Chapter 17
Safety Challenges Facing Next Generation
Vaccines and the Role for Biomarkers
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17.1 Introduction

This chapter will provide the reader with a framework of how vaccine safety is
currently assessed and will review the strengths and limitations of tools utilized
preclinically to determine the safety of new vaccines (with a focus on adjuvanted
vaccines). The specific safety challenge that has faced vaccines recently and will
undoubtedly face the next generation vaccines is that of the infrequent and delayed
adverse event of autoimmune disease which shares ingredients of the immune
response that are being modulated by next generation vaccines (e.g., T-cells, B-cells,
tolerance, TLR, inflammasome). Therefore, the following sections will provide an
introduction to the challenges facing preclinical and clinical studies utilizing novel
adjuvants. Finally, this chapter will conclude with a “translational” section related
to biomarkers and their potential to predict outcome in subjects receiving vaccina-
tion. Examples of vaccine-dependent signatures with the potential to predict subject
responses, such as immunogenicity, efficacy and safety, as well as subject-specific
signatures (e.g., genetic makeup) that may modulate these responses will be provided
to emphasize the dual-edge of how increasing the immune response may be favor-
able for efficacy but potentially detrimental for safety. This is one of the key chal-
lenges for the next generation of vaccines and the identification of reliable biomarkers
that have the potential to overcome this challenge. The chapter will thus conclude
with the large quantity of information that is likely to result from biomarker research
and what will need to be addressed to enable biomarkers to fulfill their promise.
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17.2 Current Vaccine Safety Assessments

Because vaccines are usually administered to subjects who are otherwise healthy,
they are placed under higher levels of scrutiny regarding related toxicity/adverse
events than other pharmaceuticals. Furthermore, vaccines are composed of numer-
ous components (Table 17.1) which, theoretically, have the potential to increase the
chances for eliciting an associated toxicity compared to small molecule therapies
that consist of single compounds.

Furthermore, there is a diverse range of adjuvants (e.g., inorganic salts such as
alum, oligonucleotides, emulsions such as MF59, and agonists of various Toll-like
receptors and other components of the innate immune system) that can be formu-
lated with certain vaccines to enhance the immune response. Each of the ingredients
comprising a vaccine, particularly novel adjuvants, requires the same careful evalu-
ation that a new chemical entity undergoes. There are clearly defined guidelines
from the US Food and Drug Administration, European Medicines Agency, and the
World Health Organization [1] that form the basis of current preclinical toxicology
studies for vaccines to assess the risk for human toxicity, including the following:
single-dose studies, repeat-dose studies, local tolerance, safety pharmacology,
development and reproductive studies, specialized toxicity, and toxicology for new
chemically synthesized adjuvants. The signals assessed by these studies focus on
changes in physiology, histopathology, injection site irritation, specific organ sys-
tems, fertility/fetal development, theoretical concerns, and hypersensitivity/
genotoxicity.

These preclinical toxicology studies are designed to assess the intrinsic toxicity of
vaccine formulations (including vaccine antigens, adjuvants and excipients), as well
as toxicity resulting from the induced immune response. However, such routine stud-
ies have their limitations as dramatically illustrated by the unanticipated serious
adverse events produced by anti-CD28§ therapy in humans that was not observed in
animal testing [2]. Furthermore, preclinical safety evaluations may not be adequate
for identifying certain rare but potentially serious vaccine-associated adverse events,
such as intussusception, hypersensitivity, febrile seizures, or anaphylaxis, and these
evaluations are limited in predicting certain types of acute toxicities in the absence of

Table 17.1 Vaccines may be based on various platforms each with
its own potential for toxicity

Vaccine components

Attenuated/live organisms (including bacteria, viruses, or parasites)
Living irradiated cells

Virus-like particles

Recombinant viruses

Plasmid DNA

Synthetic peptides

Polysaccharides

Purified/recombinant proteins
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a relevant species for toxicity assessment. For example, with adjuvanted vaccines in
particular, species-specific differences in cells, receptors, signaling pathways, and the
tissue distribution of common components of the immune system targeted by adju-
vants may lead to erroneous conclusions regarding human safety. One can imagine the
difficulty in accurately predicting toxicities that are rare and that might occur acutely
(such as viscerotropic disease and neurotropic disease after yellow fever vaccination)
or arise months or years after vaccination (as seen with autoimmune diseases).

17.3 Focusing on Adverse Events

Potent stimulation of the immune response with adjuvanted vaccines has led to
concerns regarding possible induction of autoreactivity. However, such concerns
need to be methodically and thoroughly investigated due to the negative conse-
quences to the welfare of the public when a safe and effective vaccine is incorrectly
linked to an adverse event. For example, the false association between the measles/
mumps/rubella (MMR) vaccine and the development of autism [3] led to a decrease
in vaccination in the United Kingdom with subsequent increases in cases of mea-
sles. So why are adjuvants used in vaccines? The main reason is to enhance the
effect of antigens or antigenic preparations for vaccines. For example, the use of
highly purified subunit and recombinant antigen vaccines has resulted in less immu-
nogenic second generation vaccines due to the absence of ill-defined immunostimu-
latory contaminants contained in earlier vaccines. Such was the case for whole-cell
diphtheria, pertussis, and tetanus (DTwP) vaccine [4], where traces of immunos-
timulatory components [5] that may have been ligands for TLR and other innate
immune receptors [6, 7]. Thus, the addition of adjuvants may compensate for the
reduced immunogenicity of purer antigen preparations. Other important reasons to
include adjuvants are to overcome hyporesponsiveness in certain populations (e.g.,
infants, elderly, immunocompromised), reduce the dose of vaccine required, reduce
the number of injections, and enhance the quality or breadth of the immune response
[8]. However, as more insights have been gained about the pathways by which the
innate immune system recognizes pathogens, there have been increasing concerns
that potent adjuvants may trigger unwanted inflammation and autoimmunity.

17.3.1 Historical Concern for Adjuvants Triggering
Autoimmunity

There have been only a few documented cases of autoimmune disease induced by
vaccines (Table 17.2). The rabies vaccine used in the 1920s contained phenolized
sheep brain and induced encephalomyelitis in 0.1% of vaccinees. This vaccine prep-
aration is no longer used in humans. The influenza vaccine used in the 1970s
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Table 17.2 Documented cases of vaccines inducing autoimmunity

Vaccine preparation Autoimmune disease

Nerve cell rabies vaccine (1920) Encephalitis [9]

Swine flu vaccine (1970) Guillain—Barre syndrome [10]

Measles vaccine or measles, mumps, rubella (MMR) vaccine Immune-mediated thrombo-
cytopenic purpura [11]

Inactivated virosomal-subunit vaccine (E. coli toxin adjuvant) Bell’s palsy [12]

contained the high-yielding influenza recombinant X-53 and had an estimated risk
of one case per 100,000 of Guillain—Barre syndrome. Subsequent influenza vac-
cines based on different strains have a much lower risk of 1 in 1 million [13]. Both
the measles vaccine and the MMR vaccine are associated with a risk of immune-
mediated thrombocytopenia (1 in 30,000). However, the risk induced by the vac-
cines is substantially lower than after contraction of the natural diseases of measles
or rubella (1 in 3,000 to 1 in 6,000, respectively) [14].

17.3.2 Utility of Preclinical Studies for Adjuvant-Triggered
Human Autoimmune Disease

Strategies that are currently approved for assessing adjuvant toxicity preclinically
have been insightful for more general and acute adverse reactions including skin
eruptions at the injection site, musculoskeletal symptoms, and those of systemic
inflammation (e.g., fever). However, preclinical models for predicting autoimmune
diseases remain elusive for the reasons related to the differences in genetics and
physiology between animals and humans, and the uncertainties and differences
regarding the etiologies of autoimmune diseases in both species. There are numer-
ous animal models of autoimmune disease, but their ability to predict human dis-
ease is limited in several respects. First, these models typically mimic the human
disease that converge at the levels of end-stage pathology but differ in their patho-
genetic mechanisms of action. For example, the MRL-FAS"™ mouse strains [15]
show similarities in the high titers of autoantibodies and renal disease but lack other
clinical manifestations typically identified in the human disease. Second, the use of
animal models that develop autoimmune disease at a high frequency (e.g., 90%
incidence) may not be able to predict the incidence of rare autoimmune disease
events in humans. Third, animal models induced to develop autoimmune disease
may have an induction phase with very little relevance to the disease development
in humans (e.g., experimental autoimmune encephalomyelitis [16] in rodents for
predicting human multiple sclerosis development). Fourth, spontaneous animal
models of autoimmunity may have similar pathologies to humans, but the genetic
basis and mechanism of pathogenesis may be quite different. The MRL-Fas”" mouse
model, which spontaneously develops lupus nephritis, has a mutation in the Fas
gene responsible for defective lymphocytes apoptosis [15]. Polymorphisms in the
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Fas gene, however, have not been reported to be linked to lupus susceptibility in
genome-wide association studies in humans [17, 18]. Finally, it is also important to
consider species-specific differences related to an adjuvant’s mode of action. For
example, studies in humans have demonstrated that TLRY is expressed in plasma-
cytoid dendritic cells and B cells [19-21]; in mice, however, this TLR is addition-
ally expressed in macrophages, myeloid dendritic cells, and activated T-cells
[22-25]. Another important component of the innate immune system, TLRS,
appears to utilize different agonists in humans versus other species [26]. These spe-
cies differences in agonist usage, expression, and cellular distribution make infer-
ences from preclinical toxicology studies assessing novel adjuvants difficult and
highlight the need for more preclinical models that can better reflect human physiol-
ogy (e.g., humanized, non-rodent species, or transgenic models, or in vitro cell- and
organ-based systems based on human tissues).

17.3.3 Hpypersensitivity: A Rare but Relevant Safety Signal

Induction of hypersensitivity reactions by today’s vaccine preparations is rare but
can still happen. In fact, although the exact figures are unknown, it is estimated that
at least one per 500,000 individuals develop immediate or late hypersensitivity reac-
tions to vaccines [27, 28]. Of these, most reactions occur to vaccine components
used to formulate, produce, or potentiate their action including but not limited to
ovalbumin, aluminium, yeast proteins, gelatin, antibiotics or some preservatives and
stabilizers such as 2-phenoxyethanol and thiomersal [29—44]. While the cumulative
experience in the field of vaccine research and development has allowed us to pre-
dict and prevent the occurrence of severe immediate hypersensitivity reactions,
most allergic reactions are confined to the local site of injection and are also limited
in time. Immediate and local reactions are mostly represented by erythema, swell-
ing, and local pain accompanied infrequently by symptoms derived from the activa-
tion of the systemic immunological system (e.g., fever and irritability) [45]. Most
common delayed-type hypersensitivity reactions may manifest as eczema which
extend beyond the area of inoculation or the typical Arthus-like reaction classically
seen in hyperimmune individuals receiving the tetanus vaccination [46, 47].
Although these are all clinically self-limiting, the prediction of adverse events
related to occurrence of hypersensitivity reactions have been and continue to be one
of the first considerations in the design of clinical trials.

Both local and systemic reactions to adjuvants can be somehow attributed to the
activation of immune inflammatory mechanisms triggered by tissue damage and
mediated by a range of cytokines such as IL-1, TNFa and IL-6. These are respon-
sible for commonly seem flu-like symptoms, acute vascular responses, worsening
of autoimmune or allergic diseases or other manifestations of immunotoxicity [45].
Delayed-type hypersensitivity constitute the basis of the histopathological mecha-
nisms that participate in these reactions and are clinically involved in diseases such
as MMF (macrophagic myofasciitis), which has been associated with the local
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administration of aluminum salts, although evidence of its etiological link remains
controversial [48-50].

Perhaps one of the key safety issues to consider in terms of the potential develop-
ment of hypersensitivity and toxicity reactions is the predictability of safety signals
in adjuvanted vaccines administered to pregnant women. The potential advantages
of providing ante-natal protection to diseases for which no natural immunity devel-
ops within the first 6-8 months of life is of paramount importance. Immunotoxicity
studies in this context are limited and preliminary. For example, it has been shown
in animal experimental models that injection of high doses of CpG adjuvant can
increase the incidence of fetal resorption and craniofacial and limb defects, while a
contrary effect can be obtained when lower doses are administered [51-54]. This
effect was attributed to the development of Thl-mediated immune responses that
correlated with the development of cellular necrosis and a mixed inflammation reac-
tion and calcification in the spongiotrophoblast layer of the placenta [51]. Induction
of secretion of cytokines by adjuvants is a well-known and expected mechanism
responsible for the recruitment of both innate and adaptive immune cell mediators
to the site of injection and for the systemic effects of all adjuvanted vaccine formu-
lations. In this sense, it has been proposed an active role of the placenta in the devel-
opment and regulation of gene expression related to immunoregulatory component
(i.e., cytokines) during organogenesis and hence the potential involvement of the
fetal tissue in modulatory effects to vaccines [52, 54]. These and the issues dis-
cussed above has prompted the need for biomarker discovery to predict such adverse
reactions and design safer, more effective vaccines.

17.3.4 Clinical Challenges

Given the above-mentioned limitations in translating preclinical findings to
responses in humans, it will be necessary to develop alternative preclinical tools to
better assess risk in humans. To tackle the issue of autoimmune disease, the clearest
answer would be derived from clinical studies that include patients with active auto-
immune disease or at high risk of developing disease. However such scientifically
and medically driven strategies face obvious ethical issues when considering treat-
ments that could trigger or exacerbate underlying disease. A more feasible approach
could investigate whether markers of biological processes that are known to occur
in patients with autoimmune disease are seen in normal subjects after vaccination.
Such a signature in response to vaccination (that would be safe in normal individu-
als with normal regulatory processes of the immune system) could highlight a
potential risk if the vaccine was given to a “susceptible” subject with a defective
regulatory mechanisms. For example, the gene signature regulated by interferon
type 1 is consistently associated with systemic lupus erythematosus and other auto-
immune diseases [55]. However, similar signatures are also elevated after natural
viral infections and immunization by live vaccines regarded to be safe for humans
(e.g., yellow fever) [56, 57]. Therefore, other factors such as location and duration
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of the induced signature are likely to be important with local and transient signa-
tures being of less concern than systemic and continuously elevated signatures.

17.4 Translational Studies: The Promise of Biomarkers

Vaccine biomarker efforts have typically involved measurement of basic immune
responses, but it is becoming evident that there is a wide variability in the human
immune and other host responses, which will make the interpretation of these vac-
cine-induced immune responses challenging. These variables include age-related
differences in the quality of the immune response, subtleties related to approaches
for prophylactic vs. therapeutic vaccines, and how differences in the genetics and
general health status of the host can alter the resultant immune response. To begin
to address these variables, efforts are underway to benchmark next generation vac-
cines (e.g., with novel adjuvants) against natural infection or licensed vaccines that
have demonstrated acceptable immunogenicity and efficacy and are generally con-
sidered to be safe. Such studies will collect detailed information on a wide variety
of early and late human host responses and will form the basis for creating a com-
prehensive database of information from which biomarkers and signatures may be
generated. The goal of such biomarkers would be to enable the development of vac-
cines that safely mimic the host response to natural infection or demonstrate in early
clinical studies an immunogenicity or safety profile similar to a licensed vaccines.
An extension of the accumulated biomarker data to late stage clinical studies testing
efficacy provide the opportunity to develop correlates of protection and safety.

17.4.1 Vaccine-Dependent Signatures

17.4.1.1 Predicting Efficacy

While gene expression signatures found their niche in cancer prognosis [58], their
successful application to vaccine development will require a better understanding of
the human immune response (innate and adaptive immunity) in general, in the set-
ting of immunization, and in response to various types of infection. The feasibility
of such an approach was demonstrated in an elegant study [57] where gene signa-
tures were explored in peripheral blood mononuclear cells obtained from subjects
immunized with the yellow fever vaccine (YFV-17D). This licensed vaccine serves
as a useful benchmark as it is considered to be one of the most effective vaccines
(e.g., broad immune response with single injection) that has been administered to
more than half a billion people. The authors of this study applied a systems biology
approach and extracted distinct gene signatures correlating with the magnitude of
the CD8 T-cell response induced by immunization with YFV-17D or those that are
associated with increased antibody titers. These signatures were validated in an
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independent study and were almost 90% accurate in predicting response rate within
a few days after vaccination versus those subjects likely to develop protective levels
of antibody. Although the dream of many is that a single vaccine modality should
protect against a particular infectious disease in all people, the reality is that certain
individuals will be predisposed to respond differently to a vaccine, particularly as
has been documented by the relatively poor responsiveness to the hepatitis B vac-
cine in subjects with specific HLA haplotypes [59] or polymorphisms in cytokine-
related genes [60]. Recently, it was demonstrated that individuals possess distinct
populations of commensal microorganisms (or microbiota) [61]. It is probable that
such differences could influence the course of an infection or response to an immu-
nization, particularly those involving mucosal administration. These subject-specific
differences may be exploited by future technologies to enable the efficacy of the
next generation of vaccines to be tailored to populations as a function of their genetic
makeup and microbiota. Both of the above-mentioned examples highlight the poten-
tial for gene expression signatures in predicting responses and eventually safety
provided that such signatures undergo extensive validation.

17.4.2 Subject-Specific Signatures

17.4.2.1 Predicting Safety

As alluded to earlier, continuously evolving technologies may eventually provide
the tools to exploit genetic and environmental differences among subjects to improve
vaccine efficacy but the same approach can be utilized to improve vaccine safety.
For example, serum samples obtained from subjects who have experienced adverse
events during a vaccine clinical trial (if timed appropriately) may enable the
identification of safety biomarkers. A study illustrative of this personalized medi-
cine approach was the prediction of fever after administration of the smallpox vac-
cine according to genetic predisposition [62]. This detailed study performed
genotyping and sequencing of DNA obtained from the whole blood of more than
300 subjects immunized with the Dryvax smallpox vaccine. Data from this study
demonstrated that specific haplotypes in the interleukin-1 (IL-1) gene complex and
in interleukin-18 (IL-18) could predict those subjects developing fever after immu-
nization. Similarly, another haplotype in the interleukin-4 gene was associated with
protection from the development of high fever. These data illustrate that even simple
signatures could potentially be used to identify safety risks in individuals receiving
other types of vaccines.

Another study also targeting smallpox vaccination [63] utilized a systems biol-
ogy approach to identify biomarkers for adverse events. High-dimension genetic
studies to examine 1,442 single nucleotide polymorphisms were coupled with more
functionally relevant proteomic data to probe associations with adverse events to
components of the immune system that were stimulated excessively or prolonged
after vaccination. Sixty-one subjects had five clinical visits for adverse event assess-
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ments (fever, generalized rash, or lymphadenopathy) in the month following immu-
nization and collection of serum samples for cytokine measurements prior to and in
the 5-7 day period post-vaccination evaluation period. The investigators used the
Random Forest method to develop a decision-flow algorithm based on three pro-
teomic variables (intracellular adhesion molecule 1 [CD54], interleukin-10, and
colony-stimulating factor 3) and a genetic polymorphism in the interleukin-4
cytokine gene. Utilizing these variables, this algorithm was capable of correctly
classifying 89% of individuals with respect to their risk for particular adverse events.
This systems biology approach visualized complex interactions among multiple
factors including genetics (SNPs in and around genes having various immunologi-
cal functions) and proteomics (cytokines responsible for mediating inflammation),
but was limited in scope to a few specific genes. One could anticipate similar geno-
typing and sequencing efforts on a broader scale on DNA obtained from responders
and non-responders to highly efficacious vaccines like yellow fever and hepatitis B
to see whether a genotype was associated with the quality of the immune response
(good vs. poor). While a comprehensive approach may seem unrealistic today,
enabling technologies in the rapidly advancing field of deep genome sequencing
will make it feasible in the future.

17.5 Challenges Facing Biomarkers

The challenges facing biomarkers are related to limitations in current technologies,
our understanding of the human immune response, and the limited information that
can be translated from vaccines that were licensed in the past and have withstood the
test of time with regards to efficacy and safety. These challenges fall into two basic
categories: interpretation of information, as previously discussed, and collection of
samples from which the information is measured. Ideally, one will need to under-
stand host responses both locally at the injection site and draining lymph nodes and
systemically. This will be true for early responses (within minutes) and late responses
(days to months). To this end, we will need (1) noninvasive means of frequent sam-
pling (e.g., implantable devices for continuous feedback), (2) miniaturization of
assays to maximize the amount of information gathered from small tissue samples,
and (3) high throughput means to assess safety and efficacy of vaccine candidates.
Together, advances in these areas will allow us to keep pace with our ability to gener-
ate better antigens, adjuvants, delivery systems, and combinations thereof.

A recent perspective [64] illustrated that biomarker signatures (e.g., gene array)
have failed to translate into clinical relevant tools due to the failure of performing
adequate validations in independent clinical trials and the overestimation of a signa-
ture’s performance. A key challenge facing biomarkers is that knowledge of how to
read the messages in the genome remains elusive. This genetic illiteracy coupled with
the absence of tools to reliably interpret how genetic data translates into biological
pathways greatly complicates the prediction of cause and effect. The development of
the next generation of vaccines would be greatly facilitated if comparable biomarker
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data from different vaccine developers were available in a standardized format that
preserved proprietary interests. Such an effort would require the establishment of
repositories requiring public funding and agreement on standardization. Furthermore,
as mentioned previously, even the creation of a well-stocked repository of “omics”
data about novel adjuvants and next generation vaccines may be of limited value if
there is no frame of reference for interpreting the data and generating hypotheses
about factors that predict safety. Therefore, “benchmark” studies will need to be
undertaken to compare human and animal model responses with next generation vac-
cines to those elicited with approved vaccines for which the safety profiles and the
adverse events are well known. The regulatory considerations for first-in-human clini-
cal trials with vaccines are elegantly presented in a recent publication [65] and should
serve as the frame of reference for next generation vaccines. As more data is obtained
on the human response to licensed vaccines and adjuvants with established safety
records, the need for guidelines on how to apply these data to evaluate novel adjuvants
and next generation vaccines is paramount. Along these lines, the U.S. Food and Drug
Administration has created a Genomics Evaluation Team for Safety to develop
approaches for the application of new technologies to the safety of biologics. Using
the existing structure of the Voluntary Exploratory Data Submission (VXDS) process
[66], one could envision the submission of biomarker data from vaccines with known
benefit-risk profiles that would facilitate future biomarker development, clinical
translation, and regulatory qualification.

17.6 Conclusion

Vaccines are a critical component of preventive medicine, and delays in the imple-
mentation of next generation vaccines due to the risks of rare adverse events (real or
perceived) will need to be balanced with the larger disease-associated morbidity and
mortality caused by infection in the general population not receiving the vaccine.
The highest hurdle for future vaccines will be the same challenge that has faced
older vaccines—safety! For next generation vaccines (especially those containing
adjuvants), there will be a need for carefully designed preclinical studies that deci-
pher the mode of action according to standards set by regulatory agencies working
in conjunction with industry. Furthermore, as our knowledge of the mode of action
becomes more sophisticated, paradoxically, so will the public perception of safety
as links will be drawn to potentially rare or irrelevant diseases based on commonali-
ties in the immune system, the vaccine mode of action, and pathways of human
disease. Therefore, there will also be a need for large-scale epidemiological studies
in human populations to confirm the safety of the next generation of vaccines (espe-
cially for the risk of rare or delayed adverse events, such as autoimmune disease).
The reader should appreciate that in addition to the challenges of vaccine-related
adverse events, there will always be the delays to safe and effective next generation
vaccines caused by coincidental associations (not vaccine-related) that will occur
with longer follow-up periods of vaccinated subjects due to factors related to the
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environment, diet, age-related changes in the immune system, and conditions asso-
ciated with triggering autoimmune disease in susceptible subjects (e.g., pregnancy
or exposure to natural infections).
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