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Summary

Despite the enormous population benefits of routine vaccination, vaccine adverse events and
reactions, whether real or perceived, have posed one of the greatest barriers to vaccine acceptance
—and thus to infectious disease prevention—worldwide. A truly integrated clinical, translational,
and basic science approach is required to understand the mechanisms behind vaccine adverse
events, predict them, and then apply this knowledge to new vaccine design approaches that
decrease, or avoid, these events. The term “adversomics” was first introduced in 2009 and refers
to the study of vaccine adverse reactions using immunogenomics and systems biology approaches.
In this review, we present the current state of adversomics research, review known associations
and mechanisms of vaccine adverse events/reactions, and outline a plan for the further
development of this emerging research field.
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Vaccine Adverse Events and Reactions

The use of vaccines to prevent communicable diseases is among the greatest public health
achievements of the 20™ century [1]. However, despite technologic advances in developing
newer and more efficacious vaccines, systems-level improvements in national immunization
programs, and the expansion of these programs to remote corners of the developing world,
scientists and healthcare workers worldwide continue to fight the age-old foe of vaccines,
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namely, fear [2-9]. This fear ranges from logical concern and illogical anxieties regarding
known vaccine adverse reactions to panic over unproven and imagined sequelae of
vaccination [2,4,10-13]. In one case-control study of parental vaccine refusal in the United
States, the most common reason for vaccine refusal was fear that the vaccine itself might
cause harm (57%) [12].

Prophylactic vaccines are held to greater safety standards than many other drugs and
biologic products, principally because they are given to largely healthy populations with the
intent to prevent, rather than treat, disease. Vaccines are designed to stimulate an immune
response to an antigen, and, in so doing, they often produce inflammatory effects. Usually,
these reactions are mild and manifest as mild local or systemic adverse reactions to a
vaccine such as redness, swelling, or fever. Uncommonly, the immune response may result
in a more severe or prolonged adverse reaction. Rarely, a life-threatening allergic reaction
may occur after vaccination. Specific diagnostic criteria for establishing a case of
anaphylaxis after immunization have been established [14]. A vaccine adverse reaction is
defined by the U.S. Centers for Disease Control and Prevention (CDC) as “an untoward
effect caused by a vaccine that is extraneous to the vaccine’s primary purpose of producing
immunity” [15]. Vaccine adverse reactions are often termed vaccine side effects. The term
“vaccine adverse event” refers to any untoward medical event that occurs following
vaccination [15]. An adverse event may be a true adverse reaction that is caused by the
vaccine or an unrelated, coincidental event. Investigation is required to determine if the
adverse event is caused by the vaccine. The World Health Organization (WHO) has
published a manual for causality assessment of adverse events following immunization
(AEFI) [16,17]. It is important to perform a systematic evaluation of all possible causes of
an AEFI that includes assessment of the temporal relationship, biological plausibility,
consideration of alternative explanations (e.g., pre-existing illness, onset of new illness that
is not related to immunization, spontaneous occurrence of an event without known risk
factors, onset of a genetically programmed disease, recent exposure to another infectious
agent or toxin prior to the event, occurrence of the event in the past independent of
immunization, possible medication effects), and prior evidence that the vaccine has been
shown to cause the particular event [16]. The WHO causality assessment involves a fourstep
process of assessing eligibility of an event as an AEFI that results in classification of the
event as “consistent causal association to immunization,” “indeterminate,” “inconsistent
causal association to immunization” (coincidental), or “unclassifiable” (Table 1) [16]. The
association is “indeterminate” when adequate information on the AEFI is available, but it is
not possible to assign it to “consistent causal association” or “inconsistent causal association
to immunization.” An event is “unclassifiable” when additional information is required to
determine causality [16]. Vaccine-product reactions may be related to the vaccine antigen(s),
another vaccine component, and adjuvant (if present), or a combination of the vaccine
antigen(s) and adjuvant. The frequency of vaccine adverse reactions vary by vaccine type
and characteristics of the patient population examined. Vaccines may unmask susceptibility
toward a vaccine adverse event in certain populations (e.g., fever after vaccination may
result in febrile seizures in children with a predisposition for seizure disorders). Vaccine
immunogenicity is influenced by multiple individual patient factors (e.g., age, sex,
comorbidities, genetics) and vaccine factors (e.g., antigen dose, vaccine delivery
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mechanism, vaccine schedule, and vaccine adjuvant). These factors may also influence
inflammatory responses, which may in turn lead to vaccine adverse effects. WHO classifies
vaccine product-related and vaccine quality defect-related reactions as those “associated
with route or site of administration,” “immune-mediated,” and “reactions as a consequence
of replication of a vaccine associated microbial agent” (Table 1). “Reactions as a
consequence of replication of a vaccine associated microbial agent” are more likely to occur
in patients who are immunosuppressed. The mechanisms behind these adverse reactions to
live vaccines are different than immune-mediated reactions to inactivated vaccines.

Immune-mediated vaccine adverse events that have been found to have a causal association
with a vaccine are ideal targets of study for the field of adversomics. Compared to the
significant focus on vaccine immunogenicity, less attention has been paid to factors that
influence immune-mediated adverse vaccine events and the mechanisms behind these
events. Understanding and preventing serious adverse vaccine events is critical to improving
public trust in vaccine safety and to developing new safe and effective vaccines. In this
regard, much can be gleaned from the fields of personalized medicine and
pharmacogenomics to offer a new paradigm for understanding and predicting adverse
vaccine events. In turn, these observations may then aid in the design of new vaccines that
avoid or decrease the frequency of these vaccine adverse events.

Personalized Medicine, Vaccinomics, and Adversomics

The principles of “personalized medicine” apply equally to “personalized vaccinology”—hy
which we mean that the choice of the vaccine administered should take into account critical
characteristics of the individual. We could administer the right vaccine, at the right dose, for
the right patient, at the right time. Not all individuals respond in the same way to vaccines.
There is an optimal personalized vaccine approach, consisting of an optimal vaccine
formulation, route of administration, adjuvant, dose, and dosing schedule (for vaccines that
require multiple doses) for an individual or group of individuals. We have called for the
application of “vaccinomics” to help us understand the genetic and non-genetic factors
influencing the immune response to a vaccine antigen at the systems level [18-24].
Similarly, we have called for the development of “adversomics”—the application of
immunogenomics and systems biology to understand the genetic and non-genetic drivers of
vaccine adverse reactions at the molecular level [18,25,26].

The field of pharmacogenomics has demonstrated that exploratory genomics discovery
studies can lead to validated biomarkers that can be used to predict risk for adverse drug
reactions. One elegant example is the link between the human leukocyte antigen (HLA)
HLA*B57:01 and potentially fatal idiosyncratic hypersensitivity to the HIVV medication
abacavir. Prior to using genetic testing, hypersensitivity reactions occurred in 5-8% of
patients within the first six weeks of starting abacavir therapy [27].Shortly after abacavir
approval in the United States, an association between abacavir hypersensitivity and HLA-
B*57:01 was published, [28,29],replicated, and validated across multiple patient cohorts
[30,31]. Further research demonstrated that the precise mechanism by which abacavir . binds
non-covalently to the peptide binding groove floor of HLA-B*57:01 and alters the
presentation of self-peptides presented to the immune system and activation of CD8+ T-
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lymphocytes, which results in the release of inflammatory cytokines that cause the clinical
hypersensitivity reaction [32-35]. This specificity explains the 100% negative predictive
value of HLA-B*57:01 genetic testing for abacavir hypersensitivity [31], which has resulted
in its widespread use and incorporation into U.S. HIV treatment guidelines [36,37]. Other
examples of hypersensitivity reactions to particular drugs and specific HLA associations
include allopurinol (HLA-B*58:01) and carbamazepine (HLA-B*15:02) [38]. The field of
pharmacogenomics is rapidly evolving with further applications of genetic variations
beyond idiosyncratic drug reactions to effects on pharmacokinetics, pharmacodynamics, and
molecular defects related to the pathogenesis of certain malignancies for which specific
targeted treatments have been developed. At this time, no such elegant examples exist for
explanations or mechanisms of immunologically medicated vaccine adverse reactions,
emphasizing the need for additional research in this field.

Adversomics—Current State of the Field

The field of vaccine adversomics, as we have described it [39], is really an extension of
pharmacogenomics. However, when compared to the field of pharmacogenomics (which
studies drugs) , the field of vaccine adversomics is in its infancy. At this time, these
technologies are not being used clinically. The first step in advancing this science is to use
adversomics research techniques to understand the mechanisms behind adverse events that
have a causal relationship with immunization. We propose that the same methodologies that
have been used to study drugs can and should be applied to the study of vaccines. The
precise mechanisms of adverse reactions associated with vaccines are not well understood.
Understanding the molecular/genetics/proteomics level (i.e., adversomics) involvement,
specifically how genetics (genomics and transcriptomics) impact the development of
vaccine adverse reactions, may aid in the design of newer and safer vaccine candidates
[25,39]. Table 2 provides a comprehensive review of what has been published in the field of
adversomics to date.

Evaluating Causation of Alleged Vaccine Adverse Events—Childhood

Immunizations and Seizure Disorders

One important lesson that can be learned from the application of genomics to the study of
vaccine adverse events (AESs) is that not all AEs are actually related to the vaccine. A recent
study by Verbeek and colleagues demonstrated that, in most cases, genetic or structural
defects are the underlying cause of epilepsy onset after routine immunization in children
[40]. They examined data for 990 children who experienced seizures following
immunization (four doses of DTaP, a dose of MMR and Haemophilus influenza type B
vaccines) during the first two years of life. Of the 1,022 potential epileptic seizures amongst
these 990 children, 68% and 32% occurred after receiving of an inactivated vaccine and live
attenuated vaccine, respectively [40]. Following DNA sequencing in 14 (61%) out of 23
children with epilepsy and vaccine-related seizure onset, underlying genetic or structural
causes were identified in 15 (65%) of those children. Eleven children had Dravet syndrome
associated with the SCN1A (sodium channel, voltage-gated, type I, alpha subunit) gene
mutation. It was stated that “these underlying causes were not limited to SCN1A-related
Dravet syndrome but extended to other genetically determined fever-sensitive epilepsies”

Expert Rev Vaccines. Author manuscript; available in PMC 2016 July 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Whitaker et al.

Page 5

and that “early genetic testing should be considered in all children with vaccination-related
onset of epilepsy” [40]. Another study evaluated 14 patients with alleged vaccine-related
seizures or seizure disorders in whom the first seizure occurred within 72 hours of
vaccination after administration of trivalent diptheria-pertussis-tetanus vaccine or
pentavalent diphtheria-pertussis-tetanus-inactivated polio-Haemopbhilus influenzae type B
vaccine. These patients had genetic studies performed that resulted in diagnoses of specific
epilepsy syndromes in all 14 cases [41]. These studies provide examples of how genetic
testing into the cause of alleged vaccine-related AEs can be important in determining if the
adverse event was coincidental or truly related to the vaccine. Such investigations are
important for evaluating vaccine safety and also maintaining public trust in vaccine safety.

Adversomics and Smallpox Vaccine

Smallpox remains a bioterrorism concern. Despite smallpox disease eradication in 1980,
smallpox vaccination with the vaccinia vaccine is still being administered to some first
responders, laboratory researchers, healthcare workers, and military personnel; and AEs
from vaccinia virus immunization are still observed. In 2003, the U.S. Department of Health
and Human Services employed a smallpox vaccination program that included a
comprehensive safety monitoring system among HCWs and first responders. Over 38,000
doses of vaccine were administered and 822 AEs were reported; 100 of these AEs were
considered serious [42]. AEs included: myocarditis and/or pericarditis in 21 cases,
unexpected ischemic cardiac events in 10 cases, generalized vaccinia in two cases, and one
case of postvaccinial encephalitis [42,43]. The smallpox vaccine is contraindicated in
persons with eczema and exfoliative skin conditions due to the risk of developing vaccinia
eczema vaccinatum, in which case the virus disseminates to cause an extensive
vesiculopustular rash with systemic illness. The Centers for Disease Control and Prevention
(CDC) recommended that those with underlying heart disease and three or more cardiac risk
factors should not be vaccinated. It is important to comprehend the underlying mechanisms
of these vaccine AEs so they could be better understood and perhaps predicted, and so large
populations would not need to be excluded from vaccination should an event occur that
would necessitate mass-vaccination. Furthermore, if these mechanisms were elucidated, this
knowledge may enable the development and use of new vaccines—an advancement that
may result in avoiding these events altogether.

Several recent studies, as reviewed below, have addressed the association between gene
polymorphisms and predisposition for AEs after smallpox vaccination. The first example is
a study of local and systemic AEs (i.e., fever, generalized skin eruptions, and
lymphadenopathy) following smallpox vaccine [44]. Reif et al. conducted two studies of
healthy vaccinia-naive adults (n=85 and n=46 subjects, respectively), who received the
Aventis Pasteur smallpox vaccine (APSV) and were evaluated at fixed time points (days 3-
5, 6-8, 9-11, 12-15, and 26-30) after vaccine. In the first study of 85 subjects, 16 had
systemic AEs; in the second study of 46 subjects, 24 subjects had systemic AEs. All subjects
were genotyped for 1,442 SNPs that originated from 386 candidate genes. The investigators
found specific SNPs/haplotypes in the MTHFR (enzyme 5,10-methylenetetrahydrofolate
reductase, non-synonymous rs1801133, p<0.01) and IRF1 (interferon regulatory factor-1,
rs9282763 and synonymous rs839, p=0.03) genes that were significantly associated with
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AEs in both studies [44]. Genetic variants in the MTHFR gene have been previously
associated with adverse reactions to other pharmacologic biologics [45,46]. As the authors
wrote, protein products of the MTHFR and IRF1 genes may play an important role in
homocysteine metabolism, as well as roles in regulating endothelial function and activating
transcription of the Type I (o and ) and Type Il (y) interferons, respectively.

Cases of myocarditis and myopericarditis after smallpox vaccination have been reported.
Smallpox vaccine studies, including studies examining genetic predisposition for AEs after
smallpox vaccine, have been conducted in order to examine the mechanisms behind these
vaccine adverse events [47-52]. Variola virus, the causative agent of smallpox, does not
directly cause cardiovascular complications, but vaccinia virus vaccine (Dryvax,
ACAM2000) has been associated with electrocardiogram (ECG) and cardiac enzyme
abnormalities and occasionally with signs and symptoms associated with myocarditis and
myopericarditis [42,48,49]. It is not understood whether vaccinia-associated myopericarditis
is due to direct viral injury, secondary to the immune response, host genetics or a
combination of these and other factors in the studied populations. A better understanding of
the genetic and immunologic factors related to vaccinia-associated myopericarditis is
needed, and such studies are currently being conducted in our laboratory.

The genetic basis for developing fever (defined as a temperature >37.7°C) after smallpox
(Dryvax) vaccination has been evaluated [53]. A total of 357 SNPs in 19 immune-related
genes were examined for each of the 346 healthy study subjects after vaccination with live
vaccinia virus vaccine. This study found that specific haplotypes in the IL1 and IL18 genes
are associated with the development of fever and differences in humoral immunity after
smallpox vaccine. The exact mechanisms are not known, but in a mouse model of coxsackie
virus-induced myopericarditis, elevated levels of IL-1 and IL-18 cytokines have been related
to myocardial inflammation, and inhibition of IL-1 action (using IL-1 receptor antagonist)
improved both inflammation and mortality [53,54]. In addition, this study identified a
haplotype in the IL4 gene that was highly significant for its association with decreased
likelihood of fever after vaccine in vaccinia vaccine naive subjects. This 1L4 haplotype
includes the SNP rs2243250 that is associated with augmented secretion of an important Th2
regulatory cytokine, IL-4, known to inhibit IFN-y production and Th1 response [55,56]. In a
study of 580 healthy Caucasian individuals (19-40 years old) after a single dose of Dryvax
vaccine, genetic variation in the IL1R, IL18, and IL18R1 genes was linked to vaccinia-
specific IL-1p production [57]. We believe that functional studies of genetic variants are
needed to gain knowledge into the mechanisms by which these SNPs/haplotypes contribute
to smallpox vaccine immunity and vaccine-associated AEs. The potential involvement of
IL1, IL18, IL4 and other genes in AEs associated with the administration of other vaccines
(e.g., MMR, MMRYV, yellow fever, hepatitis B, influenza, anthrax, etc.) is of great interest
and should also be further investigated.

Adversomics and Yellow Fever Vaccine

The live attenuated yellow fever vaccine 17D (YF-17D) is a well-tolerated vaccine with
very few known cases of vaccine-associated AEs. However, there is a rare, but serious, risk
of severe yellow fever-like disease due to the vaccine strain of the virus. Yellow fever
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vaccine 17D-induced viscerotropic disease is a serious vaccine AE characterized by
multiple- organ system failure that has a high fatality rate [58,59]. It has been suggested that
yellow fever vaccine-associated viscerotropic disease is associated with persistent viremia,
robust induction of T and B cell responses, and polymorphisms in the chemokine receptor
CCRS (delta 32) and its ligand RANTES (403G/A) genes [58]. Further, Bae et al. noted that
serum cytokines and chemokines, such as RANTES, IL-6, IL-8, MIG (monokine induced by
IFN-y), GRO (growth-related oncogene), MCP-1 (monocyte chemotactic protein), TGF-
(transforming growth factor), and TNF-f (tumor necrosis factor) may be considered as
surrogate markers for individuals likely to develop severe yellow fever-associated AEs, such
as vaccine-associated neurotropic and viscerotropic diseases [60]. It is possible that
increased and/or decreased production of these biological markers, due to polymorphisms in
these genes, may have impaired the immune response to YF vaccine. On the other hand,
Martins et al. studied 50 subjects vaccinated with 17DD YF vaccine and reported that an
increased frequency of circulating CD4+HLA-DR+ (and CD8+CD69+) cells at day 7 post-
vaccination, and CD8+HLA-DR+ lymphocytes at day 30 post-vaccination may be reliable
markers for an immune response that is free of AEs after YF vaccination [61]. These studies
provide initial insights into yellow fever vaccine AEs; however, we are a long way from
understanding the mechanisms behind these AEs or being able to predict them.

Adversomics and Influenza Vaccine

Guillain-Barré Syndrome

Narcolepsy

Although the risk of Guillain-Barré syndrome (GBS) following influenza vaccination has
been shown to be lower than after influenza illness [62], there is still significant public
concern regarding vaccination leading to this neurologic condition. Immune response to
microbial antigens that are cross-reactive with neural epitopes may trigger an inflammatory
disorder — GBS--in which genetic host factors may impact disease susceptibility. In 1976—
1977, there was an increased risk of GBS following vaccination with the swine influenza
vaccine, with an estimated attributable risk of GBS after vaccine in adults of just under 1
case per 100,000 vaccinations and a relative incidence (RI) of 7.6 (95% ClI, 6.7-8.6) [63,64].
The precise reason for this relationship is not known. Recently, the effects of gene
polymorphisms on GBS risk have been recognized for several genes: TNF-a (tumor necrosis
factor-alpha) gene (polymorphisms 308 G/A and 857 C/T), TLR4 (toll-like receptor 4) gene
(Asp299Gly and Thr399lle), FcRL3 (Fc receptor like 3) gene (FCRL3-3-169C, FcRL3-6
intron3A, and FCRL3-8 exon15A), and MMP9 (matrix metalloproteinase 9) gene (C-1562T)
[65-68]. However, these studies examined populations with GBS without examining
potential inciting causes, such as recent infections or receipt of other vaccines. It is difficult
to know if these polymorphisms would predict GBS cases that might result from cross-
reactive antigens from different infections or vaccines. These polymorphisms should be
explored in relationship to GBS that has occurred after vaccination.

After the 2009-10 influenza A HIN1 pandemic and large vaccination campaigns with the
AS03-adjuvanted influenza A HIN1 Pandemrix vaccine in Europe, an increase in the
incidence of narcolepsy was reported in Sweden and Finland [69-71]. Narcolepsy is
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believed to be an autoimmune disease that is caused by the loss of hypothalamic hypocretin-
producing neurons [72]. It has been found to have a strong association with the HLA-
DQB*06:02 allele in people of all ethnicities. Using strict diagnostic criteria, 98% of
patients with narcolepsy and cataplexy are DQB1*06:02 positive [73,74]. It is important to
note that in another case-control study of narcolepsy after AS03-adjuvanted influenza A
H1N1 vaccination, the HLA-DQB*06:02 allele was found in 100% of narcolepsy cases
(47/47), but also in 35% (20/57) of controls [75]. The presence of this allele may be
necessary, but not sufficient to result in the vaccine adverse event. The HLA-DQB1*06:02
allele is present in 13-28% of Caucasian populations; however, the risk of narcolepsy in
children vaccinated with Pandemrix who carry this allele is only 1 in 1,600 [76]. It has been
hypothesized that the AS03-adjuvanted A/H1N1 vaccine resulted in molecular mimicry with
a neuronal autoantigen. One study that provided further support for this hypothesis was later
retracted due to an inability to replicate the data [77]. Questions remain as to why one AS03
adjuvanted A/H1N1 (Pandemrix) vaccine seems to have led to an increase in narcolepsy
cases, while another AS03 adjuvanted A/H1N1 vaccine (Arepanrix), which was prepared by
a slightly different inactivation protocol did not [78]. Further work demonstrated that
antibody to Pandemrix-derived nucleoprotein (NP) was increased in patients with
narcolepsy and the DQB1*06:02 risk allele of narcolepsy appeared to regulate the anti-NP
immune response [75]. The authors of this study hypothesized that the differences in the
H1N1 antigens of Arepanrix and Pandemrix could explain the differences in vaccine-
attributable risk of narcolepsy between these vaccines and call for the screening of NP
derived DQB1*06:02 dependent epitopes [75].

Understanding HLA Gene Effects

The field of adversomics would further benefit from an understanding of HLA gene
contributions to vaccine-induced immune responses, including AEs. For example,
recombinant hepatitis B vaccine-associated major AEs have been hypothesized as being
linked to HLA class 11 DRB1 alleles/haplotypes (*01:01, *03:01, *04:01,*13:01, *15:01)
and HLA class | A2 gene interaction [79]. The authors speculate that the presence of the
specific HLA allele can result in activation of cytotoxic CD8+ T cells by HLA-A2 presented
hepatitis B surface antigens (HBsAg), causing production of high levels of IFN-y, TNF, and
augmentation of vaccine AEs. In fact, several HLA class || DRBL1 alleles/haplotypes are
linked to hepatitis B vaccine non-response [80,81]. HLA polymorphisms have also been
shown to be related to non- and low-response to measles, mumps, rubella, and anthrax
vaccines [82-87]. It has been proposed that susceptibility-related HLA class | and class |1
alleles may drive the development of vaccine AEs after hepatitis B vaccination [79].

The application of genotype-phenotype knowledge will be critical to developing models of
genetic predisposition to vaccine adverse effects. Lin et al. have created an Ontology of
Genetic Susceptibility Factors (OGSF) which may provide a framework for genetic
susceptibility to vaccine-associated AEs [88]. The OGSF uses genetic studies and accounts
for diverse types of genetic susceptibility factors, such as HLA alleles, SNPs, genes, and
gene haplotypes, and may be useful for identification of true genetic factors/determinants
contributing to the susceptibility to vaccine AEs.
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Adversomics Research Challenges

There are multiple challenges in adversomics research. First, as depicted in the
aforementioned examples, many vaccine AEs are quite rare. This low frequency makes them
difficult to identify and to study. Unlike the case of abacavir hypersensitivity, which
occurred in 5-8% of persons treated with the medication, many events occur at the level of a
few cases per 100,000 population (i.e., GBS), and some occur at even lower frequency (i.e.,
YF vaccine-associated neurotropic or viscerotropic disease). Second, it is often difficult to
prove causality for a vaccine adverse event. Some conditions or symptoms that have been
attributed to vaccines are coincidental and not causal. Reported symptoms that are unrelated
to the vaccine (such as in the cases of genetically predetermined epilepsy) can cause
confounding of analyses. The difficulty in determining causality makes it difficult to identify
which outcomes are truly the ones that need to be investigated. Third, in some countries (for
example, in the U.S), the system for reporting vaccine AEs is passive. In the U.S., vaccine
adverse events are reported to the Vaccine Adverse Event Reporting System (VAERS),
which is a CDC- and Food and Drug Administration (FDA)-sponsored post-marketing
vaccine adverse events surveillance system. Many vaccine AEs may never be reported,
which limits our ability to identify and study these events. Some other countries have active
vaccine adverse events surveillance systems. Fourth, there is no efficient system by which
we can obtain samples from persons with proven vaccine AEs. Biobanks have been created
for multiple disease conditions, but such repositories do not currently exist for vaccine AEs.

Adversomics and Vaccine Design

We recognize the limitations and challenges with adversomics research. At this point in
time, the field is in its infancy. It is currently not practical or cost-effective to perform
genotyping on a patient and then select a particular vaccine based on these genomic results.
Furthermore, in some cases, as in the example of narcolepsy and Pandemrix, the frequency
of the allele associated with the vaccine adverse event may be very common in the
population, but only a small percentage of persons with this HLA-type may experience the
vaccine adverse event. We are not advocating screening populations for particular HLA
types and then withholding vaccination in these persons at this time. Vaccination is
important for individuals, but it is also important for the “herd.” While we note that
personalized medicine may help us understand and predict who is at risk for vaccine adverse
events, we suggest using this science to develop vaccines that are safer for the greater
population and can be used to design vaccines that will increase “herd immunity.” It would
be more efficient and cost-effective to use adversomics research to elucidate the
mechanisms underpinning vaccine AEs and use this understanding to design or “reverse-
engineer” new vaccines that minimize or avoid these events. Initial observations from the
adversomics studies that we have reviewed suggest that persons with particular HLA types
may have increased rates of vaccine adverse events. As has been suggested in the case of
Pandemrix vaccination and narcolepsy, there may be particular vaccine epitopes that bind
particular HLA molecules and trigger a more exuberant inflammatory response, resulting in
increased local and systemic adverse reactions, or recognize “self,” resulting in idiosyncratic
adverse reactions. Particular vaccine epitopes may skew the immune response in such a
manner that is harmful, rather than helpful. As the fields of structural biology and peptide-
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based vaccine research advance, we anticipate that not only will promiscuous peptides that
induce optimal immunogenicity across HLA types be selected, but also those that do not
recognize “self” and result in immunologically mediated vaccine adverse events. In the case
of narcolepsy and Pandemrix, if particular vaccine NP derived DQB1*0:02 epitopes are
identified and found to be associated with narcolepsy, then, in the future, rational vaccine
design could result in vaccines that avoid the presentation of these epitopes altogether.

Adversomics research extends beyond personalized vaccinology or understanding adverse
reactions in only some groups of those vaccinated. Consider the example of vaccines for
RSV infection. In the 1960s, a candidate formaldehye-inactivated RSV vaccine was found to
enhance RSV infection in some children who experienced infection with wild-type RSV
after immunization with this candidate RSV vaccine [89]. Subsequent studies in animal
models have suggested that the vaccine-enhanced infection may have been associated with
the generation of low-avidity antibodies [90] and an imbalanced T response [91,92]. The
studies of these adverse vaccine outcomes have informed the structure-based design of new
RSV vaccine candidates [93,94].

Some of the known vaccine adverse reactions are lacking from Table 2. For example,
consider the association between the rotavirus vaccine Rotashield and intussusception. If the
mechanism behind this association had been elucidated, or if those who were at risk for
developing intussusception might have been predicted, the story of rotavirus vaccines may
have been different. Perhaps it could have led to the development of new vaccines that
would have avoided this adverse event altogether [95]; however, these mechanisms have not
been elucidated. New rotavirus vaccines have been created, and although the frequency of
intussusception is lower than with Rotashield, and the benefits of vaccination far outweigh
the very low risk of intussusception that may occur after vaccination, concern still remains
for intussusception after rotavirus vaccination [96-98].

The Role of Gender in Vaccine Adverse Events

Vaccine adverse reactions have been reported at greater rates among females for influenza
[99-101], measles-mumps-rubella (MMR) [102-105], YF[106] and anthrax vaccines [107].
Females have also demonstrated superior vaccine immunogenicity to multiple vaccines
[108], including influenza [99-101], measles [109], mumps [84], rubella [110], hepatitis A
[111,112], hepatitis B [112,113], and smallpox [114,115]. The mechanisms behind the more
vigorous immune responses noted in females merits further exploration [26] and may
provide clues to both increased vaccine AEs and increased vaccine immunogenicity in this
sex. It has been proposed that sex-based differences among vaccine responses are not solely
based on sex hormones, since these differences have been noted throughout all stages of life
—oprior to, during, and after reproductive capacity [26,108]. The effect of genetic differences
between sexes, and the role these differences play in differential immune responses to
vaccines, has not been fully elucidated and warrants further investigation. It might also be
that females respond more vigorously to certain vaccines and require lower doses than their
male counterparts. A pertinent example of an observational clinical study with varying
methodologies that provides fodder for further studies is the CDC anthrax vaccine adsorbed
(AVA) human clinical trial. [107]. Analysis of data from this trial demonstrated that female
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and Caucasian participants had a higher proportion of AVA AEs, as well as higher vaccine
immunogenicity (i.e., anti-protective antigen 1gG titers) [92].

The Role of Age in Vaccine Adverse Events

Limited data exist on vaccine safety and AEs in aging population, as signs of
immunosenescence are observed in this age group [101,116,117]. A review of VAERS data
from 2003-2013 did not find any safety concerns for MMR vaccine in adults 19 years old
and older [118]. However, in contrast to other vaccines, the YF-17D vaccine may be more
frequently associated with viscerotropic AEs in older individuals [58]. The rate of YF
vaccine-associated systemic AEs in individuals aged 65 or older was 2.5 times higher than
the rate of AEs occurring in younger individuals (25-44 years old) [119]. With regard to
influenza vaccine, systemic symptoms among older individuals (= 65 years old) were more
frequent following vaccination with high-dose (HD) trivalent, inactivated influenza vaccine
(180 mcg of HA antigen) compared with a standard dose of 45 mcg [120]. It is possible that
adversomic profiles may change with age.

The Rise of Adjuvants

There has been particular concern among some groups regarding adjuvanted vaccines and
their potential to cause vaccine adverse reactions. Vaccine adjuvants have been purported to
cause or worsen various autoimmune inflammatory conditions. The U.S. has lagged behind
many other countries in the approval of various adjuvanted vaccines. As more adjuvanted
vaccines enter the markets worldwide, particular attention must be paid to whether they are
associated with vaccine adverse events. If vaccine adverse events are noted, then further
studies will need to be conducted to determine whether the adverse event is related to the
adjuvant, to the antigens in the vaccine, or to an adjuvant-antigen combination.

International Collaboration

International partnerships between clinicians, public health officials, epidemiologists, and
clinical, translational, and basic science researchers are needed to advance the field of
adversomics. In order to overcome some of the current challenges to the field, we propose
the creation of a unifying infrastructure that will monitor vaccine AEs, solicit biospecimens
from patients who experience these AEs, and maintain a “biobank” of these specimens for
research. There are multiple agencies in the U.S. that are studying and monitoring vaccine
AEs and safety, including the CDC, Vaccine Analytic Unit with Department of Defense
(DOD), The FDA'’s Center for Biologics Evaluation and Research (CBER), the Military
Vaccine Agency (MILVAX) within DOD, and individual manufacturers [25]. We propose a
broader, coordinated, and more cohesive infrastructure.. The oversight of all of these efforts
must be coordinated and infrastructure for such an effort must be built, but we cannot stop
here.

As we are reminded daily, particularly with transmission of infections across countries and
continents, we live in a global community. In order to determine the rates, associations,
causality, and mechanisms behind vaccine AEs, particularly the rare ones, we need an
international effort of regulatory, clinical, and scientific teams working together to
demystify such events. The Brighton Network [121] and WHO Global Vaccine Safety
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Initiative [122] are examples of collaborative international networks focused on vaccine
safety research. Such international collaborative networks could be platforms for
adversomics research. Through combining the spectrum of clinical, translational, and basic
science research across the globe toward the goal of advancing adversomics, new knowledge
will be uncovered that may identify individual risk factors, enlarge our understanding of
immune mechanisms, and define biomarkers of risk and immunity that can assist in
optimizing the development of new vaccines, diagnostic tests, and therapeutics to protect
humans from infectious diseases.

Expert Commentary and Five-Year View

Future directions for adversomic research include understanding the role of female biologic
sex in vaccine AEs, as females frequently have higher rates of vaccine AEs, evaluation of
age and immunosenesce as a risk factor for vaccine AEs, careful attention to the role of
adjuvants, and development of international collaborations and biobanks for this research.

Moreover, the promise of adversomics is to understand the mechanisms behind vaccine
adverse events in order to improve vaccine safety and to personalize our approach—offering
the right vaccine, at the right dose, at the right time, to the right person. Such an approach
offers both safety and economic benefits. Such mechanistic information may also inform
new vaccine discovery efforts.

Over the next five years, for adversomics research to move from its infancy, researchers
from across the translational science spectrum need to partner together; vaccine AEs with
causal associations to current licensed vaccines must be identified and thoroughly
investigated; international biobanks of samples from those with vaccine-related AEs needs
to be created; and immunogenetic and systems biology studies need to be conducted
utilizing these samples. OMICS technologies will continue to adapt and advance. Our
thinking and research methods will need to do so, as well, if we aspire to rationally design
vaccines that will maximize immunogenicity and effectiveness, while minimizing adverse
events.
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Key Issues

Adversomics is the application of immunogenomics and systems biology

approaches to understand the genetic and non-genetic drivers of vaccine adverse

reactions at the molecular level.

Understanding and preventing serious adverse vaccine reactions is critical to
improving public trust in vaccine safety and to developing new safe and
effective vaccines.

Vaccine immunogenicity and vaccine adverse events have been reported at
higher rates for females than males for multiple vaccines; This observation
warrants further evaluation.

International partnerships between clinicians, public health officials,
epidemiologists, and clinical, translational, and basic science researchers are
needed to advance the field of adversomics.

An international biobank of specimens from patients with vaccine adverse
events needs to be created in order to conduct further adversomics studies.
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WHO Classification of Adverse Events Following Immunization.

WHO Classification of Causality [16]

Examples/Comments

A. Consistent causal association to immunization

Al and A2. Vaccine product-related and vaccine quality-defect related
reactions

. Reactions associated with site and route of administration

Local pain at injection site

. Immune-mediated vaccine reaction

. Local Injection site reaction

. Multisystem (generalized reactions) Fever IgE mediated hypersensitivity Non-1gE mediated
hypersensitivity Immune complex mediated reaction

. Organ-specific (may be autoimmune or undefined mechanism) CNS (Guillain Barre syndrome)

. Reactions as a consequence of replication of vaccine-associated
microbial agent

Yellow fever vaccine-associated viscerotropic/neurotropic
disease

. Direct toxic effect of a vaccine component or metabolite

Product quality defect

A3. Immunization error-related reaction

. Error in vaccine handling

Decreased efficacy due to maintenance of cold-chain

. Error in vaccine prescribing

Incorrect prescribing of a vaccine for which an individual
has a known allergy to vaccine components

. Error in administration

Incorrect sterile technique resulting in a site infection

A4. Immunization anxiety-related reaction

Vasovagal and hyperventilation reactions

B. Indeterminate

B1. Consistent temporal relationship but insufficient evidence for causality

The details of these cases should be noted in a national or
international database. Over time, if similar cases are
reported, the recorded cases may assist in identifying a
signal that could suggest a causal association.

B2. Conflicting trends of consistency and inconsistency with causality

C. Inconsistent causal association to immunization (coincidental)

Manifestation or complication of an underlying congenital,
inherited, or acquired disease that may or may not have
been diagnosed prior to immunization
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