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Abstract

The immunogenetic basis for variations in immune response to vaccines in humans remains largely
unknown. Many factors can contribute to the heterogeneity of vaccine-induced immune responses,
including polymorphisms of immune response genes. It is important to identify those genes involved
directly or indirectly in the generation of the immune response to vaccines. Our previous work with
measles reveals the impact of immune response gene polymorphisms on measles vaccine-induced
humoral and cellular immune responses. We demonstrate associations between genetic variation
(single nucleotide polymorphisms-SNPs) in HLA class | and class Il genes, cytokine, cell surface
receptor, and Toll-like receptor genes and variations in immune responses to measles vaccine. Such
information may provide further understanding of genetic restrictions that influence the generation
of protective immune responses to vaccines, and eventually the development of new vaccines.
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Background

Recently the Centers for Disease Control and Prevention identified ten of the greatest public
health achievements and placed vaccination at the top of the list [1]. Vaccines are among the
most effective and cost-effective of our public health initiatives [2]. Bunker et al. reported that
the lifespan of a U.S. resident improved from 1900 to 1999 by 30 years with 25 of these years
being due to public health interventions such as vaccines [3].

A great deal of the success with implementation of routine vaccination rests on a “one size fits
all” strategy with the elimination of false contraindications and the universality of the
recommendations facilitating standing orders and mass vaccination. Vaccines are the only
medical intervention that we attempt to deliver to every living human on earth. With the
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advances coming from the new biology of the 215t century it is appropriate to now ask the
question “how might new genetic and molecular biology information inform vaccinology
practices of the future?” With the advent of whole-genome scanning and the increasing
application of immunogenetic and immunogenomic approaches to vaccines, we must consider
how we might advance vaccination practice with information regarding genetically-mediated
individual variation in vaccine response and reactivity. Several examples are worth
considering. The humoral (antibody) response to a vaccine is determined by a number of
factors, including age, gender, race, the quality and quantity of vaccine antigen(s), the number
of doses administered, and the route of immunization. However, a “one size fits all” approach
could lead to vaccine delivery policies that may ignore future immunogenetics findings. For
example, data suggest that up to 40% of the adolescent population develop protective levels
of immunity (although the duration of that immunity is unclear) after one to two doses of
hepatitis B vaccine (HBV) raising the question of whether everyone needs three doses of HBV.
In considering issues of vaccine non-responsiveness, a good illustration is HBV, where
multiple doses (6 or more) are necessary in some individuals to induce an immune response
that in the majority of individuals requires only two or three doses [4]. We might similarly ask
the question can we predict who will develop serious side effects after a vaccine, such as
neurological complications after vaccinia or yellow fever vaccine. All of these questions
expose the need for considering the application of new data emanating from genetics,
immunology, molecular biology, bioinformatics, and other fields toward a more personalized
or individual approach to vaccine practice.

The Immune Response Network Theory

A variety of factors impact the heterogeneity of vaccine-induced immune responses. Some of
these include gender, vaccine dose, the integrity of vaccine storage and cold chain maintenance,
immune system function and integrity, age, body mass index, and others. Our laboratory has
been working on the “immune response network theory” [5]. The basic underlying concept of
this theory states that the response to a vaccine is the cumulative result of interactions driven
by a host of genes and their interactions and is, therefore, theoretically predictable. The basic
genetic elements of the network include genes which activate or suppress immune responses,
the dominance profile of a given gene or polymorphism, epigenetic modifications of genes,
the influence of signaling genes and innate response genes, gene-gene interactions, and genes
for other host response factors.

While we increasingly understand the role of genetic causes of heterogeneity and treatment
effects with drugs this awareness is new in regards to our thinking with the immune response
to vaccines. Spielberg [6] comments, “Just as pharmacogenetics has suggested ways of
designing drugs to minimize population variability, understanding mechanisms of
immunogenetic variation may lead to new vaccines designed to minimize immunogenetically
based failure”. So the new question that vaccinologists in the 215t century must ask is why
immune responses to biologics and vaccines vary among otherwise healthy recipients and what
explains this heterogeneity?

Immunogenetic Determinants of Vaccine Response

Genetic influences can occur via polymorphisms of a variety of genes involved directly or
indirectly in the generation of the immune response. This can include membrane-based viral
receptors, innate toll-like receptors (TLRs), signaling molecules, cytokine genes, cytokine
receptor genes, human leukocyte antigen (HLA) genes, immunoglobulin Gm and Km
allotypes, vitamin A and D receptor genes as well as many others. In addition, it is important
to consider the mechanisms for such polymorphism driven effects. These can include
differential viral or antigen binding and processing, differential expression/presentation of
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antigenic peptides, a differential range of presented peptides (genetic restriction), altered
secretion patterns, for example of cytokines, altered transcription of important genes such as
signaling molecules and gene products, altered binding of virus or antigens by membrane-
based receptors, and differential receptor function, expression, and affinities as well as others.

The Measles Example

A useful model for further examining this issue of the immunogenetics of vaccine responses
has been examined by our laboratory in regards to live measles virus vaccine. Interestingly
measles was thought to be well controlled and on its way to eradication in the late 1980°s in
the US. However, beginning in 1989 a measles resurgence occurred which lasted until 1991
and led to an estimated 55,000 documented cases, > 11,000 hospitalizations, approximately
155 deaths, and direct medical expenses which exceeded $150 million dollars [7]. Our
laboratory noticed that depending on the year examined 20% - 40% of these children had
received one or more doses of measles vaccine, raising the specter of vaccine failure at a rate
that was unanticipated. Thus our laboratory decided to use live measles vaccine as an
immunogenetic probe of variations of immune responses for the following reasons [8]:

It is the most transmissible human virus known

Measles is a monotypic virus

High immune response heritability [9]

Little in the way of natural disease and hence immune markers could be ascribed to
vaccine

Outside the US measles caused significant morbidity and mortality and hence is of
high public health importance

After polio, measles is the “next” virus being considered for elimination or eradication

Measles virus is increasingly being used as a backbone vector for delivery of other
agents, for example in oncolytic vaccines [10,11]

The Role of Twin Studies

An important method in which to study genetic causes of variations in vaccine response is
through the use of twin studies. Twin studies provide the ability to separate genetic and
environmental factors and to explore the contribution of genetic factors related to variability
and immune response. In particular, twin studies allow the determination of the proportion of
variation attributed to specific genes and this enables the concept of heritability which is defined
as the ratio of genetic variance to total variance [12]. In one of our early studies, we examined
120 healthy twin pairs who had received one to two doses of measles-mumps-rubella-11 (MMR-
I1) vaccine. Among this cohort, 45 of these twin pairs where monozygotic and the remainder
dizygotic [9]. We examined the heritability of immune responses to MMR-I1 and found that
the heritability for measles was almost 90% (p<0.0001) whereas the heritability for mumps
and rubella was much lower at 39% and 46%, respectively. These findings clearly pointed to
the conclusion that much of the measles vaccine-induced immune response was genetically
determined, providing the rationale for more in-depth studies of candidate genes and their
association to measles vaccine-induced immune responses.

HLA Gene Polymorphisms

Given the finding of very high heritability of immune responses to measles vaccine, our
laboratory embarked on a series of studies designed to answer questions such as how important
are immune response gene polymorphisms in the immune response to measles vaccine, and
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what is the role of gene homozygosity and of more than one dose? We also were interested in
whether our answers would be generalizable across other viral vaccines and if so might we be
able to identify new immunogenetic mechanisms that would explain some vaccine response
enigmas. In one of our first studies we examined 900 healthy Rochester school children from
both private and public schools and from all socioeconomic strata. This was a convenience
sample of children who had been immunized with one dose of MMR-I1 vaccine and for which
there was medical record documentation of immunization. There had been no circulating
measles in the community since 1980, the earliest year of birth for any member of the study
cohort and hence detectable antibody was due to vaccine and not infection. We performed
virus-specific enzyme immunoassay (E1A)-based 1gG antibody testing and molecular HLA
typing, and discovered that were that 10% of the subjects were seronegative; we also noted
that the seronegatives and serohyperpositives clustered among related family members who
were immunized in different years [8,9]. This observation prompted the question of why in
this cohort of apparently healthy children all of whom received the same vaccine did we see
extremes of the biologic continuum in terms of antibody response (i.e. 10% seronegative and
10% serohyperpositive)? We reasoned that these findings might be genetically determined,
and hypothesized that subjects who developed low or high antibody response after measles
vaccination may have genetically determined differences in their immune response to measles
virus that led to either lower levels or higher levels of antibody response.

We begin our studies examining the influence of HLA gene polymorphisms including the HLA
class I A, B, and C genes and the class Il DR, DQ, and DP genes on the short arm of human
chromosome 6 (6p21.3). HLA genes encode proteins expressed on antigen-presenting cells
and are the machinery by which endogenous and exogenous naturally processed measles virus
peptides are presented to T helper cells. We hypothesized that variations in antibody response
would be determined by genetic polymorphisms of the HLA genes and sought to relate antibody
response to specific HLA alleles, to HLA homozygosity, and to class | and 11 haplotypes. We
did not find any significant association with HLA-A genes, but found significant associations
with HLA-B (p=0.016) and HLA-C (p=0.0007) class I loci [13]. HLA allelic associations with
measles vaccine-induced humoral and cellular immunity for non-responders and hyper-
responders are shown in Table 1. For example, low measles antibody levels are associated with
class | HLA-B*8, B*13, B*44, and class 1| HLA-DRB1*03 and DQA1*0201 alleles, whereas
HLA-B*7, DQA1*0104, and DPA1*0202 alleles are associated with high antibody levels
following measles vaccine [14-16]. We also examined class | HLA supertypes, which are based
on a shared sequence motif in the peptide-binding pockets of HLA molecules, for measles
vaccine non-responders and for hyper-responders. The HLA supertypes with the strongest
associations with lower measles antibody levels included B44 and B58 (global p-value=0.01).
In contrast, the B7 supertype was associated with higher measles-specific antibody levels
[17].

We also examined measles humoral and cellular immune responses and HLA haplotypes for
class I and class Il genes. The haplotypes with the strongest associations with lower measles
virus 1gG antibody responses were A*24-C*03-B*15 (p=0.04), DRB1*07-DQB1*03-
DPB1*04 (p=0.001) and DRB1*07-DQB1*02-DPB1*02 (p=0.05). In this study, the A*26-
C*12-B*38 (p=0.02), DRB1*04-DQB1*03-DPB1*03 (p=0.02) and DRB1*03-DQB1*02-
DPB1*04 (p=0.01) haplotypes were associated high measles-specific cellular
(lymphoproliferation) immune responses (Table 1) [18]. These studies are complemented by
a different study that showed associations between alleles of the DRB1, DQB1, DQAL, and
DPAL loci and 1L-2, IL-10, and I1L-12p40 cytokine responses to measles vaccine [19]. The
immunologic significance of HLA class I and class 11 genes in measles vaccine-specific IFN-
v and IL-4 cytokine immune responses was also demonstrated [20,21]. Finally, we counted the
number of loci (out of 7) for which each subject was homozygous. We noted that children
homozygous for at least one HLA locus were almost twice as likely to be seronegative (OR
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1.97, 95% CI 1.08-3.61) and children homozygous at > 4 loci were 4 — 5.5 times more likely
to be seronegative (95% CI; 1.22 — 25) following a single dose of measles vaccine [22];
however, we then performed an interesting study. We identified 130 children who were
seronegative by EIA after one dose of MMR-I1 and re-immunized them with a second dose of
MMR-I1. We preformed 1gG antibody testing six weeks later and demonstrated that 81.5%
(n=106) became seropositive and 18.5% (n=24) remained seronegative [23]. We then
reexamined our results among subjects who had received two doses of measles vaccine and
found that except for the HLA-B*44 (B*4403) our class | and class Il HLA effects were no
longer detectable (Table 2), just as had been seen by others examining immune responses to
repeated doses of hepatitis B vaccine [24,25]. Interestingly, individuals who were homozygous
at the class Il DRB1, DQAL, DPAL and DPBL1 loci had higher measles vaccine-induced IFN-
v secretion levels compared with individuals who were heterozygous for these loci.
Homozygosity at increasing numbers of HLA loci (>=4) was associated with increased in
vitro IFN-y secretion (test for trend p-value=0.01). Thus, following two doses of live attenuated
measles vaccine, we found an extinction effect, with HLA homozygosity no longer
demonstrating a disadvantage for measles-specific cytokine responses [26].

Measles Virus Receptor Gene Polymorphisms

These results prompted additional studies examining immunogenetic markers of measles
vaccine-induced response heterogeneity [27-29]. We started by examining gene
polymorphisms in the two genes coding for the measles receptors — signaling lymphocyte
activation molecule (SLAM, also known as CDw150) and membrane cofactor protein - CD46
[30,31]. SLAM and CD46 both have measles virus binding domains extending upward from
the cell membrane-based receptors. We reasoned that polymorphisms in measles virus
receptors could influence the immune response to live measles virus vaccination by a variety
of potential mechanisms, including modified measles virus binding, altered entry, differential
uptake, altered signaling, and or altered receptor expression [32]. We found a variety of
statistically significant SLAM and CD46 single nucleotide polymorphisms (SNPSs)
associations, in some cases associated with an allele-dose relationship (global p-value for
measles=0.003) (Table 3) [33]. For instance, increased representation of minor alleles for
rs3796504 and rs164288 in the SLAM gene were associated with an allele dose-related four-
fold decrease in measles-specific 1gG antibodies. While the mechanism for this finding is
unclear, we postulate that these SNPs may negatively impact the ability of measles vaccine
virus to bind to its receptor, and hence prevent induction of humoral immunity. To determine
whether these associations may have been due to chance we examined the specificity of genetic
associations by simultaneously looking at the association between the specific SNPs found to
be associated with measles immune responses and immune responses to concomitantly
administered mumps and rubella vaccines. No statistically significant associations were found,
further increasing our confidence in the results. Thus, the SLAM and CD46 SNP associations
we observed were specific to measles vaccine-induced humoral immune response and were
not found with co-administered mumps and rubella vaccine-induced immune responses [33].

Cytokine and Cytokine Receptor Gene Polymorphisms

Polymorphisms in coding and noncoding regions of cytokine and cytokine receptor genes can
influence many aspects of cytokine biology, for instance transcriptional activity, protein
secretion, receptor binding, direct interactions with viral proteins and functional activity [34].
These observations prompted additional work involving the role of cytokine and cytokine
receptor SNPs reasoning that since cytokines play an essential role in regulating viral vaccine-
induced humoral and cellular immunity [35]. SNPs that alter cytokine levels or cytokine
activity could also influence the outcome of immune response following measles vaccination
[36]. For instance, homozygosity of CA repeats in the IFN-y gene was found to be associated

Vaccine. Author manuscript; available in PMC 2009 November 18.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Poland et al.

Page 6

with increased production of IFN-y following in vitro stimulation with measles virus [37]. We
identified a number of statistically significant associations in the IL-2, IL-10, and IL-12RB
genes as well as SNP associations with secreted cytokine levels (Table 4). SNPs within the
IL-2 gene were associated with high IgG antibody and high lymphoproliferative immune
responses, whereas SNPs within the IL-10 and IL12R genes were associated with low antibody
and lymphoproliferative responses to measles vaccination [36]. Thus, our data suggest that
certain SNPs in cytokine and cytokine receptor genes may be associated with variations in
immune response after measles vaccination, although a replication study is necessary to
confirm this observation.

Toll-Like Receptor Polymorphisms

Summary

Since viral infections can also be initially recognized by innate receptors, such as the TLRs,
we also examined the potential role of TLR polymorphisms in measles vaccine-induced
immune responses. This was logical as the laboratory adapted attenuated Edmontson strain of
measles virus is known to upregulate the expression of TLR3 in human dendritic cells via
enhanced interferon alpha and beta (IFN-a/B) secretion [38]. Of the 10 human TLRs, 3,7, 8
and 9 are endosomal and specialize in viral recognition. Specifically, TLR3 belongs to a family
of evolutionary preserved innate immune recognition molecules and recognizes double-
stranded RNA, a molecular pattern associated with viral infections [39]. Recent studies have
demonstrated a MyD88-independent signaling pathway downstream of TLR3 (and TLR4) that
is regulated by the adaptor molecule TRIF [40]. Measles virus nucleocapsid protein is also
known to activate TLR-associated signaling molecule interferon regulatory factor-3 (IRF-3),
leading to IFN production [41]. Further, wild type measles virus activates signaling through
the TRL2, TLR4, and TLRY responsive genes, and activates a TLR-responsive cytokine profile
(IL-1a/B, IL-6, and 1L-12) [42,43]. We examined the association between SNPs (n = 96; minor
allele frequency >5%) in TLRs and their associated intracellular signaling molecules and
measles-specific 19G and lymphoproliferative responses after two-doses of measles vaccine in
190 healthy individuals. We found a variety of significant SNP associations with TLRs and
their associated signaling molecules that have a known role in viral immunity and variations
in immunity after measles vaccination. For example, heterozygous variant for rs3775291 of
the TLR3 gene was significantly associated with lower antibody response to measles
vaccination (Table 5). In addition, we identified a SNP (rs5743305) in the 3’UTR of the TLR3
gene that demonstrated an association between a heterozygous variant and low measles
antibody and lymphoproliferative immune responses, supporting a role for TLR3 in measles
immunity [44]. This suggests a role of TLR3 in both innate and adaptive immune responses
to measles immunization. We also found the minor SNP allele variant GG for rs6853 located
in the 3’UTR in MyD88 that was associated with a lower measles antibody level. While it is
clear that we are at an early stage in our understanding of the role of TLRs in vaccine-induced
immune response outcomes, important early observations have been made and require further
study. Of note, recent literature on various viral models including measles suggests that TLR
immunogenetics may play a pivotal role in human disease and response to vaccination [45—
47].

Through the data discussed above, we have illustrated important preliminary associations
between measles vaccine immune responses and class | and class |1 HLA alleles, HLA
supertypes and HLA haplotypes, SLAM and CD46 receptor SNPs, cytokine and cytokine
receptor, TLR and MyD88 SNPs. The observation that polymorphisms in these genes modulate
the humoral and cellular immune responses to measles virus vaccination is significant, but
further investigations are clearly required to confirm these findings. Further we have illustrated
that almost 90% of measles vaccine immune response heterogeneity was explainable
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genetically. Thus, our data contribute to understanding of the immunogenetic mechanisms
underlying variations in the immune response to measles vaccine. In this manner, and
broadening our understanding to other vaccines, it is important to realize that understanding
and defining associations between key immune response gene polymorphisms and subsequent
immune response can aid in designing new vaccines, and in better understanding the
immunology of viral vaccine-induced immune response variability.

These data are illustrative of the type of data that could be developed for many vaccines. In
turn, such information, once further validated and confirmed, could be used to make
individualized decisions regarding vaccine practice. Difficulties remain however in the study
of the immunogenetics and immnogenomics of vaccine-induced immune responses. The
complexity and extensive polymorphic nature of immune response genes, particularly the HLA
genes, impede progress and in turn relate to statistical issues of multiple comparisons and
statistical power. In addition, issues of multigenic and other gene interaction response effects
such as complementation and epigenetics further complicate this type of work. Furthermore,
there also appear to be gender and potential ethnic or racial differences further adding to the
complexity of these studies. Finally, validation studies are essential in order to better
understand the significance of gene-specific polymorphisms and to sort true-positive from
false-positive associations [48].

Nonetheless, based on work such as what we have discussed above we envision a new
“vaccinomics” era of personalized “predictive vaccinology” in the future [5,49] whereby we
might:

Abandon a one-size (and dose) —fits-all vaccine approach for all vaccines and all
persons

Predict the likelihood of a significant adverse event to a vaccine [50]

Decide the number of doses likely to be needed to induce a sufficient response to a
vaccine

Design and develop new vaccines and studies to prove their efficacy and safety in
such a way as to begin to use them in an individualized manner [51]

Identify approaches to vaccination for individuals and groups (based on age, gender,
race, other) based on genetic predilections to vaccine response and reactivity

The issue of racial and ethnic differences in vaccine response is important, but inadequately
studied. For example, early on it was demonstrated that American Indian and Alaskan native
populations had decreased humoral immune responses to Haemophilus influenzae type b and
pneumococcal vaccines [52-54]. Similarly, native Amazon basin tribes demonstrated greater
reactivity to measles vaccine [55]. These early studies provide hints of what could be
genetically-mediated variations in vaccine responses that if better clarified could inform
vaccinology practice. Such advances could require variations in dose and schedule if not
substrate of vaccine. Further understanding of the genetic variation in vaccine response may
drive an individualization of vaccination for groups and individuals at high risk for vaccine
failure or vaccine adverse effects.

All of this must be balanced with the sobering thoughts of William Roper, MD, the Director
of the CDC from 1990 to 1993, who noted that despite the great public health success of
vaccination, the costs of routine vaccination remained a significant barrier to obtaining
recommended vaccines for persons who were uninsured or underinsured [2,56]. Cost is
important for any public health strategy and must be balanced with potential gains. While
immunogenetics can further our understanding of vaccination, it is clear that for any widespread
adoption of personalized vaccinology, much data remains to be developed, costs for genetic

Vaccine. Author manuscript; available in PMC 2009 November 18.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Poland et al.

Page 8

testing must be orders of magnitude less expensive than it is currently, and high throughput
technologies along with bioinformatics approaches that are easily accessible must be in place.
Should this occur, and driven by potential discoveries such as whether one is at risk for an
adverse outcome of a given infection — and hence whether vaccination would be cost-effective,
as well as data on adverse side effects and dosing; a new era in vaccine practice may well
evolve.
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Associations between HLA gene polymorphisms and humoral (IgG antibody) and cellular (lymphoproliferation)

immune responses to measles vaccine

HLA Gene Variant Effect References
Class | allele B*8, B*13, B*44 Decreased antibody (single dose) [14]
Class | allele B*7 Increased antibody (single dose)

Class Il allele DRB1*03, DQA1*0201 Decreased antibody (single dose) [15]
Class Il allele DRB1*08, DQA1*0104, DPA1*0202 Increased antibody (single dose) [16]
Class | supertype B7 Increased antibody (two doses) [17]
Class | supertype B44 Decreased antibody (two doses)

Class | supertype B58 Decreased antibody (two doses)

Class | haplotype A*24-C*03-B*15 Decreased antibody (two doses) [18]
Class Il haplotype DRB1*07-DQB1*03-DPB1*04 Decreased antibody (two doses) [18]
Class Il haplotype DRB1*07-DQB1*02-DPB1*02 Decreased antibody (two doses)

Class Il haplotype DRB1*15/16-DQB1*06-DPB1*04 Increased antibody (two doses)

Class | haplotype A*26-C*12-B*38 Increased cellular (two doses) [18]
Class Il haplotype DRB1*04-DQB1*03-DPB1*03 Increased cellular (two doses) [18]
Class Il haplotype DRB1*03-DQB1*02-DPB1*04 Increased cellular (two doses)

B7 supertype includes alleles *0702, *0704, *0705, *3501, *3502, *3503, *5101, *5301, *5501, *5601
B44 supertype includes alleles *3701, *4001, *4101, *4402, *4403, *4501, *4901, *5001

B58 supertype includes alleles *1516, *1517, *5701, *5702, *5801, *5802
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Extinction of HLA associations with measles 1gG antibody non-response after one versus two doses of measles vaccine

Table 2

No. of Measles Vaccine Doses (MMR-11)

HLA Class | Alleleg|

HLA Class Il Alleles

1 dose

B*8, B*13 B*44

DRB1*03, DOA1*0201

2 doses

B*4403

None
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Associations between SNPs in the SLAM and CD46 genes and humoral (IgG

Poland et al.
Table 3
antibody) immune response to measles vaccine

SNPID_| Location | Genotype | Median 19G Antibody (1U/L)|
SLAMYL

rs3796504 Thr-Pro (Ex-7) GGIGT/TT 1589/1066/497
rs164288 Thr-Thr (Ex-3) GGIGAIAA] 1602/1102/497,
rs164283 Intronic TT/TC/CC 1670/1265/1848
rs1503854 Intronic AAIAG/GG 1619/1348/1863
rs12076998 5'UTR TT/TC/CC 1457/1991/*
12025515 Intronic GG/GT/TT 1477/1796/
rs11265452, Intronic AA/AGIGG 1553/1453/1924
1s11265449 Intronic CCICGIGG 1559/1445/1796
1s16832283) Intronic TT/TC/CC 1553/1476/1924
CD46°
rs11118580 Intronic TT/TCICC 1795/1329/1072

1514374 Intronic TT/TC/CC, 1528/2748/197
rs11690650 Intronic TT/TC/CcC 1478/1463/3014
rs2724384 Intronic AA/AG/GG 1553/1131/*

Thr-Threonine; Pro-Proline; Ex-exon; 5’UTR-5' untranslated region
1 - N
A total of 21 SNPs were tested; only those found to be statistically significant (p<0.05) shown

2A total of 29 SNPs were tested; only those found to be statistically significant (p<0.05) shown

*
No subject in that genotype

Values in boldface demonstrate an allele-dose response relationship
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Cytokine and cytokine receptor SNP associations with humora (IgG antibody) and

cellular (lymphoproliferation) immune responses to measles vaccine

Poland et al.
Table 4
Gene| SNPID_| Genotype | Phenotype
1L-2
Rs2069762 GG/TGITT. Antibody™"Cellular"9"
Rs2069763 GG/TG/TT Antibody"9"Cellular™9
1L-10
Rs1800890 AA/TATT Antibody"Cellular'"
Rs1800871 AAIGAIGG Antibody"’WCeIIuIW
Rs1800872 AA/CA/CC Antibody®Cellular®”
IL-12RB
Rs3790567 AA/GA/GG Antibody"*"Cellular'®"
1372889 AAIAGIGG Antibody™Cellular®™ ]

A total of 58 SNPs were tested; only those found to be statistically significant (p<0.05) shown

*
rs1800871 and rs1800872 are in linkage disequilibrium (r2:1.0)

Vaccine. Author manuscript; available in PMC 2009 November 18.



Poland et al. Page 15

Table 5
Associations between SNPs in toll-like receptors and associated intracellular
signaling molecules and measles-vaccine humoral (IgG antibody) immune

response
SNPID_| Location _| Genotype | Median 19G Antibody (1U/L)
TLR3
rs37752914 Phe412L eu GG/GA/AA 1602/1025/2133
rs5743305 Promoter region AA/ATITT 1412/1063/1670
MyD88
rs6853 | 3FUTR | AAIAGIGG| 1430/1583/272

Phe-Phenylalanine; Leu-Leucine; A-Adenine; C-Cytosine; G-Guanine; T-Thymine
P-values <0.02 are shown

MyD88-myeloid differentiation primary response gene 88; 3’UTR-3' untranslated region

*
demonstrated an association between heterozygous variant AT and low measles-specific lymphoproliferative response
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