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Abstract

OBJECTIVE—Vitamin A and D, and their receptors, are important regulators of the immune
system, including vaccine immune response. We assessed the association between polymorphisms
in the vitamin A (RARA, RARB and RARG) and vitamin D receptor (VDR)/RXRA genes and inter-
individual variations in immune responses after two doses of measles vaccine in 745 subjects.

METHODS—Using a tagSNP approach, we genotyped 745 healthy children for the 391
polymorphisms in vitamin A and D receptor genes.

RESULTS—The RARB haplotype (rs6800566/rs6550976/rs9834818) was significantly
associated with variations in both measles antibody (global p=0.013) and cytokine secretion
levels, such as IL-10 (global p=0.006), IFN-a (global p=0.008), and TNF-a (global p=0.039) in
the Caucasian subgroup. Specifically, the RARB haplotype AAC was associated with higher (t-
statistic 3.27, p=0.001) measles antibody levels. At the other end of the spectrum, haplotype GG
for rs6550978/rs6777544 was associated with lower antibody levels (t-statistic —2.32, p=0.020) in
the Caucasian subgroup. In a sensitivity analysis, the RARB haplotype CTGGGCAA remained
marginally significant (p<0.02) when the single SNP rs12630816 was included in the model for
IL-10 secretion levels. A significant association was found between lower measles-specific IFN-y
Elispot responses and haplotypes rs11102986/rs11103473/rs11103482/rs10776909/rs12004589/
rs35780541/rs2266677/rs875444 (global p=0.004) and rs6537944/rs3118571 (global p<0.001) in
the RXRA gene for Caucasians. We also found associations between multiple RARB, VDR and
RXRA SNPs/haplotypes and measles-specific IL-2, IL-6, IL-10, IFN-a, IFN-y, IFNA-1, and TNF-a
cytokine secretion.

CONCLUSION—Our results suggest that specific allelic variations and haplotypes in the vitamin
A and D receptor genes may influence adaptive immune responses to measles vaccine.
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INTRODUCTION

Vitamin A (retinol) and vitamin D and their receptors are essential regulators of immune
function [1]. Their metabolites, such as retinoic acid and 1,25-dihydroxyvitamin D3,
respectively, also exhibit immunoregulatory hormone-like characteristics. Vitamin D
receptor (VDR) generally forms a hetero-dimer with the nuclear retinoid X receptor alpha
(RXRA) that mediates the retinoic acid receptor signaling pathway. Accordingly, three
retinoic acid receptors belonging to the family of nuclear hormone receptors and encoded by
the RARA (retinoic acid receptor alpha), RARB (retinoic acid receptor beta) and RARG
(retinoic acid receptor gamma) genes are known. Vitamin D receptor gene polymorphisms
have been associated with susceptibility to infections, such as HIV-1, hepatitis B virus
(HBV), human T-cell lymphotropic virus type-1 (HTLV-1) and tuberculosis [2-5].
Recently, we demonstrated that variations in adaptive immune responses following two
doses of rubella vaccine are associated with single nucleotide polymorphisms (SNPs) in the
vitamin A and D receptor genes in healthy Caucasian children and young adults, suggesting
the importance of these genes more generally in viral vaccine-induced immunity [6;7].

Though an immune response is likely to have multigenic influences, several genes (loci)
could contribute more dominant effects to the immune response phenotype. While
associations have been found between immune response genes, such as human leukocyte
antigen (HLA) [8], cytokine/cytokine receptors [9], Toll-like receptors (TLR) [10], CD46
and signaling lymphocyte activation molecule (SLAM) measles virus (MV) binding
receptors [11] and measles vaccine-specific immune responses, limited information exists
regarding the role of the vitamin A and VDR/RXRA receptor gene polymorphisms in MV
immunity. In this study, we examined associations between SNPs/haplotypes in the vitamin
A receptor (RARA, RARB and RARG) and VDR/RXRA genes and measures of measles
vaccine-induced humoral and cell-mediated immunity (CMI) in healthy children and young
adults following two doses of measles vaccine. We hypothesized that specific SNPs/
haplotypes within the vitamin A and D receptor genes are associated with variations in
immune responses to measles vaccine.

METHODS
Study participants

Study participants and the laboratory methods described herein are similar to those reported
in our previous genetic association manuscripts [7;10;12]. Our study cohort comprised a
combined sample of 816 subjects from two independent age-stratified random cohorts of
healthy schoolchildren and young adults from all socioeconomic strata in Rochester,
Minnesota published elsewhere [10]. In 2006—-2007, we enrolled 440 children (study cohort
1) [7;12]. Three hundred ninety-six parents agreed to allow their children to take part in the
current measles vaccine study, and from these children we obtained a blood sample on 388
of them. In 2008-2009, we enrolled an additional 376 children (study cohort 2). All 764
subjects (age 11-22 years) had documentation of having received two doses of measles-
mumps-rubella (MMR, Merck) vaccine. Of these, 19 subjects lacked sufficient genotyping
data, resulting in 745 subjects for analysis. The Institutional Review Board of Mayo Clinic
approved the study, and we obtained permission through written informed consent from the
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parents of all children who participated in the study, as well as assent from age-appropriate
children.

Plaque reduction microneutralization assay (PRMN)

Measles-specific neutralizing antibody levels were quantified using a fluorescence-based
PRMN [10;13]. Heat-inactivated sera were diluted four-fold from 1:4 to 1:4,096 in Opti-
MEM (Gibco, Invitrogen), mixed with an equal volume of low passage challenge virus
MVeGFP and Vero cells for 43 h at 37°C. The brightly fluorescent green plaques (syncytia)
were scanned and counted on an automated Olympus IX71 Fluorescent microscope using
the Image-Pro Plus Software version 6.3 (MediaCybernetics). The 50% end point titer
(neutralizing doze, NDsp) was calculated using Karber’s formula. The use of the 3" WHO
international anti-measles standard (3,000 mIU/ml, NIBSC code no. 97/648) enabled
quantitative NDsq values to be transformed into miU/ml [13].

Elispot assay

IFN-y Elispot response was assessed using Kits from R&D Systems (Minneapolis, MN) [14].
Briefly, seven wells were plated with 2x10° peripheral blood mononuclear cells (PBMCs)
per subject: 3 wells were supplemented with MV at an multiplicity of infection (MOI) of
0.5, 3 wells were supplemented with culture medium to serve as a negative control, and 1
well was supplemented with 5 ug/ml of PHA. Plates were read with an ImmunoSpot S4 Pro
Analyzer (Cleveland, OH). The intraclass correlation coefficient (ICCs) comparing the
multiple observations per subject was 0.94 for the stimulated values, and 0.85 for the
unstimulated values, indicating reasonably high levels of measurement reliability.

Secreted cytokines

ELISA assays were performed to measure the level of seven cytokines [IL-2 (n=739), IL-6
(n=737), IL-10 (n=740), IFN-a (n=734)., IFN-y (n=737)., IFNA-1 (n=738), and TNF-a
(n=732)] secreted by PBMCs following in vitro stimulation with MV using pre-optimized
conditions for culture time and virus MOI as described previously [15;16]. We developed
and applied a response surface methodology approach to predict optimal combinations of
length in culture and virus MOIs for maximum virus-specific cytokine secretion for each
specific cytokine of interest, as shown for other viruses [16;17]. The MOI and incubation
time for each cytokine were as follows: IL-2, MOI = 0.5, 48 hours; IL-6, MOI=1.0, 72
hours; IL-10, MOI=0.5, 48 hours; IFN-a, MOI=1.0, 24 hours; IFN-y, MOI=1.0, 72 hours;
IFNA-1, MOI=1.0, 72 hours; TNF-a, MOI=1.0, 24 hours. IL-2, IL-6, IL-10, IFN-y, and
TNF-a were measured in supernatants using kits from BD Biosciences (San Jose, CA),
TNF-a was measured using a kit from Mabtech (Cincinnati, OH), and IFNA-1 was measured
using a kit from R&D Systems. Cytokine-specific ICCs ranged from 0.65 (IL-2,
unstimulated values) to 0.94 (IFN-o and 1L-6, stimulated values).

Candidate genes

SNPs from genes encoding RARA, RARB, RARG, VDR, and RXRA molecules were selected.
SNPs within candidate genes and 5 kb upstream and downstream for each gene were chosen
based on the linkage disequilibrium (LD) tagSNP selection algorithm [18] from Hapmap
Phase Il (http://www.hapmap.org), Seattle SNPs (http://pga.mbt.washington.edu/) and
NIEHS SNPs (http://egp.gs.washington.edu/). For each gene, we selected tagSNPs with a
minor allele frequency (MAF) >0.05 and successful Illumina predictive genotyping scores
based on a pairwise LD threshold of r2 >0.90 in both the Caucasian and African public
source samples using Id Select [18].
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Genotyping methods

Using the same cohort of subjects, we have designed several other candidate gene studies,
such as cytokine/cytokine receptor, CD46/SLAM receptor, TLR and host antiviral genes that
reflect separate specific aims, designed in advance for our ongoing population genetics study
on measles vaccine response [10;19;20]. Three hundred ninety-one SNPs from five
candidate genes were included in the two custom Illumina GoldenGate SNP panels
(IMlumina, San Diego, CA) for 1,536 and 768 SNPs. Samples included 764 potentially
eligible subjects with adequate DNA samples, a Coriel trio of CEPH controls (mother:
NA10859, father: NA10858, daughter: NA11875) run in duplicate for each of the nine
plates, and 13 wells without DNA. All SNPs had an Illumina design scores >0.4. lllumina
10% GencCall scores >0.4 and SNP call rates >95% were used as laboratory quality control
thresholds. Of the 391 SNPs selected, 28 failed our laboratory quality assurance because of
failure to amplify, poor clustering, or SNP or subject call rates less than 95%. An additional
43 SNPs were excluded due to low minor allele frequencies (MAF <0.01), yielding a total of
320 SNPs available for analysis. Subject exclusions were made based on low call rates
(n=19), leaving 745 subjects for final analysis.

Statistical analysis

The statistical methods described herein are identical to those carried out for previous
genetic association manuscripts we published elsewhere [7;10;12]. Seven measures of MV-
specific cytokine secretion (IL-2, IL-6, IL-10, IFN-a, IFN-y, IFNA-1, and TNF-a, each
reported in pg/ml) were examined; as was a measure of CMI via IFN-y PBMC responses
(evaluated as a count variable using Elispot); and also levels of MV-specific neutralizing
antibodies (measured in mlU/ml). Assessments of cytokine secretion resulted in five
recorded values per outcome prior to stimulation with MV and five values post-stimulation.
CMI resulted in three recorded values prior to stimulation and three post-stimulation. For
descriptive purposes, a single response measurement per individual was obtained for each
outcome by subtracting the median of the multiple unstimulated values from the median of
the multiple stimulated values. Assessments of antibody levels resulted in only one recorded
value per individual. Data based on these summary measures were descriptively summarized
across individuals using medians and interquartile ranges.

Observed genotypes were used to estimate allele frequencies for each SNP and departures
from Hardy-Weinberg equilibrium (HWE) were assessed using either a Pearson goodness-
of-fit test or, for SNPs with a MAF of less than 5%, a Fisher exact test [21]. Estimates of
pair-wise LD based on the r-squared statistic, and identification of intra-genic haplotype
blocks based on the Gabriel method, were obtained using Haploview software, version 3.32
[22].

SNP associations with immune response outcomes were individually evaluated using linear
regression models, first in all enrolled subjects and then subset to Caucasians (our largest
sub-sample). Simple linear regression was used for MV antibody levels, which had only one
measured value per individual. Repeated measures approaches, in the form of linear mixed
models, were implemented for the cytokine secretion and CMI variables, simultaneously
modeling the multiple observed measurements. In these models, we allowed for within-
subject correlations without imposing any constraints on their structure within a person
using an unstructured within-subject covariance matrix. The genotype-specific effect was
assessed by including the genotype variable in the regression model, together with a variable
representing stimulation status. The resulting covariate reflecting the genotype-by-
stimulation status interaction was then tested for statistical significance. Primary tests of
association assumed an additive SNP effect.
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To further explore genomic regions containing statistically significant single-SNP effects for
one or more outcomes of interest, we performed post-hoc haplotype analyses on intra-genic
haplotype blocks based on the methods outlined by Schaid et al [23]. Haplotype design
variables were created that reflected the number of each of the haplotypes that were
expected to be carried by each subject. Analyses were performed on these variables using
simple least squares regression for antibody levels and the repeated measures approach for
the cytokine secretion described above. Because of the imprecision involved in estimating
the effects of low-frequency haplotypes, we considered only those occurring with an
estimated frequency of greater than 1%. Differences in immune response among all common
haplotypes were first assessed simultaneously via a global test to collectively determine
whether at least one haplotype in the gene region was associated with a modified immune
response. Following these global tests, we examined individual haplotype effects in the
spirit of Fisher’s protected least significant difference test; individual associations were not
considered statistically significant in the absence of global significance. Each haplotype was
included in a separate regression analysis, thus comparing immune response levels for the
haplotype of interest against all others combined. To further assess the effect of the
haplotype, a sensitivity analysis was performed by fitting a model with the significant
haplotype and any significant SNPs within that haplotype. The haplotype is interpreted to
add predictive information over and above the SNP if it remains significant in the model.
Due to phase ambiguity, haplotype-specific medians and inter-quartile ranges could not be
calculated. Thus, descriptive summaries were represented using the back-transformed
estimate and confidence interval corresponding to the haplotype main effect term for
antibody levels and the t-statistic for the haplotype-by-stimulation status interaction term for
cytokine secretion. As with the single-SNP results, analyses were run for all subjects and
subset to Caucasians only.

All of the association analyses described above adjusted for age at enrollment, race, gender,
age at first measles vaccination, age at second measles vaccination, and cohort status (cohort
1 vs. cohort 2) to account for their potential impact on the measured immune responses.
Data transformations were used to correct for data skewness in all linear regression models.
An inverse normal transformation was used for all cytokine secretion and CMI outcome
variables, and a log transformation was used for the antibody response measure. Due to the
large number of statistical tests, only p-values less than 0.01 were considered statistically
significant. In addition, we computed g-values for each SNP to estimate the corresponding
false discovery rates (FDR) as per Storey and Tibshirani [24;25]. All statistical tests were
two-sided and, unless otherwise indicated, all analyses were carried out using the SAS
software system (SAS Institute, Inc., Cary, NC).

Associations between SNPs/haplotypes in the RARB gene and antibody responses

Summaries of demographic characteristics and immunological variables of the 745 study
subjects are shown in Table 1. SNP data were analyzed for 598 Caucasian subjects. A
secondary analysis of SNP data was also carried out for the combined group of 745 subjects
and separately for 89 African-American subjects (Supplemental Tables 1-6). Results are
reported only for the Caucasians, because the African-American subgroup sample size
provided insufficient power. We identified significant associations between two intronic
SNPs (rs6800566 and rs13070407) located in the RARB gene and MV-specific antibodies
(Table 2). Specifically, in both our combined cohort (Supplemental Table 1) and the
Caucasian subjects we found associations for these two intronic SNPs in the RARB gene,
and the minor alleles were associated with an allele-dose-related increase (rs6800566,
p<0.002) and an allele-dose-related decrease (rs13070407, p<0.008), respectively, in MV
antibody levels.
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Further, we found three RARB haplotypes in the Caucasian sample (global p<0.035) (Table
3). In particular, the RARB haplotype AAC, resolved by three SNPs (rs6800566/rs6550976/
rs9834818) was associated with higher (t-statistic 3.27, p=0.001) measles-specific antibodies
in the Caucasian subgroup (global p=0.01).

Associations between SNPs in the VDR/RXRA and RARB genes and IFN-y Elispot

responses

Three significant associations with intronic polymorphisms in the RXRA (rs6537944,
p=0.0010), RARB (rs1626875, p=0.005) and VDR (rs2239181, p=0.008) genes and allele-
dose-related MV-specific IFN-y Elispot responses were found in the combined cohort of
subjects (Supplemental Table 1). One out of these three polymorphisms identified in the
combined group (RXRA rs6537944, 35 vs. 119 SFC per 2x10° PBMCs, p=0.0010) also
demonstrated an association with IFN-y Elispot response in Caucasians (Table 2).
Additionally, pairwise LD analysis found rs11916491 (p=0.001) to be linked to rs2116703
(p=0.004) located in the RARB gene (r2 =0.96), which was associated with an allele-dose-
related increase in IFN-y Elispot responses in the Caucasians. An increased representation of
minor allele G for an intronic SNP in the VDR gene (rs11168287, p=0.009) was associated
with variation in MV-specific IFN-y Elispot responses in the Caucasian subgroup.

Associations between SNPs in the RARA, RARB, VDR and RXRA genes and cytokine

responses

Specific SNPs in the RARA, RARB, VDR and RXRA genes were associated with MV-induced
IL-2, IL-6, IL-10, IFN-a, IFNA-1, and TNF-a secretion levels (Table 4). Seven SNPs in the
RARB and VDR genes were significantly associated (p<0.01) with variations in IL-2
secretion. In both the Caucasian (p=0.008) (Table 3) subjects and the combined cohort
(p=0.002) (Supplemental Table 3) we found similar associations for an intronic SNP
(rs11574027, LD with rs12581281) in the VDR gene and IL-2 secretion.

Eight SNPs in the RARB and VDR genes were significantly associated (p<0.01) with
variations in IL-6 secretion. Three out of the six polymorphisms identified in the combined
group (RARB gene intronic rs12635379, 345 vs. 444 pg/ml, p=0.003 and rs12636182, 347
vs. 276, p=0.010, and VDR gene promoter rs7968585, 360 vs. 351 pg/ml, p=0.006)
(Supplemental Table 3) demonstrated associations with I1L-6 secretion in the Caucasian
subgroup (rs12635379, 346 vs. 464 pg/ml, p=0.006, rs12636182, 345 vs. 360, p=0.001 and
rs7968585, 345 vs. 360 pg/ml, p=0.010).

Three SNPs in the RARB and VDR genes were significantly associated (p<0.01) with
variations in IL-10 production. Again, in both the Caucasian (p<0.010) subjects and the
combined cohort (p<0.002) we found similar associations for two SNPs (intronic rs6800566
and promoter rs12630816) in the RARB gene and IL-10 secretion.

Further, four SNPs in the RARB gene were significantly associated (p<0.01) with variations
in IFN-a secretion. We found an association between an intronic SNP located in the RARB
gene and IFN-a secretion (rs6800566, 722 vs. 416 pg/ml, p=0.0006) in the Caucasian
subgroup.

No significant association with MV-specific IFN-y secretion was found for polymorphisms
in the vitamin A and D receptor genes in either the Caucasian subjects or the combined
cohort. However, associations were observed for the promoter SNPs in the RARB gene and
variations in IFNA-1 in both the Caucasians (rs2033447, p=0.004 and rs12630816, p=0.005;
r2 =0.21) and the combined cohort (rs12630816, p=0.005).
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Finally, three intronic SNPs in the RARB gene were significantly associated (p<0.01) with
variations in TNF-a secretion in the Caucasians (Table 4). These SNP associations were
found with MV-specific TNF-a secretion (RARB rs6800566, p=0.005, rs1483856, p=0.006
and rs4681025, p=0.006; r2 >0.87).

Associations between haplotypes in the RARB, VDR and RXRA genes and IFN-y Elispot
and cytokine responses

We also studied inferred haplotypes across the vitamin A and vitamin D receptor gene loci
in relation to measles-specific cytokine immune responses. A secondary analysis of
haplotype data was also carried out for the combined group of 745 subjects and for 89
African-Americans (Supplemental Tables 4-6). Several RARB haplotypes with frequencies
>1% were identified (Table 5). A haplotype analysis revealed significant associations
between IL-2 secretion and two RARB haplotypes (global p-value 0.052 for the Caucasians
and global p-value 0.002 for the combined cohort) resolved by two SNPs (rs6550978 and
rs6777544). Specifically, the RARB haplotype AG was significantly associated with lower
IL-2 secretion, while the AC haplotype was significantly associated with higher I1L-2
secretion. Of note, RARB haplotype associations were generally stronger for the Caucasian
subgroup than for our combined cohort (Supplemental Table 4). The global tests from the
RARB haplotype analyses also demonstrated statistically significant associations between
haplotypes and I1L-10 (p<0.020) and IFN-a. (p<0.021) secretion in Caucasians. The common
RARB haplotype CTGGGCAA (rs922939/rs922938/rs12630664/rs12630816/rs755661/
rs1483856/rs7620632/rs12635733) was associated with lower MV-specific IL-10 secretion
levels (t-statistic —2.78, p=0.006), whereas haplotype CAAAGAAG was associated with
higher 1L-10 secretion levels (t-statistic 2.66, p=0.008) in the Caucasians (Table 5 and
Figure 1). In a sensitivity analysis, the haplotype CTGGGCAA remained marginally
significant when the single SNP rs12630816 was included in the model for 1L-10 secretion
levels (p<0.02 for the haplotype and the SNP), and the effects were in the same direction as
in the individual models. Further, all other haplotype effects attenuated to non-significance
after inclusion of the statistically significant individual SNPs, indicating that most of the
effect seen in those haplotypes is sufficiently captured by the individual SNPs.

Similarly, two RARB haplotypes AAC (rs6800566/rs6550976/rs9834818, t-statistic —3.45,
p<0.001) and AGGGA (rs1560633/rs1286645/rs1997353/rs17016570/rs6767543, t-statistic
—3.47, p< 0.001) were associated with lower IFN-a secretion (Table 5).

Both global tests and individual haplotype analyses revealed significant associations
between RXRA gene haplotypes and measles-specific CMI responses in Caucasians. Our
haplotype analysis revealed an association between IL-6 secretion and VDR haplotype
(resolved by two SNPs: rs7965281/rs7968585, p=0.023) in the combined cohort
(Supplemental Table 6).

Lastly, the global tests from the RXRA haplotype analyses suggested possible associations
between several haplotypes and IFN-y Elispot (p<0.008) responses, and IFNA-1 (p=0.07)
secretion levels in the Caucasian subgroup (Table 6). The specific RXRA haplotype GG
resolved by two SNPs (rs6537944/rs3118571) was associated with higher IFN-y Elispot
responses (t-statistic 3.49, p<0.001), as well as with higher IFNA-1 secretion levels (t-
statistic 2.27, p=0.024).

DISCUSSION

Vitamin A and D and their receptors belong to the family of nuclear receptors that regulate
multiple important immune functions, including lymphocyte proliferation and antibody
production, and hence are important candidates for population-based immunogenetic
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vaccine studies. We previously genotyped 714 Caucasian subjects for vitamin A and D
receptor gene polymorphisms and reported associations between intronic and promoter
SNPs in RARA, RARB, RARG, and RXRA genes and rubella vaccine-induced immunity (388
of these children participated in the current measles vaccine study) [6;7]. Similarly,
variations in the VDR gene have been associated with susceptibility to several infectious
diseases, such as HIV-1, tuberculosis, and HBV [2—-4;26]. However, the role of genetic
variations in these genes in host immune responses to measles vaccine remains unclear.

Studies to date have focused mainly on circulating serum levels of vitamin A and D and the
effect of vitamin A and D supplementation on immune responses to measles. The effect of
vitamin A supplementation (VAS) on improved antibody response following one and/or two
doses of measles vaccine and on antibody response to oral polio vaccine in children has been
described [27;28]. Also, it was suggested that VAS may influence susceptibility to measles
infection in Guinea-Bissau newborn children in a gender-dependent manner [29]. A
rationale for vitamin D supplementation (a ‘seasonal stimulus’) in the prevention of
respiratory infections and seasonal influenza has been proposed [30;31]. The results from
several studies demonstrated modulation of cytokine responses by vitamin D, such as
differential up-regulation of TNF-a, IL-4, IL-10, and TGF-B and down-regulation of IL-12
and IFN-y [32-36]. Data also suggest genetic susceptibility to tuberculosis infection and a
relationship between vitamin D deficiency and disease susceptibility [4;37]. Thus, it is
becoming more obvious that vitamins A and D and their metabolites have important effects
on immune responses [1].

Vitamin receptors are also crucial in initiating signaling pathways and mediating vitamin
effects on immunity. Given the above, the purpose of our study was to understand the role of
genetic variation in vitamin A (RARA, RARB and RARG) and vitamin D (VDR/RXRA)
receptor genes likely to impact immune responses to measles vaccine. A candidate gene
approach was used to study common genetic variations in these genes and their effects on
measles vaccine immune response heterogeneity. Haplotype blocks (where possible) were
also studied to determine the potential role for specific haplotypes in the development of
measles vaccine immunity.

Our data from single SNP and haplotype analyses indicate the significant contribution of
polymorphic variants within intronic and promoter regions of the RARB gene in measles-
specific immune response variations, including neutralizing antibody levels. Two RARB
SNPs of highest interest (Table 2) were associated with MV antibodies in an allele-dose-
dependent manner. While these SNPs are located within introns, they may affect alternative
or differential splicing of mMRNA and potentially modify the binding site of a transcription
factor [38]. Further, the RARB three-SNP intronic haplotype AAC was associated with
increased antibody levels (p=0.001) in the Caucasian subjects (Table 3). Associations
between RARB haplotypes and multiple MV-specific cellular immunity measures (IFN-y
Elispot, IL-2, IL-6, IL-10, IFN-a, IFN-y, and TNF-a) were also discovered (Table 5).
Importantly, we identified a specific RARB haplotype (resulting from SNPs rs6550978 and
rs6777544) that was associated with variations in measles antibody levels and measles-
specific IL-2 and IFN-y secretion in Caucasians (Tables 3 and 5), suggesting potential cross-
regulation influences that polymorphic variations in the RARB gene may have on vaccine
immunity. Similarly, another RARB AAC haplotype was concurrently associated with
variations in measles antibody levels, and IL-10, IFN-a, and TNF-a secretion (Tables 3 and
5). Furthermore, one particular RARB haplotype (CTGGGCAA) (Figure 1) associated with
measles-specific IL-10 secretion, remained statistically significant in a sensitivity analysis
even after including the significant SNP effects in the model, indicating that at least part of
the effect seen in this specific haplotype is not sufficiently captured by the individual SNPs
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in this case. Thus, RARB gene polymorphisms appear to play an important role in regulating
measles vaccine-induced immune response pathways.

Our findings are in agreement with previous findings from our laboratory, which
demonstrated significant associations between polymorphisms/haplotypes in the vitamin A
(RARB) receptor gene and rubella-specific antibody, and IFN-y, and IL-10 secretion levels
[6;7]; thus lending support to the hypothesis of a more generalized mechanism for RARB
polymorphic loci in modulating both measles and rubella vaccine-induced immune
responses.

In addition, the retinoid X receptor, RXRA, plays a key regulatory effect on pathways linked
to vitamin D and VDR function. Hence, we speculated that genetic polymorphism in the
RXRA gene may have an effect on the function of VDR and the subsequent immune
response after vaccination. Both VDR and RXRA are highly polymorphic genes, of which we
studied 59 and 61 SNPs, respectively. We found individual intronic RXRA and VDR SNPs,
as well as RXRA specific haplotypes associated with measles cellular immunity in
Caucasians, such as IFN-y Elispot responses and secreted cytokines (Tables 2, 4 and 6).
Interesting results include two highly significant intronic RXRA polymorphisms (rs2266677,
p=0.0006 and rs6537944, p=0.0010, Table 2) associated with significant variations in IFN-y
Elispot response as a primary measure of cellular immunity to measles vaccine. Importantly,
we also found a specific RXRA haplotype GG (resulting from SNPs rs5637944 and
rs3118571) that was associated with both higher IFN-y Elispot and IFNA-1 responses in
Caucasians (Table 6). Our results point out that allelic variation in the VDR gene may affect
MV-induced cytokine responses, such as IFN-y Elispot response, I1L-2, IL-6, IL-10, and
IFN-a secretion. The possible functional mechanism for these associations is not known yet,
other than potential alternative splicing of mMRNA and subsequent translation into multiple
protein isoforms due to SNPs located within intronic regions [39]. As these SNPs/haplotypes
may also be important in SNP-SNP interactions, additional research is needed to verify our
findings and elucidate the mechanisms that account for these associations. Future
replication, fine-mapping and functional studies are planned to investigate how intronic
polymorphisms or nearby regulatory regions in VDR/RXRA may affect the immune response
to measles vaccine.

Protective measles vaccine-induced humoral and cellular immune responses were identified
in our study subjects. No seronegative subjects (RPMN antibody titer <14 mlU/ml) were
found in this study cohort. The overall cytokine secretion pattern was consistent with a Th1-
dominant innate/proinflammatory response, characterized by higher levels of MV-specific
IFN-a, IFN-y, IFNA-1, IL-6, and IL-2. Measles-specific IFN-y T-cell memory responses
were also detected by Elispot in these vaccinated subjects. The interpretation of these
immunological data in the context of the presented associations and the complexity of the
immune system is difficult; however, it is important to note the observed considerable
immune variation associated with some of the identified SNPs. For example, the
homozygous minor allele genotype of RARB rs6800566 was associated with an 80%
increase in neutralizing antibody levels compared to the homozygous major allele genotype,
while the homozygous minor allele genotype of RXRA rs6537944 was associated with a
more than 3-fold increase in IFN-y response compared to the homozygous major allele
genotype. In addition, our data demonstrate haplotype associations and cross-regulation
patterns for some of the genes/genetic variants (found in separate independent analyses)
across multiple inter-related vaccine-induced immune outcome measures (such as antibody
levels and IFN-y responses), which further strengthens our confidence in the observed
effects.
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This is the first study to show that genetic polymorphisms in vitamin A and D receptors
have significant associations with measles vaccine-induced immunity. The strengths of our
population-based study include a large sample size with documented MMR vaccine
coverage and no identified wild type MV circulating during their lifetimes, and the use of a
vigorous SNP tagging approach. To account for population stratification, we restricted our
primary analyses of SNP/haplotype associations to self-declared Caucasians (n=598).
Assessment of several outcomes of MV-specific humoral and CMI responses in our study
cohort permitted us to examine both allele-dose-related responses and cross-regulation
patterns for genetic polymorphisms.

There are also limitations in our study. A major concern is that of false-positive associations
and multiple tests. Although we originally designed the study based on thresholds for p-
values, to address the multiple comparisons issue we have supplemented the results with g-
values to account for a possible false discovery rate (FDR). While the g-values for the
presented associations are not particularly impressive and indicate that some of the results
are likely false positives, we feel this doesn’t diminish the importance of our findings (as
this is the first study examining the role of these genes/SNPs in measles vaccine immunity),
but rather provides a list of plausible genetic targets/genetic regions of interest for future
studies. As a next step we plan to replicate these findings in an independent cohort with an
increased sample size. To assess the contribution of SNPs/haplotypes in vitamin A and D
receptor genes to vaccine immunity, genetic variants in other loci, for example, TLR1- or
TLR2-mediated pathways known to increase the expression of VDR, should also be studied.

Taken together, our results indicate that allelic variation in vitamin A (RARB) receptor and
vitamin D receptor/RXRA genes are likely to be associated with inter-individual immune
responses to measles vaccine. Vitamin A and D receptor gene polymorphisms appear to be
important host genetic factors for vaccine-induced immunity, indicating that specific allelic
variations and haplotypes in these genes may influence the outcome of humoral and cellular
responses to measles. Clearly, further studies designed to study the mechanistic function of
these polymorphisms and their clinical applications are needed. As these SNPs/haplotypes
may have potential translational implications in designing new vaccination strategies,
additional research is required to replicate and verify our findings. For example, finding a
common SNP that codes for a decreased ability to convert 25-hydroxyvitamin D3 into active
1,25-dihydroxyvitamin D3 metabolites needed for proper immune functioning in association
with significantly decreased immune responses to live viral vaccines, would suggest a
corrective strategy of public health importance. Similarly, a SNP coding for a defective
vitamin receptor that precluded developing protective immune responses to live viral
vaccines might provide an opportunity for “reverse engineering” new viral vaccines
designed to overcome such genetic restrictions. This information will improve our
understanding of the genetic determinants of measles vaccine-induced immunity and may
lead to novel vaccination strategies and novel candidate prophylactic vaccines.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. The linkage disequilibrium output for RARB SNPs from Haploview

Haplotype block structure of the RARB gene region in the Caucasian subjects. The haplotype
(rs922939, rs922938, rs12630664, rs12630816, rs755661, rs1483856, rs7620632,
rs12635733) from the RARB gene was associated with measles virus-specific 1L-10
secretion. The rZ color scheme is: white (r2 = 0), shades of gray (0 < r? < 1), black (r2 = 1).
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Table 1

Demographic characteristics and immunological variables of the study population

Variable

Outcome

Median age at enrollment, years

15 (IQR? 13; 17)

Median age at first measles immunization, months

15 (IQR 15; 16)

Median age at second measles immunization, years 5(IQR 4; 11)
Median time from second measles immunization to enrollment, years 7.5 (IQR 5.6; 9.2)
Male, no. 417 (56.0%)
Female, no. 328 (44.0%)
Non-white, no. 147 (19.7%)
White, no. 598 (80.3%)
Cohort 1 372 (49.9%)
Cohort 2 373 (50.1%)

Median antibody, mlU/ml

846 (IQR 418; 1,772)

Median IFN-y Elispot response, SFC per 2 x 10° cellsb

36 (IQR 12; 69)

Median cytokine response®, pg/ml

IL-2 37 (IQR 20; 64)

IL-6 354 (IQR 248; 461)
IL-10 18 (IQR 11; 28)
IFN-a 551 (IQR 273; 1,025)
IFN-y 67 (IQR 35; 120)
IFNA-1 34 (IQR 14; 73)
TNF-a 14 (IQR 9; 19)

SFC-spot-forming cells

a . . . . e : - - .
All results are in median (IQR = inter-quartile range within 1st quartile — 3rd quartile) unless indicated otherwise.
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Response is defined as the subject-specific median measles-stimulated response (measured in triplicate) minus the median unstimulated response

(also measured in triplicate).

Response is defined as the subject-specific median measles-stimulated response (measured in five replicates) minus the median unstimulated

response (also measured in five replicates).
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