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A number of currently available vaccines have shown significant differences in the magnitude of immune
responses and toxicity in individuals undergoing vaccination. A number of factors may be involved in the
vailable online 28 October 2009

eywords:
iomarkers
harmacogenetics

variations in immune responses, which include age, gender, race, amount and quality of the antigen, the
dose administered and to some extent the route of administration, and genetics of immune system. Hence,
it becomes imperative that researchers have tools such as genomics and proteomics at their disposal to
predict which set of population is more likely to be non-responsive or develop toxicity to vaccines. In
this article, we briefly review the influence of pharmacogenomics biomarkers on the efficacy and toxicity
of some of the most frequently reported vaccines that showed a high rate of variability in response and
accine
toxicity towards hepatitis B, measles, mumps, rubella, influenza, and AIDS/HIV.

© 2009 Elsevier Ireland Ltd. All rights reserved.
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. Introduction

Similar to interindividual differences in drug response
Bhathena and Spear, 2008), a number of currently available
accines have shown significant differences in the magnitude
f immune responses in individuals undergoing vaccination. It
as been postulated that, a number of factors may be involved

n these variations in immune responses. These factors include

host and the pathogen. In addition, the environmental factors such
as smoking, alcohol consumption and diet can potentially alter
biology and genomic factors (Poland et al., 2008a). In a recent
study (Poland et al., 2007), the term “vaccinomics” was defined
as the areas of immunogenetics and immunogenomics which
provide a far better understanding of how an array of factors
and/or molecules play critical roles in the regulation of innate
and adaptive immune responses. The examples of such molecules
ge, gender, race, amount and quality of the antigen, the dose
dministered and to some extent the route of administration,
nd genetics of immune system. Most of these factors can be
rouped into variations caused by biology and genomics of the

∗ Corresponding author. Tel.: +1 806 356 4750x225.
E-mail address: majid.moridani@ttuhsc.edu (M. Moridani).

300-483X/$ – see front matter © 2009 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.tox.2009.10.008
include human leukocyte antigen (HLA), toll like receptor (TLR)
and their signaling components, cytokine receptors and genes
as well as transporter associated with antigen processing (TAP),
which play a role in contributing to the variations in the immune

response due to genetic polymorphisms (Poland et al., 2007).

The role of genomics in determining the extent of immune
response is still in its infancy with only a handful of diseases inves-
tigated in this regard. Some of the most extensively researched

dx.doi.org/10.1016/j.tox.2009.10.008
http://www.sciencedirect.com/science/journal/0300483X
http://www.elsevier.com/locate/toxicol
mailto:majid.moridani@ttuhsc.edu
dx.doi.org/10.1016/j.tox.2009.10.008
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Table 1
Examples of genotype/gene polymorphism related to interindividual variation to vaccination.

Examples of genotypes/gene polymorphisms
Vaccine/disease Responders or a better responders,

susceptibility to virus
Non-responders or less responders,
resistance to virus

References

Hepatitis HLA-DRB1(DRB1*0101,
DRB1*08032)
HLA-DPA1 (DPA1*0103),
HLA-DPB1(DPB1*0402)

HLA-B46 and HLA-B15
HLA-DRB1(DRB1*0405),
HLA-DRB1*07

Davenport et al. (1995)
Hatae et al. (1992)
Mineta et al. (1996)
Wang et al. (2004)

Measles HLA-B*07 HLA-B*44, HLA-B*8, HLA-B*13
HLA-DRB1*303
HLA-DPA1*0201

Jacobson et al. (2003)
Jacobson and Poland (2004)
Poland et al. (2001)

Mumps HLA-DRB1(DRB1*303, DRB1*01)
HLA-DQB1(DQB1*02, DQB1*05)
HLA-DPB1(DPB1*04)
DQA1(DQA1*0101, DQA1*0105)

HLA-DRB1(DRB1*0301, DRB1*0801,
DRB1*1201, DRB1*1302)
DQB1(DQB1*0201, DQB1*0401)
DQA1(DQA1*0401, DQA1*0501)

Ovsyannikova et al. (2008)

Rubella HLA-B*2705, HLA-B*4501
HLA-C*0303, HLA-C*0704
HLA class II (DPB1*0301,
DQB1*0501, DRB1*0101, and
DRB1*1104)

HLA class II (DPB1*0401, DPB1*1001,
DPB1*1101, DQB1*0202, and
DRB1*0701)

Ovsyannikova et al. (2005a)
Ovsyannikova et al. (2004)

Influenza HLA-Bw35 HLA-DRB1*07
HLA-DRB1*0701
HLA-DQB1*0303 and
HLA-D
HLA-B

Lambkin et al. (2004)
Gelder et al. (2002)
Cunningham-Rundles et al. (1979)
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nfectious diseases include measles, hepatitis B, hepatitis C, human
apillomavirus and influenza (Ovsyannikova et al., 2004; Poland
t al., 2008a). For example, HLA genes are the most highly poly-
orphic genes in the human genome. Moreover, HLA genes play

ritical roles in establishing T cell and antibody responses against
nfectious agents. Polymorphism in HLA genes has been shown to
ignificantly impact processing and presentation of peptides which
riginate from pathogens that ultimately affects the type of T cell
nd B cell responses induced.

Due to the increasing amount of reports regarding the non-
esponsiveness or variations of responsiveness in vaccinated
ndividuals it becomes imperative that researchers have tools such
s genomics and proteomics at their disposal to predict which set
f population is more likely to develop toxicity to a certain type
f vaccine administered. Furthermore, the norm that, “one size fits
ll” which was the basis of designing vaccines so far increasingly
eeds to be reassessed for majority of the vaccines (Jacobson and
oland, 2004; Poland et al., 2008a).

In the following sections, we have briefly reviewed the influ-
nce of pharmacogenomics on the efficacy and toxicity of some of
he most frequently reported vaccines that showed a high rate of
on-responders including hepatitis B, measles, mumps, rubella and

nfluenza, AIDS/HIV (Table 1).

. Examples of variation in vaccine efficacy and toxicity

.1. Hepatitis A and B

The vaccinated individuals show significant interindividual
ariations in immune response to hepatitis B vaccine. For instance,
he approved hepatitis B vaccine is given in vaccine doses rang-
ng from 10 to 40 �g depending on the targeted population. In
ddition to dose variation, specific segments of population fail
o respond to the hepatitis B vaccine, including obese individu-
ls, smokers, and immune-compromised individuals. In general,

0–15% of the population fails to respond to the currently available
hree-dose vaccine, whereas around 40% of adolescent population
hows antibody levels that are considered to be protective after
ne or two doses. There have been also cases where some indi-
iduals have even required more than six doses of hepatitis B
QB1*0603-9/14
w16

Mackenzie et al. (1977)
Spencer et al. (1976)

RB1*01 MacDonald et al. (2000)

vaccination for the generation of immune response (Alper et al.,
1989).

Antibody responses to hepatitis B vaccination have been
reported to be greatly influenced by genetic variability. Among the
various factors, presence of specific carriers of HLA class I and II
genotypes greatly influences the differences reported in respon-
ders and non-responders. For example, the presence of HLA-B46
and HLA-B15 alleles was found to be higher in non-responders in
comparison to responders in hepatitis B vaccination. Individuals
with HLA-DRB1*13 allele are less likely to be infected chronically
with hepatitis B (Davenport et al., 1995; Ovsyannikova et al., 2004).
To address some of the questions pertaining the observed differ-
ences, twin studies are widely used as a method to study the genetic
basis of variability in immune response upon vaccination. Using
this method it is possible to clearly differentiate the influence of
genetic and environmental factors on the nature of the immune
response as monozygotic twins are genetically identical whereas
dizygotic twins share 50% of their genes on an average (Hohler et
al., 2002). Therefore, twin studies make it possible to investigate
the influence of genetic factors that show variability in immune
responses (Jacobson et al., 2007; Poland et al., 2007). For instance,
in a study conducted in twin pairs at the age of 5 months, 77%
variability in antibody responses was observed in response to the
hepatitis B virus antigen (Newport et al., 2004). In another study
in Japanese population it was found that DRB1*0101, DRB1*08032,
DPA1*0103 and DPB1*0402 played a major role in the production
of antibody responses whereas DRB1*0405 was associated nega-
tively with the production of antibody (Hatae et al., 1992; Mineta
et al., 1996; Ovsyannikova et al., 2006). Wang et al. (2004) reported
HLA-DRB1*07 to be associated with non-response to HBsAg.

In addition to genes encoding the major histocompatibility com-
plex (MHC), other factors such as polymorphisms in IL-10 and
IL-1� may also play a role in determining the immune responses
to Hepatitis vaccination (Hohler et al., 2002; Yucesoy et al., 2002).
Specifically, single nucleotide polymorphisms (SNPs) were found

to influence the amount of pro-inflammatory cytokines being pro-
duced. For example, in the case of hepatitis B and A vaccination,
nearly 25% of total heritability can be determined by IL-10 promoter
polymorphisms (Hohler et al., 2005). IL-1� gene polymorphisms
at position +3953 in the exon 5 was reported to be affecting the
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Fig. 1. Mean anti-HBs antibody titers alter hepatitis B vaccination. The horizon-
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al axis shows the 35, 38, 46 and 60 days time points (T). The antibody titers are
xpressed as International Units/I ± S.E. Numbers appearing above brackets rep-
esent difference (P-values) between indicated allelic genotype. (Reprinted from
ucesoy et al. (2002). Copyright (2002), with permission from Elsevier.)

L-1� expression in response to specific stimuli. However, the
tudy also found that the allelic distribution did not deviate sig-
ificantly from the Hardy-Weinberg distribution, which was found
o be around 54% with the 1.1, 37% with 1.2 and 5.4% with the
.2 genotypes. As shown in Fig. 1, the variant 2.2 of IL-1� (+3953)
olymorphism showed significantly higher antibody responses in
omparison to the allele 1.1. Furthermore when the lymphocyte
roliferation responses to HBsAg in peripheral blood mononuclear
ells (PBMCs) were determined it was found that there were sig-
ificantly higher responses in heterozygous or homozygous for the

L-1� +3953 allele (Fig. 2). These studies suggest that the immune
esponse to HBsAg was indeed influenced by the allelic variant

f +3953 IL-1� (Yucesoy et al., 2002). The study led to the use
f IL-1� peptide as an adjuvant in formulations of subsequent
accine preparations (Boraschi and Tagliabue, 1999; Yucesoy et
l., 2002).

ig. 2. Mean lymphoproliferative response to HBsAg. Antigen specific cell prolif-
ration is presented is counts per minute (cpm) of [3H]-TdR incorporation in the
resence of antigen minus the cpm of [3H]-TdR incorporation in the absence of anti-
en. Numbers appearing above brackets represent P-value. (Reprinted from Yucesoy
t al. (2002). Copyright (2002), with permission from Elsevier.)
logy 278 (2010) 204–210

2.2. Measles, mumps and rubella

For measles vaccine, during the last major US outbreak, 20–40%
of those who contracted the disease had been previously vaccinated
against measles, indicating that the vaccine used was ineffective
in eliciting neutralizing antibodies (Jacobson and Poland, 2004).
A closer examination revealed specific genetic associations corre-
lated with poor immune responses to measles vaccine. Children
vaccinated against rubella have shown immune response varia-
tions especially with regards to antibody and T cell responses,
which have been linked to host genetic variations (Ovsyannikova
et al., 2004).

In measles vaccinated individuals, association between HLA
genes and very high levels of antibodies or hyperseropositive
responses have been reported. A higher frequency of hyperseropos-
itive responders to measles antigens was observed for individuals
carrying the class I HLA-B*07 allele. In contrast, frequencies of
HLA-B*44 allele were lower in hyperseropositive than in normal
seropositives (Jacobson and Poland, 2004; Jacobson et al., 2003).
A significant association was observed between HLA class II alle-
les and circulating measles virus antibodies (Ovsyannikova et al.,
2004; Poland et al., 2001). This association has been reported
to be specific for HLA class II DR, DQ and DP genes. For exam-
ples, HLA-DRB1*303 and HLA-DPA1*0201 alleles were found more
in seronegative than in seropositive individuals (Poland et al.,
2001). Furthermore, in a study conducted in 100 healthy twin pairs
(45 monozygotic and 55 dizygotic), each receiving 1–2 doses of
measles–mumps–rubella-II (MMR-II) vaccine, it was found that
heritability of immune responses to MMR-II differed for each of
the three components of the vaccine. Heritability for measles was
around 90% as compared to 39 and 46% for mumps and rubella,
respectively, and these data clearly indicate that genetic differ-
ences play a significant role in determining the extent of immune
responses after measles vaccination as compared to mumps and
rubella vaccination (Ovsyannikova et al., 2004, 2005a; Poland et al.,
2008a). It was also demonstrated that the IFN-� and IL-4 cytokine
responses in response to measles vaccine is influenced by HLA genes
(Ovsyannikova et al., 2005b,c; Poland et al., 2008a).

Immune responses to measles vaccine are also influenced
by SNPs and cytokine gene polymorphisms. For example, poly-
morphisms in measles virus gene were found to influence the
induction of humoral immune responses. Two of such genes having
measles virus binding domains are signaling lymphocyte activation
molecule (SLAM) or known as CDw150 and membrane cofac-
tor protein (CD46). When SNPs in these genes were studied, a
clear association of allele dose-relation and the magnitude of the
immune response was reported (Dhiman et al., 2007a; Dorig et al.,
1993; Poland et al., 2008a; Tatsuo et al., 2000). In these studies
it was found that measles specific IgG responses showed an allele
dose-related 4-fold decrease in the immune response. This decrease
in the immune response was attributed to higher representation of
SNPs in exon 7 (rs3796504) in the SLAM gene. On the contrary, a
decrease in the antibody response to measles was observed due to
a SNP in exon 3 (rs164288) of the SLAM gene. The authors postu-
lated from the data that there was a possibility that such SNPs may
affect the binding ability of measles virus to the receptors (Dhiman
et al., 2007a). In addition, higher IgG and lymphocyte proliferation
were observed if there was a SNP within the IL-12 gene and lower
responses if the SNPs were within the IL-10 and IL-12R gene after
vaccination with measles vaccine (Dhiman et al., 2007b; Poland et
al., 2008a).
The role of TLR polymorphisms and measles specific immune
responses has also been studied and it was found that immune
responses were altered with a differential representation of SNPs
in certain gene variants. For instance, after measles vaccination,
lower antibody responses were found with a heterozygous vari-
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nt for rs3775291 of the TLR gene. Similarly, a SNP in the 3′UTR
untranslated region) of the TLR3 gene also showed low responses
Dhiman et al., 2008).

The association of HLA genes and mumps has also been reported.
t was shown that IgA responses were increased after vaccina-
ion by mumps antigens and this was related to DR3 and DR4
ntigens. Interestingly the association of immune responses with
LA was observed only in IgA responses and not in IgM and IgG

esponses after mumps vaccination (Hyoty et al., 1986). For rubella
nfection, female populations show higher antibody levels as com-
ared to males following the infection. On the same note, after
ubella vaccination, higher rubella specific immune responses were
bserved in females than males. This is also reflected in the fact
hat females show more tendencies towards developing adverse
eactions after vaccination with the rubella vaccine. Lymphocyte
roliferative response is however not greatly influenced by gender
s well as age of the population. Interestingly, it was found that HLA
lass I genes do not influence the extent of the immune response
fter rubella vaccination, though some suggestive but not conclu-
ive studies have been reported (Benjamin et al., 1992; Mitchell,
999; Ovsyannikova et al., 2006).

.3. Influenza

The exact constitution of an influenza vaccine which has been
ow available more than half a century is uncertain. The dose of
he influenza vaccine has undergone significant changes since its
pproval. Currently, there are two main types of influenza vaccine
hat are available for the prevention of epidemic influenza yearly;
he trivalent inactivated influenza vaccine and the live attenuated
nfluenza vaccine. For the influenza vaccine, genetic polymor-
hisms appear to be important in explaining variations observed
or immune responses made against influenza virus (Poland et al.,
008b).

There is a considerable amount of heritability in the extent of
rotective immune response to influenza vaccination even when
sing a constant vaccine dose, formulation and the same route
f administration (Poland et al., 2008b). HLA associations have
een reported for immune response variations to influenza vac-
ines (Poland et al., 2008b) specifically HLA class II molecules.
n the case of trivalent influenza vaccine, DRB1*07 was reported
o be contributing to non-responsiveness in comparison to the
opulation responding to influenza vaccine (Lambkin et al., 2004;
oland et al., 2007). Additionally, in separate studies it was found
hat HLA-DRB1*0701 and HLA-DQB1*0303 allele occurs in more
requency in non-responders than in responders. In contrary, HLA-
RB4*01 and HLA-DQB1*02 alleles showed no difference among
oth responders and non-responders. An association of decreased
LA-DQB1*0603-9/14 allele and non-responsiveness to influenza
accine has also been reported (Gelder et al., 2002; Lambkin
t al., 2004). Additionally, in the case of influenza A antigens,
t was shown that HLA-Bw35 contributes to the early phase of
he immune response whereas HLA-Bw16 was associated with

reduced immune response (Cunningham-Rundles et al., 1979;
ackenzie et al., 1977). In the case of live attenuated intranasal

nfluenza A vaccine, HLA-Bw16 allele is associated with decreased
mmune response (Spencer et al., 1976). There have also been
eported associations of heritable dispositions to death because of
nfluenza. This study was carried out in Utah using data from the
opulation that have died in the past 100 years due to influenza.
he study reported that close as well as distant relatives of people

ho died of influenza had significantly higher risk of dying from

nfluenza (Albright et al., 2008).
Moreover, developing vaccines in the elderly is a major con-

ern as well. Nearly 90% mortality rates have been reported in
lderly during an influenza epidemic. In comparison to the younger
logy 278 (2010) 204–210 207

adults who show up to 65–80% protection from influenza, elderly
individuals show only between 30 and 50% protection from the
illness and they also reduced responsiveness to vaccine (Effros,
2003; Remarque et al., 1999; Ruh et al., 1998; Webster, 2000)
and hence may require increase in vaccine doses. However the
higher IgG and IgA responses do not necessarily mean better
hemagglutination–inhibition response (Remarque et al., 1999). All
these data are very significant as it provides us with an idea about
population that might not be protected using the current vaccina-
tion strategies or against a new influenza epidemic. For instance,
the April 2009 epidemic of swine-origin influenza virus A (S-OIV
A, H1N1) clearly indicated that the existing vaccination strategies
including the seasonal trivalent, inactivated influenza vaccine and
the live attenuated influenza vaccine did not provide any protection
against the H1N1 virus (Chang et al., 2009; Katz et al., 2009).

2.4. AIDS/HIV

AIDS is one of the deadliest diseases that have inflicted mankind
since it was first reported in early 1980s. AIDS vaccine development
has for a number of years faced with one major hardship which is
the diversity in the HIV type 1 (HIV-1) strains or its gene products
(McBurney and Ross, 2008). The diversity particularly in the enve-
lope (Env) glycoprotein is the major obstacle we are facing today
in the AIDS vaccine design. A large number of vaccine trials have
failed right from the first one using the Env only containing vaccine
to the very recent Vaxgen trials. The focus of the vaccine design has
over the years changed because of these failures, with initially most
of the vaccines focusing on humoral antibody development to the
more recent studies which are directed towards the generating T
cell mediated immunity (Letvin, 2006; McBurney and Ross, 2008;
Sekaly, 2008; Thorner and Barouch, 2007). However, the unsuc-
cessful vaccine trial by Merck recently has raised concerns as this
vaccine in fact led to increased risk of HIV infection (McBurney and
Ross, 2008).

HIV-1 genotype has been reported to have significant impact as
far as the susceptibility to the HIV infection and hence understand-
ing the nuances of it becomes a major direction towards vaccine
development (Kulkarni et al., 2008). It was reported that both the
HLA class I and II loci influence the susceptibility and resistance to
the infection. HIV-1 infection resistance is reported to be because
of HLA-DRB1*01 (MacDonald et al., 2000). Additionally, it has been
found that A2/6802 supertype which is a cluster of closely related
HLA alleles is associated with decreased HIV-1 infection. It has been
known for some time now that cell surface chemokine receptors
CCR5 and CXCR4 plays a major role in the virus entry into the
cells. Very recently Kulkarni et al. (2008) studied the role of the
polymorphisms of the major co-receptor of HIV; CCR5 and CCL3L1
which is a potent CCR5 ligand and HIV suppressive chemokine in
the susceptibility to the infection as well as its role in vaccine eval-
uation and efficacy. The authors proposed in this study that the
direction of therapeutic vaccines design should be towards reduc-
ing the infectivity of the host and the role of pharmacogenomics
becomes more and more important as evident from these studies.
Recently in August 2007 the FDA has approved Maraviroc which
is a CCR5 co-receptor antagonist and has been directed to be used
in combination with antiretroviral drugs in adult patients who are
infected by the multidrug resistant virus; CCR5-tropic HIV-1 virus
that uses CCR5 for cell entry as compared to a CXCR4-tropic virus
which uses CXCR4 for cell entry. A co-receptor tropism assay is cur-
rently available in the United States which is expensive as well as

reported to be not very sensitive. Thus development of much more
sensitive and cost effective assay would significantly increase the
effectiveness of Maraviroc therapy (Lieberman-Blum et al., 2008).
In addition, the development of a more sensitive CCR5 assay can be
useful in vaccine development.
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Moreover, in spite of having monoclonal antibodies (mAbs) to
ll the HIV strains and studies reporting the ability of these mAbs
o either neutralize HIV viruses in vitro as well as complete protec-
ion in animal models (Gauduin et al., 1997; Mascola et al., 2000;

cMichael, 2006; Parren et al., 2001; Rappuoli, 2007); the success
egarding a AIDS vaccine still is a distant dream. This is because of
he lack of complete understanding of both the host and pathogen
mmune system, which as we mentioned earlier has become the
ocus of AIDS vaccine researchers.

Finally, many other examples have also shown a link between
LA polymorphism and the immune response against a vaccine

llustrating its significance. Drawing strong associations between
LA genes and immune response variation as well as with other
lasses of immune response genes through immunogenetic pro-
ling will eventually result in greatly improved and much more
ffective vaccines. This will lead to greater vaccine coverage, fewer
ailures and adverse responses and ultimately reduction in vacci-
ation costs.

. Genomics in vaccine development

Currently the vaccine development is based on starting from a
nown genomic sequence of a pathogen to identify a suitable anti-
en. However, because of the completion of human genome project,
s well as a number of bacterial and microbial pathogens genome
rojects, and also due to the technical advances achieved in the field
f biotechnology, the identification and development of an antigen
ight be achievable in a few years. In contrast, in the pre-genomic

ra, the methods of identifying an antigen was very laborious, very
xpensive, and time consuming, which may run anywhere between
and 15 years. The current genome based vaccine development
hich has been termed as “reverse vaccinology” as shown in Fig. 3,

y the pioneer in this field Rino Rappuoli, Global Head of Research,
ovartis Vaccines and Diagnostics, promises a great future for the
urrent deadly infectious diseases we are facing today (Rappuoli,
000; Serruto et al., 2009).

Reverse vaccinology was first tested for the development of
accine against serogroup B Nisseria meningitidis (MenB). The avail-
ble vaccine against meningococci was not effective against the
erogroup B as the capsular polysaccharide in the conjugate vac-
ine was poorly immunogenic as well as autoimmune. Additionally,
ecause the MenB strains are highly variable, the current vaccine
ailed to provide protection against this particular strain (Rappuoli,
000). However, with the use of reverse vaccinology which was
ased on the whole genome sequencing of MenB strain, a vaccine
as developed which is now in clinical trials. The details of this

accine development are beyond the scope of this review and are
overed in details in several other reviews and original research
rticles (Giuliani et al., 2006; Pizza et al., 2000; Rappuoli, 2000;
erruto et al., 2009; Tettelin et al., 2000). In addition to the MenB
accine, several other potential vaccine antigens have already been
creened and many are under development using this method-
logy. Some of examples include a pilus based vaccine against S.
neumonia, pan-genome (a global repertoire of genes of a specific
pecies) based vaccine for the S. agalactiae and the group B Strep-
ococcus. Pan-genome vaccine development is said to be a global
enome approach which offers a broader selection of strains that
an be included in the vaccine formulation (Muzzi et al., 2007).
ther examples that have utilized the genome based method-
logy are P. gingiivalis, S. pyogenes, C. pneuomoniae, B. anthracis.
urthermore, it has been suggested that genome based vaccine

evelopment can be possible for a number of important diseases
uch as malaria, hepatitis C, tuberculosis, syphilis (Rappuoli, 2000).

It has been pointed out by Rappuoli, that reverse vaccinology
alls short when the vaccine candidate is not a protein, for example
olysaccharides (Shadan, 2004). Hence, future vaccine develop-
Fig. 3. Schematic representation of the essential steps of vaccine development by
the coventional approach and by reverse vaccinology. (Reprinted from Rappuoli
(2000). Copyright (2000), with permission from permission from Elsevier.)

ment needs to take into account a number of approaches combined
with reverse vaccinology to be effective in producing successful
vaccine candidates. This includes use of genetic engineering tech-
niques in combination with structured vaccinology (Dormitzer et
al., 2008). Recently, to address the shortcomings of a number of
software programs currently available for vaccine target predic-
tion and identification, a new vaccine design system Vaxign was
developed and made publically available on web (Xiang and He,
2009). The post-genomic vaccine development brings new hopes
for making vaccines against diseases that we have failed either to
control the diseases despite having a vaccine available or to develop
an effective vaccine target in the pre-genomic era.

4. Biomarkers and their potential in vaccine development
The genomic and proteomic profiles of vaccinated population
can be compared to subpopulation that shows adverse effects to
vaccination. Such comparisons can be used to identify and validate
biomarkers for potential adverse effects as a result of vaccination.
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or instance, vaccinia virus used for smallpox vaccination is associ-
ted with a number of adverse events. This is because the immune
esponse generated after the smallpox vaccination is greater than
hat is required (Kemper et al., 2002; Reif et al., 2009). In this

egard, Reif and co-workers have very recently carried out an inte-
rated genetic and proteomic data analysis for the identification of
iomarkers that is associated with adverse events after smallpox
accination (Reif et al., 2009). In order to study the adverse events
fter smallpox vaccination they employed 1442 SNPs for the eval-
ation of genetic factors and 108 serum cytokine determinations
or studying the proteomic factors. Reif et al. (2009) concluded from
his study that adverse events after smallpox vaccination are associ-
ted with a set of genetic and proteomic candidates, such as ICAM-1,
L-10, IL-4 and CSF-3. The authors suggested that the model pro-
osed in this study could be used as a diagnostic tool for predicting
dverse events. However, the authors caution that there needs to
e further studies carried out in this regard along with other factors
hat may also influence the responses (Reif et al., 2009).

The biomarkers are also useful in the development of candidate
accines. Currently, most of the available vaccines and prospective
accine candidates utilize determinations like T cell proliferation
ssays, cytokine profiling, and antibody responses specific to the
ntigen or peptide in question as a means of evaluating the suc-
ess of a vaccine. However, with a wide variety of vaccines based
n different antigens and peptides, it becomes difficult to corre-
ate the results obtained directly to a particular clinical outcome.
ence, identification of certain common biomarkers would serve
s an excellent means for successful vaccination as far as patient
ompliance, cost effectiveness as well as reducing the amount of
ime involved in vaccine development.

. Summary

With the increasing number of side effects associated with a
umber of vaccines reported over the years, it has become imper-
tive to develop new technologies that can effectively assist in the
evelopment and evaluation of vaccines for efficacy and toxicity.
he use of DNA, RNA and protein microarrays provides a num-
er of advantages such as an increased flexibility in the number
f genes and gene products that can be tested in the evalua-
ion of vaccine and immune response over the traditionally used

ethods which evaluates an overall in vivo efficacy and toxicity
esponse to a vaccine formulation (Regnstrom, 2008; Thomas et
l., 2009). Such technology can be also used to evaluate and com-
are the pharmacological and immunostimulatory effect of the
accine antigen, the adjuvant and the combination on the expres-
ion of RNA and proteins. These evaluations can be carried out
nitially in preclinical animal studies and later in human clinical
rials. Genomics and proteomic studies in vaccine development
an provide vital clues regarding the variations in pharmacologi-
al outcomes such as inflammation, stress response, apoptosis and
arcinogenicity (Regnstrom et al., 2002; Regnstrom, 2008; Thomas
t al., 2009).

The era of immunogenomics has truly arrived and may very
ell hold the key to future breakthroughs and advances in vaccine
esign and development and improvement of public health. Such

nformation can be useful in identification of non-responders and
ndividuals at risk of developing side effects, and in understand-
ng the underlying mechanism of immune response to vaccination.
enomic technology also makes it possible to develop vaccines
gainst pathogens that are currently difficult to cultivate in lab-

ratory.
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