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cytokine receptors (IL10RB/IFNAR1) are associated with 
variations in IFNγ secretion and that multiple SNPs in the 
PVR gene, as well as SNPs located in the ADAR gene, 
exhibit significant associations with rubella virus-specific 
IL-6 secretion. This information may be useful, not only in 
furthering our understanding immune responses to rubella 
vaccine, but also in identifying key pathways for targeted 
adjuvant use to boost immunity in those with weak or 
absent immunity following vaccination.

Introduction

Rubella virus, a member of the Togaviridae family, typi-
cally causes a relatively benign illness, although arthritis 
and arthralgia have been observed in adults. Less frequent 
complications include both encephalitis and thrombocyto-
penia (Reef and Plotkin 2013). Infection during pregnancy, 
especially early in pregnancy, can cause congenital rubella 
syndrome (CRS), leading to devastating fetal abnormalities. 
Since the advent of rubella vaccines and their widespread use 
in the 1970s, the number of cases of both rubella and CRS 
has dropped dramatically. Nevertheless, rubella remains a sig-
nificant public health concern due to inadequate vaccine cov-
erage (Metcalf et al. 2012), which leads to yearly outbreaks 
including a current nationwide outbreak in Japan with over 
5,000 cases in (2013) It is estimated that over 100,000 CRS 
cases occurred globally in 2010 (Reef and Plotkin 2013).

In the US, rubella vaccines are given as part of multi-
component formulations that also include measles 
and mumps (MMR) or measles, mumps, and varicella 
(MMRV) (Jacobsen et  al. 2009; Klein et  al. 2010; Marin 
et  al. 2010). These vaccines are highly effective, eliciting 
protective immunity in >95  % of recipients after a single 
dose, and in >99 % of recipients after two doses (Reef and 
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Plotkin 2013; Vesikari et al. 2012). Both humoral and cel-
lular immune responses are elicited following immuniza-
tion with rubella-containing vaccines and both contribute 
to protection against subsequent infection (Dhiman et  al. 
2010b; Honeyman et  al. 1974; Mitchell et  al. 1999; Reef 
and Plotkin 2013; Vesikari and Buimovici-Klein 1975). At 
the population level, there is considerable inter-individual 
variation in immune responses to vaccines, including those 
containing rubella. We have previously identified a num-
ber of genetic polymorphisms associated with variations in 
rubella vaccine response (Dhiman et  al. 2010a; Haralam-
bieva et al. 2010; Kennedy et al. 2010; Ovsyannikova et al. 
2004, 2005, 2009a, b, 2010a, b, c).

Here, we report a meta-analysis combining data from 
two independent cohorts in order to identify genetic poly-
morphisms associated with rubella virus-specific cellular 
immune responses.

Methods

Subject recruitment and demographics

The study set was a large sample of 1,429 healthy children, 
older adolescents, and healthy adults (age 11–40  years), 
consisting of two independent cohorts: a Rochester cohort 
and a San Diego cohort. The methods described herein are 
similar or identical to those published for our previous stud-
ies (Dhiman et al. 2010a; Haralambieva et al. 2010; Ken-
nedy et al. 2010; Ovsyannikova et al. 2004, 2005, 2009a, b, 
2010a, b, c). Similarly, clinical and demographic character-
istics of these cohorts have been previously reported. This 
study reports our findings among the Caucasian subset of 
each cohort.

The Rochester cohort comprised 1,145 individuals 
enrolled into three age-stratified cohorts of healthy, school-
age children and young adults from all socioeconomic 
strata in Rochester, MN. Specifically, between December 
2001 and August 2002, we enrolled 346 healthy children 
(age 12–18  years, cohort #1) (Ovsyannikova et  al. 2004, 
2005). Between December 2006 and August 2007, we 
enrolled 440 healthy children (age 11–18 years, cohort #2), 
as previously published (Haralambieva et al. 2010; Ovsyan-
nikova et al. 2010a). In November 2008–September 2009, 
we enrolled 388 healthy children, enriched with African-
American youth (age 11–22 years, cohort #3) (Ovsyannik-
ova et al. 2011a, 2012b). Parental consent was obtained for 
all participants and each subject had written records of hav-
ing received two doses of measles–mumps–rubella (MMR, 
Merck) vaccine. Of the 1,145 individuals recruited into 
these three studies, 1,039 (90.7 %) had sufficient samples 
and were successfully assayed for the measures of immune 
response. This cohort was predominantly of Caucasian 

descent, and after removing non-Caucasian individuals, the 
analysis set comprised 887 (85.4 % of 1,039) participants.

In July 2005–September 2006, we enrolled an additional 
1,076 healthy older adolescents and healthy adults (age 
18–40  years) from armed forces personnel in San Diego, 
CA (Kennedy et  al. 2009; Ovsyannikova et  al. 2011b). As 
members of the US military, they represent a cross section 
of the US population with proven vaccine-induced immu-
nity to MMR. Of the 1,076 subjects recruited into this study, 
997 (92.7 %) subjects had provided consent for use of their 
samples and data in other studies, and had sufficient sam-
ples which were successfully assayed for rubella neutraliz-
ing antibody levels. Of those subjects, 542 (54.4 %) were of 
Caucasian descent and were included in this study. The Insti-
tutional Review Boards of the Mayo Clinic and the Naval 
Health Research Center (NHRC) approved the study, and 
written informed consent was obtained from each subject, 
from the parents of all children who participated in the study, 
as well as written assent from age-appropriate participants.

Rubella virus‑specific cytokine secretion

The levels of secreted cytokines following stimulation of 
PBMCs with live rubella virus were measured, as previ-
ously described by our group (Dhiman et al. 2010b; Ovsy-
annikova et al. 2009b). Briefly, 2 × 105 PBMCs were stimu-
lated with the W-Therien strain of rubella virus (a gift from 
Dr. Teryl Frey, Georgia State University, Atlanta, GA) with 
optimized MOI and incubation times depending on the spe-
cific cytokine measured. For the measurement of IL-2, IL-6, 
and IFN-γ, PBMCs were stimulated with an MOI of 5. The 
levels of secreted TNF-α were determined after viral stimu-
lation with an MOI of 0.05. The supernatants were removed 
post-stimulation at 24  h for IL-6, 48  h IFN-γ, 8  days for 
IL-2 and TNF-α, and all samples were stored at −80  °C 
until assayed. Cytokine levels were quantified using BD 
OptEIA™ Human ELISA kits, and absorbance levels were 
measured using a Molecular Devices SpectraMax 340PC.

SNP selection and candidate SNP genotyping methods

The SNP selection and genotyping methods described 
herein are similar or identical to those published for our 
previous genetic association studies (Haralambieva et  al. 
2010; Ovsyannikova et al. 2010a, b). The replication effort 
included follow-up on 299 previously identified (Roches-
ter cohort) genetic associations (p  <  0.05) between SNPs 
in immune response genes (cytokine and cytokine receptor 
genes, Toll-like receptor genes, vitamin D and vitamin A 
receptor family genes, antiviral effector and other innate 
genes) and immune measures after rubella vaccination. In 
addition, another 571 candidate tag SNPs selected from 
eight newly discovered viral receptor and attachment factor 



1409Hum Genet (2014) 133:1407–1417	

1 3

genes (MOG, PVR, PVRL1, PVRL2, PVRL3, PVRL4, 
BTN2A1, BTN3A1) were identified using the tagSNP 
selection approach (Carlson et  al. 2004) based on linkage 
disequilibrium (LD) and included on the genotyping panel. 
Genotypes for 102 of these SNPs were already available for 
the replication (San Diego) cohort from a previously per-
formed genome-wide SNP genotyping using the Illumina 
Infinium HumanHap550 or HumanHap650Y BeadChip 
arrays. All previously discovered significant SNPs not pre-
sent on the Illumina 550/650 arrays (n = 197 SNPs) were 
genotyped using a custom Illumina GoldenGate 768-plex 
genotyping assay. The selection criteria included: SNPs 
with validation data; successful predictive genotyping 
scores for Illumina GoldenGate assays; a minor allele fre-
quency (MAF) ≥0.05; and a pairwise linkage disequilib-
rium (LD) threshold of r2 ≥  0.90. SNP-specific deviation 
from Hardy–Weinberg equilibrium (HWE) was tested and 
we excluded any SNP that displayed violations of HWE 
(p < 0.001). The SNP list was further post-processed and 
refined using the SNPPicker program (Sicotte et al. 2011) 
in order to accommodate a set of Illumina platform con-
straints and to pick tagSNPs optimally across the multiple 
population groups. A total of 768 SNPs (including 197 rep-
lication SNPs not previously genotyped in the San Diego 
cohort, and 571 SNPs selected from eight new candidate 
genes) were selected based on this approach.

Our genotyping methods have been previously described 
(Dhiman et  al. 2007). Genomic DNA was extracted from 
blood using the Puregene extraction kit (Gentra Systems 
Inc., Minneapolis, MN). DNA was quantified using the 
Picogreen method (Molecular Probes). The 768 SNPs 
were genotyped using a custom-designed 768-plex Illu-
mina GoldenGate™ assay (Illumina Inc., San Diego, CA) 
following the manufacturer’s instructions. The BeadS-
tudio 2 software was used to call genotypes. Corriel Trio 
DNA samples (mother: 1347-02 NA11875, father: 1347-
01 NA10859, daughter: 1347-08 NA11875) and two other 
genomic DNA controls were used for quality control and 
to test for genotyping reproducibility. All data were trans-
ferred electronically to SAS for further analysis. The gen-
otyping quality using the Illumina GoldenGate assay was 
high, with a total genotyping success rate >99.7 % in both 
cohorts and 96–100 % reproducibility rate for controls and 
replicate samples. For the Caucasian-only analyses, we 
used data on 555 SNPs from 887 Rochester subjects and 
565 SNPs from 542 San Diego subjects.

Statistical analyses

Subject demographics were summarized separately for the 
combined Rochester cohorts and the San Diego cohort. 
Summaries comprised counts and percentages for categori-
cal variables and medians and 25th and 75th percentiles for 

continuous variables. A principal components analysis was 
performed to confirm racial groupings using data available 
from prior genome-wide analyses. Because non-Caucasian 
samples comprised few individuals, and genetic and phe-
notypic differences among racial groups can bias associa-
tion studies, we focused on the Caucasian participants in 
this analysis.

Linear mixed effects models were used to assess asso-
ciations between the various cellular immune response 
measures and SNP genotypes within the Rochester and 
San Diego cohorts. Our assessments of the cellular immu-
nity measures were measured in multiple wells, some 
with and some without stimulation with rubella virus. We 
included the results from each assay well in our analyses, 
and accounted for within-subject effects by modeling an 
unstructured covariance matrix within the linear mixed 
effects regression models. In these analyses, we assumed 
an additive genetic model and tested for differential SNP 
associations on the stimulation effect through a per-SNP 
genotype variable representing the number of minor 
alleles carried. In order to ensure that the cellular immune 
response measures conformed to linear models assump-
tions, an inverse normal transformation was applied to each 
phenotype prior to analysis. Individual SNP associations 
were tested for significance after adjustment for potential 
differences due to gender, age at enrollment, immunization 
age, and time from last immunization to enrollment.

After testing for associations between SNPs and phe-
notypes within the two cohorts, a fixed effects meta-anal-
ysis was performed for each SNP and for each phenotype 
(Greenland and O’Rourke 2008). Pooled estimates were 
obtained and tested for significance, and tests for hetero-
geneity of effect between cohorts were obtained. Q values, 
which estimate the probability that a p value reflects a false-
positive finding, were computed separately for the p values 
from the different phenotypes using the methods of (Sto-
rey 2002, 2003) for SNPs that did not display evidence of 
significant heterogeneity between cohorts (p > 0.10). SNPs 
with meta-analysis p values below 0.01 were considered to 
be of potential interest, and SNPs with q values below 0.1 
were considered to be significantly associated with the cor-
responding phenotype.

Results

Because of the different mix of races in each cohort, and 
the effect of race on immune outcome, we confined this 
report to the Caucasian subset of each cohort (Table 1), as 
this was the largest racial subset available for each cohort. 
We initially tested secretion of four cytokines (IL-2, IL-6, 
IFNγ, TNFα) in response to in vitro rubella virus stimu-
lation in our immunized subjects. Both IL-2 and TNFα 
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secretion were largely undetectable in San Diego sub-
jects and therefore were not included in this report. The 
Rochester cohort (n  =  887) had a median IL-6 response 
of 3,629.3  pg/ml (IQR  =  3,083.5–4,002.4) and the San 
Diego cohort (n  =  542) had a median IL-6 response of 
4,128.9  pg/ml (IQR  =  3,514.5–4,816.3). This difference 
in IL-6 secretion was significant (p < 0.0001). IFNγ secre-
tion had a median value of 6.3  pg/ml (IQR  =  1.7–19.7) 
in the Rochester cohort and a median value of −1.8  pg/
ml (IQR = −6.4 to −2.9) in the San Diego cohort. These 
negative values likely indicate that rubella virus exerts a 
suppressive effect on basal IFNg levels in most of the San 
Diego cohort subjects. The differential IFNγ response was 
also significant (p < 0.0001).

Individually, the two cohorts are fairly small for genetic 
association studies and may have lacked sufficient power 
to detect the small effects typically expected from individ-
ual SNPs. This is readily apparent in the San Diego cohort 
p values (Tables 2, 3). With this in mind, we performed a 
meta-analysis using data from both cohorts. The genotyp-
ing panel contained SNPs located within or near a variety 
of cytokine and cytokine receptor genes, as well as innate 
and antiviral genes (Supplemental Table  1). We identified 
a number of SNPs that are potentially associated with vari-
ations in IFNγ secretion levels. While not meeting thresh-
olds set to control false discovery, the most significant 
SNPs (p < 0.01) are shown in Table 2. These included: two 
intergenic SNPs located between the IL10RB and IFNAR1 
genes; an SNP in TOP2A, encoding a DNA topoisomerase; 
and another intergenic SNP located between two butyroph-
ilin genes, BTN3A3 and BTN2A1.

Furthermore, we identified multiple significant 
SNP:IL-6 response associations. The most significant SNP 
associations (p < 0.01) are shown in Table 3. All but one 
of these met our false-positive threshold (q value < 0.10). 
These SNPs are located in the following genes: ADAR, 
encoding the RNA-specific adenosine deaminase; IL10RB; 
IL6R; PVR, the poliovirus receptor; PVRL1 and PVRL2, 
the poliovirus receptor-related proteins that also medi-
ate herpesvirus entry; and TNFRSF1B, encoding the p75 
TNFα receptor. The list also includes: five SNPs located in 
or near the PVR gene (Fig. 1), which encodes the poliovi-
rus receptor; an intergenic SNP located in between BCAM, 

the basal cell adhesion molecule gene and PVRL2; as well 
as a single SNP near the TLR4 and astrotactin 2 genes.

Discussion

Immune responses to antigenic stimuli, either infection 
or vaccination, are influenced, in part, by host genetics. 
Our work has focused on the role of genetic polymor-
phisms on immune responses to viral vaccines. We have 
previously identified a number of genetic variants (mainly 
HLA alleles and SNPs) associated with variations in cel-
lular and/or humoral immunity to rubella vaccine (Dhi-
man et  al. 2008, 2010a; Haralambieva et  al. 2010; Jacob-
son et al. 2009; Kennedy et al. 2010; Ovsyannikova et al. 
2004, 2005, 2006, 2009a, b, 2010b, c; Pankratz et al. 2010). 
Our current study design incorporates several important 
elements: the use of SNP data to define race/ethnicity, and 
the inclusion of two separate cohorts for SNP discovery 
and replication. Our study also has several limitations that 
include: the chance for rubella exposure and/or disease in 
our San Diego cohort; relatively small cohort sizes (espe-
cially when compared to cancer gene association studies 
with tens of thousands of subjects); and response outcomes 
that reflect complex immunologic processes controlled by 
multiple genes and pathways, where individual SNPs have 
minor contributions to the spectrum of immune response. 
These limitations are especially evident in the San Diego 
cohort-specific data, as demonstrated by the larger p values 
observed for both the IFNγ and IL-6 associations. Potential 
confounding variables were the notable differences in age, 
time since vaccination, and gender composition between 
our two cohorts, and these were accounted for in our statis-
tical analyses. In spite of these limitations, our meta-analy-
sis did identify a number of statistically significant genetic 
associations across two independent cohorts.

We identified four SNPs significantly associated with 
variations in IFNγ response in both of our cohorts. Three 
of the SNPs are intergenic and one is intronic; it is pos-
sible that they are not the causal variant, but are in close 
LD to the causal variant. However, most of the variations 
found with each genotype are extremely small (1–2 pg/ml) 
and the majority of the San Diego cohort had minimal to 

Table 1   Subject demographics Rochester cohort (n = 887) San Diego cohort (n = 542)

Median age in years at enrollment 15 (13–17) 23 (22–27)

Median age in years at most recent vaccination 10 (5–12) 19 (18–21)

Years since most recent vaccination 6.4 (4.6–8.5) 3.0 (2.2–3.9)

Gender

 Male 487 (55 %) 394 (73 %)

Female 400 (45 %) 148 (27 %)
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negative values (indicating that in vitro stimulation with 
rubella virus suppressed IFNγ secretion), making the bio-
logical relevance unclear. The one exception is rs10484440 
where, in the Rochester cohort, there was no IFNγ response 
(median IFNγ = 0 pg/ml) for individuals homozygous for 
the G allele. Homozygous A and heterozygous individu-
als had median IFNγ secretion levels of ~6 pg/ml. Two of 
the SNPs were located near the IL10RB gene and genetic 
polymorphisms in this region have also been associated 
with chronic hepatitis B infection (Romporn et  al. 2013), 
cytokine responses to smallpox vaccine (Ovsyannikova 
et  al. 2012a), HIV infection outcomes (Shrestha et  al. 
2010), immune responses following MMR vaccination 
(Dhiman et al. 2008) and malaria susceptibility (Khor et al. 
2007).

Among the SNPs associated with IL-6 secretion after 
rubella virus stimulation, one was located within the 
TNFRSF1B gene, three SNPs were located in the ADAR 
gene, and five SNPs were located in or near the PVR gene. 
Each of the genetic associations demonstrated stronger sig-
nals in the Rochester cohort than in the San Diego cohort. 
Several factors may contribute to this: better vaccina-
tion dates in the Rochester cohort medical records, which 
allowed us to more accurately capture time since last vac-
cination; the smaller size of the San Diego cohort; and the 
potential impact of undocumented, chance rubella exposure 

or additional vaccinations in the San Diego cohort. This is 
especially apparent with rs474247 in TNFRSF1B, with a 
Rochester cohort p value of 4.2 ×  10−6 and a San Diego 
cohort p value of 0.2771. In a previous study, we reported 
cytokine and cytokine receptor SNPs associated with 
rubella-specific cytokine secretion in a subset (n  =  738) 
of the Rochester cohort. In that study, we identified mul-
tiple TNFRSF1B SNPs associated with variations in IL-6 
secretion (Dhiman et  al. 2010a). In the meta-analysis, the 
A allele of rs474247, an intronic SNP in TNFRSF1B, was 
associated with an allele dose-dependent increase in IL-6 
secretion. Binding of TNFα to TNFR1 and TNFR2 leads 
to activation of NF-kB and pro-inflammatory responses, 
including IL-6 production. Polymorphisms affecting 
TNFRSF1B expression and/or function can lead to varia-
tions in TNFR pathway activation, leading to alterations in 
pro-inflammatory cytokine secretion (Till et al. 2005).

ADAR encodes an RNA-specific adenosine deaminase 
involved in pre-mRNA splicing, RNA stability and other 
RNA structure-related activities. The two ADAR-specific 
SNPs associated with IL-6 response were among the most 
significant SNPs in the Rochester cohort and were the only 
SNPs with strong evidence of association in the San Diego 
cohort. ADAR has been shown to exert antiviral properties 
by RNA editing of a number of viral RNA genomes includ-
ing: vesicular stomatitis virus, measles virus, hepatitis C 

Fig. 1   Locus-zoom plot of selected region of Chromosome 19. A 
genetic region encompassing the PVR and CEACAM19 genes con-
tained multiple SNPs significantly associated with rubella-specific 
IL-6 secretion following vaccination (Table  3). P value is depicted 
on the left Y axis. Each SNP is marked by the solid diamonds and 
LD (with respect to rs7260482) is indicated by the grey color of the 

diamond (there are no SNPs with r2 between 0.6 and 0.8 or between 
0.2 and 0.4). The recombination rate is mapped as the grey line at the 
bottom of the plot and on the right Y axis. Underneath the plot each 
gene and its chromosomal position is indicated. Thick segments of 
each gene indicate exons, while the arrows indicate the direction of 
transcription
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virus, hepatitis delta virus, and HIV. Two of these three 
SNPs (rs2229857, rs1127317) were also associated with 
variations in cytokine secretion after measles stimulation 
(Haralambieva et  al. 2011). The non-synonymous SNP, 
rs2229857 encoding a K  >  R change, is also associated 
with sustained response to IFN therapy for chronic HCV 
infection (Hwang et al. 2006; Welzel et al. 2009).

The second genetic region with multiple significant SNP 
associations was found on chromosome 19 near the PVR 
and PVRL2 genes (Fig.  1). PVR encodes for CD155, a 
transmembrane glycoprotein that mediates NK cell adhe-
sion and effector function (Sakisaka and Takai 2004). Mul-
tiple T cell and NK cell receptors (TIGIT, DNAM-1, CD96) 
interact with PVR and its related proteins and these interac-
tions modulate T and NK cell activity (Bottino et al. 2003; 
Fuchs et al. 2004; Yu et al. 2009). In fact, PVR and related 
proteins interact with a wide variety of ligands and partici-
pate in multiple immunologic functions and serve as cel-
lular receptors for poliovirus, rhinovirus, and reovirus (Xu 
and Jin 2010). SNPs rs3852861 and rs1466435 are located 
in or near the neighboring PVRL2 gene that encodes for a 
component of adherens junctions and serves as a cellular 
receptor for herpes simplex virus and pseudorabies virus. 
As illustrated in Fig. 1, multiple SNPs located within these 
genetic regions were associated with differential IL-6 pro-
duction. The presence of so many SNPs associated with 
immune response makes the TNFRSF1B and PVR regions 
excellent candidates for a fine mapping effort to assess 
correlations between these and other regional SNPs. This 
effort will be necessary to narrow down the possible causal 
variants. For example, rs203709 (Table  2) is in close LD 
(r2 = 0.959) with another PVR SNP (rs7255066) exhibit-
ing moderately significant associations with multiple scle-
rosis in a large collaborative GWAS involving over 9,000 
European individuals with multiple sclerosis (Sawcer et al. 
2011).

The differential evidence for genotype–phenotype asso-
ciations between the two cohorts emphasizes the need to 
examine multiple populations in order to identify genetic 
regions expected to influence immune response. Further-
more, it highlights the importance of fine mapping studies 
that inform the selection of likely causal SNPs for targeted 
experiments designed to discover the underlying biology 
behind the variation in immune response. Our data so far 
highlight the importance of genetic association studies 
focused on vaccine response and suggest that genetic con-
trol of rubella vaccine-induced immunity may be mediated, 
in part, by novel genes and gene families such as PVR and 
butyrophilin genes. These findings, when combined with 
detailed studies elucidating the mechanisms behind iden-
tified genotype–phenotype associations, can then pave the 
way for potentially novel immunostimulatory therapies to 
improve viral vaccine efficacy and treat viral infections.
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