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Abstract

In this article we define vaccinomics as the integration of immunogenetics and immunogenomics with systems
biology and immune profiling. Vaccinomics is based on the use of cutting edge, high-dimensional (so called
“omics”) assays and novel bioinformatics approaches to the development of next-generation vaccines and the
expansion of our capabilities in individualized medicine. Vaccinomics will allow us to move beyond the empiric
“isolate, inactivate, and inject” approach characterizing past vaccine development efforts, and toward a more
detailed molecular and systemic understanding of the carefully choreographed series of biological processes
involved in developing viral vaccine-induced “immunity.” This enhanced understanding will then be applied to
overcome the obstacles to the creation of effective vaccines to protect against pathogens, particularly hy-
pervariable viruses, with the greatest current impact on public health. Here we provide an overview of how
vaccinomics will inform vaccine science, the development of new vaccines and/or clinically relevant biomarkers

or surrogates of protection, vaccine response heterogeneity, and our understanding of immunosenescence.

The Developing Science of Vaccinomics

NDOUBTEDLY AMONG THE HALLMARKS of 21st century

medicine will be the application of increasingly high
dimensional genetic, proteomic, and other assays, combined
with novel bioinformatics approaches in the development
and clinical utility of individualized or “precision” medicine.
Individualized drug therapies are now beginning to be rou-
tinely informed by the application of knowledge gleaned from
the science base of pharmacogenomics and pharmacoge-
netics. Similar to this work with drugs, we have published
work defining the term “vaccinomics” by which we mean the
application of these same scientific fields of study when ap-
plied to understanding immunologic mechanisms behind
vaccine response heterogeneity (Poland, 2007; Poland et al.
2007). In this article we expand upon this definition by in-
cluding the integration of immunogenetics and im-
munogenomics with systems biology and immune profiling
approaches to understanding immune responses to vaccines
and provide examples of such work in regards to vaccines
against viral diseases. Vaccinomics seeks to understand var-
iations in individual’s immune responses to vaccines by
combining the strengths of immunogenetics and im-
munogenomics including both single nucleotide polymor-
phism (SNP) discovery and functional validation with

immune profiling and systems biology approaches. Such in-
formation is useful in the design of new vaccine candidates, in
advancing our understanding of how immune responses and
adverse reactions develop, and perhaps as biomarkers in
vaccine clinical trials, among others. Although this article
focuses on our work with vaccines against viral diseases, the
concepts involved are more broadly applicable to prophy-
lactic and therapeutic vaccines against other infectious and
noninfectious diseases. We have, in part, previously discussed
some of these examples in other publications and reviews of
the field of vaccinomics (Haralambieva and Poland, 2010;
Ovsyannikova and Poland, 2011; Poland, 2007; Poland et al.
2007, 2009a).

Large studies of naive individuals receiving live viral vac-
cines lead to “archetype” phenotypes of immune response
such as: “nonresponders,” “normal responders,” and “hy-
perresponders” as used by current serologic methods of de-
fining humoral antibody response to vaccines. We also
recognize that such archetypes can be expanded (consistent
with the science) into archetypes based on measures of cell-
mediated immunity, and combinations of humoral and cell-
mediated immunity such as: nonresponders [low antibody
(Ab) and low cell-mediated immunity (CMI)], hyperre-
sponder (high Ab and high CMI), individuals with skewed
responses (high Ab but low CMI, high CMI but low Ab), or
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even “early” or “late” responders with differences in immune
pathway activation kinetics. But for the purposes of illustra-
tion we will illustrate in this article the concepts we wish to
discuss using the three simple archetypes of non-, normal-,
and hyperresponders.

Although clinicians recognize that antidepressant, anti-
cancer (azithioprine, for example), antihypertensive, and an-
timicrobial (isoniazid, for example) drugs result in significant
variations in therapeutic effects, and therefore require differ-
ent dosing regimens and result in different side-effect profiles
for each individual, it is only recently that science has recog-
nized that the mechanisms for these variations are genetically
based. We propose that similar mechanisms explain hetero-
geneity of biologic immune responses to, and adverse effects
from, vaccines (Poland et al., 2009b).

As we will discuss, we have defined associations between
genetic polymorphisms and significant heterogeneity in im-
mune responses to several live, attenuated viral vaccines
(Poland, 2007; Poland et al., 2007, 2009a). We believe such
phenotype-genotype data, when combined with systems bi-
ology approaches and high throughput next-generation se-
quencing and bioinformatics, will substantially influence and
drive both vaccinomics and personalized vaccinology. In turn,
these areas will assist in the understanding and immune re-
sponses and the prediction of adverse events to vaccines, al-
lowing for informed development of next-generation vaccines.
This approach is a logical extension of current medical practice
to diagnose an individual patient’s situation and tailor a per-
sonalized medical intervention suited to their needs. Examples
of such approaches already known to clinicians include in-
creased hepatitis B antigen doses to patients with either renal
failure or who are immunocompromised resulting in improved
seroconversion and protection. Infants receive a different dose
and numbers of doses of influenza vaccine compared to older
children and adults. From an immunogenetics point of view,
an extended HLA haplotype associated with nonresponse to
hepatitis B vaccine has been defined (Kruskall et al., 1992).
These individuals may benefit from multiple doses or vaccines
containing increased amounts of antigen.

Problems with Empiric Vaccine Development

We are calling for a new directed approach that would lead
to the informed development of next-generation vaccines.
This approach contrasts with an empiric approach that has
served us well since the late 18th century with Jenner’s
work with cowpox in developing a vaccine against smallpox.
In the empirical approach, the investigators first isolate the
organism that causes the infectious disease or alternatively
results in immunity to the disease. The investigators then
work to modify candidate agents to both improve their suc-
cess in generating immunity as well as improve their safety
and tolerability as an immunizing agent; the immunity gen-
erated prevents either infection from the agent and thus the
pathology that would develop (Johnston and Fauci, 2008). Of
note, the empirical approach does not require that the inves-
tigators understand the details of the immunologic response
to the immunizing agent (Reed et al., 2006). Nonetheless, the
empirical approach has resulted in the array of vaccines that
make up our routine childhood and adult vaccine schedule.
Together they have been hailed as one of the 20th Century’s
most important public health achievements (Centers for Dis-
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ease Control and Prevention, 1999a, 1999b). Nonetheless,
barriers to the empirical approach have left many important
infectious diseases (DeMarco and Verjovski-Almeida, 2009;
Reed et al., 2006)—including a number of viral infections,
such as respiratory syncytial virus (Murata, 2009; Varga,
2009), human immunodeficiency virus (Johnston and Fauci,
2008), and herpes simplex (Mascola, 1999)—without safe and
effective vaccines. These barriers include the following:

* Individuals do not appear to acquire long-lasting,

effective immunity from an infection (Johnston and

Fauci, 2008; Mascola, 1999)

Individuals require repeated infections to generate im-

munity (Reed et al. 2006)

* The infectious agent rapidly mutates resulting in either

numerous or sequentially different antigenic exposures

(Murata, 2009; Rappuoli, 2007)

Individuals can develop natural immunity from infec-

tion, but remain contagious (Johnston and Fauci, 2008)

Neutralizing antibodies alone do not effectively prevent

infection (Rappuoli, 2007)

* Worse, antibodies formed build immune complexes

causing harm (Varga, 2009)

Individuals fail to respond immunologically to the in-

fection, perhaps because of developmental immaturity

of the immune system or because of interference from

passively acquired maternal immunity (Murata, 2009)

* Nature lacks benign agents that result in mild infection
but produce sufficient immunity

* The infectious agent cannot be attenuated without im-
pairing the immunogenic qualities

* The attenuated form, although immunogenic, suffers
from cold-chain issues preventing its distribution in
parts of the world that cannot maintain a cold chain

* The attenuated form reverts to its more dangerous wild
type

* The attenuated form still presents a danger despite at-
tenuation to the immune compromised

Where these barriers exist, we would propose a directed
approach, moving away from the empirical approach that
begins with the isolation of the immunizing agent followed by
its modification. Instead, we propose moving toward the
study of the immunogenetic processes and deploying the new
tools of genomics and proteomics, and we call that directed
approach vaccinomics.

How Vaccinomics Informs New Vaccine
Development and Vaccine Science

For an individual to develop a protective immune response
to an antigen, a complex series of biologic, molecular, genetic,
physiologic, and other processes must be activated (and per-
haps in some cases suppressed). Antigen recognition, pro-
cessing, presentation, and activation of innate, adaptive, and
cell-mediated immune responses must occur. Protective im-
munity requires the activation/suppression of specific genes
as well as protein transcription, expression, secretion, and
function. The “immune response gene network” theory seeks
to provide a framework for the above described interactive
and carefully regulated processes that result in protective re-
sponses against pathogen threats (Poland et al., 2007). Genes
involved in pathogen recognition, binding and cell entry, the
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processing and/or presentation of antigen to T or B cells, in-
nate and adaptive effector function, immunoregulation, and
many others are critical and necessary components to host
survival. This theory also recognizes that epigenetic modifi-
cations, complementation, and other important events also
impact the process of developing immune responses.

Vaccinomics offers advances in vaccine science in at least
two primary dimensions: that of scientific deliverables, and
of clinical deliverables. Proceeding from this perspective,
vaccinomics has much to offer vaccine development. Below
we elaborate and give specific examples relating to these
concepts.

Vaccinomics and New Scientific Understandings

From the scientific deliverable aspect, the increasing
availability of high-dimensional sequencing and arrays such
as transcriptomics, in combination with increasingly sophis-
ticated bioinformatic approaches, will allow ever more de-
tailed genotype:phenotype information and informed
understanding of the roles of gene pathways, epigenetics, and
complementation. Understanding how, for example, genetic
heterogeneity (such as SNPs/haplotypes) in a specific domi-
nant gene involved in producing the receptor for a virus is
effected by different polymorphic forms of this gene, and in
turn affects the receptor’s ability to bind and recognize the
viral antigen, could profoundly inform and allow directed
development of a vaccine antigen/antigens that could be
universally bound by the known spectrum of polymorphic
receptors, or include directed and targeted adjuvants that can
overcome genetic restrictions.

Vaccinomics serves to identify these mechanisms and
pathways by which innate and adaptive immune responses
occur. At first, attention will be, and has been, given to dis-
covering dominant polymorphic effects whereby single gene
polymorphisms demonstrate significant effects on immune
response. Although these types of analyses are useful, it is
more likely, as illustrated by our work over the last 20 years,
that the immune response is the summative totality of a series
(or pathways) of polymorphisms and gene effects that indi-
vidually contribute small effects, but that in foto might explain
and predict a much larger proportion of the overall immune
response(s) (Pankratz et al., 2010; Poland et al., 2007). We are
currently undertaking the important tasks of replicating our
immunogenetic findings in independent cohorts and pursu-
ing mechanistic studies aimed at elucidating the downstream
consequences of these genetic associations. These current and
future studies are a necessary stepping stone in the develop-
ment of a solid scientific foundation upon which to develop
new vaccines and medical interventions.

The concept of vaccinomics is constantly evolving in ad-
vancing our understanding of how the immune system works
and will likely soon encompass new challenging areas in
vaccine research (not addressed currently) including patho-
gen evolution and immune escape, coinfection, prior expo-
sure to infection, and therapeutic vaccination. Similarly,
pathogen (not just host) variability can be used in developing
new vaccines. For example, genomic analysis of pandemic
influenza A/HIN1 isolates reveals associations between
specific hemagglutinin mutations and subsequent human
disease severity (Glinsky, 2010). This information, in combi-
nation with information regarding the genetic basis for vari-
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ations in immune response to these identified mutations,
could inform new candidate vaccine design.

The Case of Imnmune Response Heterogeneity
to Vaccines

Studies demonstrate that vaccination induces heteroge-
neous innate and adaptive (humoral and cellular) immune
responses, including vaccine failure, in individuals treated
identically. Some vaccines, such as measles, mumps, rubella,
hepatitis B, and others, fail to induce life-long protective levels
of antibody in approximately 5 to 10% of healthy recipients,
resulting in the inability to protect against infectious diseases
and the accumulation of vaccine failures resulting in eventual
outbreaks (Anders et al. 1996; Centers for Disease Control and
Prvention, 2010; Poland and Jacobson, 1994). For this reason,
among others, outbreaks continue to take place worldwide, as
well as in highly vaccinated populations (Chen et al., 1989;
Poland and Jacobson, 1994). For example, in the mumps
outbreak that began in the summer of 2009 in an upstate
New York summer camp and spread to Brooklyn and four
counties in New York and New Jersey, the majority of cases
were indeed vaccinated; in fact, among 1,521 cases, only 9.1%
lacked a previous mumps vaccination (Centers for Disease
Control and Prevention, 2010). The factors associated with
vaccine failure and extensive heterogeneity of immune re-
sponses to vaccines in these specific outbreaks are unclear;
however, we have conducted a twins study to demonstrate,
when controlling for environmental factors, that almost 89, 39,
and 46% of the variation in measles, mumps, and rubella
humoral immunity (as measured by IgG antibody levels),
respectively, following vaccination can be attributed to ge-
netic factors rather than chance (Tan et al., 2001). This study,
along with a number of other twins and siblings studies that
examine the heritability of vaccine response and reactivity
profiles, strongly supports the rationale for a genomics ap-
proach to interindividual variations in vaccine immune re-
sponse (Jacobson et al., 2007; Klein et al., 2007; Newport et al.,
2004; Tan et al., 2001).

The concept of immune response “archetypes,” defined
earlier as nonresponder, hyperresponder, and responder, as-
sist in studies of the mechanisms for such archetypes. Multiple
host genetic factors contribute to infectious disease suscepti-
bility and variations in adaptive immune responses to vacci-
nation. Among immune response genes, human leukocyte
antigen (HLA) genes are critical genes in host immunity and
vaccine immune responses. Several findings in regard to
measles, mumps, rubella, influenza, and vaccinia vaccine
antigens and HLA genetics were previously reported, dem-
onstrating that HLA genes are important determinants of
variability in vaccine response (Ovsyannikova et al., 2004a,
2004b, 2005a, 2006a, 2007a; Poland et al., 2001, 2008a). Our
research indicates that specific HLA class I and class II gene
polymorphisms, including haplotypes and supertypes, are
associated with variations in MMR vaccine-induced antibody
levels, demonstrating that individual genetic variation or
immunogenetic profiling is important in explaining variations
in protective antibody levels following vaccination (Ovsyan-
nikova et al., 2004a, 2004b, 2005a, 2006b, 2007a, 2009). These
immunogenetic studies demonstrate that humoral responses
to vaccines are influenced by polymorphisms of the HLA
genes. By identifying naturally processed epitopes, combined
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with knowledge of HLA supertypes, one could create ad-
juvanted vaccines with the combinations of those peptides
most likely to be optimally immunogenic (Ovsyannikova
et al., 2007b). As an example, using a mass spectrometry ap-
proach, 13 naturally processed and presented measles virus
peptides were identified from the class II HLA-DRBI peptide
binding groove of human cells (Johnson et al., 2005; Ov-
syannikova et al., 2003). From these peptides, promiscuous
peptides capable of binding across common population HLA
supertypes could be utilized in the construct of new candidate
vaccines.

HLA heterozygosity has been associated with variations in
vaccine-generated immunity to a variety of pathogens; how-
ever, at both individual and population levels, HLA homo-
zygosity may adversely affect immune responses to vaccines.
For example, HLA homozygosity is associated with lower
measles virus-specific IgG levels after a single dose of MMR
vaccine (Sauver et al., 2002); however, this HLA homozy-
gosity disadvantage can, in some cases, be overcome by ad-
ditional doses of measles vaccine in many, but not all,
individuals (Ovsyannikova et al., 2007c; St. Sauver et al,,
2005). In the case of rubella vaccine, however, following two
doses of rubella-containing vaccine, homozygosity within the
HLA-DPBI locus was associated with increased levels of ru-
bella virus-specific IgG, an effect driven by a common
DPB1*0401 allele (Kennedy et al., 2010).

We have also demonstrated that HLA genes significantly
influence CMI responses following MMR vaccination, but do
not explain all of the variance in immune responses seen
within the population (Ovsyannikova et al., 2005b, 2005c,
2006a, 2007d). For example, we have estimated that the HLA
genes explain approximately 9% of the variance observed in
rubella antibody levels. Because the heritability for rubella
was 46%, this indicates that variation in HLA loci accounted
for approximately 20% of the overall genetic variation in hu-
moral immunity to rubella (Ovsyannikova et al., 2009). Thus,
the immune response to vaccines is controlled by a multiple
genetic loci, which is consistent with our immune response
network theory.

For example, recent studies demonstrate that other candi-
date immune response gene polymorphisms may play a role
in vaccine-induced immunity (Jin and Wang, 2003). Our
studies have found significant associations between poly-
morphisms in cytokine, cytokine receptors, and Toll-like re-
ceptor (TLRs) genes and measures of humoral and CMI
responses to MMR vaccine (Dhiman et al., 2008, 2010). These
data further confirmed the influence of immunogenetics on
vaccine response variability. Specifically, cytokine and cyto-
kine receptor polymorphisms may be important contributing
factors to vaccine responsiveness, and data suggest a possible
involvement of genetic variation in the interleukin (IL)2, IL10,
and IL12B genes in measles-specific immunity (Dhiman et al.,
2007). Significant associations were also demonstrated be-
tween SNPs in the IL10RA, IL12RB1, and IL12RB2 cytokine
receptor genes and variations in antibody and mumps-
specific lymphoproliferative responses to mumps vaccine
(Ovsyannikova et al., 2008). In particular, allele DQB1*0303
was associated with lower mumps-specific antibody titers,
and the occurrence of a minor allele T for an intronic SNP
(rs2201584) in the IL12RB2 gene was associated with an allele
dose-related decrease in mumps antibodies (Ovsyannikova
et al., 2008). Such data could lead to the development of a
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novel mumps vaccine consisting of a “peptide cocktail” with
cytokine adjuvants that could overcome these immunogenetic
limitations (Poland, 2007; Poland et al., 2007).

Our data also provide support for associations of polymor-
phisms in the TLR3 gene with both measles and rubella vaccine
immune responses. Specifically, the heterozygous genotype
for SNP rs5743305 in the TLR3 gene was significantly associ-
ated with: rubella-induced granulocyte macrophage-colony
stimulating factor (GM-CSF) secretion, lower measles-specific
antibody titer, and lower lymphoproliferation to measles
vaccine. Further, the major alleles of coding SNPs in the TLR2
(rs3804100) and TLR4 (rs5030710) genes were both associated
with variations in measles-vaccine induced humoral immu-
nity in allele dose-dependent manner (Ovsyannikova et al.,
2011). As an example of this application, specific adjuvants
could be used to differentially activate TLRs (including
TLR4/MyD88) to boost B cell and T cell immunity) (Mata-
Haro et al., 2007). Similarly, increased occurrence of a minor
allele T for nonsynonymous SNP rs3796504 in the SLAM gene
resulted in a substantial decrease in measles-specific antibody
levels. In addition, several specific polymorphisms in CD46
(rs11118580 and rs2724384) gene demonstrated allele dose-
dependent reductions in measles antibody levels (Dhiman
et al., 2007). Importantly, an association of the CD46 SNP
rs2724384 with measles vaccine-specific antibodies was vali-
dated in a separate replication study (unpublished data).
Understanding how genetic variation affects viral antigen
recognition by the SLAM (and CD46) receptor could inform
and allow directed development of a novel vaccine antigen
universally bound by SLAM regardless of whether specific
polymorphisms are present in the exons of gene(s) that encode
for this receptor.

We also identified novel genetic associations between
variability in host genes and variations in immune outcomes
following rubella vaccination. Innate immunity also takes
part in the response to viral pathogens, playing an important
role in the initiation and modulation of adaptive immunity.
For this reason, SNP associations were identified between the
vitamin A (RARA, RARB, and RARG), RIG-I/DDX58, and
TRIM genes and rubella vaccine-specific immunity (Ovsyan-
nikova et al., 2010a, 2010b). Notably, the coding TRIM5 SNPs
153740996 (previously found to affect TRIM5 antiviral activi-
ty) (Goldschmidt et al., 2006; Javanbakht et al., 2006; Sawyer
etal., 2006; van Manen et al., 2008), rs3740996, and rs10838525
were associated with variations in rubella-specific humoral
immunity, tumor necrosis factor (TNF)-« secretion, and IL-2/
GM-CSF production, respectively. Further, we studied
polymorphisms in inteferon (IFN) response genes and iden-
tified a number of associations between SNPs in the 2'-5'-
oligoadenylate synthetase (OAS) gene and rubella virus-
specific IL-2, IL-10, IL-6 production, and antibody levels
(Haralambieva et al., 2010). Three OAS1 SNPs (rs3741981/
Ser162Gly, rs1051042/Thr361Arg, rs2660) were associated
with higher IL-2 secretion.

Finally, we recently demonstrated the value of examining
both HLA genes and other genes in the class III region, in-
cluding lymphotoxin alpha (LTA), tumor necrosis factor
(TNF) and leukocyte-specific transcript-1 (LST1) genes, as
part of the extended haplotypes useful in better understand-
ing genomic drivers regulating vaccine immune response
outcomes. In this regard, we examined the association be-
tween rubella vaccine-induced immune responses and ex-
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tended class I-class II-class-III haplotypes (62). A number of
associations were discovered between haplotypes extending
across the HLA class I region, SNP haplotypes, and the HLA
class II region (i.e., A-C-B-LTA-TNF-LST1-DRB1-DQAI1-
DQB1-DPA1-DPB1) and rubella vaccine-induced anti-
bodies. Associations were also found between both extended
A*02-C*03-B*15-AAAACGGGGC-DRB1*04-DQA1*03-DQB
1*03-DPA1*01-DPB1*04 and HLA-only A*02-C*03-B*15-DR
B1*04-DQA1*03-DQB1*03-DPA1*01-DPB1*04 haplotypes and
higher rubella antibody levels. The class II HLA-only haplo-
type DRB1*13-DQA1*01-DQB1*06-DPA1*01-DPB1*04 lack-
ing LTA-TNF-LST1 SNPs was associated with lower rubella
antibody responses (Ovsyannikova et al., 2010c). Such data
illustrate the need for more population-based genetic vaccine
studies to elucidate the influence of population genetics on
response to vaccines.

As discussed, numerous investigations have now estab-
lished that genetic factors are involved in vaccine-induced
immunity, including measles, mumps, and rubella. We have
demonstrated that adaptive immune responses to viral vac-
cines are significantly associated with HLA alleles and SNPs
in multiple classes of immune response genes, but these as-
sociations do not account for all immune responses variation
at the population level. Whether or not and how these im-
mune responses may be influenced by other human genes are
important questions and areas for further investigation.

The Case of Immunosenescence

Both infants and the elderly are more susceptible to infec-
tions and have ineffective immune responses, and therefore
have specific immunization requirements. As discussed ear-
lier in the article, the proposed concept of immune response
“archetypes” includes the low responder “archetype,” which
in turn may integrate common genetic and physiological
conditions associated with immune dysfunction such as im-
mune immaturity and immunosenescence. With the per-
spective of rapidly growing elderly populations throughout
the developed world, there is a particular public and scientific
interest in preventive strategies that improve protection and
vaccination against infectious diseases in older subjects.

Immunosenescence is the decline in the body’s ability to
mount an adequate immune response to either infection or
vaccination (Doria and Frasca, 2000; Smith et al., 2006; Tar-
gonski et al., 2007b). Critical for vaccinology is the compre-
hensive understanding of the functional capacity of the aged
immune system, which affects both innate and adaptive im-
munity (Allman and Miller, 2005a, 2005b; Gomez et al., 2005,
2008; Weng, 2006). The elderly exhibit abnormal cytokine
secretion and a chronic inflammatory state that has been
called “inflamm-aging,” as well as diminished T cell, B cell,
and antigen presenting cell function, leading to dysfunctional
immunity and impaired memory formation (Allman and
Miller, 2005a, 2005b; Aw et al., 2007; Cancro et al., 2009; Chen
et al., 2009; Franceschi et al., 2000; Katz et al., 2004; Riley et al.,
2005).

In an attempt to define better correlates of protection in the
elderly and potentially new predictive biomarkers for vaccine
efficacy, we and others have demonstrated that CD28 ex-
pression on cytotoxic T cells, telomerase activity, and T cell
receptor rearrangement excision circles (TREC) may be rea-
sonable phenotypic markers of immunosenescence and the
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first two markers have been associated with the capacity of
the elderly to develop vaccine-induced protection against
influenza (Effros et al., 2005; Geenen et al., 2003; Goronzy
et al., 2001; Targonski et al., 2007a, 2007b; Weng et al., 1996;
Xie and McElhaney, 2007). Some of these markers, such as the
TREC levels, were found to be modulated using IL-7 and thus
enhance response to influenza vaccination (Aspinall et al.,
2007). The importance of cytotoxic T lymphocytes (CTL) as a
key defense mechanism against influenza and other viral in-
fections has long been recognized (Bangham, 2009; Brien et al.,
2009; Brown and Kelso, 2009; Ishii and Koziel, 2008; O’Con-
nell et al., 2009), mediated mainly through Granzyme B
(Johnson et al., 2003; Lawrence et al., 2005). Previous vaccine
studies provide evidence that correlates of protection may
differ between age groups. For example, T cell responses have
been proposed by some investigators as better markers of
influenza vaccine-induced protection than hemagglutination
inhibition assay (HAI) antibodies in the elderly, and gran-
zyme B was demonstrated to correlate with protection and
increased CTL response in this age group (McElhaney et al.,
1988, 1996, 1998, 2001, 2006, 2009).

As mentioned, it is well established that im-
munosenescence substantially contributes to the decreased
efficacy of vaccines in elderly persons, and that vaccine effi-
cacy tends to be age-dependent as well as infectious agent/
vaccine-dependent, although the underlying mechanisms are
not completely understood (Weinberger et al., 2008). For ex-
ample, vaccine efficacy estimates against influenza is only 29—
46% in persons >75 years, compared with 41-58% in persons
60-74 years of age (Weinberger et al., 2008). Vaccine efficacy
against shingles is 64% in 60-70 year olds, but only 18% in
persons >80 years old, whereas vaccine efficacy of live at-
tenuated yellow fever vaccine in elderly persons is believed to
be 100% (Weinberger et al., 2008). Building on our immuno-
genetics/immunogenomics expertise, our new vaccinomics
concept combines a systems biology approach, immune
profiling, and functional studies with immunogenetics/
immunogenomics to better comprehensively elucidate the
causes/metrics of immune function, immune dysfunction, or
alteration leading to decreased immune responses to pre-
ventive vaccination. This could potentially provide new
insights into age-related vaccine failures and impact the de-
velopment of new strategies that confer improved prevention
and infection control in the elderly.

Itis well documented that aging exerts significant effects on
key components of the innate immune system expression of
key pattern recognition receptors and other important host
defense molecules (Gomez et al., 2008; Katz et al., 2004; van
Duin and Shaw, 2007). Our immunogenetic studies provide
compelling evidence for the contribution of a variety of innate
immunity genes (including TLRs and related signaling mol-
ecules MyD88 and MD2, RIG-I/DDX58, TRIMS5, VISA, IRF9,
OAS, MX1, etc.) to immune response variations after measles
and rubella vaccines (Dhiman et al., 2010; Haralambieva et al.,
2010; Ovsyannikova et al., 2010a, 2010b). Knowledge of such
polymorphisms and/or other causative polymorphisms in
the innate signaling pathways, in combination with multiple,
layered, interactive systems studies—functional studies, high
dimensional transcriptomics studies, immune profiling stud-
ies, and novel bioinformatic approaches—might allow us to
better understand the mechanisms by which such genetic
variants influence innate and adaptive immune responses. In
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turn, such knowledge could revolutionize our understanding
of immune activation and provide the scientific framework
for the directed and rational design of new generation vac-
cines and vaccination strategies targeting the general popu-
lation or specific populations with known innate immunity
defects (the elderly). Examples include the implementation of
new molecular adjuvants that utilize TLRs or cytoplasmic
pattern recognition receptors (NOD proteins, RIG-I, MDA-5)
and/or modulate critical innate pathways to increase the
ability of the immune system to circumvent age-related
immune restrictions (such as TLR agonists and ligands: CpG-
containing oligodeoxynucleotides, poly(I:C), imidazoquino-
line compounds: R-848, monophosphoryl lipid A, bacterial
flagellins, etc.) (Kornbluth and Stone, 2006; Pichichero, 2008;
Rosenthal, 2006). Other strategies that may enhance vaccine
immunogenicity /efficacy in the elderly include: increased
doses of antigen, new adjuvants and delivery systems, novel
mucosal vaccines, “early prime-later boost” immunizations, T
cell rejuvenation therapies such as stem cell interventions,
androgen blockade, IL-7 treatment, or manipulation of other
key cytokines and/or costimulatory molecules (Brien et al.,
2009; Rosenthal, 2006; Siegrist and Aspinall, 2009).

Regardless, it is clear that a more substantial and focused
research approach, such as our vaccinomics approach, is re-
quired to provide deeper insights into the underlying mech-
anisms of the diminished and inadequate vaccine-related
protection against illness and address the elevated risk for
adverse infectious outcomes that are frequently observed in
the elderly, and/or to point out effective ways for immune
function restoration.

Vaccinomics and New Vaccine Products

From the clinical deliverable (product) point of view, our
work, as briefly reviewed above, has illustrated significant
associations between genetic polymorphisms and immune
response heterogeneity to live viral vaccines (Dhiman et al.,
2007, 2008, 2010; Poland et all, 2001; Ovsyannikova et al.,
2004a, 2005a, 2008; Sauver et al., 2002). Population-based
immunogenetic studies inform and elucidate the mechanisms
of protective immunity and provide a foundation for future
vaccine development.

Our laboratory has identified naturally processed and
presented viral epitopes from a number of HLA molecules
(Johnson et al., 2009; Ovsyannikova et al., 2007b). The current
smallpox vaccine containing live vaccinia virus causes life-
threatening adverse events and has significant contraindica-
tions in up to 30% of the population and safe, effective
smallpox vaccines are urgently needed. Several national
governments, including the United States, the United King-
dom, and Canada are actively procuring smallpox vaccine
stockpiles as biodefense measures, and have expressed the
desire for nonreplicating and/or subunit vaccines. We have
identified, using mass spectrometry methods, 116 novel
vaccinia-derived peptides eluted from the HLA peptide
binding groove of some common HLA class I molecules
(HLA-A*0201, B*1501, and C*03) (Johnson et al., 2009).
Preliminary testing has shown that vaccine recipients have
immune responses specifically directed against many of these
peptides, and we are currently evaluating the immunogenic-
ity and protective efficacy of these peptides in a mouse model.
If the results are promising, advanced animal studies might
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then be undertaken to satisfy the FDA’s animal rule as a
prerequisite for eventual GMP production and clinical trials.
Thus, our ability to identify critical poxvirus immune epi-
topes and demonstrate efficacy in appropriate animal models
are significant first steps in developing a peptide-based
smallpox vaccine—identified through our vaccinomics ap-
proach. A cocktail of identified and tested peptides could then
be constructed around known HLA allele prevalence in the
general population, or even within specific subpopulations
such as those with specifically defined genetic restrictions
preventing expression of certain antigenic epitopes.

The Case of Vaccine Clinical Testing Biomarkers

The goal of vaccine development is to produce products
that prevent illness and disease in the vaccine recipients. The
earliest measure of vaccine efficacy was disease prevention as
illustrated by Jenner’s vaccination of James Phipps and sub-
sequent exposure to smallpox (Henderson et al., 2008) Pas-
teur’s use of weakened anthrax cultures in chickens and sheep
(Geison, 1995; Pasteur et al., 2002; Scorpio et al., 2006) or the
first use of the rabies vaccine on Joseph Meister (Plotkin et al.,
2008). Early immunologists identified antibodies as the pro-
tective component of humoral immunity and measurements
of serum antibody titers were quickly adopted as correlates of
protection. Further investigation led to a greater under-
standing of the role of antibodies in neutralization, opsoni-
zation, hemagglutination, and complement fixation. For
many pathogens these functional activities are now thought
to better correlate with disease protection (Amanna et al.,
2008; Feng et al., 2009; Mascola and Montefiori, 2010; McEl-
haney, 2008).

Similarly, the prominent role of cellular immunity in re-
solving infections is now being examined. The control of la-
tent viral infections [including cytomegalovirus (CMV),
varicella zoster virus (VZV), Epstein-Barr virus (EBV), and
Herpes Simplex virus (HSV)] is associated with cell-mediated
immune responses, indicating that measures of cellular im-
munity should make ideal correlates of protection for these
diseases. Advances in critical elements of vaccinomics (path-
ogen biology, epitope identification, and host response) have
furthered our understanding of key targets of protective im-
munity, critical gene and pathways activated during immune
responses, and appropriate endpoints and measures of clini-
cal efficacy, thereby opening the door to improving current
vaccines and creating next-generation vaccines against diffi-
cult pathogens such as tuberculosis, francisella, plague, ma-
laria, subunit-based vaccines and, just as importantly,
improved measures of protection and vaccine efficacy
(Amanna and Slifka, 2009; de Boer et al., 2010; Vaine et al.,
2010).

As these examples demonstrate, as our understanding of
host-pathogen interactions and immune response pathways
grow, so too does our ability to harness this knowledge and
develop better correlates of protection, surrogate endpoints
reached soon after treatment, and enhanced biomarkers for
vaccine development. These might include: Elispot or flow
cytometric analysis of specific T or B cell subsets, quantifica-
tion of T or B cell reactivity to key epitopes, or expression
analysis of critical innate pathways (TLR engagement, IFN
response, and others). Vaccinomics provides this enhanced
understanding and can also be used in developing “go, no go”
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decisions in early stages of vaccine development. Through the
use of deep immune profiling we will soon understand what
genes or gene products must be activated /suppressed/tran-
scribed in order for effective immune responses to occur.
Patterns of gene activation (transcriptomics), T cell receptor
immunophenotypes, epigenetic modifications, and protein
expression profiles can be used to understand the molecular
and genetic basis for different vaccine response archetypes.
Critical pathways can then be defined which, if present (“go”),
lead to protective immune responses and, if absent (“no-go”),
lead to nonprotective immune responses. Thus, a vaccine
candidate could be inexpensively and quickly studied to de-
termine whether predetermined genetic/molecular archetype
markers are elicited and used to determine the potential for
efficacy of the vaccine candidate, and hence whether further
investment in development is warranted.

With a population, there is always a wide range of re-
sponse to disease. It may be possible to identify additional
genetic markers of disease clearance or susceptibility. An
excellent example is the CCR5 A32 deletion that results in
almost complete protection in HIV*' patients (Liu et al.,
1996). This knowledge may, in turn, lead to the development
of next-generation therapeutics (Telenti, 2009). Another im-
portant point to realize is that we cannot fully capture the
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benefits and risks of a given drug or vaccine with just a single
endpoint. For example, levels of serum cytokines (IL-10,
CSF-3) after receipt of the smallpox vaccine may serve as
biomarkers of excess inflammation, a side effect that mea-
suring only neutralizing antibody titers or T cell IFN-y ELI-
SPOT responses would be unable to identify (Reif et al.,
2009). The simultaneous use of multiple biomarkers there-
fore allows a more complete and accurate assessment of
various facets of vaccine intervention.

We have previously articulated what we see as the “next
steps” in personalized vaccinology (Poland et al., 2008b)
These include:

* Properly powered gene association studies to detect
clinically meaningful associations (Burgner et al., 2006;
Cordell and Clayton, 2005; Gordon and Finch, 2005;
Hattersley and McCarthy, 2005; Hirschhorn and Daly,
2005; Majunder and Ghosh, 2005; Motsinger et al., 2007)

e Studies providing maximal information content (i.e.,
pilot studies of candidate genes are less promising than
genome wide association studies)

e Follow-up validation studies to confirm true associa-
tions (Chanock et al., 2007), an increased emphasis and
funding of such studies

Microbiology

Vaccinomics

Epidemiology Systems Biology Immune Profiling
Host/Pathogen Bioinformatics Biostatistics Pathway/Gene Epitope
Interactions Set Analysis Identification

New adjuvants

New routes of administration

New epitopes - subunit vaccines
Appropriate innate/adaptive stimuli

Increased safety profiles
Fewer doses of vaccine

Multi-specificity vaccines
Antigen sparing vaccines

Vaccines for difficult pathogens (HIV, Malaria, West Nile Virus)
Vaccines for emerging diseases (Hepatitis C & E, Lyme, Enterovirus)
Vaccines for agents of bioterrorism (Plague, Dengue, Ebola)

FIG. 1.

Vaccinomics approach to new vaccine development. Vaccinomics is the application of multidimensional science to

the understanding of biologic and immunologic vaccine response and variability in immune responses. Detailed studies of
the mechanisms underlying host responses to pathogens coupled with high dimensional analysis of the epigenetic, genetic,
transcriptomic, and proteomic, events that culminate in protective immunity, is used to design rational vaccine approaches.
These insights lead to the discovery of new knowledge, which, after replication and validation, is then applied to the
development of novel vaccine candidates, and in turn, provides new insights into biological processes that further extend

scientific knowledge and discovery.
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* As well as databases and biobanks allowing open access
to study results, biological specimens, and protocols,
thereby facilitating additional genotype:phenotype as-
sociation studies expeditiously and inexpensively

* Reliable, reproducible, rapid, and inexpensive genetic
tests

* Innovative bioinformatics analysis tools that rely on a
sophisticated understanding of genetics, immunology,
and immunogenetics (Poland, 2007; Poland et al., 2007,
2009a)

Vaccinomics and How It Can Overcome the Barriers
to Empiric Vaccine Development

Given the barriers to empiric vaccine development listed
earlier, we point out three of these as further examples of how
vaccinomics might approach their solutions. The first occurs
when natural disease does not provide durable and effective/
protective immunity. Here investigators might identify indi-
viduals who appear to have a natural resistance to the disease
during outbreaks or when exposed. Immunogenetic investi-
gations and pathway/gene set analyses might uncover ge-
netic differences in immune response leading to potential
strategies for novel vaccine candidates.

A second barrier to empiric vaccine development occurs
when humoral immunity alone cannot control the infection
(e.g., requires T cell immunity). Here immunogenetic stud-
ies of response to infection, including immunogenomic,
transcriptomic, and proteomic studies, might identify
pathways toward cellular immunity. Epitope identification
algorithms may allow us to target immune responses to
critical proteins, while understanding the type of cellular
response, the interplay of cytokines and the role of genetic
restriction may uncover the optimal type of cellular immune
response necessary for protection. Knowing the critical
pathways to cellular immunity can help us overcome our
lack of a useful antibody-biomarker for vaccine develop-
ment. Another barrier occurs when passively transmitted
maternal immunity interferes with vaccine response. Actu-
ally, this is the basis for our own investigations with the
measles vaccine. Here we start with identifying the genetic
and genomic associations with immune response to the
current vaccine given after the age when maternal immu-
nity no longer interferes. We identify which measles virus
peptides appear to bind with which key HLA genes or HLA
supertypes while pursuing which cytokines and their re-
ceptors are up- and downregulated. We envision from this
would come a cocktail of peptides and cytokines that would
form a vaccine that could be administered at birth to
override the maternal antibody that neutralizes the live viral
vaccine when administered before 12 months of life, long
after many infants are exposed to measles.

Conclusion

Vaccinomics represents a new paradigm in vaccine de-
velopment. This paradigm moves the field away from the
predominant “isolate, inactivate/attenuate, inject” empiric
pathway of the past and toward one of directed vaccine
development that we have characterized as “Discover—
Replicate-Validate/Characterize-Apply.” In turn, this new
paradigm is informed by a deep systems biology approach
toward the genetic and immunologic mechanisms and
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drivers of antigen-activated innate and adaptive immune
responses (Fig. 1). In this article we have illustrated the con-
cept of vaccinomics as the integration of immunogenetics/
immunogenomics with a system biology and immune pro-
filing approach, and provided examples of how dis-
covering new scientific insights can lead to novel vaccine
candidates.

It has been stated, “Just as pharmacogenetics has suggested
ways of designing drugs to minimize population variability,
understanding mechanisms of immunogenetic variation may
lead to new vaccines designed specifically to minimize im-
munogenetically based vaccine failure”(Spielberg, 1998). We
believe the 21st century will ultimately prove vaccinomics to
be an innovative and transformative driver of new vaccine
design and utilization. Such work will allow for the devel-
opment of additional vaccine candidates capable of elimi-
nating/minimizing viral vaccine nonresponse, overcoming
immunosenescence, and overcoming genetic restriction.
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