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Abstract

Edward Jenner laid the foundation of vaccination as he was the first to introduce
and use the procedure as well as pursued his scientific investigation against the
deadly smallpox. Due to his work and the recent advancements in science, now
the world claims that smallpox has been eradicated from the world. For long-
lasting effective immunization, both the humoral- and cell-mediated parts of the
adaptive immunity need to be stimulated. There are almost seven types of
vaccines that are currently in use or in the stage of development. The benefit-
risk profile (efficacy) of each vaccine is constantly evaluated during the entire
process right from the individual component pre-clinical evaluation (in vitro and
in vivo) and clinical (human trial) and developmental phase till the end use. The
Vaccine Adverse Event Reporting System (VAERS) used by the Centers for
Disease Control and Prevention (CDC) and Food and Drug Administration
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(FDA) monitors post-licensure vaccine efficacy and safety using various methods
and techniques. Advanced kinetic models are used to calculate the degradation
kinetics rate of biological products such as protein and virus-based vaccines and
also an emulsion-based adjuvant vaccine. Statistical tools are used to select an
optimal number based on the variable parameters used for fitting of experimental
data obtained from different steps of kinetic models.

Keywords

Vaccination - Smallpox - Humoral - Cell mediated - Kinetic models - Centers for
Disease Control and Prevention

12.1 Introduction

For decades, smallpox had threatened the globe by causing countless deaths, for
which the world is thankful to Edward Jenner (Fig. 12.1), whose innovative and
remarkable contribution to immunization ultimately eradicated smallpox and also
laid a foundation for the vaccine’s development. Although China and India have
used the principles of vaccination since thousands of years by inoculating live and

Fig. 12.1 Photo of the same boy prior and post smallpox infection. This is the reason why this
disease was called variola (means stain or mark on the skin), speckled monster in the eighteenth
century, and small pockes in the fifteenth century
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virulent smallpox virus for later protection. However, Edward Jenner is honored as a
pioneer of vaccine development almost 200 years ago, who gave it the name of
vacca in 1798, which means cow [1]. From this first-ever development till the
advancement of novel vaccines, vaccination has overwhelmed the consequences of
catastrophic infections. Briefly, in the eighteenth century, the world had the vaccinia
virus vaccine, and Louis Pasteur and Emile Roux in the nineteenth century explained
that attenuated or inactivated organisms provide prophylaxis, and finally an
accelerated advancement was observed to produce immunization using advanced
technologies [2]. Today’s research is focused to develop novel vaccines to defeat and
eradicate deadly infectious diseases by boosting and engineering the immunity [3].

Vaccines are actually biological accumulation of antigens which are designed to
provoke adaptive immunity by mimicking an infection to produce antibody and
memory cells without causing illness [4]. There are different stages to measure
vaccine’s efficacy which starts from pre-licensure stage. A randomized controlled
trial is carried out in which the disease incidence rate between non-immunized and
immunized volunteers is considered as a direct effect of the vaccine [5, 6]. Estimation
of vaccine effectiveness is usually measured from studies carried out post-licensure,
which showed the actual protection against disease under real-life condition
[5]. Both efficacy and effectiveness of the vaccines are calculated using the follow-
ing formula:

VE = Rynvaccinated — Rvaccinated + Ryaccinated (R = Risk or Rate)

Keeping in view this background, we will first shortly highlight the immune
system and its types, short history of vaccine development, and types of vaccines to
build a baseline study and then will focus on the efficacy and stability of vaccines.

12.2 Immune System

We are living in the world surrounded by an ocean of microorganisms called
pathogens, both harmful and harmless to our body. These microorganisms in one
way or the other get access to the body, select a predilection site, start multiplication,
and thus harmfully affect the body. Nature has provided a protective screening
system to the body, the main function of which is to screen these organisms at
various stages and not allow them to enter into the body. In case they enter into body,
the body has a defensive mechanism which first labels them as a foreign enemy and
alerts the body’s defense system to start a combat against them.

12.2.1 Types of Immune Systems
This body’s defense system, which is named as immune system because of the

immune cells involved in this process, can be divided into two main types: innate/
general and adaptive/specific immune systems. Both of these types communicate



170 A. Khan et al.

with each other to provide effective immunity to the body against the pathogens
which gain access to the body.

12.2.2 Innate or General Inmune System

The innate immune system is the first line of defense which provides the first-ever
barrier against the pathogens trying to invade the body. This system provides a
variety of protective measures which are continuously in function and are not
specific to a particular pathogen; that’s why it is termed as general immune system.
Due to specificity of innate immune cells toward conserved molecular patterns,
which are found only on microorganisms and not on the host cells, which prevents
host cells from attack. This system lacks memory cells, so repeated exposure of the
same pathogen limits the improvement of this system. Anatomical barriers (intact
skin), mucous membranes, and acidic environment (pH 3-5) of the skin prevent the
entrance and growth of pathogens. Mucus and cilia of the mucous membranes trap
the microorganisms and propel them out of the body [7, 8].

Furthermore, physiological barriers such as the normal temperature of the body,
development of fever, gastric acidity, lysozyme (hydrolytic enzymes found in body
fluids), interferon (produced by virally infected cells), and collectins (surfactant proteins
present in serum, lung secretion, and mucus) are also parts of the innate immune system,
which can inhibit, eliminate, and cleave directly (disrupting lipid membrane) or indi-
rectly by clumping the pathogens to enhance their susceptibility to phagocytosis [7, 9].

The complement system is divided into three pathways based on the way they are
activated. Classical, alternative or properdin, and lectin pathways are activated when
IgM/IgG antibody binds to antigen, when C3b complement protein is deposited onto
the microbial surfaces, and when plasma mannose-binding lectin (MBL) attaches to
microbes, respectively. These pathways merge into a single pathway which leads to
the formation of membrane attack complex that forms pores in the membrane of
pathogens. The complement system is also involved in the opsonization of a
particular pathogen to direct it into phagocytosis and trigger inflammation. The
inflammatory response with five cardinal signs toward an injury or pathogen is
also a part of the innate immune system [10, 11]. Pattern recognition receptors
(PRRs) such as pulmonary surfactant protein, C-reactive protein, Toll-like receptors
(TLRs), mannan-binding lectin (MBL), C-type lectin receptors (CLRs),
MY C-associated factor X (Max), and neucleotide-binding oligomerization domain
(NOD) are membrane proteins found on all innate immune system cell’s membrane.
The PRRs recognize pathogen-associated molecular patterns (PAMPs) including
LPS, peptidoglycans, lipoproteins, and flagellin and trigger cytokine release,
opsonization, complement activation, and phagocytosis. PAMPs are present only
on microbial cells and not on human cells [10, 12, 13].

Phagocytic and granulocytic cells are the final soldiers of innate immune system
which links it with the adaptive immune system. Monocytes circulating in the blood
and macrophages present in the tissues are the main cells of this mononuclear
phagocytic system whose main function is antigen presentation, cytokine produc-
tion, and phagocytosis [14].
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12.2.3 Adaptive/Specific Immune System

The adaptive immune system has the ability to adapt itself when exposed and is also
specific against a particular pathogen with memory for repeated exposure
[10]. Humoral immunity composed of B cells and cell-mediated immunity com-
posed of T cells are two parts of adaptive immune system [15]. B cells are produced
in the bone marrow, processed, matured, and also exposed to the extracellular
pathogen/toxins in the lymph nodes. B cells recognize pathogens with
lipopolysaccharide, dextran, and bacterial polymeric flagellin (without being
processed by an antigen-presenting cells) and become activated which is a weaker
response. The response of B cells which are activated by T helper cells is much better
with effective memory and is used for long-term immunization. The activated B cells
are converted into plasma cells which then begin to produce specific antibodies. IgM
is the first antibody produced followed by the antigen-specific IgG antibody. IgD,
IgA, and IgE are also produced, but IgG is the most important antibody related to
vaccines [1, 16].

Cell-mediated immunity comprises of T cells, which are mature in the thymus
and are activated against intracellular pathogens. CD4 or T helper cells and CD8 or T
cytotoxic cells are the two main types of T cells. T helper cells recognize MHC 11
(major histocompatibility complex), which is present in all immune cells, and
therefore are called the markers of the immune cells. T helper cells are further
divided into Thl responsible for cell-mediated immunity and Th2 responsible for
antibody-mediated immunity. T cytotoxic cells, which are responsible for cell-
mediated immunity, can recognize MHC I protein, which is present on the body’s
nucleated cells without RBCs and thus are termed as markers for the body cells.
Compared with B cells, T cells can only recognize the antigens which are being
processed by antigen-presenting cells [1, 16].

12.2.4 Immunization and Its Types

It is a process by which the immune system of an individual is armed against the
harmful enemy called immunogen. Broadly it can be divided into passive immuni-
zation by transfer of preformed antibody and active immunization by exposure of the
body to pathogenic agents. Passive immunization is for a time being and is finished
when the inducted antibodies are destroyed. In neonatal life, maternal antibodies that
are transferred through placenta and to the newborn through colostrum and milk are
natural ways of passive immunity. Gamma globulins and antivenin are examples of
artificial way of passive immunization. Active immunization is when an individual is
directly exposed to pathogen and the body starts developing a long-term immunity
compared with a passive immunity. Active immunization can also be developed
naturally (exposure to influenza) and artificially (different types of vaccines used). A
viral antigen that bounds with MHC I protein and presented at CD8 will initiate cell-
mediated immunity, while a bacterial or parasitic antigen will be bound on MHC 11
molecules and presented on CD4, which will trigger antibody-mediated immunity
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[17, 18]. A list of the different kinds of vaccines which are currently in use or in the
stage of development is mentioned in Table 12.1.

12.2.5 History of Smallpox and Vaccine Development

Smallpox is a viral disease believed to have appeared and destroyed millions of
human populations in the early eighteenth century throughout the world. It was
named as speckled monster in eighteenth century in England, variola (means stain or
mark on the skin) in Switzerland in 570 AD, and small pockes in the fifteenth
century. It has a unique history as it was the first disease for which vaccine was
developed and which was also eradicated from the world [1, 19]. The survivors of
smallpox were immune to the diseases, and many efforts were performed to cure the
diseases and decrease the devastating effects as much as possible. Earlier, inocula-
tion, derived from a Latin word inoculare, which means “to graft,” was considered
an efficient way to treat smallpox. In this procedure, a smallpox virus (a wet lancet
with fresh smallpox matter) was subcutaneously inoculated into a non-immunized
individual. Later on, this procedure was named as variolation, which became very
popular and decreased the fatality rate up to 10 times [8, 20]. In 1756, a boy named
Edward Jenner was variolated against smallpox who developed mild case of small-
pox with subsequent development of immunity and survival. Edward had a strong
interest toward science and nature during his school life, and at the age of 13, he
heard about a dairyman saying that “I shall never have smallpox for I have had
cowpox, I shall never have an ugly pockmarked face.” In that time, it was a very
common belief that the dairymaids are somehow protected from smallpox. In 1796
Edward Jenner concluded that cowpox gives protection against smallpox and could
be transmitted with unknown mechanism from one individual to another. From a
cowpox-infected person’s lesions, Jenner inoculated the boy, and after subsequent
mild signs, the boy recovered on the tenth day after inoculation. The boy was
inoculated again from a fresh cowpox vesicle, but this time the boy did not develop
any signs of the disease. In 1798, he published a booklet which was based on his
experiments on variolation. The conclusion of this publication was that the origin of
cowpox is from horses, which is then transmitted to cows, and cowpox infection
provides protection against smallpox. He called this procedure vaccination and the
fresh cowpox material as vaccine, which was derived from Latin words vacca for
cow and vaccinia for cowpox. The vaccination replaced variolation and became
popular in the early eighteenth century throughout the world [1, 21].

12.3 Quality Control and Vaccine Development

The achievements and benefits of vaccines to the world can be measured from
various factors, including eradication of smallpox in 1977; polio, which was
eradicated very soon; and reduction of deadly outbreaks and consequent mortalities.
Several vaccines approved for human use are listed in Table 12.2. For the
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Table 12.1 List of vaccines currently in use or in the stage of development with advantages/
disadvantages and examples

Name of
vaccine

Live attenuated

Inactivated or
killed whole-
cell vaccines

Subunit
(protein-based
subunit
polysaccharide-
based subunit
conjugates)

Toxoid
(bacterial
inactivated
toxins)

Conjugate

Procedure

Laboratory
weakened
version of live
pathogen

Destruction of
the pathogen by
heat, chemicals
(formalin), or
radiation;
therefore cannot
replicate in the
live organism

Contains only
the antigen or
epitope
(antigenic part)
of the pathogen;
1-20 antigenic
parts of
microbes can be
used instead of
entire pathogen
Produced by
inactivated
(detoxified)
bacterial toxins
by formalin with
ddH,O0 or
sometimes with
heat or radiation

Epitope linked
to
polysaccharides

Advantages

Produce both
strong cellular
and antibody
response,
produce long-
term immunity,
lifetime
safeguard,
single- or highly
two-dose
inoculation

More stable and
protective, do
not require
refrigeration and
can be freeze-
dried for
transport, safer
with fewer side
effects

Most readily
stimulate the
immune system,
specific and late
adverse
reaction, can be
used by every
individual

Produced
immunity
against bacterial
toxins, cannot
get back to its
virulent form,
cost-effective

To invoke an
immune
response against
the weak
antigens
(specially
bacteria)

Disadvantages
Possibility of
reversion to the
virulent form,
cannot be given
to individuals
with weak
immunity (HIV
or cancer
patients)

Produce weaker
immune
response due to
lack of
replication and
fast clearance
from the body,
additional
booster doses
required to boost
immune system
for long-term
immunity
Difficult
procedure to
know which
antigen should
be included, no
confirmation
regarding
forming
memory cells

Produced
immunity
against bacterial
toxins

Specially used
in infants

Examples

Smallpox, type
2 poliovirus,
bacillus
Calmette-
Guerin (BCG),
measles-
mumps-rubella
(MMR) vaccine

Influenza,
hepatitis A,
Listeriosis

Hepatitis
Influenza

Streptococcus
pneumoniae,
Neisseria
meningitidis,
Haemophilus
influenzae
type b

Diphtheria,
tetanus,
pertussis,
Streptococcus
pneumoniae,
Neisseria
meningitidis,
Haemophilus
influenzae type
b (Hib)
Haemophilus
influenzae type
B (Hib),
Streptococcus
pneumoniae,
Neisseria
meningitidis

(continued)
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Name of
vaccine Procedure Advantages Disadvantages Examples
Naked DNA Injected Can be produced | Has been Cancer and
genetically relatively easily approved for HIV-AIDS
engineered at low costs and | human use, and (under trial)
DNA in the to produce both various vaccines
form of plasmid | humoral and are in clinical
DNA (pDNA) cellular trials and some
encoding immunities; are approved for
antigen pDNA is stable veterinary use
at room
temperature
which renders
cold chain
requirement

development of a novel vaccine, sufficient and exact knowledge of its protective
mechanism, i.e., to provoke the immune system without causing illness, is needed
for its quality control during the process of development [22]. However, there are
certain constraints which need to be monitored to check its efficacy which is a
laborious and continuous job. The International Conference on Harmonization
(ICH) has developed pre-set criteria (various assays) to regulate the quality of a
biopharmaceutical product on current good manufacturing practices (cGMP). To
overcome adverse events and to get an overall acceptable level following immuni-
zation, risk assessment must be performed during each and every step of vaccine
development [23]. The following are the important overviews of the major quality
control issues which must be addressed before commercialization of vaccines.

12.3.1 Monitoring Efficacy of Vaccines (Pre-clinical Stage)

Vaccine is a unique complex formulation which is composed of one or more types of
immunogenic components including live attenuated or killed viral or bacterial part,
proteins, polysaccharide, polynucleotide, and conjugates. Apart from these, there are
also some agents added to modify and boost a long-lasting immune response to the
body. Vaccine efficacy is defined as the percentage of reduction in the incidence rate
of disease and has minimal or no adverse reactions post immunization. So there is
always a need not only to monitor the chemical and structural integrity of each
constituent but also to ensure that the vaccine is capable of immunogenicity
[24]. Safety assessment of vaccine starts from the pre-clinical evaluation of vaccine
constituents (for purity, sterility, and stability), followed by the clinical and devel-
opment phase, and finally the distribution, transportation, and duration of use of
vaccines [25]. One of the most important factors is to maintain the shelf life of
vaccine during the distribution process. For this bulk, intermediate as well as final
container product also needs to be monitored for either maintaining the required



175

12 Stability Studies of Vaccines

(panunuod)

QJeAT)ORUI O] UI[BUIIOJ
PIA pajean ‘s[jeo profdip uewiny G-I Ul

v snnedoq

wny | pojededod st (urens G/ [INH) Urens snia ayJ, SIUIA pojeATIORU] XIABH snaA v snnedoq
snuA g snnedoyq g snnedoyq
(spi3uruow
aurooea g snnedoy g 2dKy avzuanyfun eruownaud)
wn[y | pue aeInluod q adqy avzuanyfur snjrydowavyy Jrednfuo) XVAINOD snpydowavyy 9SBASIP padnpuI-qIHy
81 Pue ‘91 ‘I ‘9 ad&)y AdH jo prsdes
1130 (SdTA) so[onred oyi-snita payund woiy
wnyy paredaid ourooea jusrearipenb jueuIqUIOdSY [Isepien
81 Pue 9]
sad&1 AdH d1ua3oouo jo ‘pisdes oy jo urajoxd oronaed (AJH) SnIiA
$0SVY | owednue Jofew oy ‘urjoid [T JuBUIqUIOIY YI[-SNIIA JIUNgNS xueA1) | ewoyided uewny 190UBD [BIIAIDD)
(Vd) ueSnue aanosyord
Surpnpour surdjoxd pue SwvLyuUD SNJjIODG
Jo urens paje[nsdeoud-uou QuUIINIIA € JO
wnpy sarmno o1ydoIaroIor Jo sajen[y 9I-[[0D junqng Xeworg |  Soviyup snjjovg Xeruy
1€€T urens $1S0]N242qN]
QUON ystue ‘(DDg) uLenn-opowe)) snjroeg PajenuaNe AT ISS,, suoea HHYg wWn112190qoIS s1sonoreqn,
600¢ QUIDIBA
onuopued [NTH JUS[RAOUOIA 600T
yoeoidde [[90 ojoym durodea 11ds JUS[BAOUOIN jsurede pajeAnoeuy (INTH) V ®ezuangup
surens g om) pue
‘urens gNEH/V Ue ‘urens [N[H/V Ue surejuod
(Ae1ds [eseuenur 10j) QUIOJBA JUS[BALIPEN() PaleAnIOBUL 9AT] jusreAlpen() ISIANL]
(4
QUON | Ppue y sadA] 10J) paseq SNIIA J[OYM JUS[BALLL, pareAnoeuy NTANOV SIIIA BZUSINJU] eZUINPU]
pasn sjuauodwod aurdde A ad£y aurooep qureu opelJ, juade dAnESNE)) jo31e) 9seasIq
jueAn(py

asn ueWINY JOJ SQUIDJBA PASURIIT Z'ZL d]qel



A. Khan et al.

176

AZA JO UIens YoW/eN0

pajenuane AT

XBARISOZ

SIITA
191507 sodioyg

191507 sodioy

(3vsgH)

wnpy uagnue doeyns g snneday wWoly paALI_Q [eJ1A uUNgng gH XeAIqUOOYY snia g snnedoy g snnedoy
sniA g snnedoyq snnedoy
SIIIAOI[Od orjod
sissnptad
pjja12pL0g SISSMIdg
1UDI2] WNIPLIISO]D) snueld ],
sasnuirorod ¢ pue ‘g ‘1 sedAy avuayydip
wnpy | pue SysgH [PIM UOHBUIQUIOD Ul XLIUBJU] SV junqng XURIPYJ |  Wn1ia1onqaufio) euoypydiq
sissnptad
(unoeyad pue ‘(YHY) urunni33eway Pierepiod SIssmIod
snojuawe[y ‘(Id) urxoy sissnyad 1upjo] WnIpLsor)y snuejo ],
pajeanoeur) suadnue sissmiad Tepnjooe avuyydip
wnpy 9y pue snuejd) pue eLRYIYdIp JO PIOXO], jrungng XUURJU] | wnii23onqaulio) euaypydiq
ulewiiog 0001 (€ pue ‘g ‘1
QUON | m sAep [ 1SB9] 1B 10J D, LE+ I8 PAjeAndRU] PaleANOBUL AT T0d1 sad£1) snaiaorjod orjod
pasn sjuauodwod aurdde A ad£y aurooep qureu opelJ, juade dAnESNE)) jo31e) 9seasIq
jueAn(py

(ponunuod) Z'zL d|qel



12 Stability Studies of Vaccines 177

temperature or not. Recalculation of the expiry date is needed after an unintended
temperature excursion due to cold storage unit failure or mishandling during trans-
portation [26]. All vaccines are prone to be damaged due to temperature elevation or
freezing during distribution, during storage, and even during the use of vaccine
[27]. The therapeutic agents (medicines, drugs, vaccines, etc.) and the medical or
immunization procedures cannot be declared as totally risk-free but are used to
ensure that the benefits are far much more than any potential emerging risk.

The final vaccine product is an ideal defined product (both in composition and
structure) produced as a result of high-profile assays performed to monitor the
efficacy of vaccine in order to reduce all the issues that are discussed in the above
paragraph. The number and type of assays that must be performed depend on the
type of vaccine to be prepared. For example, the most crucial assay for live
attenuated vaccine development is to calculate the number of pathogenic particles
that must be included in a single dose and the screening of impurities in each
ingredient. When the product is licensed, the post-licensure test is carried out in
the form of survey to know the efficacy and safety level of the vaccines when applied
on a community [28]. To monitor the efficacy of vaccines during pre-clinical studies,
essays are broadly divided into the following two categories.

12.3.2 Assays for Measuring the Concentration and Integrity
of Antigens

To quantify an intermediate and final product as well as impurities in the final
product, various colorimetric assays and analytical separation tests are performed.
Calorimetric assays are used to measure the concentration of proteins and polysac-
charide, number of primary amine groups and host cell DNA, etc. The techniques
used to separate the impurity and maintain the integrity and stability of vaccines
(protein and polysaccharide in nature) are chromatography (liquid and gas) and gel
electrophoresis. Antigen characterization, impurity identification, structural degra-
dation such as oxidation, and fragmentation can be easily measured by mass
spectrometry [28]. A list of various physicochemical and immunochemical
techniques, along with their details, is given in Table 12.3.

12.3.3 Assays for Measuring Biological Activity, Active
Concentration, and Confirmation of Antigen

This part comprises of various assays designed for in vitro and in vivo studies as well
as for physicochemical and immunochemical analysis. For the quality assessment of
vaccines, both physicochemical and immunochemical evaluations are very crucial to
confirm antigenic structure and access immune-dominant epitopes, especially for
monoclonal antibody. The integrity of antigenic structure has an important role in
vaccine potency and efficacy [29]. In combination vaccines, the quality assessment
of individual antigen is a hurdle which must be proven by a correlate protection and
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Table 12.3 Physicochemical and immunochemical techniques for vaccine development

Technique Information regarding Identity ‘ Purity ‘ Stability
Chromatography
Reversed phase Purity, stability, degradation, and protein | + + +
modification
Ion exchange Protein modification, degradation, 0 + 0
aggregation, and purity
Size exclusion Hydrodynamic size, aggregation, purity, |0 + +
and oligomeric repartition
Immunochemical techniques
Biosensor analysis | Antigen concentration, epitope integrity, |+ 0 +
and binding kinetics
ELISA Antigen concentration + 0 +
Immunoblotting Size, protein modification, degradation, 0
and aggregation
Spectroscopy
Circular dichroism | Secondary and tertiary structure — — 0
Electron Imaging of supramolecular structures and | 0 0
microscopy integrity
Fluorescence Tertiary structure of proteins and protein | — - 0
spectroscopy unfolding and refolding
Infrared Excipients and protein structure - 0 -
spectroscopy
Light scattering Aggregation — — +
Nuclear magnetic Excipients and polysaccharide structures | — 0 —
resonance
UV absorbance Tertiary structure of proteins, protein — — +
spectroscopy unfolding and refolding, and aggregation
Electrophoresis
Capillary Primary structure of proteins and protein | 0 0 +
electrophoresis degradation
Isoelectric Isoelectric point (pl), protein 0 + +
focusing (IEF) modifications, degradation, aggregation,
and purity
PAGE (SDS or Size of protein, protein modifications, 0 + +
native) degradation, aggregation, and purity
2D electrophoresis | Size, pl, protein modification, + + +
(IEF plus degradation, aggregation, and profile of
SDS-PAGE) protein impurities
Mass spectrometry
Primary structure of proteins, protein + 0 +
modification, and degradation
Differential scanning calorimetry
Thermodynamics of protein unfolding — ‘ — ‘ +

+, yes; 0, neutral/possibly; —: no/unfavorable
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efficacy both in in vitro and in vivo studies as well as immune chemical and
serological studies [30, 31]. In vivo studies are a platform which provides an ideal
outcome from immune response parameters including innate, cellular, and humoral
immunity with protection. There are some restrictions especially to develop animal
models for those human diseases which have specific range of surface proteins that
interact with specific host receptors [32]. Keeping in view, it is acknowledged that
the ability and safety of pre-clinical studies for the product which is human specific
will be limited in the clinical trials. For this, transgenic mice with specific human
receptors such as CD46 and CD66 have been developed which have now been used
to develop novel human vaccines [33]. Similarly, humanized immune-deficient mice
are also developed in which human tissues with immunological functions are
transplanted into mice and studied [34].

12.3.4 Monitoring Efficacy of Vaccines (Clinical Stage)

To move from a pre-clinical stage (in vitro and in vivo) into a clinical stage (first
human test) in vaccine development is anyhow a difficult decision. For this, the
Committee for Medicinal Products for Human Use (CHMP) has developed certain
guidelines which should be adopted before moving from pre-clinical to clinical trials
[35]. The most important of these guidelines are some of the serious adverse
reactions (discussed below) and their remedies, which must be kept in mind before
moving to a clinical trial. To evaluate the efficacy of vaccines, serum antibody titer is
checked in the clinical trials and is acceptable if it is above a certain threshold level.
Similarly, cellular immunity measurement is also recommended to evaluate both
quantitative and qualitative analyses of T cells, such as Th1l, Th2, T memory cells,
and relevant cytokines.

12.3.5 Adverse Events Following Immunization (AEFI)

Unlike medicines, vaccines are administered in bulk and mostly to the healthy
population, such as children and infants, which possess low tolerance against
potential risk or side effects of vaccines. As we have discussed, vaccines are
composed of somehow a pathogenic agent which may evert and, apart from giving
long-term immunization, may cause some discomfort and even death. As the name
indicates, AEFI are the unwanted adverse events which occur after immediate or
weeks after immunization irrespective of whether it is due to vaccines or not. Some
of the AEFI are summarized in Table 12.4.

The Centers for Disease Control and Prevention (CDC) and the US Food and
Drug Administration (FDA) are assigned to conduct and evaluate the safety as well
as the efficacy of each vaccine post licensed, during various steps of distribution and
after immunization [36, 37]. The CDC and FDA after evaluation submit the Vaccine
Adverse Event Reporting System (VAERS) which is a passive (spontaneous)
reporting system as shown in Fig. 12.2. The report is passively made based on the
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Table 12.4 Various adverse events following immunization (AEFI)

AEFI

Details

Vaccines induced or vaccine
reaction events

Some events caused post correct vaccination such as pain,
swelling, redness, and even fever

Inherent properties of vaccine such as presence of an adjuvant
sometime causing local inflammatory response or eversion of
live attenuated vaccines including mild fever and/or rash for
about 10 days post immunization (MMR and poliovirus
vaccines)

Immunization errors

Errors or mistakes made during preparation, processing,
transport, handling, and administration of vaccines, e.g.,
injecting a fully liquid without reconstitution or administration
of oral vaccine intramuscularly

Coincidental events

Immediate events followed by vaccination but not caused by
vaccines such as flu-like symptoms, etc.

Immunization anxiety
reaction

Anxiety reaction about or pain from the injection itself like
syncope and panic attack after vaccination

Vaccine failure

Many reasons as mentioned right from the preparation till to the
end users like failure in the cold chain requirements

Unknown Difficulty to know about the cause
Healthcare VAERS downloadable data sets CDC WONDER' VAERS database
pmﬁ'ssionals (www.vaers hhs.gov/data/index) (hup:iwonder.cde. gov/vacrs himl)
3
Posting of public VAERS data
(sensitive paticnt information removed)
Patients
[Data transmission
Parents and o to CDC and FDA
caregivers il
Vaccine Report processing, MedDRA'
coding, data entry, quality
manufacturers control, follow-up to obtain
health records, etc.
VAERS report
Others submission

Fig. 12.2 Data flow diagram of Vaccine Adverse Event and Reporting System (VAERS) submis-
sion. During 2011-2014, healthcare professionals, patients and parents, vaccine manufacturers, and
others (friends of parents, third-party reporter, etc.) submitted 38%, 14%, 30%, and 12% of reports

(Adopted from reference [36])

volunteers who voluntarily share their experience, not based to identify and collect
information. They also rely on the healthcare professionals, patients, parents, and
caregivers and also on the health record surveillance registered system [38, 39].
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12.3.6 Risk Factors Related with Vaccination

As highlighted in the above discussion, importance and benefits of vaccines could
not be ignored, but there are various risk factors which need to be considered before
immunization.

» Febrile convulsion, sometimes when a new vaccine is going to be introduced due
to an identified risk for vaccines such as quadrivalent vaccines (e.g., measles-
mumps-rubella and varicella vaccines).

* Spontaneous abortion risk, without identifying and investigating a potential risk
prior to registration, such as when adjuvanted papilloma virus vaccines are
administered without the knowledge of pregnancy.

* Immune-mediated disease risk, e.g., adjuvanted vaccination, such as adjuvant
human papillomavirus vaccine and adjuvanted influenza vaccines.

e Immune-compromised pregnant individual, e.g., administration of adjuvanted
vaccines to new target population where safety data is scarce.

* There is always a risk when introducing new vaccines, and the available infra-
structure for pharmacovigilance is limited, e.g., for malaria vaccines and dengue
vaccines in Africa and developing countries, respectively.

12.4 Vaccine Kinetics and Stability

Vaccine kinetics are typically used to determine the estimated degradation rates of
vaccines using accelerated stability programs exposing the product to grater temper-
ature than those recommended for storage of vaccines [40]. Immune system works
against the pathogen and recognize pathogen characteristics. Therefore,
characteristics of the pathogens are studied to increase the efficacy of vaccines,
such as dimension of pathogens and specific PAMPs used as adjuvants for immune
stimulation [41]. Vaccine stability is the most important step in vaccine efficacy and
is a major concern associated with vaccine distribution. To study the stability of
vaccine, the following two essential approaches are used.

12.4.1 Temperature Ramping Experiment

It involves the monitoring of changes that occur in biophysical properties of vaccine
when the temperature is increased at a specific rate. These include monitoring the
decomposition extent and/or some parameters related with thermodynamics includ-
ing enthalpy and free energy. These experiments are performed very quickly (few
hours) and are therefore used in vaccine formulation, development, and screening of
stabilizing conditions [42, 43]. Besides thermodynamics, kinetics is also necessary
to evaluate the stability of the vaccines. Kinetic stability is inversely proportional to
the degradation rate, i.e., when the kinetic stability is high, the degradation rate is
low and vice versa.
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12.4.2 Accelerated Stability Studies

This study is performed to find out the degradation rate of vaccines over time
because of exposure to high environmental temperature than the required
recommended temperature for vaccine processing and storage. Liquid chromatogra-
phy, gel electrophoresis, various immunochemical assays, and, to find out the
antigenic titer, various methods are used to investigate the vaccine degradation
rate at different time intervals [26, 44]. These studies are also used as precautionary
measures to determine stabilized conditions, to enhance the potency of
manufacturing process, and to estimate the shelf life of vaccines.

From the last couple of decades, medical field has made significant advances
especially in the drug delivery system. The development of controlled release system
is one of its great achievements. The main objectives of this system are to check the
stability and provide the concentration of the vaccine in circulation or to the specific
target site at a desired amount as far as possible [45], in a control release rate and
time [46]. For vaccine stability, the controlled system initially releases the vaccine
contents to attain the effective therapeutic concentration quickly followed by the
release kinetics to provide the maintenance concentration. The main objective
behind this is to increase the efficient availability, effectiveness, and stability and
to release more effective product. So to find out and predict the kinetics of a vaccine,
various mathematical models are used to compare all the phenomena that affect
vaccine release kinetics [47].

12.4.3 Kinetic Model (Zero or First Order)

Kinetic model is the common accelerated stability model method used to analyze the
data obtained and estimate long-term stability of a vaccine. To determine the
constant rate for two or more temperatures, the data obtained from the accelerated
stability studies are fit with a simple kinetic model, which is typically zero- or first-
order kinetic models. Following experiment, an unknown constant rate is calculated
from the data at a specific temperature using Arrhenius dependence of the reaction
rate [44, 48]. Based on applications of zero- or first-order kinetics, stability estima-
tion seems too simple for description of biological products, which commonly have
complex and multistep degradation reactions [49].

12.4.4 Sophisticated Degradation Kinetic Models (Two-Step Model)

In this type of kinetic models, a two-step kinetic model is used such as an nth order
and an autocatalytic component to investigate the degradation rate of biological
products. Examples of this complicated process include Fulcher-Tammann equation
or Prout-Tompkins nucleation models [50, 51]. This is a superior kinetic model
which suitably mimics and investigates the complicated process of biological prod-
uct decomposition [52].
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Relatively the nth-order kinetic model is best fitted to calculate the degradation
rate for an adjuvanted protein vaccine, two-step model for live virus vaccine, and an
autocatalytic-type kinetic model for an oil-in-water adjuvant formulation [48]. Based
on the experimental data and kinetic analysis, it has been estimated that there is
approximately five percentage point difference from that of actual value for long-
term storage conditions, post excursions of temperature, and during shipments of
freeze-dried products [40].

12.5 Conclusion

So far prophylactic vaccination has shown a profound impact on public health sector
by decreasing disease incidence rate; still there is a need of novel vaccine develop-
ment to combat and defeat the novel infections. Safety and efficacy of vaccines are
the major concerns which must be evaluated during pre-clinical (in vitro and
in vivo), clinical (first human trial), and developmental trial phases to avoid adverse
reactions following vaccination. This is quite a lengthy exercise which needs
contribution from various research and developmental expertise, quality control
and assurance, safe production, marketing, and sale. This chapter highlights various
aspects and types of immunity and vaccines, different assays used to evaluate the
safety and efficacy concerns, and various kinetic models to know the degradation
rates of vaccines at different time points.
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