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Abstract

We assessed the effects of sex, race and ethnicity on smallpox vaccine-induced immune responses

in 1,071 armed forces members after primary Dryvax® smallpox vaccination, including 790 males

and 281 females; 580 Caucasians, 217 African-Americans, and 217 Hispanics. Analysis of

vaccinia-specific cytokine responses revealed that Caucasians had higher total IFNγ ELISPOT

responses (median 57 spot-forming units/SFUs per 200,000 cells, p=0.01) and CD8+IFNγ

ELISPOT responses (12 SFUs, p<0.001) than African-Americans (51 and 4 SFUs, respectively)

and Hispanics (47 and 8 SFUs, respectively). Similarly, Caucasians secreted higher levels of

vaccinia-specific IL-2 (p=0.003) and IFNα (p<0.001) compared to other racial/ethnic groups.

Males had higher total IFNγ ELISPOT responses (median 55 SFUs) compared to females (41

SFUs, p<0.001). We observed statistically significant sex-related differences in the secretion of

IL-2 (p<0.001), IL-1β (p<0.001) and IL-10 (p=0.017). These data suggest that vaccinia-specific

cytokine responses following primary smallpox vaccination are significantly influenced by race

and sex of vaccinees.
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Introduction

Demographic variables may influence susceptibility to infectious diseases, disease

pathogenesis and clinical course, and immune responses to infectious agents and vaccines,

and these effects are a result of the dynamic interaction of complex genetic and

environmental factors. [1–11]. Sex-based differences in vaccine efficacy, adverse events,

and humoral immune response after immunization have been reported for many viral

vaccines, including measles-mumps-rubella (MMR), influenza, hepatitis A, hepatitis B,

yellow fever, smallpox, rabies and human papillomavirus.[12] In most cases, women

generate a more robust antibody response to vaccines than men, while data on sex-based

differences in cellular immune responses remains controversial [6,9,12–19]. The effects of

race and ethnicity on variations in vaccine-induced immunity, including cellular immunity,

have not been comprehensively studied. In this population-based study of 1,071 individuals,

we assessed the effects of sex and race/ethnicity on multiple measures of innate/

inflammatory and adaptive immune responses following primary smallpox vaccination.

Material and methods

Study cohort

The methods described below are similar or identical to those published for our previous

studies [17,20,21]. The recruitment of the study subjects and the demographic and

vaccination data have been previously reported [17,20,21]. Briefly, all subjects (n=1,071)

were recruited as participants in a smallpox immunization program at the Naval Health

Research Center (NHRC) in San Diego, CA, and civilian healthcare worker smallpox

immunization program at the Mayo Clinic in Rochester, MN. All subjects have received a

single dose of Dryvax® smallpox vaccine (Wyeth Laboratories, Inc., Marietta, PA) within

four years prior to enrollment in the study [17,20]. The Institutional Review Boards of

NHRC and the Mayo Clinic approved the study, and written informed consent and

demographic information was obtained from each subject at the time of enrollment.

Cytokine immune measures

Twelve vaccinia-specific Th1, Th2 and innate/inflammatory cytokines were quantified using

commercial ELISA kits (BD Pharmingen) in peripheral blood mononuclear cell (PBMC)

cultures after in vitro stimulation with inactivated vaccinia virus (NYCBOH strain) at

optimal (for each cytokine) multiplicity of infection/MOI and incubation periods, as

previously reported [21].The frequencies of IFNγ-positive cells (in spot-forming units/

SFUs) were measured in PBMC cultures using commercial total IFNγ and CD8+IFNγ

ELISPOT kits (R&D Systems, Minneapolis, MN) following the manufacturer’s

specifications, with good measurement reproducibility (intraclass correlation coefficients/

ICCs comparing multiple observations per subject of 0.94 and 0.85 for stimulated and

unstimulated values, respectively) [21,22].
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Statistical analysis

The statistical methods described herein are similar or identical to those published for our

previous studies [20–24]. Study participants were asked to indicate their race and ethnicity

via a questionnaire. Since many individuals indicated “Other”, “Unknown”, or “Don’t

Know” race and/or ethnicity on the survey, and because of the availability of genome-wide

data obtained from Illumina HumHap550/650 arrays, we verified the declared racial and

ethnic categorizations with observed genetic data. We also used the genetic data to

categorize subjects (having chosen: “More than one race,” “Other,” or “Don’t Know”) into

racial/ethnic groups. Our approach for racial/ethnic classification based on genetic data has

been reported in detail elsewhere [20,23,24]. Briefly, we identified a collection of SNPs

(n=22,863 SNPs) not in linkage disequilibrium with one another and applied a principal

components approach to quantify population genetic similarity among the study subjects

[25]. We clustered these results with known racial and ethnic data and were able to classify

participants into three major groups: Caucasian race, African race, and Hispanic ethnicity.

Subjects not clustering unambiguously into one of these three groups were retained as

another genetic group labeled “Other.” The sex of the study participants was identified

based on self-declaration and verified with genetic data, using the PLINK genome-wide

association study (GWAS) to compute the inbreeding coefficients on the X chromosome.

This assessment identified one individual as an XXY male (Klinefelter’s syndrome), who

was excluded from the study [24]. Summaries of the measured immune response outcomes

were obtained from per-subject medians of the replicates measured by the assays. Statistical

comparisons were made using linear mixed models approaches that modeled all of the

measured replicates as the outcome while accounting for within-subject correlations.

Analyses adjusted for sex and race (where needed), quartiles of age at enrollment, quartiles

of time since vaccination to blood draw, quartiles of time from blood draw to assay,

shipping temperature of the sample, and season when the sample was shipped. In order to

ensure that statistical modeling assumptions were met, we applied inverse-normal

transformations to the outcome data prior to performing statistical tests. Statistical analyses

were performed in the SAS statistical software system (Cary, NC).

Results and Discussion

The demographics of the study population and all immune response variables have been

previously reported [17,20,21]. The median age at enrollment was 24 years (inter-quartile

range/IQR, 22–27) and the median time since immunization to blood draw was 15.3 months

(IQR, 9–34) [21]. The study cohort consisted of 790 males (74%) and 281 females [21]. The

four major race/ethnicity groups based on the genomic data were: Caucasian (n=580);

African-American (n=217); Hispanic (n=217); and other (n=57), including Asian, American

Indian, Alaskan Native, Native Hawaiian, other Pacific Islander and subjects with unknown

race/ethnicity. As previously reported, we observed a strong concordance between self-

declared and genetic race/ethnicity for study participants with clear self-declaration [23,24].

The cell mediated immunity (CMI) variables for the study population (cytokine responses in

response to vaccinia virus stimulation) have been previously described in detail and were

characterized by a Th1-biased cytokine immune response pattern and a strong innate/

proinflammatory cytokine response [21,22]. The median total IFNγ ELISPOT response for
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the overall cohort was 52 SFUs (IQR, 24–88) and the median CD8+IFNγ ELISPOT

response was 10 SFUs (IQR, −2 to 27) [21]. The median levels for secreted IFNγ, IL-2,

IL-10, IFNα and IL-1β were 290 pg/mL, 16 pg/mL, 3 pg/mL, 63 pg/mL and 51 pg/mL,

respectively, as previously reported [21].

The purpose of this report is to explicitly analyze and report the data based on race/ethnicity

and sex of the study participants. Our adjusted statistical analysis revealed significant

associations between race/ethnicity and vaccinia virus-specific CMI outcomes following

primary smallpox immunization. Subjects of European descent (Caucasians) had

significantly higher total IFNγ ELISPOT response and CD8+IFNγ ELISPOT response

(median 57 SFUs per 200,000 cells [IQR, 28–95] and 12 SFUs [IQR, 0–32], respectively)

than subjects of African descent (median 51 SFUs [IQR, 23–84] and 4 SFUs [IQR, −7 to

18], respectively) or subjects of Hispanic ethnicity (median 47 SFUs [IQR, 17–76] and 8

SFUs [IQR, −2 to 20], respectively) (p=0.01 and p<0.001, Table 1). Similarly, we detected

higher secreted levels of vaccinia-specific IFNγ in Caucasians (median 315 pg/mL) than

African-Americans (271 pg/mL) and Hispanics (267 pg/mL) (p=0.09, data not presented).

Although the differences in secreted IFNγ did not reach statistical significance, the trend is

apparent and likely limited due to the limited sample size of some of the analyzed groups. In

concert with these observations, Caucasians had also significantly higher levels of secreted

IL-2 (37 pg/mL) and IFNα (97 pg/mL) compared to all other groups (p=0.003 and p<0.001,

Table 1).

Ethnicity and race-specific data on infectious disease susceptibility and clinical course,

and/or differences in immune responses to pathogens and vaccines is limited in the

literature, and the underlying mechanisms for the reported observations are still unknown

[5,11,26–28]. Although the observed statistically significant effects (cytokine response

differences) in our study are relatively small and there is no known correlate of protection

for vaccinia-specific cell-mediated immunity, cellular immunity contributes to overall

immune protection and resolution of poxvirus infections [27]. Further studies are warranted

to determine how and if these CMI response differences are biologically important and/or

are related to protection and disease susceptibility in different racial/ethnic groups.

Differences in lymphoproliferative responses to influenza vaccination have been reported in

elderly Caucasians and Latino (Hispanics) subjects versus elderly African-American

subjects, and the latter demonstrated a differential lack of cell-mediated influenza vaccine-

specific immune response [27]. Statistically significant differences in measles antibody

seroprevalence and/or measles antibody titers were also reported between African-

Americans and Caucasians [29] and between Innu/Inuit and Caucasians [30]. Interestingly,

we have previously reported that Caucasians had significantly higher measles-specific total

IFNγ ELISPOT responses than non-Caucasians (including African-American, Asian,

Hawaiian, Pacific Islander and Hispanic subjects) and also higher levels of measles vaccine-

specific secreted IL-2 and IFNα (and IFNλ1, IL-10, TNFα, IL-6) [28], a result that is in

concert with our current findings after smallpox vaccine. These consistent findings point to a

more general pattern of vaccine-induced cellular immune response in different racial/ethnic

groups. The underlying mechanisms for the observed differences in CMI response to

vaccines between populations are still not delineated, but might be due in part to differences
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in allele frequencies (polymorphisms) in cytokine and other immune genes with implications

for immune regulation and function [31]. Both common and race-specific genetic

associations have been reported between single nucleotide polymorphisms in cytokine and

cytokine receptor genes and variations in smallpox vaccine-induced humoral and cellular

immunity [20,23], which suggests that differences in immune response may vary by race.

We have also previously reported on the role of HLA in the genetic control of immune

response following smallpox vaccination (including cytokine responses) [32]. It is important

to note that in order to predict the population substructure (genetically assign race/ethnicity),

we used SNPs that spanned the entire genome and, as expected, a handful of them are in the

HLA region and within other important immune genes (six SNPs are annotated as being

“HLA,” but none of which are coding SNPs). However, the number of these SNPs is very

small relative to the 22,863 total SNPs. Because of this, these markers only contribute a very

small component to the estimation of genetic groupings and the overall predicted population

substructure.

As outlined, sex-based dissimilarities in humoral immunity post-vaccination (including

smallpox vaccine) are already well established [12]. In the current study, we performed a

comprehensive analysis of 10 markers of smallpox vaccine-induced cellular immunity

(including detectable secreted cytokines and two ELISPOT measures) in order to understand

the sex-based effects on vaccinia-specific cellular immunity. Our results demonstrate that

men had significantly higher total IFNγ ELISPOT responses (median 55 SFUs [IQR, 27–

95]) than women (median 41 SFUs [IQR, 17–70], p<0.001, Table 1) and higher levels

secretion of the proinflammatory cytokine IL-1β (p<0.001, Table 1), while women had

higher secretion of vaccinia-specific IL-2 and IL-10 (p<0.001 and p=0.017, respectively,

Table 1). While these findings are not yet validated in other vaccine studies (smallpox

and/or other viral vaccines [12]) and the clinical/biological implications of the observed

differences are unclear, our data suggest a sex bias in the cellular measures of smallpox

vaccine-induced immunity that might relate to vaccine efficacy and/or adverse events

following immunization. The biological mechanisms underlying the observed sexual

dimorphism in immune response (including innate, humoral and cellular immunity) are

complex and involve the multifaceted influence of sex steroids (17β-oestradiol,

progesterone, and testosterone) on immune function including activation and/or suppression

of the activity of immune cells. Sex hormones bind to their specific receptors (expressed on

multiple lymphoid cells) and differentially influence various cell-signaling pathways (such

as NF-κB and IRF) leading to the production of chemokines and cytokines [12]. Sex

chromosomal gene effects (such as polymorphisms in immune function-related genes and

regulatory miRNAs on the X chromosome) have also been implicated in sex differences in

disease pathogenesis and vaccine-induced immunity [12].

The strengths of our study include a large, racially diverse cohort with documented primary

smallpox immunization and vaccine “take,” precise demographic and genetic (genome-wide

genotyping) data for reliable racial/ethnic classification, and comprehensive immune

profiling, and statistical analysis adjusting for all other covariates. The limitations include

the lack of replication in an independent cohort, which is currently in progress.
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In conclusion, our results highlight the importance of demographic variables, such as race,

ethnicity and sex, in immune response inter-individual variations following smallpox

immunization. Such findings will fuel efforts to enhance our understanding of how smallpox

vaccine-induced immune responses are generated in diverse populations.
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