research using nonhuman primates may help
discriminate the role for CMI given the fact that the F1-V subunit vaccine, which
induces strong humoral immunity but poor cellular immunity, protects mice and
cynomolgus macaques, but so far has failed to adequately protect African green
monkeys, regardless of Ab titers measured by ELISA (Overheim et al. 2012a, b;
Pitt 2004). Second, there appears to be a benefit by using the mucosal delivery of
the DEC-targeted protein vaccine. Our findings show potential roles of enhanced
mucosal T and B cell immunity induced by the mucosal delivery of the DEC-
targeted protein vaccine when compared to a subcutaneous delivery group since
serum antibody titers following vaccination were similar between these two groups
(Do et al. 2012) (and unpublished data). A subsequent study will focus on dem-
onstrating a more direct involvement of mucosal T and B cell immunity against
pneumonic plague. In addition, further studies to investigate whether a mucosal
delivery of DCIR2+ DCs with LcrV protein or a combination therapy of distinct DC
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subsets targeting (DEC-targeting + DCIR2-targeting) might improve the protection
efficacy will provide informative knowledge of the DC-targeting strategy in plague
vaccine development.

17.4 Lessons from DC-Targeting Strategy

As described above, the DC-targeting strategy has been under intensive investi-
gation as an improved plague vaccine. Beyond this, the DC-targeting platform has
also been applied to various other disease models, including infectious viral disease
and cancer, to further explore unique features and efficacy. The potential of
DC-targeting strategy as a novel prophylactic approach is described in Sect. 17.4.1.
Although these preclinical data obtained from animal models provide background
and rationale for future clinical applications, we understand there remains a large
gap between experimental conditions and actual human disease. Therefore, it is
necessary to make efforts to extend these findings to real human pathogenic situ-
ations, as described further in Sect. 17.4.3. In our estimation, such translational
science begins with the selection of an adjuvant for the DC-targeting platform that
is acceptable and well suited for human use (see Sect. 17.4.2 for more information).

17.4.1 Viral/Cancer Model

HIV/AIDS is a major global infectious disease that could benefit from the enhanced
T cell immunity induced by the DC-targeting, or more specifically by the DEC-
targeting strategy. Existing HIV/AIDS vaccines include prime and boost strategies
with naked plasmid DNA and recombinant Vaccinia-Ankara and adenoviruses
(Emini and Koff 2004). Since HIV-specific CD4+ T cells help to produce functional
HIV-specific CD8+ T cells (Lichterfeld et al. 2004), and HIV patients with stronger
CD4+ T cell immunity have shown better clinical outcomes (Rosenberg et al. 1997),
the DEC-targeting strategy has been adapted to explore an improved HIV/AIDS
vaccine.

The Gag protein was selected as target for designing the anti-DEC-205 mAb due
to previously known protective capacity in rhesus monkey studies as well as in
clinical cases (Novitsky et al. 2003; Zuniga et al. 2006; Liu et al. 2009). Thus, gag
p24 or gag p41 was conjugated to the DEC-targeting antibody. Initial tests used
graded doses of αDEC:p24 or αDEC:p41, immunized in the presence of poly IC
and αCD40 as adjuvants, and gag-specific T cell responses were measured by ICS
following 6 h re-stimulation with peptide pools. This DEC-targeting method was
100 times more efficient for induction of gag-specific IFN-γ+CD4+ T cell responses
as compared to a non-targeted soluble gag protein immunization (Trumpfheller
et al. 2006). The DEC-targeting strategy was also superior to induce gag-specific
IFN-γ+CD4+ T cell responses in comparison to other immunization strategies such
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as a recombinant adenovirus-gag vaccine or prime-boost administration with a
plasmid DNA vaccine. Similar to the plague vaccine studies (see above Sect. 17.3),
the DEC-targeting strategy enhanced the breadth of gag-specific CD4+ T cell
responses such that two or three mimetopes were identified in different MHC
haplotypes as well. Also verified in HIV model were the induction of long-term
memory responses and mucosal resistance through a single s.c. immunization as
described previously in OVA model. Briefly, even after 19–30 weeks (4
−7.5 months) after a single s.c. immunization of the DEC-targeted gag protein,
enhanced effector memory CD4+ T cells were induced which could proliferate and
secrete IFN-γ upon re-challenge with reactive peptides. Importantly, neither control
isotype nor the plasmid DNA vaccine achieved this response. In addition, mice
vaccinated with the DEC-targeting gag protein plus adjuvants showed mucosal
resistance against a challenge with recombinant vaccinia-gag, and such protection
was ablated in IFN-γ receptor knockout mice or by depleting CD4+ T cells
(Trumpfheller et al. 2006).

This DEC-targeting strategy was further examined to discern the potential of
using only poly IC as an adjuvant (Trumpfheller et al. 2008). Finding an optimal
adjuvant with features, such as efficient immune stimulation while also being suit-
able for human use, is important in developing an improved vaccine (see Sect. 17.4.2
for more information). Thus, poly IC without αCD40 was tested independently since
αCD40 is not clinically feasible. As a single s.c. or i.p. immunization, the DEC-
targeting antibody with poly IC alone was found not to induce detectable antigen-
specific IFN-γ secreting T cell responses. However, when applied in a 4 week prime-
and-boost strategy, poly IC alone (50 μg/mouse/injection) induced *0.5–6 % of
gag-specific IFN-γ+CD4+ T cell responses (Trumpfheller et al. 2008). Furthermore,
the higher frequency of three cytokine (i.e., IFN-γ, IL-2, and TNF-α) producing gag-
specific CD4+ T cells was observed with this strategy as opposed to one or two
cytokine producing CD4+ T cells, and these T cells remained stable for 2–7 weeks
after the boost. When vaccinia-gag was challenged via airway, the prime-and-boost
DEC-targeting + poly IC again provided reasonable protection (Trumpfheller et al.
2008). Taken together, this study demonstrated the efficacy of the DEC-targeting
strategy for the development of a novel therapeutic approach in HIV/AIDS vaccine
through enhanced CD4+ T cell immunity. In addition, these findings clearly showed
the potential of poly IC as sole adjuvant in the DEC-targeting for clinically feasible
application, specifically in a prime-boost regimen. This work therefore sets the stage
for future development of various DEC-targeting strategies. Detailed data on the
DEC-targeted gag protein in nonhuman primates and preclinical studies will be
given in Sects. 17. 4.2 and 17.4.3.

Cancer is a complicated and challenging disease for developing a vaccine.
Various factors must be considered together in order to achieve desired clinical
outcomes, such as breaking the “self” tolerance of tumor antigens, overcoming the
barriers of immune checkpoints, facilitating the accessibility of immune cells to the
tumor beds, while at the same time homing treatment to the lymphoid tissues, and
blocking tumor evasion mechanisms. Since successful cancer vaccination must
satisfy these many constraints, it is reasonable strategy to combine more than one
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approach. The DEC-targeting strategy has been examined to in the aim of solving
any of these questions. Given the fact that there are fewer cancer phase trials
applying T cell immunity compared to antibody-based immunity (i.e., HerceptinTM

and RituxanTM), the demonstrated ability of the DEC-targeting to induce efficient T
cell immunity makes it ready for application in the clinic. Ongoing efforts are
described in below Sect. 17.4.3.

To enhance immunogenicity against tumor antigens, specific antigens are
directly delivered to DCs in vivo via a DEC-targeting antibody. Survivin, mes-
othelin, or human epidermal growth factor receptor (HER2), were examined in
three separate studies as tumor antigens targeted to the DCs. Survivin is non-
mutated self-antigen which is expresses in thymus and regulates early thymocyte
development (Okada et al. 2004). It shows anti-apoptotic activity, and overex-
pression of survivin is usually found in fast-growing transformed cell lines as well
as in human cancer cells (Tamm et al. 1998; Islam et al. 2000; Grossman et al.
2001). Survivin enforces that the cell cycle to pass G2/M phase checkpoint, leading
to oncogenesis (Li et al. 1998). There are correlations between survivin overex-
pression and unfavorable clinic outcomes (Islam et al. 2000; Altieri 2003; Blanc-
Brude et al. 2003). Enhanced survivin-specific CD4+ T cell immunity was reported
in the DEC-targeting, especially when human survivin was conjugated to the mouse
DEC-targeting antibody (Charalambous et al. 2006). Such a xenogeneic form of
tumor antigen could enhance CD4+ T cell immunity and, moreover, depletion of
regulatory T cells (Treg), further enhanced anti-tumor immunity (Charalambous
et al. 2006). The significance of this study is the demonstration of strong CD4+ T
cell immunity to non-mutated self-antigen as induced by the DEC-targeting, which
is otherwise rarely observed in other approaches.

Mesothelin is also found to be over-expressed in various human cancers, spe-
cifically, lung and pancreatic adenocarcinomas and ovarian cancers (Chang and
Pastan 1996; Argani et al. 2001; Ho et al. 2007). Although biological functions of
mesothelin need further study, it is known as a tumor differentiation antigen. Inter-
estingly, it shows limited expression in normal tissues while being over-expressed in
cancers as a non-mutated protein. For this reason, it has been useful therapeutic target
in cancer immunotherapy (Bera and Pastan 2000; Hassan and Ho 2008). When
pancreatic cancer patients were vaccinated with GM-CSF transduced allogenic
pancreatic tumor cell lines, mesothelin was cross-presented, leading to the induction
of cytotoxic T cell immunity (Thomas et al. 2004). This finding showed that our
immune system could break the tolerance of “self” tumor antigens and induce anti-
tumor immunity. In order to enhance such anti-tumor immunity, human mesothelin
was conjugated to the mouse DEC-targeting antibody, and improved mesothelin-
specific CD4+ T cell immunity was observed (Wang et al. 2009). Moreover, antigen-
specific IFN-γ+CD8+ T cell immune responses were observed by utilizing an ex vivo
proliferating assay instead of the conventional (ICS) after 6 h re-stimulation with
reactive peptides (Wang et al. 2009). The cross-presentation of proteins targeted via
anti-DEC-205 fusion antibody is further described in Sect. 17.4.3.
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HER2 is a tyrosine kinase growth factor receptor and its overexpression, which
is closely associated with unfavorable clinical consequences, is found in 20–40 %
of invasive breast carcinoma and about 70 % in ductal carcinoma patients (Slamon
et al. 1987; Hynes and Stern 1994). Although improved diagnostic and therapeutic
agents are utilized currently (i.e., HerceptinTM), breast cancer still remains a high-
mortality cancer in many countries. HER2 is a non-mutated self antigen and anti-
HER2 T and B cell immunity has been reported in cancer patients (Disis et al. 1994,
2000). However, the soluble form of HER2 protein used as a vaccine is known to
be inefficient in conferring protective immunity (Taylor et al. 1996; Dela Cruz et al.
2003). Various methods targeting HER2 to antigen presenting cells, including DCs,
have also been tested. By utilizing B7-1/2 (Sloots et al. 2008), CD11c (Wei et al.
2009), CD40 (Kim et al. 2010), mannose (Thomann et al. 2011), or Fcγ receptor
(Zizzari et al. 2011), the targeted HER2 could induce enhanced immunity when
compared to non-targeted soluble protein treatments in mouse model. Development
of breast cancer vaccine by utilizing the DEC-targeted HER2 protein represents one
of these efforts, and its unique features (i.e., breadth, quality, and quantity of
antigen-specific T cell immunity) described so far should be emphasized. When
HER2 was targeted to the DEC-targeting antibody, plus poly IC as adjuvant, high
quality, and the quantity of antigen-specific CD4+ and CD8+ T cells were induced
(Wang et al. 2012). In particular, the HER2 specific CD4+ T cells induced by the
DEC-targeting could cross-react to Neu, a homologous rat protein. This implied
“epitope spreading”, which could be further exploited in protecting from other
HER2 negative variants. Moreover, this cross-reaction allowed xeno-primed T cells
(i.e., T cells induced by human HER2 targeted delivery) to be tested in trans-
plantable neu-expressing tumor challenge model, where HER2-specific CD8+ T
cells played more important role in delaying tumor growth as well as lengthening
the survivial rate (Wang et al. 2012). Taken together, this novel approach is
expected to be further tested in cancer patients.

17.4.2 Adjuvants

The combined poly IC (polyinosinic:polycytidylic) and αCD40 was used as a
combined adjuvant in initial trials of the DEC-targeting strategy (Bonifaz et al. 2004;
Charalambous et al. 2006; Trumpfheller et al. 2006; Do et al. 2008). Given that
αCD40 cannot be used in clinical setting, due to the concordant induction of massive
apoptotic death of immune cells, the efforts to utilize poly IC alone in a prime and
boost strategy were previously explored. Poly IC is a synthetic double strand RNA
that mimics viral infection and delivers signal through Toll-like receptor (TLR) 3
(Alexopoulou et al. 2001; Kawai and Akira 2007). A main reason to choose poly IC
as an adjuvant in the DEC-targeting strategy is that it is clinically acceptable adju-
vant, and it has been used in cancer and HIV patients with efficacy by secreting large
amount of interferon mimicking viral infection (Krown et al. 1985; Lampkin et al.
1985; Stevenson et al. 1985; Salazar et al. 1996). Another important feature is that
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poly IC effectively induces cellular immunity. In the mouse model, various TLR
ligands such as MALP-2 (for TLR2/6), Pam3Cys (for TLR1/2), LPS (for TLR4),
R-848 (for TLR7/8), CpG (for TLR9), or poly IC (for TLR3) were tested as adjuvant
in the DEC-targeting antibody immunization (Longhi et al. 2009). The data showed
that poly IC was the superior adjuvant in the induction of antigen-specific CD4+ T
cell responses. Section 17.5.2 contains more information on the proposed mecha-
nism. The efficacy of poly IC for inducing T cell immunity was further confirmed in
non-human primate studies (Stahl-Hennig et al. 2009). Unlike mice, poly IC is not a
strong inducer of type I IFN-α in primates and it might be due to its fast degradation
by serum nucleases which are known to be more abundant in primates than in
rodents (Nordlund et al. 1970). Thus, naked poly IC was examined alongside poly
ICLC (poly IC with poly-L-lysine and carboxymethylcellulose), which is 5–10 times
more resistant to RNAase hydrolysis in primate serum and it showed a large amount
of type I IFN induction (Levy et al. 1976; Stephen et al. 1977). Briefly, rhesus
macaques were immunized s.c. either with KLH or a low dose (10 μg/animal) of
poor immunogenic human papillomavirus (HPV)16 capsomers in the presence of
either poly IC, poly ICLC, or CpG-C as adjuvant. Although both poly IC and poly
ICLC could induce antigen-specific T cell immunity, the highest proliferative
responses were observed with 2 mg/animal of poly ICLC treatment (Stahl-Hennig
et al. 2009). Moreover, similar dose of CpG-C, a control adjuvant, in similar aqueous
solution (not in water-in-oil emulsion) as poly ICLC did not induce HPV16-specific
T cell immunity while together they did induce antibody responses (Stahl-Hennig
et al. 2009). This data demonstrates that poly IC (or poly ICLC) can be used in
primates as an effective adjuvant, particularly for inducing antigen-specific cellular
immunity, which might benefit an improved vaccine. In contrast, two well-known
approved adjuvants in humans, alum and monophosphoryl lipid A (MPLA), are
known to be limited in their capacity to induce cellular immunity.

Recently, interesting results were obtained in healthy volunteers using a subcu-
taneous route of poly ICLC, contrary to not the intramuscular (i.m.) route as pre-
viously employed (Caskey et al. 2011). First, a single s.c. dose of 1.6 mg poly ICLC
was well tolerated in phase I studies. Secondly, transcription profiling, using RNAs
from whole blood samples obtained from the volunteers before and after the poly
ICLC vaccination, showed the up-regulation of genes involved in many different
innate immunity pathways, such as IFN-regulated genes, inflammasome-associated
genes, NF-κB, DC maturation and antigen-presentation (Caskey et al. 2011).
Interestingly, such profiling was very similar to and overlapped with that of atten-
uated yellow fever viral vaccine YF17D (Caskey et al. 2011), a successful vaccine
proven in humans and showing the efficacy of poly IC as a true viral mimic adjuvant.

Poly IC12U (AmpligenTM) is another modified form of poly IC which shows
instability in serum, resulting in low toxicity in humans, and thus, has been con-
sidered a suitable adjuvant for human vaccines (Thompson et al. 1996; Ichinohe
et al. 2007). As mentioned in the nonhuman primate study, poly IC12U also induced
antigen-specific T cell immunity, but it required higher dose (6 mg/animal) to show
similar effect as poly ICLC (2 mg/animal) (Stahl-Hennig et al. 2009). However,
when it was used as an adjuvant in the DEC-targeting strategy in the development
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of plague vaccine (see Sect. 17.3 for more information), we observed neither
adjuvant activity nor protective efficacy (Do unpublished data).

Poly IC was also tested in a mucosal delivery of the DEC-targeting strategy in
the development of plague vaccine (see Sect. 17.3.4 for more information) (Do
et al. 2012). Although poly IC had been utilized as a mucosal adjuvant before, most
of studies showed an adjuvant effect by poly IC in inducing antibody responses in
non-targeted protein vaccine or inactivated viral vaccine (Ichinohe et al. 2005;
Partidos et al. 2005). However, in the DEC-targeting strategy, poly IC particularly
demonstrated the induction of enhanced cellular and humoral immunity at mucosal
surfaces (Do et al. 2012). Moreover, when other adjuvants such as LPS (lipo-
polysaccharide) from Escherichia coli 055:B5 were used as a mucosal delivery of
the DEC-targeting, it showed tenfold weaker activity in inducing Th1 immunity as
compared to poly IC. Another frequently used adjuvant, the TLR5 agonist flagellin,
did not induce pulmonary cellular immunity, either with the DEC-targeted vaccine
or F1-V subunit vaccine treatments (Do et al. 2012) (data not shown).

Beyond dsRNA, TLR4 agonists have also been recently tested as adjuvants in
the DEC-targeting strategy (Pantel et al. 2012). LPS is a well-known TLR4 agonist
and induces DC maturation as well as strong humoral immune responses (Stein-
hagen et al. 2011). To reduce toxicity while maintaining immunogenicity of the
original LPS, chemically modified versions were developed for use as vaccine
adjuvants. MPLA, a low-toxicity derivative of lipid A from Salmonella minnesota
R595 lipopolysaccharide, is one derivative that has gained popular use for this
purpose (Mata-Haro et al. 2007). MPLA in alum is currently being used as adjuvant
in hepatitis B and human papilloma vaccine (Dubensky and Reed 2010). Gluco-
pyranosyl lipid A (GLA) is a new synthetic TLR4 agonist and already demonstrated
to be safe during phase I trial with Fluzone influenza vaccine (Coler et al. 2010). A
stable oil-in-water emulsion called GLA-SE has shown enhanced antibody
responses as well as Th1-type cellular responses in mouse and cynomolgus monkey
models (Baldwin et al. 2009; Coler et al. 2010). Interestingly, when GLA-SE was
included in the DEC-targeting strategy, it induced DC maturation in vivo as early as
4 h after immunization, demonstrating its utility as a novel adjuvant in the induction
of antigen-specific antibody responses and Th1-type cellular immunity (Pantel et al.
2012). Altogether, these findings establish that clinically feasible TLR3 and TLR4
agonists can be incorporated into the DEC-targeting strategy for inducing enhanced
antigen-specific humoral and cellular immunity. Continuous efforts on exploring
improved adjuvants optimal for the DEC-targeting strategy should be encouraged.

17.4.3 Pre-clinical Study

Various efforts have been applied to extend the DEC-targeting strategy into clinical
testing. Some of the previous studies utilized human instead of mouse antigen in the
DEC-targeting strategy, and such targeted xenogenic protein enhanced overall
immunogenicity. Broad human antigen-specific CD4+ T cell immunity on various
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MHC haplotypes was observed with human antigen peptides pools as well
(Charalambous et al. 2006; Wang et al. 2009, 2012).

Anti-human DEC-205 targeting antibody was also generated and tested for
comparison to anti-mouse DEC-205 targeting antibody (Guo et al. 2000). In con-
trast to the mouse counterpart, human DEC-205 is a transmembrane protein with 10
C-type lectin domains having 77 % gene sequence homology (Jiang et al. 1995).
Anti-human DEC-205 targeting antibody has been utilized in various settings to
gauge its potential for clinical application. The DEC-targeting antibody was found
to be superior for inducing antigen-specific IFN-γ secreting CD8+ T cell responses
when PBMCs (peripheral blood mononuclear cells) or PBMC-derived DCs and T
cells from HIV-infected patients were targeted with HIV gag p24 protein through
either anti-human DEC:p24 (αhDEC:p24), αhDC-SIGN:p24, αhMMR:p24, or
isotype control antibodies (Bozzacco et al. 2007). In addition, broad CD8+ T cell
responses were observed with the DEC-targeting approach. Specifically, eight
different gag peptides were identified from 11 patient samples after injection of
αhDEC:p24 targeted protein (Bozzacco et al. 2007). These data suggest that
through DEC-205 targeting, DCs can enhance cross-presentation of HIV gag p24
protein to broad gag-specific CD8+ T cells leading to IFN-γ secretion. Considering
naturally high polymorphic MHC products in human antigen presentation, these
results underscore the efficiency and the potential of the DEC-targeting strategy as a
novel protein-based vaccine in HIV/AIDS.

In further studies, two novel mouse systems were utilized in demonstrating
human DEC-205 targeting strategy as an effective vaccine approach. First, human
DEC-205 targeted antibody (MG38.2 Ab) (Guo et al. 2000) was conjugated with
nuclear antigen one of Epstein-Bar-virus (EBV, EBNA1) and used as a vaccine
against both EBV primary infection and EBV-associated malignancies (Gurer et al.
2008). Briefly, 2–5 days old NOD/LtSz-scid IL2Rγnull (NOG) mice were irradiated
and injected with CD34+ human hematopoietic stem cells obtained from human
fetal liver. Successful reconstitution was confirmed in the mice after 10–12 weeks
and the mice were primed and boosted with αhDEC:EBNA1 in the presence of poly
IC as an adjuvant. Two months after the DEC-targeting, EBNA1-specific IFN-
γ+CD4+ T cells and antibody responses were observed (Gurer et al. 2008). In
another study, a transgenic mouse expressing human DEC-205 receptor on mouse
CD11chi DCs was generated and cellular and humoral immune responses induced
by a newly synthesized anti-human DEC-205 targeting antibody (3G9 mAb)
conjugated with HIV gag p24 protein were examined (Cheong et al. 2010). Again
the DEC-targeting showed enhanced antigen-specific CD4+ T cell responses when
compared to non-targeted or DC-SIGN-targeted protein approach, as mentioned
above (Bozzacco et al. 2007). In addition, the ability for cross-presentation of the
DEC-targeting antibody was confirmed where HIV gag-specific CD8+ T cells from
both long-term nonprogressor patient and chronically HIV-infected patient prolif-
erated and secreted significant amount of IFN-γ (Cheong et al. 2010). Thus, efficient
cross-presentation was demonstrated in the DEC-targeting delivery of antigen.

This newly synthesized anti-human DEC-205 targeting antibody (3G9 mAb)
was examined in nonhuman primates as well (Flynn et al. 2011). A heterologous
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prime-boost strategy, known to increase immunity when compared to a homolo-
gous prime-boost regimen, was investigated via the DEC-targeting strategy. Rhesus
macaques were primed s.c. three times either with 60 μg of the non-targeted HIV
gag p24 protein or the DEC-targeted gag p24 in the presence of 1 mg of poly ICLC
at 0, 8, and 27 weeks. All animals were s.c. boosted with New York vaccinia virus
(NYVAC) containing HIV Gag/Pol/Nef (Gomez et al. 2007) at 31 weeks after the
protein priming (i.e., at 58 weeks). Priming alone with NYVAC-HIV Gag/Pol/Nef
as a control group induced low to undetectable gag-specific T cell responses but
showed enhanced cellular immunity after boost. Either non-targeted or DEC-tar-
geted HIV gag p24 protein could induce gag-specific CD4+ and CD8+ T cell
responses as well as antibody responses (Flynn et al. 2011). However, two inter-
esting and valuable results could be drawn from this study regarding the DEC-
targeting strategy. In comparison to non-targeted immunization, the DEC-targeting
approach was more effective in cross-presentation as well as in generating multi-
functional CD4+ and CD8+ T cells. In particular, when isolated CD8+ T cells from
the animals were examined for proliferative capacity, for multi-cytokine secretion
(i.e., IFN-γ, IL-2, and TNF-α), and for long-term memory responses, the DEC-
targeting showed enhanced efficacy in all aspects in comparison to non-targeted
protein vaccine (Flynn et al. 2011). Such multi-functional T cells correlated with
better protection against Mycobacterium tuberculosis, Leishmania major, and
vaccinia virus in mouse models (Trumpfheller et al. 2006; Darrah et al. 2007;
Lindenstrom et al. 2009).

The findings from nonclinical testing including nonhuman primate studies have
clearly demonstrated the efficacy of the DEC-targeting as a novel protein vaccine
useful for future clinical application. To this objective, a phase I study to evaluate
the safety and immunogenicity of the DEC-targeted HIV gag p24 protein with poly
ICLC is on-going with 45 healthy volunteers aged 18–60 at The Rockefeller
University Hospital (Unpublished data: Personal communication with and oral
presentation by Dr. Trumpfheller C., at the 12th International Symposium on
Dendritic Cells, October 7–11, 2012, Daegu, Korea). To date, antigen-specific
cellular and humoral immune responses with low and transient reactogenicity were
reported and additional valuable results are anticipated.

17.5 Summary: Future Direction for DC-Targeting
Strategy

In this chapter, we have described the unique features, efficacy, and benefits of the
DC-targeting vaccine strategy in various disease models and summarized data that
demonstrate it to be an efficient and novel vaccine approach, ready for translation to
clinical testing for treating human disease. Beyond the examples introduced in
Sect. 17.4.3 as preclinical efforts, the following comments highlight important areas
of focus for future investigation in further development of DC-targeting as a viable
human vaccine platform.
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17.5.1 Human DC Subsets and Targeting

Human DC subsets and mouse DC subsets are not identical (Palucka et al. 2010).
This means that a better understanding of human DC subsets is required to extend the
DC-targeting strategy into clinical application. Instead of addressing the diversity
and biology of human DC subsets in detail, we instead focus here on DEC-205+ DCs
which are the human equivalent of mouse CD8α+ DCs (Palucka et al. 2010;
Villadangos and Shortman 2010). Previous studies suggested that CD141+ human
DCs (also known as BDCA3+ DCs) might be the counterpart of mouse CD8α+ DCs
based on four similarities: (1) the expression of chemokine receptor XCR1 (Bachem
et al. 2010); (2) the expression of transcription factors Batf3, and IRF-8, and a lack of
IRF-4; (3) the expression of TLR3, but not TLR7 and the secretion of IL-12 upon
activating through TLR3; and (4) the capacity of phagocytosis of dead cells and
cross-presentation (Jongbloed et al. 2010; Poulin et al. 2010). However, differences
still exist. For example, CD141+ DCs do not express TLR9 although CD8α+ DCs do,
and different signaling is required for IL-12 production from CD141+ DCs as
compared to mouse CD8α+ DCs (Jongbloed et al. 2010; Poulin et al. 2010). In
addition, the ability of DC cross-presentation in mouse is known to be strictly limited
to CD8α+ DCs (Hildner et al. 2008; Lin et al. 2008), but human DC subsets employ
more than just CD141+ DCs for cross-presentation (Schnorrer et al. 2006; Segura
et al. 2009). The hurdles of characterizing human equivalents of mouse DC subsets
arise not only from species intrinsic discrepancy, i.e., anatomical differences and
developmental process so that few markers are shared between human and mouse
DCs, but also from a paucity of relevant human lymphoid DC supply, caused by
ethical and logistical difficulties faced over the past decade.

Previously, human DC subsets principally in lymphoid organs were investigated
(Granelli-Piperno et al. 2005). This aligned with our interest in using DEC-205+

DCs for future DC-targeting strategy vaccines. In addition, these cells are found to
be abundant in T-cell areas of human lymph nodes and they co-express CD11c as
well as MHC class II, both critical for effective targeting. In the case of human
spleen, another study showed that CD11c+ DCs were located in T cell-, B cell-, and
marginal zones, and most were found to be immature by lacking CD86 and CD83
receptors (McIlroy et al. 2001). When we used CD205 (DEC-205) to identify
human spleen DCs, we found that most DEC-205+ DCs are CD11c+ and immature,
consistent with the prior observation (Pack et al. 2008). Interestingly, in addition to
known tropism for white pulp, these DEC-205+ DCs were closely associated with
cells displaying the mucosal address in cell adhesion molecule, MAdCAM.
Moreover, human spleen DEC-205+ DCs were found both in T cell- and non-T cell
areas, unlike mouse splenic counterparts found only in T-cell areas. This unex-
pected finding warrants further investigation to define the natural localization of
DEC-205+ DCs. Such differences underlie the need to perform efficacy studies of
DEC-targeting strategy using human DC subsets, and findings will guide the design
of a fully human DC-targeting strategy. This information is critical since DCs exist
in distinct functional states depending on activation/maturation signals derived from
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microenvironments, such as infectious microbes, tissue-derived cytokines, and
other immune cells, which controls the target, timing, and quality of adaptive
immunity. Multiple parameters should be considered in designing human DC-
targeting strategy, including the desired type of immune protection to be induced
(cellular vs. humoral immunity), the tissue distribution and receptors of various DC
subsets, and activation signals based on TLRs expressed for optimal choice of
adjuvant.

17.5.2 Mechanism

While ample publications show the efficacy of the DEC-targeting strategy in various
disease models, few reports address the basic mechanisms at work in DC-targeting.
Two studies in particular are worth noting here as leads for further investigation to
uncover downstream mechanisms underlying an improved DC-targeting strategy.

The first study investigated how poly IC works as an effective adjuvant for DEC-
targeting. As shown in Sect. 17.4.2, poly IC was found to be a superior adjuvant for
DEC-targeting in inducing Th1 type cellular immunity as compared to other known
TLR ligands (Longhi et al. 2009). Poly IC was shown to be the most effective
inducer of type I interferon (IFN) through mda5 (melanoma differentiation-asso-
ciated protein 5) and TLR3. A blocking experiment showed that type I IFN was in
fact essential for DC maturation and CD4+ T cell development. Specifically, type I
IFN acted in vivo directly on DCs, leading to up-regulation of DC co-stimulatory
molecules, and DCs exposed to type I IFN became better inducers of mixed
lymphocyte reactions. In addition, poly IC induced Th1 CD4+ T cell responses
primarily through type I IFN, but interestingly type II IFN (IFN-γ) or IL-12 were
not necessary. Lastly, bone-marrow chimera experiments demonstrated that the
main in vivo sources of type I IFN were nonhematopoietic radio-resistant cells as
well as monocytes and DEC-205+ DCs, and the adjuvant effect of poly IC was more
prominent when systemic rather than local inflammatory responses were induced
(Longhi et al. 2009).

The second study examined the influence of DC subsets on antigen processing.
DCs express different antigen uptake receptors, and, to date, we utilized DEC-205
receptor for CD8α+ DC-targeting and DCIR2 receptor for CD8α− DC-targeting.
Regarding the OVA model antigen, a previous study demonstrated enhanced MHC
class II presentation by targeting DCIR2+ rather than DEC+ DCs (Dudziak et al.
2007). This difference in antigen processing was shown to be intrinsic to the DC
subsets, and not due to differences in receptors targeted by anti-DEC-205 or 33D1
(DCIR2) mAbs. The data showed that the enhanced antigen presentation on MHC
class II by DCIR2+ DCs was associated with increased expression of proteins
involved in MHC class II processing, such as cathepsin (Dudziak et al. 2007).
Moreover, as shown in Sect. 17.3.3, when real human pathogenic antigen (Y. pestis
LcrV) was utilized in distinct DC subsets targeting, enhanced humoral immunity
was observed with targeting DCIR2+ DC (Do et al. 2010). An extensive follow-on
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study is under way to reveal downstream mechanisms on which distinct DC subsets
induce different type of adaptive immunity (Do, manuscript in preparation).

While these studies are a useful beginning, further investigation of various
aspects, including at molecular levels, are required for improved DC-targeting
strategy as a novel vaccine approach.

17.5.3 Construct Limitation and Antigen Selection

The DC-targeting strategy highlighted in this chapter uses a recombinant conju-
gated antibody construct. This genetically engineered antibody conjugate has dis-
tinct advantages as already described above. However, important aspects of this
technology require case-by-case characterization to support clinical application.
First and foremost is the necessity of identifying an effective target antigen. This is
a challenge not only for the DC-targeting strategy field but also for general vaccine
development, especially for vaccines of noninfectious diseases. Second is the
actuality that recombinant construct will not always function as intended. Not every
construct of the conjugated antibody will be expressed well and successfully induce
immunity. Molecular properties such as size, conformation, solubility, and stability
of the recombinant antigen-antibody are not yet well predicted by modeling, thus
creating need for empirical testing to determine yield and efficacy of the recom-
binant conjugated antibody. To date, the 293 T cell transient transfection systems
has been employed with good result for such engineering (see Sect. 17.6 for more
information), but unknown biases may be revealed through exploration of other
expression systems. Although these hurdles need to be addressed for improvement
of the technology, we have established the great utility of recombinant antibody-
antigen vehicle for the DC-targeting vaccine platform. Further applications, for
example, combining with other drug delivery systems such as nanoparticles or
developing novel technique for efficient screening system of newly synthesized
antigen-antibody construct should be encouraged for refining the DC-targeting
strategy.

17.6 Generalized Method

Following are general guidelines for creating a DC-targeting strategy to any antigen
of interest. The reader is advised to inspect corresponding sections of this chapter
and references therein for greater details at each stage of method engineering and
testing.
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17.6.1 Construct of Antigen-Conjugated DC-Targeting
Antibody

The full length coding region of the antigen gene is amplified and then cloned into
the COOH terminus of heavy chain of anti-DEC-205 mAb, anti-DCIR2 mAb, or an
isotype control mAb. Each construct is transiently transfected into 293 T cells and
the expressed conjugated antibody is purified by protein G affinity chromatography.
The purified, recombinantly conjugated antibody is then characterized for structure
and quality by SDS-PAGE and Western Blotting, and for binding affinity and
specificity by FACS (fluorescence activated cell sorting) using Chinese hamster
ovary (CHO) cells which have been stably transfected with respective receptors (i.e.,
DEC-205/DCIR2). It is important to insure that all reagents are free of endotoxin.

17.6.2 Immunization

Each conjugated antibody (5–10 μg/mouse or indicated dosage), with or without a
stimulus for DC maturation, is administered subcutaneously (s.c.), intraperitoneally
(i.p.), or intranasally (i.n.) depending on the study. DC stimulating reagents that we
have found to be successful include anti-CD40, poly IC, or a combination of anti-
CD40 and poly IC. In case of using poly IC alone as an adjuvant, a prime and boost
strategy is necessary.

17.6.3 Verification of Antigen-Specific T Cell Induction

Antigen-specific T cell responses are analyzed by either ICS, ELISPOT (enzyme-
linked immunosorbent spot assay), or by CFSE (Carboxyfluorescein succinimidyl
ester)-proliferation assay. Briefly, bulk splenocytes are stimulated with reactive
peptide pools (2 μg/ml or indicated concentration) or control medium in the pres-
ence of a co-stimulatory anti-CD28 mAb for 6 h. Brefeldin A is added for last 4–5 h
to accumulate intracellular cytokines. After stimulation, cells are collected, washed,
and stained with various surface antibodies (i.e., CD3/CD4/CD8). Following fix-
ation and permeabilization, cells are incubated with various anti-cytokine antibodies
(i.e., IFN-γ, IL-2, TNF-α). Binding specificities are collected by flow cytometer and
analyzed (i.e., FlowJo software).

For ELISPOT assays, specialized ELISPOT plates are coated overnight with
purified capturing various anti-cytokine antibodies (i.e., IFN-γ, IL-2, TNF-α). The
plates are washed, blocked, and then incubated with sorted T cells (CD4+ or CD8+),
purified spleen CD11c+ DCs, and in the presence or absence of reactive peptides.
After 48 h, the plates are washed and incubated with proper detecting anti-cytokine
antibodies and then the spots are visualized and counted.
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For CFSE-proliferation assay, bulk splenocytes are labeled with CFSE and the
labeled cells are stimulated with or without reactive peptides for 4 days. This can be
combined with ICS for the last 6 h of culture. Data are collected by flow cytometer
and analyzed.

17.6.4 Verification of Antigen-Specific B Cell Induction

Antigen-specific antibody responses are measured by either ELISA or ELISPOT.
Briefly, specialized ELISA plates are coated with respective antigens overnight.
Plates are washed, blocked, and placed with serial diluted samples such as serum or
bronchoalveolar lavage fluid. Various secondary detecting antibodies (i.e., IgG,
IgA) are added and visualized by spectrophotometer and titers are calculated.

For antibody-secreting cell detection by ELISPOT, specialized ELISPOT plates
are coated with antigens of interest overnight. The plates are washed, blocked, and
then placed with serial diluted bulk splenocytes or bone-marrow cells. After 6 h, the
plates are washed and incubated with respective secondary detecting antibodies
(i.e., IgG, IgA) and the spots are visualized and counted.

17.6.5 Vaccine Efficacy Tests

The efficacy of conjugated Abs can be evaluated either as a therapeutic or a pro-
phylactic vaccine. Protocol will be different depending on disease models. For
example, as a therapeutic vaccine in cancer model, mice are first inoculated with
cancers and then treated with various vaccine regimens. In contrast, as a prophy-
lactic vaccine in the cancer model, mice are first injected with various vaccine
regimens and then they are challenged with tumors. In either case, tumor volumes,
and survival rates are measured and the efficacy is interpreted. The nature of
pathogenesis and historical vaccination will determine the study methods to be used
measuring effectiveness against a targeted infectious disease (for example, see
Sect. 17.3 on vaccination against plague).

17.7 Considerations for Analytical Testing

Nonclinical analytical testing and clinical studies document that a biological drug
product meets prescribed specifications for safety, purity and potency, as is required
by 21 CFR parts 600.3(s), 601 and 312, and ICH Q5C. However, conventional
DC-targeting vaccines are classified as medical device and have somewhat relaxed
requirements. Table 17.1 lists analytical tests that have been used in demonstrating
intended attributes of DC vaccines as compared to those used for conventional DC
vaccines, which require more testing.
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Table 17.1 Summary and comparison of analytical assays used in DC vaccines

Stage Analytical tests Purpose

Dendritic cell targeting strategy (experimental mouse model)

DC targeting
antibody production

Coomassie staining and
western blotting

Antibody integrity check

Biuret assay Antibody concentration check

Flow cytometry with CHO
(Chinese Hamster Ovarian)
transfectant cells expressing
DEC-205 or DCIR2 receptor

Antibody receptor binding
specificity & binding
strength check

Endotoxin test Antibody purity check

Immune response
read-out

T cell proliferation
T cell cytokine production
T cell functional assay

Antigen-specific T cell
response check

Antibody quantification
Antibody neutralization

Antigen-specific B cell
response check

Various in vivo assays Functional aspects of antigen-specific
immune responsese

Conventional Dendritic cell-based vaccine (experimental mouse model)

DC precursor
generation

Flow cytometry DC characterization

Phagocytosis Antigen uptake capacity test

Microscopy observation DC morphology check

Antigen pulsing Antigen-specific T cell assay Antigen presentation capacity testa

Flow cytometry Antigen presentation capacity testb

DC maturation Flow cytometry Matured DC characterizationc

DC cytokine production Matured DC characterization

Phagocytosis Matured DC characterizationd

Migration assay Matured DC characterization

Mixed lymphocyte reaction Matured DC characterization

Immune response
read-out

T cell proliferation Antigen-specific T cell
response check

T cell cytokine production

T cell functional assay

Antibody quantification Antigen-specific B cell
response check

Antibody neutralization

Various in vivo assays Functional aspects of
antigen-specific
immune responsese

a various DC:T cell ratio should be considered
b in case of anti-antigen-antibody is available
c some of surface markers are up-regulated or down-regulated when compared to immature form
of DCs
d matured DCs down-regulated phagocytosis when compared to immature form of DCs
e for example, vaccine efficacy test
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Table 17.2 List of all DC vaccine clinical trails

Identifier Title State number

NCT00001566 A pilot study of autologous T-cell transplantation
with vaccine driven expansion of anti-tumor
effectors after cytoreductive therapy in metastatic
pediatric sarcomas

MD8

NCT00001827 p53 vaccine for ovarian cancer MD9

NCT00003229 Vaccine therapy in treating patients with metastatic
melanoma who are undergoing surgery for lymph
node and tumor removal

NC26

NCT00003432 Immunotherapy in treating patients with metastatic
breast cancer

NC23

NCT00003433 Immunotherapy in treating patients with resected
liver metastases from colon cancer

NC24

NCT00003665 Vaccine therapy in treating patients with stage IV
melanoma

PA8

NCT00003792 Vaccine therapy in treating patients with metastatic
melanoma

TX17

NCT00003977 Vaccine therapy in treating patients with recurrent
or persistent cervical cancer

MA20

NCT00004025 Vaccine therapy with or without interleukin-2 in
treating patients with stage III or stage IV
melanoma

MA13, TX8

NCT00004211 Vaccine therapy in treating patients with metastatic
prostate cancer

NC4

NCT00004604 Biological therapy in treating patients with
metastatic cancer

NC22

NCT00004880 Vaccine therapy in treating patients with advanced
kidney cancer

CA4

NCT00005617 Vaccine therapy in treating patients with stage iv or
relapsed malignant melanoma

CA29

NCT00005816 Vaccine therapy in treating patients with stage III
or stage IV kidney cancer

NC16

NCT00005947 Vaccine therapy in treating patients with metastatic
prostate cancer that has not responded to hormone
therapy

FL11, MN4, NJ3,
NY14, OH7, OR4,
PA24, TX13, WA6

NCT00005992 Vaccine therapy in treating patients with metastatic
prostate cancer that has not responded to hormone
therapy

CA27, TX9

NCT00006113 Vaccine therapy followed by biological therapy in
treating patients with Stage III or stage IV
melanoma

CA14

NCT00006434 Tumor lysate pulsed-dendritic cell vaccines after
high-dose chemotherapy for non-hodgkin’s
lymphoma

MI2

NCT00010127 Vaccine therapy in treating patients with metastatic
prostate cancer

NC18

(continued)
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Table 17.2 (continued)

Identifier Title State number

NCT00012064 Vaccine therapy in treating patients with stage IV
or recurrent melanoma

CA17

NCT00013572 HIV candidate vaccine, ALVAC-HIV-1,
administration in HIV-negative adults

MD10

NCT00014131 Vaccine therapy in treating patients with kidney
cancer

CA20

NCT00017355 Vaccine therapy in treating patients with metastatic
melanoma

TX10

NCT00019084 Vaccine therapy and biological therapy in treating
patients with advanced cancer

MD6

NCT00019214 Vaccine therapy with or without interleukin-2 in
treating patients with metastatic melanoma

MD17

NCT00019591 Vaccine therapy with or without interleukin-2 in
treating patients with locally advanced or
metastatic colorectal cancer

MD12, MD13,
TN4

NCT00019929 Vaccine therapy in treating patients with stage III
non-small cell lung cancer

MD5, TN1

NCT00022334 Vaccine therapy in treating patients with liver
cancer

CA40

NCT00023985 Vaccine therapy in treating patients with non-small
cell lung cancer

NY9

NCT00026624 Safety/immunogenicity of immunizations of
ALVAC-DC-SC versus ALVAC-SC

MA14, NY12

NCT00027534 Vaccine therapy in treating patients with advanced
or metastatic cancer

NC11

NCT00039325 Vaccine therapy in treating patients with stage IV
or recurrent malignant melanoma

CA22

NCT00045968 Study of a Drug [DCVax®-L] to treat newly
diagnosed GBM brain cancer

CO3, DC4, FL12,
IL5, IN4, MA17,
MI5, MN5, MO3,
NJ4, NY15, OH5,
SC4, TN3, TX15,
WA7

NCT00049218 Chemotherapy followed by vaccine therapy in
treating patients with extensive-stage small cell
lung cancer

FL7

NCT00050323 Safety/efficacy of a vaccine prepared from dendritic
cells combined with tumor cells to treat advanced
kidney cancer

CA35, MA16, OH6

NCT00053391 Vaccine therapy in treating patients with stage III
or stage IV melanoma

GERMANY4

NCT00056134 Vaccine therapy in treating patients with stage III
or stage IV melanoma

GERMANY3

NCT00056758 HIV vaccine designed for HIV infected adults
taking anti-HIV drugs

PA19

(continued)
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Table 17.2 (continued)

Identifier Title State number

NCT00057915 Vaccine therapy in treating patients with refractory
stage IV cancer

NC17

NCT00058734 Therapeutic vaccination followed by treatment
interruption in HIV infected patients

MA18

NCT00065442 Provenge® (Sipuleucel-T) active cellular
immunotherapy treatment of metastatic prostate
cancer after failing hormone therapy

CO2, DC3, FL10,
GA3, IL4, IN3,
MD11, MA15,
MN3, NJ2, NY13,
NC19, OH4, OR3,
PA23, SC3, TX12,
WA4, WI2,
CANADA2

NCT00068510 Vaccine therapy in treating patients with malignant
glioma

CA31

NCT00074230 Vaccine therapy in treating patients with stage IV
cutaneous melanoma

GERMANY2

NCT00082641 Vaccine therapy with either neoadjuvant or adju-
vant chemotherapy and adjuvant radiation therapy
in treating women with p53-overexpressing stage
III breast cancer

NE2

NCT00085397 Vaccine therapy in treating patients with stage III
or stage IV melanoma

MA10

NCT00085436 DC vaccine combined with IL-2 and IFNα-2a in
treating patients with mRCC

NH3

NCT00085488 vaccine therapy in treating patients with stage III or
stage IV melanoma

NH4

NCT00087984 RNA-loaded dendritic cell cancer vaccine CA11, NY3, NC6,
CANADA1

NCT00088985 Vaccine therapy, trastuzumab, and vinorelbine in
treating women with locally recurrent or metastatic
breast cancer

NC7

NCT00090896 CP-675,206 (CTLA4-Blocking monoclonal
antibody) combined with dendritic cell vaccine
therapy in treating patients with stage III or stage
IV melanoma that cannot be removed with surgery

CA12

NCT00093522 Vaccine therapy with or without fludarabine in
treating patients with stage IV kidney cancer

WI1

NCT00098917 Vaccine therapy in treating patients who are
undergoing surgery for stage IB, Stage II, or stage
IIIA non-small cell lung cancer

CA19

NCT00099593 Immunization against tumor cells in sezary
syndrome

PA9

NCT00100971 Vaccine therapy in treating patients with acute
myeloid leukemia

MA5

(continued)
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Table 17.2 (continued)

Identifier Title State number

NCT00103116 Vaccine therapy in treating patients with stage I,
stage II, or stage III non-small cell lung cancer

KY2

NCT00103142 Vaccine therapy in treating patients with liver or
lung metastases from colorectal cancer

DC2, FL8, NC13,
OR2, SC2

NCT00107159 Vaccine therapy in treating patients with
unresected stage III or stage IV melanoma

CA25

NCT00107185 Vaccine therapy in treating young patients who are
undergoing surgery for malignant glioma

CA28

NCT00107211 Vaccine therapy in treating patients who are
undergoing surgery for ductal carcinoma in situ of
the breast

PA20

NCT00108264 Tumor RNA transfected dendritic cell vaccines NC3

NCT00124124 Comparison of dendritic cells versus montanide as
adjuvants in a melanoma vaccine

NY10

NCT00125749 Vaccination of patients with stage IV melanoma
with dendritic cells

TX11

NCT00126685 Vaccine therapy in treating patients with stage IV
melanoma

GERMANY1

NCT00128622 Denileukin diftitox followed by vaccine therapy in
treating patients with metastatic cancer

DC1, NC12

NCT00176761 Tumor-pulsed dendritic cells used as a tumor
vaccine

MI4

NCT00186316 Vaccine therapy for multiple myeloma utilizing
idiotype-pulsed allogeneic dendritic cells

CA26

NCT00197912 Dendritic cell based therapy of malignant
melanoma

DENMARK1
DENMARK5

NCT00197925 Dendritic cell based therapy of metastatic breast
cancer

DENMARK8

NCT00228189 Carcinoembryonic antigen-loaded dendritic cells in
advanced colorectal cancer patients

NETHERLANDS3

NCT00243529 Peptide-pulsed versus RNA-transfected dendritic
cell vaccines in melanoma patients

NETHERLANDS1

NCT00266110 Vaccine therapy, trastuzumab, and vinorelbine in
treating patients with locally recurrent or metastatic
breast cancer

NC8

NCT00289341 Safety and effectiveness of a vaccine for prostate
cancer that uses each patients’ own immune cells

NY7

NCT00309829 Vaccine therapy in treating patients with newly
diagnosed stage IV kidney cancer

CA23

NCT00313235 Combined modality treatment for patients with
stage IV melanoma

TX4

NCT00323115 Phase II feasibility study of dendritic cell
vaccination for newly diagnosed glioblastoma
multiforme

NH1

(continued)
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Table 17.2 (continued)

Identifier Title State number

NCT00334776 Vaccine therapy in treating patients with metastatic
melanoma

CA13, MI3

NCT00338377 Lymphodepletion plus adoptive cell transfer with
or without dendritic cell immunization

TX7

NCT00345293 Dendritic cell vaccine study (DC/PC3) for prostate
cancer

NY1

NCT00365872 External beam radiation with intratumoral injection
of dendritic cells as neo-adjuvant treatment for
sarcoma

FL9

NCT00374049 MUC1 vaccine in conjunction with Poly-ICLC in
patients with recurrent and/or advanced prostate
cancer

PA22

NCT00377247 Active immunization of patients with carcinoma of
oral cavity or oropharynx with autologous dendritic
cells transfected with DNA from autologous tumor

PA21

NCT00390338 Vaccine therapy in treating patients with stage III
or stage IV melanoma

PA4

NCT00402142 Dendritic cell vaccine in HIV-1 infection SPAIN1

NCT00404339 Vaccine therapy in treating patients with head and
neck cancer

PA11

NCT00405327 A pilot study of tumor cell vaccine for high-risk
solid tumor patients following stem cell
transplantation

MI1

NCT00436930 Vaccine therapy and GM-CSF in treating patients
with recurrent or metastatic melanoma

CA18

NCT00442754 Dendritic cells in lung cancer DENMARK7

NCT00445913 Autologous dendritic cell therapy for type 1
diabetes suppression: a safety study

PA5

NCT00458536 Vaccination of patients with renal cell cancer with
dendritic cell tumor fusions and GM-CSF

MA11

NCT00459069 The use of dendritic cell/tumor fusions as a novel
tumor vaccine in patients with multiple myeloma

MA8

NCT00478452 Dendritic cell vaccine for high-risk ovarian cancer
patients

PA6

NCT00492947 Dendritic cell vaccine for head and neck cancer MD2

NCT00510133 A study of active immunotherapy with GRNVAC1
in patients with acute myelogenous leukemia
(AML)

GA2, IL3, MO2,
NE1, OH2, TX6

NCT00510497 Autologous dendritic cell vaccine in HIV1
infection

PA2

NCT00514189 Feasibility study of acute myelogenous leukemia
mRNA plus lysate loaded dendritic cell vaccines

TX2

(continued)
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Table 17.2 (continued)

Identifier Title State number

NCT00521287 Impaired immunity in patients with cancer:
influence of cancer stage, chemotherapy, and
cytomegalovirus infection

TAIWAN1

NCT00558051 Alpha-type-1 dendritic cell-based vaccines in
patients with metastatic colorectal cancer

PA18

NCT00576446 Surgical resection with gliadel wafer followed by
dendritic cells vaccination for malignant glioma
patients

CA5

NCT00576537 Tumor lysate pulsed dendritic cell immunotherapy
for patients with brain tumors

CA1

NCT00576641 Immunotherapy for patients with brain stem glioma
and glioblastoma

CA6

NCT00601094 Vaccine therapy in treating patients with stage IIIB,
stage IV, or recurrent non-small cell lung cancer

CA24

NCT00612001 Vaccine therapy in treating patients with malignant
glioma

CA9

NCT00617409 To Immunize pts w extensive stage SCLC com-
bined w chemo w or w/oall trans retinoic acid

FL4

NCT00622401 Vaccination of patients with breast cancer with
dendritic cell/tumor fusions and IL-12

MA2

NCT00625755 A phase I/II study to assess the safety and efficacy
of vaccinations with allogeneic dendritic cells:
autologous tumor-derived cells subjected to
electrofusions in patients with AJCC stage IV renal
cell carcinoma

MA4

NCT00626483 Daclizumab in treating patients with newly
diagnosed glioblastoma multiforme undergoing
targeted immunotherapy and temozolomide-caused
lymphopenia

NC5

NCT00626860 The use of dendritic cell/tumor hybridomas as a
novel tumor vaccine in patients with advance
melanoma

MA12

NCT00637117 Intratumoral dendritic cell vaccination combined
with local radiotherapy in patients with recurrent
lymphoma

TX14

NCT00639639 Vaccine therapy in treating patients with newly
diagnosed glioblastoma multiforme

NC10

NCT00671554 Trial of melaxin cancer vaccine plus bacillus
calmette-guerin (BCG) to treat malignant
melanoma

SC5

NCT00672542 Immunotherapy of melanoma with tumor antigen
rna and small inhibitory rna transfected autologous
dendritic cells

NC15

(continued)
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Table 17.2 (continued)

Identifier Title State number

NCT00683241 A phase I clinical trial of autologous dendritic cell
vaccine for recurrent ovarian or primary peritoneal
cancer

PA3

NCT00683670 Dendritic cells (white blood cells) vaccination for
advanced melanoma

MO1

NCT00700167 Immune responses to antigen-bearing dendritic
cells in patients with malignancy

NY4

NCT00703105 Ovarian dendritic cell vaccine trial IL1

NCT00704938 Gene-modified lymphocytes, high-dose aldesleu-
kin, and vaccine therapy in treating patients with
progressive or recurrent metastatic cancer

MD7

NCT00715078 To evaluate sipuleucel-t manufactured with
different concentrations of PA2024 antigen

CA38, DC6, IN7,
NY18, OR7,
WA11

NCT00715832 A phase I cancer vaccine study for patients with
metastatic breast cancer

AL1

NCT00722098 Comparison study of dendritic cell vaccine with
and without cyclophosphamide to treat stage IV
melanoma patients

TX1

NCT00766753 Vaccination-dendritic cells with peptides for
recurrent malignant gliomas

PA17

NCT00776295 Autologous SCT followed by dendritic cell p53
vaccination in patients with limited stage small cell
lung cancer

FL5

NCT00779402 Provenge (TM) for the treatment of hormone
sensitive prostate cancer; sipuleucel-T in metastatic
castrate resistant prostate cancer (CRPC) patients
previously treated on dendreon study P-11

CA15, CO1, CO5,
IL2, NY5, NC9,
OH3, OR1, PA10,
TN2, VA1, WA3,
WA8

NCT00796770 Vaccination of HIV-1 infected patients with
dendritic cells in addition to antiretroviral treatment
—(DALIA Trial)

TX5

NCT00798629 Adenovirus CCL-21 transduced MART-1/gp100/
tyrosinase/NY-ESO-1 peptide-pulsed dendritic
cells matured

FL6

NCT00799110 Vaccination of patients with ovarian cancer with
dendritic cell/tumor fusions with granulocyte
macrophage colony-stimulating factor (GM-CSF)
and imiquimod

MA3

NCT00814892 Vaccine therapy in treating patients with non-
metastatic prostate cancer

MN2

NCT00833781 A pilot study of a dendritic cell vaccine in HIV-1
infected subjects

MA1

NCT00834002 Dendritic cell vaccination for patients with acute
myeloid leukemia in remission

BELGIUM2

(continued)
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Table 17.2 (continued)

Identifier Title State number

NCT00856154 Vaccination with autologous dendritic cells pulsed
with HIV-antigens for treatment of patients with
chronic HIV-infection

DENMARK6

NCT00862303 DC vaccine therapy combined with cytokine-
induced killer cell in treating patients with renal
cell carcinoma

CHINA1

NCT00868114 Direct tumor injection KLH-pulsed dendritic cells
in unresectable pancreatic cancer

NC1

NCT00879489 Cellular immunotherapy study with autologous
dendritic cells loaded with oncofetal antigen/iLRP
in patients with metastatic breast cancer

AL3

NCT00893945 Autologous dendritic cells pulsed with autologous
apoptotic tumor cells administered to patients with
brain tumors

NY11

NCT00901342 Open label study of sipuleucel-T DC5, IL6, IN6,
MD14, NY17,
NC21, TN6,
TX16, WA10, WI3

NCT00910650 Study of gene-modified immune cells in patients
with advanced melanoma

CA16

NCT00913913 Bevacizumab, autologous tumor/DC vaccine, IL-2
and IFNα-2b in metastatic renal cell carcinoma
(RCC) patients

NH2

NCT00923143 Vaccine therapy in treating patients with ductal
carcinoma in situ of the breast

PA15

NCT00923351 Therapy to treat ewing’s sarcoma, rhabdomyosar-
coma or neuroblastoma

MD3

NCT00923910 Wilm’s tumor 1 protein vaccine to treat cancers of
the blood

MD4

NCT00935558 Dendritic cell based therapy for breast cancer
patients

DENMARK3

NCT00937183 Dendritic cell vaccine in treating patients with
indolent B cell lymphoma or multiple myeloma

POLAND1

NCT00940004 Toll-like receptor (TLR) ligand matured dendritic
cell vaccination in melanoma patients

NETHERLANDS5

NCT00948480 Vaccine biotherapy of cancer: autologous tumor
cells and dendritic cells

CA21

NCT00961844 Trial for vaccine therapy with dendritic cells in
patients with metastatic malignant melanoma

NORWAY3

NCT00970203 Alpha-Type 1 dendritic Cell (DC)-based vaccines
loaded with allogeneic prostate cell lines in com-
bination with androgen ablation in patients with
prostate cancer

PA1

NCT00978913 Transfected dendritic cell based therapy for patients
with breast cancer or malignant melanoma

DENMARK2

(continued)
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Table 17.2 (continued)

Identifier Title State number

NCT00988312 Dendritic Cells(DC)-based id vaccination in stage-I
myeloma

GERMANY5

NCT01006044 Efficacy and safety of autologous dendritic cell
vaccination in glioblastoma multiforme after
complete surgical resection

SPAIN4

NCT01042366 Dendritic cells (DC) vaccine for metastatic
melanoma

PA7

NCT01066390 A study on the safety and immunogenicity of
combined intradermal and intravenous
administration of an autologous mRNA
electroporated dendritic cell vaccine in patients
with previously treated unresectable stage III or IV
melanoma

BELGIUM1

NCT01067287 Blockade of PD-1 in conjunction with the dendritic
cell/myeloma vaccines following stem cell
transplantation

MA7, ISRAEL1

NCT01068509 Ovarian cancer vaccine for patients in remission;
ovarian cancer vaccine for patients who have
progressed during the CAN-003 study; ovarian
cancer vaccine for patients who have progressed
during the CAN-003 study

FL1, GA1, IN1,
NJ1, NY2, NC2,
OH1, SC1, WA1,
AUSTRALIA1,
AUSTRALIA2

NCT01082198 Melanoma vaccine in treating patients with stage
III melanoma after surgery to remove lymph nodes

POLAND2

NCT01096602 Blockade of PD-1 in conjunction with the dendritic
Cell/AML vaccine following chemotherapy
induced remission

MA9

NCT01132014 Autologous OC-DC vaccine in ovarian cancer PA12

NCT01189383 IL15 dendritic cell vaccine for patients with
resected stage IIIc and stage IV melanoma

TX3

NCT01197625 Vaccine therapy in curative resected prostate
cancer patients

NORWAY2

NCT01204684 Dendritic cell vaccine for patients with brain
tumors

CA10

NCT01216436 Local modulation of immune receptors to enhance
the response to dendritic cell vaccination in
metastatic melanoma

NC14

NCT01239875 Vaccine therapy with or without cryosurgery in
treating patients with residual, relapsed, or refrac-
tory B cell non-hodgkin lymphoma

MN1

NCT01241162 Decitabine followed by a cancer antigen vaccine
for patients with neuroblastoma and sarcoma

KY1

NCT01278914 Trial of vaccine therapy with mRNA- transfected
dendritic cells in patients with androgen resistant
metastatic prostate cancer

NORWAY4

(continued)
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Table 17.2 (continued)

Identifier Title State number

NCT01302821 C11 AMT positron emission tomography (PET)
imaging in patients with metastatic invasive breast
cancer

FL3

NCT01312376 Autologous T-cells combined with autologous
OC-DC vaccine in ovarian cancer

PA16

NCT01326104 Vaccine immunotherapy for recurrent
medulloblastoma and primitive neuroectodermal
tumor (PNET)

NC25

NCT01334047 Trial of vaccine therapy in recurrent platinum
sensitive ovarian cancer patients

NORWAY1

NCT01338012 Sipuleucel-T in metastatic castrate resistant
prostate cancer (CRPC) patients previously treated
on dendreon study P-11 (NCT00779402)

CA37, OR6

NCT01339663 Vaccine therapy following therapeutic autologous
lymphocytes and cyclophosphamide in treating
patients with metastatic melanoma

WA5

NCT01348256 Study with dendritic cell immunotherapy in
resected hepatic metastasis of colorectal carcinoma

SPAIN3

NCT01353222 DN24-02 as adjuvant therapy in subjects with high
risk HER2+ urothelial carcinoma

AZ1, CO4, CA35,
CT1, FL13, GA4,
IL7, IN5, KS1,
MA19, MD13,
MI6, MN6, NE3,
NJ5, NY16, NC20,
OH8, OR5, PA25,
TN5, WA9 SC8,
TX19, VA2, WI4

NCT01413295 Randomized trial with dendritic cells in patients
with metastatic colorectal cancer

SPAIN2

NCT01431391 Sequencing of sipuleucel-T and ADT in men with
non-metastatic prostate cancer

AL2, CA41, CO7,
MD16, NV1,
NY20, SC7, TX18,
WA13

NCT01441765 PD-1 alone or with dendritic cell/renal cell
carcinoma fusion cell vaccine

MA6

NCT01446731 Dendritic cell vaccination and docetaxel for
patients with prostate cancer

DENMARK4

NCT01456104 Immune responses to autologous langerhans-type
dendritic cells electroporated with mrna encoding a
tumor-associated antigen in patients with
malignancy: a single-arm phase i trial in melanoma

NY8

NCT01472627 Effects of bortezomib-based therapy on cellular
immunity and response to DC/myeloma fusion
vaccines in vitro

MA21

(continued)
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Table 17.2 (continued)

Identifier Title State number

NCT01483274 Decitabine and vaccine therapy for patients with
relapsed AML following allogeneic stem cell
transplantation

PA14

NCT01487863 Concurrent versus sequential treatment with
sipuleucel-T and abiraterone in men with
metastatic castrate resistant prostate cancer
(mCRPC)

CO6, DC7, IN8,
MD15, NE4,
NY19, OR8, SC6,
TN7, WA12

NCT01522820 Vaccine therapy with or without sirolimus in
treating patients with NY-ESO-1 expressing solid
tumors

NY6

NCT01530698 Single-step antigen loading and TLR activation of
dendritic cells in melanoma patients

NETHERLANDS2

NCT01567202 Study of DC vaccination against glioblastoma CHINA2

NCT01574222 A vaccine trial for patients with stage IIIB, IV, or
recurrent non-small cell lung cancer

CA30

NCT01617629 Ovarian cancer vaccine for patients who have
progressed during the CAN-003 study

CA7, FL2, FL2,
IN2, WA2

NCT01635283 Vaccine for patients with newly diagnosed or
recurrent low-grade glioma

CA8

NCT01671592 Safety of labeled dendritic cell (DC) vaccines and
feasibility of tracking by magnetic resonance
imaging (MRI)

PA13

NCT01686334 Efficacy study of dendritic cell vaccination in
patients with acute myeloid leukemia in remission

BELGIUM3

NCT01690377 Plasmacytoid dendritic cell vaccines in metastatic
melanoma patients

NETHERLANDS4

NCT01697527 Gene and vaccine therapy in treating patients with
advanced malignancies

CA3

NCT01730118 Ad/HER2/Neu dendritic cell cancer vaccine testing MD1

NCT00005947 Vaccine therapy in treating patients with metastatic
prostate cancer that has not responded to hormone
therapy

CA33

NCT00045968 Study of a Drug [DCVax®-L] to treat newly
diagnosed GBM brain cancer

CA34

NCT00065442 Provenge® (Sipuleucel-T) active cellular immuno-
therapy treatment of metastatic prostate cancer after
failing hormone therapy

CA32

NCT01068509 Ovarian cancer vaccine for patients in remission CA2

NCT01487863 Concurrent versus sequential treatment with
sipuleucel-T and abiraterone in men with meta-
static castrate resistant prostate cancer (mCRPC)

CA39

NCT00766753 Vaccination-dendritic cells with peptides for
recurrent malignant gliomas

PA17

(continued)
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Table 17.2 (continued)

Identifier Title State number

NCT00776295 Autologous SCT followed by dendritic Cell p53
vaccination in patients with limited stage small cell
lung cancer

FL5

NCT00779402 Provenge (TM) for the treatment of hormone
sensitive prostate cancer; sipuleucel-T in metastatic
castrate resistant prostate cancer (CRPC) patients
previously treated on dendreon study P-11

CA15, CO1, CO5,
IL2, NY5, NC9,
OH3, OR1, PA10,
TN2, VA1, WA3,
WA8

NCT00796770 Vaccination of HIV-1 infected patients with
dendritic cells in addition to antiretroviral treatment
—(DALIA Trial)

TX5

NCT00798629 Adenovirus CCL-21 transduced MART-1/gp100/
tyrosinase/NY-ESO-1 peptide-pulsed dendritic
cells matured

FL6

NCT00799110 Vaccination of patients with ovarian cancer with
dendritic cell/tumor fusions with granulocyte
macrophage colony-stimulating factor (GM-CSF)
and imiquimod

MA3

NCT00814892 Vaccine therapy in treating patients with non-
metastatic prostate cancer

MN2

NCT00833781 A pilot study of a dendritic cell vaccine in HIV-1
infected subjects

MA1

NCT00834002 Dendritic cell vaccination for patients with acute
myeloid leukemia in remission

BELGIUM2

NCT00856154 Vaccination with autologous dendritic cells pulsed
with hiv-antigens for treatment of patients with
chronic HIV-Infection

DENMARK6

NCT00862303 DC vaccine therapy combined with cytokine-
induced killer cell in treating patients with renal
cell carcinoma

CHINA1

NCT00868114 Direct tumor injection KLH-pulsed dendritic cells
in unresectable pancreatic cancer

NC1

NCT00879489 Cellular immunotherapy study with autologous
dendritic cells loaded with oncofetal antigen/iLRP
in patients with metastatic breast cancer

AL3

NCT00893945 Autologous dendritic cells pulsed with autologous
apoptotic tumor cells administered to patients with
brain tumors

NY11

NCT00901342 Open label study of sipuleucel-T DC5, IL6, IN6,
MD14, NY17,
NC21, TN6, TX16,
WA10, WI3

NCT00910650 Study of gene-modified immune cells in patients
with advanced melanoma

CA16

NCT00913913 Bevacizumab, autologous tumor/DC vaccine, IL-2
and IFNα-2b in metastatic renal cell carcinoma
(RCC) patients

NH2

(continued)

17 Dendritic Cell Targeting Vaccines 645



Table 17.2 (continued)

Identifier Title State number

NCT00923143 Vaccine therapy in treating patients with ductal
carcinoma in situ of the breast

PA15

NCT00923351 Therapy to treat ewing’s sarcoma, rhabdomyosar-
coma or neuroblastoma

MD3

NCT00923910 Wilm’s tumor 1 protein vaccine to treat cancers of
the blood

MD4

NCT00935558 Dendritic cell based therapy for breast cancer
patients

DENMARK3

NCT00937183 Dendritic cell vaccine in treating patients with
indolent B cell lymphoma or multiple myeloma

POLAND1

NCT00940004 Toll-like receptor (TLR) ligand matured dendritic
cell vaccination in melanoma patients

NETHERLANDS5

NCT00948480 Vaccine biotherapy of cancer: autologous tumor
cells and dendritic cells

CA21

NCT00961844 Trial for vaccine therapy with dendritic cells in
patients with metastatic malignant melanoma

NORWAY3

NCT00970203 Alpha-type 1 dendritic cell (DC)-Based vaccines
loaded with allogeneic prostate cell lines in com-
bination with androgen ablation in patients with
prostate cancer

PA1

NCT00978913 Transfected dendritic cell based therapy for patients
with breast cancer or malignant melanoma

DENMARK2

NCT00988312 Dendritic cells(DC)-based id vaccination in stage-I
myeloma

GERMANY5

NCT01006044 Efficacy and safety of autologous dendritic cell
vaccination in glioblastoma multiforme after com-
plete surgical resection

SPAIN4

NCT01042366 Dendritic cells (DC) vaccine for metastatic
melanoma

PA7

NCT01066390 A study on the safety and immunogenicity of
combined intradermal and intravenous administra-
tion of an autologous mRNA electroporated den-
dritic cell vaccine in patients with previously
treated unresectable stage III or IV melanoma

BELGIUM1

NCT01067287 Blockade of PD-1 in conjunction with the dendritic
cell/myeloma vaccines following stem cell
transplantation

MA7, ISRAEL1

NCT01068509 Ovarian cancer vaccine for patients in remission;
ovarian cancer vaccine for patients who have
progressed during the CAN-003 study; ovarian
cancer vaccine for patients who have progressed
during the CAN-003 study

FL1, GA1, IN1,
NJ1, NY2, NC2,
OH1, SC1, WA1,
AUSTRALIA1,
AUSTRALIA2

(continued)
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Table 17.2 (continued)

Identifier Title State number

NCT01082198 Melanoma vaccine in treating patients with stage
III melanoma after surgery to remove lymph nodes

POLAND2

NCT01096602 Blockade of PD-1 in conjunction with the dendritic
cell/aml vaccine following chemotherapy induced
remission

MA9

NCT01132014 Autologous OC-DC vaccine in ovarian cancer PA12

NCT01189383 IL15 dendritic cell vaccine for patients with
resected stage IIIc and stage IV melanoma

TX3

NCT01197625 Vaccine therapy in curative resected prostate
cancer patients

NORWAY2

NCT01204684 Dendritic cell vaccine for patients with brain
tumors

CA10

NCT01216436 Local modulation of immune receptors to enhance
the response to dendritic cell vaccination in
metastatic melanoma

NC14

NCT01239875 Vaccine therapy with or without cryosurgery in
treating patients with residual, relapsed, or
refractory B cell non-hodgkin lymphoma

MN1

NCT01241162 Decitabine followed by a cancer antigen vaccine
for patients with neuroblastoma and sarcoma

KY1

NCT01278914 Trial of vaccine therapy with mRNA- transfected
dendritic cells in patients with androgen resistant
metastatic prostate cancer

NORWAY4

NCT01302821 C11 AMT positron emission tomography (PET)
imaging in patients with metastatic invasive breast
cancer

FL3

NCT01312376 Autologous T-cells combined with autologous
OC-DC vaccine in ovarian cancer

PA16

NCT01326104 Vaccine immunotherapy for recurrent medullo-
blastoma and primitive neuroectodermal tumor
(PNET)

NC25

NCT01334047 Trial of vaccine therapy in recurrent platinum
sensitive ovarian cancer patients

NORWAY1

NCT01338012 Sipuleucel-T in metastatic castrate resistant pros-
tate cancer (CRPC) patients previously treated on
dendreon study P-11 (NCT00779402)

CA37, OR6

NCT01339663 Vaccine therapy following therapeutic autologous
lymphocytes and cyclophosphamide in treating
patients with metastatic melanoma

WA5

NCT01348256 Study with dendritic cell immunotherapy in
resected hepatic metastasis of colorectal carcinoma

SPAIN3

(continued)
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Table 17.2 (continued)

Identifier Title State number

NCT01353222 DN24-02 as adjuvant therapy in subjects with high
risk HER2+ Urothelial carcinoma

AZ1, CO4, CA35,
CT1, FL13, GA4,
IL7, IN5, KS1,
MA19, MD13,
MI6, MN6, NE3,
NJ5, NY16, NC20,
OH8, OR5, PA25,
TN5, WA9 SC8,
TX19, VA2, WI4

NCT01413295 Randomized trial with dendritic cells in patients
with metastatic colorectal cancer

SPAIN2

NCT01431391 Sequencing of sipuleucel-T and ADT in men with
non-metastatic prostate cancer

AL2, CA41, CO7,
MD16, NV1,
NY20, SC7,
TX18, WA13

NCT01441765 PD-1 alone or with dendritic cell/renal cell
carcinoma fusion cell vaccine

MA6

NCT01446731 Dendritic cell vaccination and docetaxel for
patients with prostate cancer

DENMARK4

NCT01456104 Immune responses to autologous langerhans-type
dendritic cells electroporated with mRNA encoding
a tumor-associated antigen in patients with malig-
nancy: a single-arm phase i trial in melanoma

NY8

NCT01472627 Effects of bortezomib-based therapy on cellular
immunity and response to DC/myeloma fusion
vaccines in vitro

MA21

NCT01483274 Decitabine and vaccine therapy for patients with
relapsed AML following allogeneic stem cell
transplantation

PA14

NCT01487863 concurrent versus sequential treatment with sipu-
leucel-T and abiraterone in men with metastatic
castrate resistant prostate cancer (mCRPC)

CO6, DC7, IN8,
MD15, NE4,
NY19, OR8, SC6,
TN7, WA12

NCT01522820 Vaccine therapy with or without sirolimus in
treating patients with NY-ESO-1 expressing solid
tumors

NY6

NCT01530698 Single-step antigen loading and TLR activation of
dendritic cells in melanoma patients

NETHERLANDS2

NCT01567202 Study of DC vaccination against glioblastoma CHINA2

NCT01574222 A vaccine trial for patients with stage IIIB, IV, or
recurrent non-small cell lung cancer

CA30

NCT01617629 Ovarian cancer vaccine for patients who have
progressed during the CAN-003 study

CA7, FL2, FL2,
IN2, WA2

NCT01635283 Vaccine for patients with newly diagnosed or
recurrent low-grade glioma

CA8
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