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Abstract
The next ‘golden age’ in vaccinology will be ushered in by the new science of vaccinomics. In turn,
this will inform and allow the development of personalized vaccines, based on our increasing
understanding of immune response phenotype: genotype information. Rapid advances in developing
such data are already occurring for hepatitis B, influenza, measles, mumps, rubella, anthrax and
smallpox vaccines. In addition, newly available data suggest that some vaccine-related adverse events
may also be genetically determined and, therefore, predictable. This paper reviews the basis and logic
of personalized vaccines, and describes recent advances in the field.
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1. Introduction: the current paradigm in vaccinology
The current medical practice in vaccinology is to universally administer the same set of
vaccines to everyone in the population, in the absence of a contraindication, with several
assumptions underlying this approach. One of these assumptions is that essentially everyone
will react in the same way immunologically by developing protective levels of antibody, or
cell-mediated immunity, with near non-existent rates of relevant side effects. It also assumes
that everyone is at approximately the same level of risk against the disease being prevented,
and that the vaccine dose amount and number of doses needed to develop immunity are the
same across the population. The major strength of this approach has been a population-level
paradigm that has allowed the widespread, almost automatic delivery of vaccines, and as a
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result, the control of many infectious diseases. The major weakness of this approach is that it
ignores individual variability in disease risk immunologic response, and any genetic propensity
for reactogenicity, as well as differences in dose amount needed to generate immunity. At the
same time, advances in immunology, genetics, molecular biology and bioinformatics have
demonstrated the value of a personalized approach to therapeutic drug selection and dosing.
Thus, a new ‘tension’ is developing in the field of vaccinology between the traditional public
health population-level paradigm and the newly evolving individual-level paradigm that
recognizes genetically encoded unique individual variations in response to biologic agents.

2. Personalized vaccines and vaccinomics
Personalized as applied to vaccines refers to ‘targeting’ vaccine antigens towards an optimized
outcome (maximizing immunogenicity and minimizing the risk of either vaccine failure or
vaccine reactogenicity and side effects in a host at risk of serious disease or complications). It
references an enhanced set of outcomes in terms of the goals of providing immunization.
Personalized can refer to either the individual level (recognizing that the presence of
polymorphism ‘x’ or haplotype ‘y’ will prevent the development of a protective immune
response or predict a high risk of a serious adverse reaction), the gender level (so far whenever
it has been studied females respond with higher antibody levels to vaccine antigens than do
males), the racial/ethnic level (Native Alaskans and Native Americans carry a specific Km/
Gm allotype that results in a poor immune response to polysaccharide vaccine antigens) or the
subpopulation level (persons taking drug ‘z’, which suppresses transcription of an immune
response gene, respond poorly to a vaccine antigen) [1,2] . In turn, recognizing these genetically
encoded restrictions allow both informed clinical decision-making and opportunities to
advance the science by utilizing this information to develop better vaccines and enhanced
vaccine administration algorithms.

We previously defined the terms immunogenetics and immunogenomics as applied to vaccine
immune responses as ‘vaccinomics’, which encompasses both immunogenetics and
immunogenomics as applied to vaccine-induced immune responses [3]. The field of
vaccinomics examines the influence of immune response gene polymorphisms on the
heterogeneity of humoral, cell-mediated and innate immune responses to vaccines at both the
individual and population levels. The development of vaccinomics and personalized
vaccinology was enabled by the completion of the first phase of the Human Genome Project
and the first phase of the international HapMap, and accelerated by new molecular assay tools
that allow high-throughput detection of gene variations, particularly single nucleotide
polymorphism (SNP) and linkage disequilibrium maps. More recently appreciated is the idea
that polymorphisms in key immune response genes can lead to heterogeneity in immune
responses to biologics such as vaccines [4-6] . Thus, we predict a time when both immune and
adverse vaccine responses will be predictable, quantifiable, informative of clinical practice and
lead to an acceleration of rational, directed vaccine development. For this to happen, newer
sequencing tools that are low-cost, accurate and reproducible will be needed as well as a
validated database populated with phenotype–genotype data, and the bioinformatics and
statistical tools to analyze and interpret the resulting data. Importantly, the field of personalized
vaccines, although dependent on laboratory tools, is inherently driven by the desire for
enhanced patient-level outcomes (immuno-genicity, decreased risk of side effects, economic
savings and so on) at both the patient and payer levels.

As we have previously pointed out [7] , vaccinomics has already advanced the science of
vaccine immunogenetics by demonstrating the following:

• widespread polymorphism of immune response genes critical to the development of
protective immune responses
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• immunologically relevant outcomes related to these polymorphisms

• recognition of selective pressures to maintain and even enhance the type and number
of immune response gene polymorphisms; for example, there may indeed seem to be
a ‘heterozygote advantage’ at the population level to widespread diversity in immune
response gene polymorphism to allow a broad range of immune responses to
infectious disease threats

• vaccinomics initially focused on individual gene polymorphism associations,
broadened to haplotypes and extended haplotypes, and is now evolving toward the
ultimate: the real-time ability to understand, at the whole genome level, the effects of
whole genome gene/polymorphic activation, suppression and modification in toto on
the immune response to an antigen in a predictive manner

• recognition that although gene polymorphisms throughout the pathway from infection
through the development of immune responses are important, so far there seem to be
few specific polymorphisms that are dominant determinants of the immune response
(i.e., few ‘all or none’ polymorphisms) and

• immune response gene polymorphisms can have positive, negative or neutral effects
on adaptive immune responses, and these polymorphisms explain individual
variations in immune responses.

3. Polymorphism of the HLA system
Theoretically personalized vaccines – the vaccine best suited for an individual person – are
based on complex interactions of host genetic, environmental and other factors that influence
immune responses to vaccines. Personalized vaccine development is inherently a multistep
process, and we are at the beginning of the process. Therefore, it is important to identify
associations between variations in vaccine immune responses and polymorphisms of immune
response genes [7]. Knowledge of these associations could allow design of a vaccine or
adjuvant that circumvents immunogenetic restrictions, and animal models provide proof of this
principle [8,9].

The concept of personalized vaccines has emerged from a detailed understanding of how T
cells recognize pathogenic antigens (peptides) within the human leukocyte antigen (HLA)
system. The HLA complex includes the most polymorphic genes in the human genome with
> 1000 HLA-A, -B and -C allelic variants already described [10-12] . It is believed that the
HLA region contributes significantly to genetic susceptibility to infectious diseases and
variations in immune responses to vaccines [12,13] . Because antibody production following
vaccination is supported by HLA class II-restricted CD4 + T-cell responses, HLA class II alleles
influence the humoral response after vaccination. For example, the HLA-DRB1*03 allele was
found to be associated with seronegativity or a low antibody response following hepatitis B
and measles virus vaccines [14,15] . More candidate alleles that have been found in association
with non-response to full-dose recombinant hepatitis B virus (HBV) vaccination include HLA-
DRB1 * 07 and DQB1 * 03 alleles [16]. Although this finding needs to be replicated, it raises
the possibility that persons who fail to respond to the HBV vaccine may be more susceptible
to persistent HBV infection [17,18].

HLA studies of measles–mumps–rubella (MMR)-induced vaccine cellular and humoral
immune responses revealed vaccine immune response associations with both HLA class I and
II molecules [19-21]. Analysis of the HLA genes led to the identification of particular HLA
haplotypes significantly associated with a decrease in IgG antibody levels (A*29-Cw*16-B*44
haplotype) and an increase in (A*26-Cw*12-B*38 haplotype) cellular immune responses to
both measles and mumps viral antigens [22]. Several associations have been observed between
HLA class I supertypes and MMR vaccine outcomes [23]. Perhaps the most interesting finding
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has been with respect to the association of the HLA class I B44 and B58 supertypes and lower
measles-specific antibodies following two doses of the MMR vaccine [23]. This knowledge
begins to explain the genetic regulation of MMR vaccine immune responses, which could be
leveraged in personalized vaccine design by designing promiscuous antigenic peptides that can
bind across several HLA alleles or supertypes.

As an example, the current (non-personalized) MMR vaccine is limited by several factors such
as interference from maternal antibody, cold chain requirements, vaccine failure and the
inability to administer vaccine to immunocompromised persons. For this reason, significant
research supporting new vaccine development is occurring. A protein or peptide-based
(personalized) vaccine could overcome these limitations. In fact, we have identified 13
immunogenic measles peptides that could be used in developing a second generation vaccine,
and these peptides were selected to circumvent HLA polymorphic restrictions we identified
[24,25]. Others have also demonstrated immunogenicity of measles peptides in vitro in humans
[26]. New methods for personalized vaccines are being developed based on HLA allele
frequencies in human populations and the growing number of pathogen-derived peptides,
which have been recently identified [27-30].

Normally vaccines provide immunity by simulating a natural infection; thus, polymorphisms
in genes that play a role in the pathogenesis of the infection could also influence or regulate
vaccine immune response. For example, the likelihood of developing cervical cancer has been
shown to be increased in persons with certain HLA alleles. Genes involved in antigen
processing for HLA class I presentation, such as transporter associated with antigen processing
(TAP)1, TAP2, proteasome subunits LMP2, LMP7 and Tapasin, were suggested to contribute
to susceptibility to human papillomavirus (HPV) type-16-associated cervical cancer [31]. We
previously demonstrated a significant association between immune response genes (TAP1,
TAP2 and HLA-DR2) and the risk of cervical cancer [32]. Recently, IL-10 gene
polymorphisms have been associated with the clearance of infection with high-risk HPV types
among immunosuppressed adolescent females with varying degrees of HIV-1-induced CD4
immunosuppression [33]. Such information creates a compelling argument for the importance
of cytokine gene regions and/or a cluster of genes in the HLA region that regulates host immune
responses to HPV infection in a manner that results in inherited susceptibility or resistance to
the transforming properties of oncogenic papillomaviruses [32].

4. Immune response gene polymorphism
Evidence to support genetic determinants of variable immune response to vaccines for
preventing infections is expanding. SNPs, variations at a single site within a host’s DNA
sequence, are the most frequent type of variation in the human genome, with ~ 90% of all
genetic variation being attributed to SNPs [34]. The Human Genome Project has estimated that
1.42 million SNPs are distributed through the human genome with ~ 60,000 SNPs falling in
coding regions [35]. SNPs in coding regions that cause amino acid changes, such as
nonsynonymous SNPs (SNPs that change protein sequence), as well as SNPs in regulatory
regions, are likely to have the greatest impact on phenotype as they may have a direct effect
on protein structure and function [36]. As stated by one investigator: “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 immunogenetically based vaccine failure” [37]. This concept encapsulates the thrust
of vaccine response immunogenetics and its relationship to the field of vaccine development.
Vandenbroeck and Goris recently published a paper pointing out that “cytokine gene
polymorphisms may be gateways to novel targets for immunotherapy” [38]. Jin and Wang
comment that “the lesson learned from HLA is that polymorphisms can occur preferentially
in the functional domains of a given molecule with dramatic effects on epitope selection and
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presentation” [12]. As an example of these concepts, HLA-DRB1*07 and cytokine SNPs at
the IL-2 and IL-4 loci along with insertion/deletion variants at the IL-12B locus were found to
be independently associated with hepatitis B vaccine non-response [16]. Development of a
new HBV vaccine consisting of a peptide ‘cocktail’ (novel epitopes identified from chronic
carriers) with cytokine adjuvants (for example, GM-CSF) could circumvent these
immunogenetic restrictions. In fact, such vaccine development is continuing [39,40].

Genomic studies have also revealed mumps vaccine-induced immune response associations
with SNPs in the IL-12RB1 and IL-12RB2 cytokine receptor genes. For example, the presence
of minor allele T for intronic SNP rs2201584 within the IL-12RB2 gene was associated with
an allele dose-related significant decrease in mumps antibody titers in healthy children (12 –
18 years of age) who previously received two doses of live mumps vaccine. Conversely, minor
allele A of rs372889 within the IL-12RB1 gene was associated with significantly lower mumps
vaccine-induced cellular lymphoproliferative responses [21]. Similarly, we have identified
SNPs (rs3796504 and rs164288) in the signal lymphocyte activation molecule (SLAM, also
known as CDw150) gene associated with an allele dose-related decrease (~ 70%) in measles
vaccine-induced antibody levels [41]. We hypothesize that these SNPs negatively impact the
ability of measles vaccine virus to bind to its receptor, and hence prevent induction of immunity.
A candidate measles vaccine virus engineered with binding properties that allowed binding in
both the presence and absence of such a receptor polymorphism could restore vaccine
immunogenicity. This is similar to the identification of the CC chemokine receptor 5 (CCR5)
deletion mutation in the coding region of CCR5 HIV receptor, which is now being exploited
in the development of novel HIV therapeutic drugs and vaccines [42]. In addition, adjuvants
such as six deoxynucleotide-long DNA sequences with a central CpG dinucleotide or
monophosphoryl lipid-A could differentially activate toll-like receptors (TLR9 or TLR4,
respectively) to circumvent restrictions in other receptors [43,44]. Genetic variations in the
TLRs that play an important role in measles virus recognition could result in variable immune
responses to measles vaccination. Our preliminary data suggest that heterozygous variants for
SNPS rs3775291 and rs5743305 of the TLR3 gene are associated with low antibody and
lymproliferative responses to measles vaccination [45]. As a final example, cytokine secretion
is highly regulated by the transcriptional rates of their genes: SNPs in these genes can disrupt
binding of transcription factors, or affect gene expression and function by altering the stability
of RNA molecules [12]. Therefore, knowledge of such a polymorphism might facilitate
development of vaccine candidates that incorporate cytokines to ‘replace’ those not made
natively (i.e., a cytokine plasmid or cytokine adjuvants) and restore an optimal Th1/Th2 balance
that would facilitate a protective immune response [46,47]. Thus, understanding and defining
associations between key immune response gene polymorphisms and subsequent immune
response can aid in designing new personalized vaccines.

5. Genetic predisposition for vaccine adverse events
Humans respond differently to vaccines and the host immune response significantly varies in
a population [48,49]. There is no way to predict the reaction of a specific individual or a
population to a particular vaccine. Identifying factors that influence the development of adverse
reactions may allow personalized screening before vaccination [50,51]. For example, the
smallpox vaccine (live vaccinia virus) has the highest complication and adverse reaction rate
of any licensed vaccine at present. Severe complications owing to receiving live vaccinia virus
vaccine have been reported [52]. Statistics collected during past smallpox vaccination
campaigns reveal that death occurs in 1 to 2 in 1,000,000 primary vaccinees, although the risk
of experiencing any one of the many serious adverse events (SAEs) complications is ~ 1 in
14,000 [53,54]. Reports identifying the risk of vaccinia-associated myopericarditis and the
risks of SAEs in the context of the recent Department of Health and Human Services and
Department of Defense large-scale vaccination programs have been published [55,56]. Studies
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suggest that among US military personnel vaccinated against smallpox (New York City Board
of Health vaccinia virus strain), myopericarditis occurred at a rate of 1/12,819 primary
vaccinees [55]. Public health interests could be served by the development of an efficacious
recombinant, peptide-based vaccine because of these risks. To further combat infectious
diseases by vaccination, we must be able to develop safe and effective new vaccines at the
individual and population levels [57].

Immunologic and host genetic factors are all likely to have an important role in the development
of adverse events (AEs) following vaccination. For example, alterations in systemic Th1 and
Th2 cytokine concentrations have been implicated in AEs in vaccinia virus-naive individuals
after smallpox vaccination [50]. McKinney et al. [58] identified a group of cytokines, such as
G-CSF, stem cell factor, monokine induced by IFN-γ (CXCL9), intercellular adhesion
molecule-1, eotaxin and tissue inhibitor of metalloproteinases-2, that accurately discriminates
between persons on the basis of AEs status. This cytokine pattern seems to be a characteristic
of particular inflammatory response pathway and suggests that the secretion of cytokines by
fibroblasts may play a central role in systemic AEs [58]. Immunogenetic approaches, such as
comparing SNPs in candidate genes linked to the control of poxvirus infections in persons who
developed adverse reactions (occurrence of fever) after smallpox vaccine with those in
individuals who do not develop adverse reactions, offer enormous advantages [51,59]. For
example, identification of such genetic markers may help to predict which individuals are at
risk for vaccine-related AEs. Immunogenetic approaches will also supply physicians with
information regarding the balance between the benefits and potential risks of vaccines such as
smallpox vaccine if an individual has a specific genetic variation(s) that is associated with an
increased risk of a serious adverse reaction. The presence of a nonsynonymous SNP in the
methylenetetrahydrofolate reductase gene and two SNPs in the IFN regulatory factor-1 gene
were found to be associated with the risk of systemic AEs (fever, lymphadenopathy or
generalized acneiform rash) in two independent clinical trials of the smallpox vaccine [60].
Stanley et al. [59] demonstrated an association between fever after smallpox vaccination and
specific haplotypes in the IL-1 gene complex and in IL-18 gene. In contrast, the SNP
(rs2243250) in the IL-4 gene was highly significant for a reduced risk of fever following
vaccination among vaccinia-naive individuals [59]. These studies offer preliminary
information for understanding the variation in host response and could provide useful
information that would predict or prevent SAEs after vaccination. Obviously, large-scale
genetic studies are required to confirm these findings.

The development of AEs such as fever and febrile seizures has been observed after
administration of live attenuated MMR vaccine. For example, in healthy children, ages 9 – 24
months, fever > 39.5°C was reported after 9.5 and 11.9% of the MMR (Priorix®, SmithKline
Beecham Biologicals, London, UK) and Merck MMR (Merck & Co., Inc., Whitehouse Station,
NJ, USA) vaccine doses, respectively [61]. Vestergaard et al. [62] studied incidence rate ratios
and risk differences of febrile seizures following MMR vaccination in subgroups of children.
This study found that at 15 – 17 months, the risk difference of febrile seizures in 2 weeks
following MMR immunization was 1.56/1000 children overall (95% CI, 1.44 – 1.68),
3.97/1000 (95% CI, 2.90 – 5.40) for siblings of children with a history of febrile seizures and
19.47/1000 (95% CI, 16.05 – 23.55) for children with a personal history of febrile seizures
[62]. MMR vaccination was associated with a transient increased rate of febrile seizures but
the risk difference was small even in high-risk children. It was suggested that an increased risk
for febrile seizures after MMR vaccination in children with a sibling with a history of febrile
seizures may be owing to a possible genetic basis for increased susceptibility to this condition
[59]. Furthermore, Stanley et al. [59] hypothesize that children with febrile reactions after
MMR vaccination are more susceptible owing to certain haplotypes in IL-1, IL-4 or IL-18
genes. Thus, it is suspected that genetic factors, in part, may explain some of the differences
in response to the current live attenuated MMR vaccine.
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6. Sex-based differences in the immune response to vaccines
Generally, females demonstrate more vigorous humoral (and cellular) immune responses to
antigenic stimulation, such as infection and vaccination, compared with males [63,64]. It has
been previously shown that there is differential antibody recognition of measles and rubella
virus proteins between females and males and that both hormonal (steroid hormones) and
genetic (X-linked genes) differences may influence this humoral immune response [65,66].
Our recent studies also demonstrate sex-based differences in IgG antibody responses to two
doses of rubella and mumps viral vaccines. We have demonstrated that female subjects
demonstrated significantly higher antibody responses to rubella (median 42 versus 34 IU/ml;
p = 0.02) and mumps (median 876 versus 677 IU/ml; p = 0.003) vaccine antigens than males
[21,67]. However, these studies revealed that in vitro cellular immune response, such as
lymphocyte proliferation, to both rubella and mumps vaccination was not sex-dependent.
Similarly, gender disparities were observed in vaccinia-induced neutralizing antibody levels
after a single dose of smallpox vaccine (Dryvax) in healthy adults with higher neutralization
titers in females [68]. Thus, it is very important to address sex-based differences (that may
predispose to differential immune responses) in the emerging field of personalized vaccines to
provide optimal immunity regardless of gender.

7. Issues with the concept and execution of personalized vaccines
Personalized vaccines have potential conflicts with our current public health model of
preventive vaccination. Our current model of preventive vaccination against infectious diseases
depends on the universal acceptability and distribution of the vaccine. Standards first proposed
in 1992 called for the identification and minimization of barriers to routine immunization
[69]. Specific barriers mentioned in these standards included delays in scheduling
appointments and requiring a well-child visit or physical examination. Attempts to
individualize vaccination may move away from recommendations for the minimization of
barriers and the facilitation of expedited vaccination. Furthermore, our public health success
with vaccination depends in large part on creating herd immunity, an immunity across large
segments of the population. To do this, some of our vaccines depend on 80 – 90% vaccine
uptake [70,71].

At present we are achieving among the highest rates of vaccine uptake. We have accomplished
this in part by minimizing the perceptions of contraindications and precautions for vaccines.
Furthermore, with few exceptions, we do not adjust the dose for age or body mass nor do we
vary the number of doses based on exposure to disease or timing of past vaccines. Our uptake-
metrics that we now celebrate as the highest we have ever achieved in the history of public
health depend on our one-size-fits-all approach to vaccination. Furthermore, it facilitates
standing orders and mass vaccinations done to address large numbers of those who seek rapid
and timely vaccination.

Practical matters may also stand in the way. Using different vaccines for different groups of
persons based on personal characteristics or genetic makeup could require more effort and time
in the vaccination process. Having to screen for individual factors to vaccinate differently could
impose substantial costs to vaccination, although saving other costs. The concept of
personalized vaccines depends on previous knowledge of genetic influence on immune
response. At present we are not doing such testing. We do not even vary vaccination based on
race and ethnicity and in the past have only done so transiently moving inevitably in each case
toward universal vaccination (e.g., hepatitis B, hepatitis A, pneumococcal conjugate vaccine).
We have certainly considered prevaccine screening for immune status but in many cases, with
the exception of the unvaccinated adult with respect to varicella, vaccinating is cheaper than
testing. In general, serologic testing in an adult with a negative history of chicken pox is cheaper
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than two doses of vaccine. For example, the Advisory Committee on Immunization Practices
comments: “In healthcare institutions, serologic screening before vaccination of personnel who
have a negative or uncertain history of varicella and who are unvaccinated is likely to be cost
effective” [72]. Nonetheless, such prevaccination testing is now routinely done among military
recruits in the US. Again, our efforts in this regard diminish each year as we move toward
universal vaccination of the next generation.

Furthermore, we must consider the practical issue of marginal benefit. Most of the vaccines
that we routinely use have high immune response rates. Would we really impose across the
population genetic screening to improve immune response for 5% of the population? We may,
however, consider certain situations in which vaccines fail to achieve such high rates such as
in overweight healthcare workers who have higher rates of non-responsiveness to the hepatitis
B vaccine or American Native children and Haemophilus influenzae type b vaccine [73,74].
Still these groups are easily identified phenotypically and at this point no evidence suggests
these groups should receive a different vaccination schedule. Screening for an increased
propensity to certain AEs may also drive some forms of genetic screening.

We must also consider the practical difficulty of licensure of personalized vaccines. For patients
with cancer, individualized cancer vaccines can be developed for individual patients without
the problems that manufacturers of biologics face with licensure for mass production and
distribution. With population vaccination, regulatory bodies will still require prelicensure
testing in animals and humans for each species of vaccine and for each dose and schedule. One
way to overcome this issue would be the development of one-size-fits-all adjuvanted peptide-
vaccine cocktails that all receive with the expectation that different individuals respond to
different agents, informed, for example, by population-level HLA supertype frequencies,
contained in the cocktail.

8. Expert opinion
8.1 The future of vaccinomics

Assuming such barriers can be overcome or minimized, the new biology, in combination with
increasing genotype, phenotype information and low cost, high output genetic screening will
inevitably lead toward a more personalized approach to vaccines, just as it has with
pharmaceuticals. In addition, a ‘zero defect’ societal perspective on risk may further drive
individualized approaches to vaccines. Thus, although significant barriers remain, we predict
an increasing vaccinomics’ approach to protection against vaccine-preventable diseases by
vaccines, and an acceleration of the directed development of novel vaccine approaches. Such
an approach will also provide models for deeper understanding of the mechanistic
underpinnings of the antigen, immune response gene interface and drive new insights in genetic
immunology. In toto, such an approach will result in a new golden age of vaccinology.

Despite much work yet to be accomplished and significant barriers that were discussed above,
it is apparent that we are moving toward a new scientific frontier and a new era of personalized
vaccinology. Vaccinomics will allow and accelerate directed vaccine development, and
predictive vaccinology will eventually allow physicians to determine whether to give a vaccine
(i.e., is this specific patient genetically susceptible to a disease and its adverse outcomes?),
what dose to give, how many doses to give and whether a significant AE is likely to occur.
This ‘second golden age of vaccinology’ is poised to begin, and along the way many insights
into the immunogenetics of immune responses to antigens and accelerated and directed
methods for vaccine development will become apparent [75].

8.2 Executive summary
• There is a strong genetic component to vaccine immune response variation.
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• Personalized vaccines will be developed and informed by the particular genetics and
biology of the individual.

• There will continue to be discovery of genetic markers that predict vaccine immune
response and possible SAEs.
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