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Abstract

Single-nucleotide polymorphisms (SNPs) in candidate immune response genes were evaluated for

associations with measles- and rubella-specific neutralizing antibodies, interferon (IFN)-γ, and

interleukin (IL)-6 secretion in two separate association analyses in a cohort of healthy immunized

subjects. We identified six SNP associations shared between the measles-specific and rubella-

specific immune responses, specifically neutralizing antibody titers (DDX58), secreted IL-6

(IL10RB, IL12B), and secreted IFN-γ (IFNAR2, TLR4). An intronic SNP (rs669260) in the

antiviral innate immune receptor gene, DDX58, was significantly associated with increased
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neutralizing antibody titers for both measles and rubella viral antigens post-MMR vaccination (p

values 0.02 and 0.0002, respectively). Significant associations were also found between IL10RB

(rs2284552; measles study p value 0.006, rubella study p value 0.00008) and IL12B (rs2546893;

measles study p value 0.005, rubella study p value 0.03) gene polymorphisms and variations in

both measles- and rubella virus-specific IL-6 responses. We also identified associations between

individual SNPs in the IFNAR2 and TLR4 genes that were associated with IFN-γ secretion for both

measles and rubella vaccine-specific immune responses. These results are the first to indicate that

there are SNP associations in common across measles and rubella vaccine immune responses and

that SNPs from multiple genes involved in innate and adaptive immune response regulation may

contribute to the overall human antiviral response.
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Introduction

The measles-mumps-rubella (MMR) vaccine, developed in the early 1970s, has been used

globally to immunize and protect children against these viral diseases (Carter and Campbell

1993). Although the MMR vaccine has successfully prevented millions of cases of measles,

mumps, and rubella infection, heterogeneity of vaccine-induced immune responses exists,

causing some individuals to develop exceptional immunity against these viruses while others

develop suboptimal immunity (Poland et al. 2007). Several factors are responsible for these

interindividual variations in immune response to MMR vaccine, including genetic

differences (Poland et al. 2008). In our previous studies, we identified several associations

between genotype and phenotypic immune response to both measles vaccine and rubella

vaccine (Haralambieva et al. 2011a; Ovsyannikova et al. 2010a; Ovsyannikova et al. 2010b;

Ovsyannikova et al. 2011b). Because immunization against measles and rubella is provided

by one vaccine, finding genetic associations shared between measles-specific and rubella-

specific immune responses is of great interest. Previous studies have identified SNPs

significantly associated with either measles-specific vaccine response or rubella-specific

vaccine response; however, this is the first study that identifies SNPs significantly associated

with responses to both the measles virus and rubella virus components of the MMR vaccine.

In this report, we identify several single-nucleotide polymorphisms (SNPs) in candidate

immune response genes that are significantly associated with immune response outcomes to

both measles and rubella vaccines. These results may direct future functional studies to

determine the mechanistic consequences of common genetic variations on immune response

variations and could guide new vaccine design.

Materials and methods

Study subjects and vaccination

Details of this study's recruitment and study subjects have been previously described

elsewhere (Haralambieva et al. 2010; Ovsyannikova et al. 2010a; Ovsyannikova et al.

2011b; Ovsyannikova et al. 2004; Ovsyannikova et al. 2005). This cohort, originally used as
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part of our earlier MMR vaccine studies (subjects recruited in 2001–2007), consisted of 764

healthy children from Rochester, MN, ranging in age from 11 to 18 years. In this cohort

(n=764), we measured immune response to measles vaccination (measles vaccine [MV]

study). All of these individuals were measured for immune response to rubella vaccination.

In 2008–2009, we expanded the cohort to include an additional 288 subjects for studies of

immune responses to rubella vaccine (rubella vaccine [RV] study), resulting in a group of

1,052 healthy individuals ranging in age from 11 to 22 years who were measured for rubella

vaccine immune responses. All subjects had written records of having received two doses of

MMR vaccine. The institutional review board of the Mayo Clinic granted permission for the

study.

Antibody measurement

MV study—As previously described, measles-specific neutralizing antibody titers were

measured via plaque reduction microneutralization assay (PRMN) (Haralambieva et al.

2008).

RV study—Rubella-specific neutralizing antibody titers were measured using a modified

ICA-based neutralization assay (sICNA), and results were reported as the neutralizing titer

(NT50). This method has been previously described elsewhere (Lambert et al. 2014).

Secreted cytokine measurement

MV study—Measurement of measles-specific interleukin (IL)-6 and interferon (IFN)-γ

secreted cytokines were completed by enzyme-linked immunosorbent assays (ELISA), and

detailed protocols have been published elsewhere (Haralambieva et al. 2011a; Haralambieva

et al. 2011b; Ovsyannikova et al. 2011a; Ovsyannikova et al. 2013; Ovsyannikova et al.

2011b). Briefly, peripheral blood mononuclear cells (PBMCs) were stimulated with the

Edmonston B vaccine strain of measles virus with an MOI of 1.0 and an incubation time of

72 h for both IL-6 and IFN-γ.

RV study—Rubella-specific IL-6 and IFN-γ cytokine secretion was measured by ELISA,

which has been formerly detailed (Dhiman et al. 2010; Lambert et al. 2013; Ovsyannikova

et al. 2009). In short, PBMCs were stimulated with rubella virus (W-Therien strain) with an

MOI of 5.0 and incubated for 24 and 48 h for IL-6 and IFN-γ, respectively.

Candidate gene SNP genotyping

The description of the tagging SNP selection strategies and genotyping methods has been

previously described (Haralambieva et al. 2011a; Ovsyannikova et al. 2011a; Ovsyannikova

et al. 2011b). In brief, candidate genes were selected based upon their relevance in MMR

vaccine response, as indicated by the literature, public databases, and our own data. SNPs

within candidate genes, 5 kb upstream and downstream for each candidate gene, were

chosen based on the linkage disequilibrium (LD) tagSNP selection algorithm [24] from the

Hapmap Phase II (http://www.hapmap.org), Seattle SNPs (http://pga.mbt.washington.edu/),

and NIEHS SNPs (http://egp.gs.washington.edu/), with SNP minor allele frequencies >0.05,

LD threshold of r2>0.90. Of the candidate SNPs assessed for rubella-specific (Haralambieva

et al. 2014; Pankratz et al. 2010) and measles-specific associations (Kennedy et al. 2012), a
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total of 93 SNPs had been studied in common between measles and rubella studies, and only

these SNPs were incorporated into this study.

Statistical analysis

Our goal was to determine whether there were individual genetic variants with shared

associations across multiple virus-specific immune response phenotypes. We have reported

many of these associations previously, and the analytical methods used to assess the

associations are outlined in those publications (Haralambieva et al. 2011a; Ovsyannikova et

al. 2010b; Ovsyannikova et al. 2012; Ovsyannikova et al. 2011b). To assess genetic

associations with neutralizing antibody for which a single observation was obtained per

subject, simple linear regression models were employed after logarithmic transformation of

antibody levels. All other outcomes considered were evaluated with repeated measures

approaches in which the multiple observations obtained per subject were modeled

simultaneously. In these analyses, we used an unstructured within-person variance-

covariance matrix to account for within-subject correlations. Spearman correlations were

computed for all possible combinations of the considered outcomes. The primary genetic

model used to assess significance assumed an ordinal trend across SNP genotypes ordered

by the number of copies of the minor allele. Models were structured such that a test of the

genotype by stimulation status interaction assessed the effect of genotype on the average

difference between stimulated and unstimulated PBMC samples. Our tests of association in

each of these investigations adjusted for a number of potentially important covariates,

including age at vaccination, sex, and time between most recent vaccination and study

participation. We compared the magnitude of the p values observed for the measured

measles-and rubella-specific immune responses on a SNP-by-SNP basis and identified those

genetic variants that achieved statistical significance in both at the p<0.05 level. Association

results for 93 SNPs were compared between measurements made for three distinct

phenotypes measured specifically for measles and rubella vaccine immune responses. With

the requirement that the SNPs have p<0.05 for the phenotypes for both pathogens, the

effective type I error per SNP was 0.0025. To control the experiment-wise type I error rate,

we used an exact binomial test to assess whether the observed number of SNPs with shared

associations was greater than the expected number under the null hypothesis that there were

no common SNP associations. Summaries of the measures of virus-specific immune

phenotypes were obtained for the genotypes of the SNPs, which were thus identified, as

noted in our previously published work (Haralambieva et al. 2011a; Ovsyannikova et al.

2010a; Ovsyannikova et al. 2010b; Ovsyannikova et al. 2011b).

Results

Demographics

The measured neutralizing antibody titers and secreted cytokine responses varied between

the MV and RV studies due to differences in methodology. For an overview of subject

demographics, see Table 1. MV study: Of 764 subjects, 55.9 % were male and 44.1 % were

female. Caucasian-American subjects comprised 80.6 % of the cohort and 11.6 % identified

as African-American. Neutralizing antibody titers were measured on 763 individuals, and

the median response was 844.0 (IQR 418.0, 1752.0). Secreted IL-6 and IFN-γ were
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successfully measured in 756 subjects. The median of secreted IL-6 was 354.6 ng/μl (IQR,

248.5–461.4), whereas the median of secreted IFN-γ in this cohort of study subjects was

67.4 ng/μl (IQR, 35.2–120.5).

RV study: Included in this study were 1,052 subjects, and of these, 54.9 % were male and

45.1 % were female; 84.9 % of subjects identified as Caucasian-American, whereas 8.2 %

identified as African-American. Neutralizing antibody titers were measured in 1,042

subjects with a median response of 57.4 (IQR, 34.9, 95.8). IL-6 cytokine measurement was

completed on 1,001 subjects, and a median of 3,595.6 ng/μl (IQR, 3,032.0–4,008.4) was

observed. Secreted IFN-γ was measured on 982 subjects with a median of 6.2 ng/μl (IQR,

1.5– 20.2). Measles- and rubella virus-specific neutralizing antibody titers and secreted

cytokine levels (IL-6 and IFN-γ) were remarkably different between two studies.

Neutralizing antibody titers (p<0.0001) and secreted IFN-γ levels (p<0.0001) were

significantly higher in the MV study than in the RV study. In contrast, secreted IL-6 levels

(p<0.0001) were significantly lower in the MV study than in the RV study. There was no

evidence of a correlation between measles- and rubella-specific IL-6 secretion (r=0.010,

p=0.80, n=695 subjects) or measles- and rubella-specific IFN-γ secretion (r= 0.079, p=0.04,

n=677 subjects); however, there was a slight correlation between measles- and rubella-

specific neutralizing antibody titers (r=0.214, p<0.0001, n=718 subjects).

A total of six SNPs were found to be associated both with measles- and rubella-specific

immune responses to MMR vaccine. The binomial test comparing this number with the

expected number under the null hypothesis, given 279 comparisons made at an effective p

value per comparison of 0.0025, resulted in a p value of 8.5×10−5. Therefore, we can

conclude that the number of SNPs with common associations between measles and rubella

phenotypes is greater than what would be expected to occur under the null hypothesis of no

common SNP associations.

Associations between SNPs and neutralizing antibody titers

We identified an intronic SNP, rs669260, in the DDX58 gene that was significantly

associated with neutralizing antibody titers to MV and to RV (p values 0.0198 and 0.0002,

respectively). There was an increasing trend in both measles- and rubella-specific

neutralizing antibody titers. Although, the magnitude of effect was higher for MVand the

genetic model favored a dominant mode of effect for RV (Table 2), both suggested that the

presence of the minor allele was associated with higher neutralizing antibody levels.

Associations between SNPs and IL-6 secretion

Two significant SNP associations were observed in common with secreted IL-6 in both the

MVand RV studies: rs2284552 in the interleukin-10 receptor beta (IL10RB) gene and

rs2546893 in the IL12B gene. The p values for these associations were 0.0057 and 0.0056

for MV and 0.00008 and 0.0294 for RV. The minor allele variant (AA) in both the

rs2284552 SNP and the rs2546893 SNP was associated with heightened IL-6 secretion post-

viral stimulation by both MV and RV (Table 2).
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Associations between SNPs and IFN-γ secretion

We identified three SNPs significantly associated with measles- and rubella-specific

secreted IFN-γ response: rs17860160 in the IFNAR2 gene (MV p value 0.0336, RV p value

0.0011), rs2770150 in the TLR4 gene (MV p value 0.0118, RV p value 0.0175), and

rs2834160 in the IFNAR2 gene (MV p value 0.0261, RV p value 0.0013). Increasing copies

of the minor allele of the rs17860160 SNP was associated with decreasing trends of secreted

IFN-γ in both studies. Conversely, increasing numbers of the minor allele of the rs2770150

SNP were associated with an increasing trend in IFN-γ secretion in both studies. Subjects in

both the MV and RV studies with increasing numbers of the minor allele of the rs2834160

SNP tended to secrete lower levels of IFN-γ (Table 2).

Discussion

Associations between post-vaccination immune responses and genetic polymorphisms have

been explored in an attempt to explain the interindividual variation in immune responses to

single vaccines; however, SNPs associated with immune response outcomes to multiple

vaccines have not been widely studied, making this study the first of its kind. In order to

broaden scientific knowledge in this area, our study explored candidate gene SNPs

associated with immune response outcomes to both measles vaccine and rubella vaccine.

Using the aforementioned statistical approach, we identified polymorphisms associated with

measles vaccine-specific and rubella vaccine-specific immune response outcomes (i.e.,

neutralizing antibody titers, secreted IL-6, and IFN-γ response), including SNPs in the

DDX58, IL10RB, IL12B, IFNAR2, and TLR4 genes.

We detected an association between a polymorphism in the DDX58 gene (rs669260) and

neutralizing antibody titers in both measles and rubella vaccine studies. The DDX58 gene

encodes retinoic acid inducible gene I (RIG-1), which functions to sense cytoplasmic viral

nucleic acids during viral infection (Hornung et al. 2006; Ovsyannikova et al. 2010a). RIG-1

has been shown to inhibit measles virus replication by way of retinoid induction, primarily

vitamin A, while also depending on the expression of IRF-1 and the production of

interferons (Soye et al. 2011). The relationship between DDX58 (RIG-1) and rubella virus

has been less widely studied; however, the minor allele of the DDX58 gene SNP rs669260

was associated with higher rubella-specific neutralizing antibody titers, suggesting that this

polymorphism may also play a role in eliminating rubella viral infection.

Additionally, we identified two SNPs associated with measles- and rubella-specific IL-6

secretion, including one intronic SNP in the IL10RB gene (rs2284552) and one intronic SNP

in the IL12B gene (rs2546893). The expression of IL10RB, in conjunction with IL10RA, is

critical for the induction of IL-10 signaling, which has been shown to inhibit cytokine

secretion, particularly IL-6, in monocytes by inhibiting the IL6 gene transcription factor

activator protein-1 (AP-1) (Dokter et al. 1996). Polymorphisms in the IL10RB gene may

disrupt the homeostasis of the IL-10 signaling pathway, resulting in altered levels of IL-6

production, as seen in this study. This specific IL10RB gene SNP was also significantly

associated with IL-6 secretion when analysis was performed on the Caucasian-American

subset of the study subjects. Interestingly, the major allele variant (CC) was associated with

enhanced IL-6 secretion (p=0.05) post-measles virus stimulation, and the heterozygous
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allele variant (CA) was associated with enhanced IL-6 secretion (p=0.007) after rubella virus

stimulation in the Caucasian-American subset (data not shown), which differs from the

results when analysis was completed on the entire cohort.

Also significantly associated with IL-6 secretion post-MMR vaccination was the rs2546893

SNP in the IL12B gene. The IL12B gene encodes the IL-12p40 subunit of IL-12 and IL-23,

both heterodimeric cytokines that work cooperatively to control cellular immune responses

during antigenic stimulation. IL-12 plays a crucial role in the differentiation of Tcells into

the Th1 cells, while IL-23 activates memory T cells to produce proinflammatory cytokines,

such as IL-6 and IL-17 (Langrish et al. 2004; Yen et al. 2006). Interestingly, the minor allele

variant (AA) was significantly associated with an enhanced IL-6 response to both measles

and rubella virus stimulation post-MMR vaccination.

Lastly, we detected three SNPs significantly associated with secreted IFN-γ after measles

and rubella vaccination, including two SNPs in the IFNAR2 gene (rs17860160 and

rs2834160) and an intergenic SNP in the TLR4 gene (rs2770150). The IFNAR2 gene codes

for a transmembrane receptor protein specific to type I interferons, such as IFN-α and IFN-

β, that generate potent anti-viral responses to viral antigens, such as measles virus and

rubella virus (Piehler and Schreiber 1999). The major allele variants for the rs17830160 and

rs2834160 SNPs in the IFNAR2 gene were associated with enhanced IFN-γ secretion after

measles virus stimulation, while the major allele variant of the rs2834160 SNP and the

minor allele of the rs17860160 SNP were associated with decreasing trends IFN-γ secretion

after rubella virus stimulation. Additionally, the minor allele variant of the SNP in the TLR4

gene, which encodes toll-like receptor protein 4 and plays a vital role in pathogen

recognition and induction of innate immune response pathways via expression of cytokines

and co-stimulatory molecules (Kopp and Medzhitov 1999), was associated with greater IFN-

γ secretion than the other variants, especially after measles virus stimulation. The role of

TLR4 in the initiation of innate and adaptive immune response has been widely studied

(Ovsyannikova et al. 2011b), and other polymorphisms in the TLR4 gene have been

correlated with low levels of inflammatory molecules and, therefore, increased risk of severe

infection (Kiechl et al. 2002), signifying the importance of functional TLR4 in response to

antigenic stimulation. This suggests that vaccines against measles and rubella viruses may

use common genes (SNPs), such as the DDX58, IL10RB, IL12B, IFNAR2, and TLR4, and

different innate and adaptive immune pathway genes to produce immune responses.

A recent report also analyzed allelic variant commonalities between vaccines by utilizing

systematic review and meta-analysis (Posteraro et al. 2014). As a result, four HLA alleles

(DRB1*07, DQA1*02:01, DQB1*02:01, and DQB1*03:03) were found to be significantly

associated with lower antibody responses to MMR-II, hepatitis B, and influenza vaccines in

addition to two HLA alleles (DRB1*13 and DRB1*13:01) associated with high antibody

responses (Posteraro et al. 2014). Aside from this study, which focused solely on HLA SNP

associations, genome-wide SNP commonalities between vaccines in association with

vaccine-specific immune response outcomes have not been widely studied, which is why

data identifying these commonalities is of great interest as it may advance our understanding

of the mechanisms underlying vaccine immune response, as well as assist in the design of

new candidate vaccines.
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There are several strengths and limitations to this study. The recruitment and utilization of a

large sample population added to the genetic diversity of the study, enhancing the power of

the results, although it should be noted that the available sample sizes were still too small to

clearly elucidate the patterns of genetic association. The primary limitation of this study was

the comparison between only measles vaccine and rubella vaccine responses. It would be

beneficial to compare SNP associations among more vaccines; this would further aid in our

understanding of the specific mechanisms underlying vaccine response. We acknowledge

that corrections for multiple comparisons were not applied. Therefore, future directions of

this study include replication and validation studies.

When measuring humoral and cellular immune responses, we observed statistically

significant differences in neutralizing antibody titers (15-fold difference), IL-6 (10-fold

difference), and IFN-γ (11-fold difference) secretion levels between the MVand RV studies.

This may, in part, be due to a combination of the multiple differences in the optimized assay

conditions to each antigen noted between two studies. This, in turn, allowed us to more

clearly observe the antigen-specific impact of certain SNPs on immune response outcomes

to each measles virus and rubella virus separately. Further, a total of 764 and 1,052 subjects

were included in analysis for response to measles virus and rubella virus, respectively. All of

the 764 subjects in the measles vaccine study were included in the 1,052 subjects of the

rubella vaccine study. We found minimal or no correlation between measles and rubella

humoral and cellular immune responses following MMR vaccination. Because of the low

correlation between measles and rubella vaccine immune responses, it is unlikely that SNP

associations observed in common were spuriously driven by commonalities between

immune response measures within subjects.

In conclusion, the primary strength of this study is that it is the first major study to analyze

commonalities in SNP associations to vaccine-specific immune response to both measles

vaccine and rubella vaccine. We found several SNP associations shared in common between

measles vaccine response and rubella vaccine response, including SNPs in the DDX58,

IL10RB, IL12B, TLR4, and IFNAR2 genes. Our data suggest the possibility that these and

other common genetic polymorphisms may be linked to the overall antiviral host response.

Replication studies are crucial to evaluate these results and design future studies. Ultimately,

these results could potentially inform us about the genetic correlates of protective vaccine

immunity and may provide important clues on genetic variants that contribute to altered

immune responses to more than one vaccine.
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Table 1

Demographic and immunological characteristics of the measles vaccine and rubella vaccine study subjects

Measles vaccine study (N=764) Rubella vaccine study (N=1,052)

Gender

    Male 427 (55.9 %) 578 (54.9 %)

    Female 337 (44.1 %) 474 (45.1 %)

Race

    American-Indian, Alaska Native 2 (0.3%) 4 (0.4%)

    Asian, Hawaiian, Pacific Islander 20 (2.6 %) 27 (2.6 %)

    Black or African American 89 (11.6 %) 86 (8.2 %)

    Caucasian-American 616 (80.6 %) 893 (84.9 %)

    Multiple 23 (3.0 %) 28 (2.7 %)

    Other 8 (1.0 %) 8 (0.8 %)

    Unknown 6 (0.8 %) 6 (0.6 %)

Ethnicity

    Not Hispanic or Latino 742 (97.1 %) 1,025 (97.4 %)

    Hispanic or Latino 15 (2.0 %) 20 (1.9 %)

    Don't Know 7 (0.9 %) 7 (0.7 %)

Age at first vaccination (months)

    N 764 1,052

    Mean (SD) 21.5 (24.7) 20.2 (21.2)

    Median 15.0 15.0

    Q1, Q3 15.0, 16.0 15.0, 16.0

    Range (11.0-181.0) (11.0-185.0)

Age at second vaccination (years)

        N 764 1,052

    Mean (SD) 7.3 (3.3) 8.4 (3.5)

    Median 5.0 9.0

    Q1, Q3 4.0, 11.0 5.0, 12.0

    Range (1.0-15.0) (1.0-17.0)

Time from second vaccination to enrollment (years)

    N 764 1,052

    Mean (SD) 7.5 (2.7) 6.7 (2.9)

    Median 7.4 6.4

    Q1, Q3 5.6, 9.2 4.6, 8.6

    Range (0.4-16.8) (0.4-16.8)

Immune measure

    Neutralizing antibody (NT50)

                N 763 1,042

        Mean (SD) 1,263.9 (1,158.4) 82.3 (124.5)

        Median 844.0 57.4

        Q1, Q3 418.0, 1,752.0 34.9, 95.8
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Measles vaccine study (N=764) Rubella vaccine study (N=1,052)

        Range (45.0-7,723.0) (17.0-2,391.2)

    IL-6 (ng/μl)

                N 756 1,001

        Mean (SD) 362.5 (170.6) 3,436.8 (906.8)

        Median 354.6 3,595.6

        Q1, Q3 248.5, 461.4 3,032.0, 4,008.4

        Range (–163.7 to 1,053.6) (–957.3 to 5,831.8)

    IFNg (ng/μl)

                N 756 982

        Mean (SD) 95.6 (97.1) 24.3 (69.6)

        Median 67.4 6.2

        Q1, Q3 35.2, 120.5 1.5, 20.2

        Range (–211.9 to 623.5) (–239.0 to 579.4)

SD standard deviation, Q1 first quartile, Q3 third quartile, NT50 neutralizing titer, IL interleukin, IFN interferon
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