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Abstract

Introduction—Previous research shows immune response to vaccination differs by sex but this
has not been explored for IMVAMUNE®), a replication-deficient smallpox vaccine developed in
response to the potential for bioterrorism using smallpox.

Methods—We conducted a participant-level meta-analysis (N=275, 136 men, 139 women) of 3
randomized trials of IMVAMUNE conducted at 13 centers in the US through a federally-funded
extramural research program. Studies were eligible for inclusion if they tested the standard dose
(1x108 TCIDsg/mL on Days 0 and 28) of liquid formulation IMVAMUNE, were completed at the
time of our search, and enrolled healthy vaccinia-naive participants. Models of the peak log,
ELISA and PRNT titers post-second vaccination were constructed for each study with sex as a
covariate. Results from these models were combined into random effects meta-analyses of the sex
difference in response to IMVAMUNE. We then compared this approach with fixed effects
models using the combined participant level data.
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Results—In each study the mean peak logy ELISA titer was higher in men than women but no
single study demonstrated a statistically significant difference. Combination of the adjusted study-
specific estimates into the random effects model showed a higher mean peak log,-titer in men
compared with women (absolute difference [men-women]: 0.32, 95% CI: 0.02-.60). Fixed effects
models controlling for study showed a similar result (log, ELISA titer, men-women: 0.34, 95%
Cl: 0.04-0.63). This equates to a geometric mean peak titer that is approximately 27% higher in
men than women (95% C1:3%-55%). Peak logo PRNT titers were also higher (although not
significantly) in men (men-women: 0.14, 95% CI: —0.30-0.58).

Conclusion—Our results show statistically significant differences in response to IMVAMUNE
comparing healthy, vaccinia-naive men with women and suggest that sex should be considered in
further development and deployment of IMVAMUNE and other MVVA-based vaccines.
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INTRODUCTION

The potential to prevent infectious diseases (ID) through vaccination was recognized in the
late 18! century, although it wasn’t until the 19t and 20t centuries that vaccination
significantly impacted public health.[1-3] Advances in knowledge of pathogens and Omics,
studies of pathogen-host interactions, and mechanisms of immunity have improved the
efficiency and success of vaccine development.[1, 4, 5] However, the fundamental
assumption underlying vaccine deployment has remained largely unchanged, i.e., that a
single vaccine for a given pathogen can be used in a large population.[6] This assumption is
incongruous with contemporary recognition that the immune response is heterogeneous and
that a single vaccine may have varying utility in population subgroups.[7]

Heterogeneous post-vaccination immune responses in men and women have been reported
across a range of vaccines and in populations with different characteristics.[8] The effect of
sex on immune response to vaccination may depend on several factors, including the
vaccine antigen itself, with men responding better to some antigens than women and vice
versa.[8] Recent studies of military personnel and civilian healthcare workers vaccinated
against smallpox using Dryvax vaccine showed that females maintain stronger long-term
humoral immunity than males,[9] but that sex differences in cellular immune response are
less consistent, with the female (or male) dominance depending on individual cytokines.[10]
The possibility that population subgroups respond differently to smallpox vaccination is of
concern given the development of novel smallpox vaccines intended for emergency use
against a bioterrorist attack with weaponized smallpox.[11]

Vaccines against smallpox are based on the poxvirus vaccinia, which induces immunity
against variola virus, the causative agent of smallpox.[12] Unfortunately, live-virus vaccines
such as Dryvax, which were successfully used to eradicate smallpox, are associated with
rare but potentially fatal adverse events, e.g., disseminated vaccinia and myopericarditis,[13]
and the newly developed vaccinia-virus smallpox vaccine ACAM2000®, which is now
licensed in the US for limited use in people at risk, is associated with similar safety
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concerns.[14] IMVAMUNER® is a highly attenuated smallpox vaccine developed as a safer
alternative to existing live virus vaccines. IMVAMUNE is based on the Modified Vaccinia
Ankara (MVA) virus, which is a replication-deficient vaccinia virus, first experimented with
in the 1970s as a priming agent intended to reduce adverse reactions of subsequent
vaccination with live vaccinia virus vaccines.[15] The possibility of bioterrorist attack using
smallpox generated renewed interested in MVA as a smallpox vaccine and this led to
development of IMVAMUNE, which is now licensed by the European Medicines Agency
and Health Canada for prevention of smallpox and continues to be tested in clinical trials in
the United States.[15-17]

Sex differences in response to IMVAMUNE have not been explored, and although men and
women have been included in randomized trials of IMVAMUNE, individual trials were not
powered to detect differences in immune response between sexes. Therefore, we conducted
a participant-level meta-analysis of completed randomized trials of IMVAMUNE to
evaluate sex differences in humoral immune response to this novel smallpox vaccine. Our
objective was to inform the design of future studies of IMVAMUNE and other MV A-based
vaccines, and to explore the importance of sex in human immunity in general.

METHODS

Our approach to conducting and reporting this analysis followed established standards for
meta-analysis of clinical trials.[18, 19]

Identification of Studies

Since 2002, the Division of Microbiology and Infectious Diseases (DMID) at the National
Institute of Allergy and Infectious Diseases (NIAID) has sponsored clinical trials of
IMVAMUNE through its extramural research program. During February of 2014, in
collaboration with DMID/NIAID staff, we identified all DMID-sponsored clinical trials of
IMVAMUNE for which participant-level data were available at the DMID/NIAD data
coordinating center (The EMMES Corporation, Rockville, MD). We then selected studies
for our meta-analysis from this portfolio.

Eligibility Criteria

Studies eligible for inclusion in our meta-analysis of sex differences in humoral immune
response to IMVAMUNE were: randomized clinical trials (these studies offer high-quality
evidence that IMVAMUNE elicits a humoral immune response), completed at the time of
our search (required for extraction of results), included healthy participants only (to exclude
effects of established pathological processes on immune function), enrolled participants who
were naive to smallpox vaccine (to exclude the effect of immunological experience on
immune response to IMVAMUNE), and tested the liquid formulation of IMVAMUNE in
the standard dose, 1x108 TCIDsg/ml via subcutaneous needle injection on Days 0 and 28
(chosen because this formulation, dose, and administration timing elicits the strongest
humoral immune response).[20]

Vaccine. Author manuscript; available in PMC 2016 October 05.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Troy et al.

Page 4

Data Extraction

Participant-level data were obtained for each of the included studies. We extracted data for
all participants from each study who received two doses (on Days 0 and 28) of liquid
formulation IMVAMUNE at 1x108 TCIDso/mL. Data were not extracted for participants
receiving placebo or other IMVAMUNE regimens. Included studies measured humoral
immune response at various time points after each vaccination. We focused our analysis on
measurements taken after the second vaccination as this is the time period when
IMVAMUNE is shown to elicit the strongest humoral immune response.[20] Antibody
titers, measured by enzyme linked immunosorbent assay (ELISA) and plaque reduction
neutralizing titer (PRNT), were extracted from each included study for several time points
post-second vaccination (Table 1). The primary endpoint for our meta-analysis was the
highest logo-transformed titer achieved for each individual, which we interpreted as an
estimate of the peak titer. We chose the mean difference in the log,-transformed titer,
comparing men to women, as the summary measure for our meta-analysis as this allowed us
to assess both the presence and magnitude of the sex difference in response to
IMVAMUNE. This method also allowed us to interpret the anti-logarithm of the sex
difference as a relative measure of geometric mean titer in men vs. women.

Statistical Analysis

We began by plotting the mean of the log,-titer over time by sex, separately for each study.
This allowed us to qualitatively evaluate the presence of sex differences in response to
IMVAMUNE prior to conducting any formal analyses. Our meta-analysis of the peak log,-
titer followed a two-stage approach, in which we estimated the sex difference in response to
IMVAMUNE in each study separately (the first stage) and then combined the study-specific
results into a random effects model (the second stage) using the method described by Der
Simonian and Laird.[21] For each study, we applied the generalized linear modeling
framework, with identity link and normal errors, to estimate the absolute difference in peak
log,-titer between men and women. We selected four models for each study: an unadjusted
and adjusted model of the peak log,-titer as measured by ELISA and PRNT. Selection of
adjusted models was performed by exploring the importance of the following factors, one at
atime, in a model containing sex: age (continuous and categorical), study center, log,-titer
immediately prior to second vaccination, and race (White vs. non-White). Any factors that
were significant (alpha=0.10) after controlling for sex, or that substantially improved model
fit over a model containing only sex (as indicated by the Akaike or the Bayseian information
criteria) were entered simultaneously into a model containing sex. Then, backward
elimination was applied until all predictors in the model (other than sex) were significant at
alpha=0.05. All models used females as the referent group. Statistical significance was
evaluated using the likelihood ratio chi-square test, and model assumptions were verified
graphically. The coefficient and standard error for sex were extracted from each of the final
models for incorporation into random effects models. Finally, we evaluated the impact of
inter-study heterogeneity on the summary estimate of the sex difference in logs-titer by
fitting joint fixed effects models (i.e., treating all of the participant-level data as if it were
collected as part of a single study) and informally comparing results with the random effects
models. Joint fixed effects models were built using a similar approach as described above
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and included a model covariate indicating the study that the data were drawn from. Analyses
were done using SAS 9.3 (SAS Institute, Cary, NC).

RESULTS

Our search for randomized trials of IMVAMUNE identified 6 studies (Figure 1). One of
these was not yet completed and was excluded. Among the remaining 5 completed studies, 1
was excluded because it did not enroll healthy participants, and 1 was excluded because
liquid formulation IMVAMUNE was not tested. Therefore, 3 studies were included in our
analysis. Results of two studies were published (ClinicalTrials.gov NCT #00437021[20] and
NCT #00879762[22]) and a manuscript for the third study (NCT #00914732) was in peer
review at the time of this writing.

Characteristics of studies included in our analysis are shown in Table 1. All studies enrolled
participants of a similar age from 13 sites in the Eastern, Mid-Western, and North-Western
United States, with substantial overlap in clinic sites across studies. Antibody titers were
available for 84%, 100%, and 98% of participants in the three studies. In two studies,
approximately 1/3 of participants received standard dose IMVAMUNE while in the third
study nearly half of participants were randomized to standard dose IMVAMUNE. One study
measured humoral immune response at six time points, and two studies measured it at 3 time
points, post-second vaccination. In total, we extracted data for 275 participants (136 men
[median age 26 years, range: 18-37], and 139 women [median age 26 years, range: 18-38)
who received standard dose IMVAMUNE. ELISA and PRNT assays for each study were
conducted using the same method at a single laboratory as described previously.[23]

Humoral immune response over time for men and women, as measured by ELISA and
PRNT, is shown for each included study in Figures 2 and 3. The pattern of immune response
measured by ELISA showed moderate differences between men and women in each study;
particularly at Day 14 post-second vaccination when the mean log,-titer was consistently
higher in men than women. The PRNT assay also revealed higher titers in men than women
at Day 14 post-second vaccination, with the exception of one study in which PRNT results
differed from the ELISA results at Day 14 post-second vaccination. Notably, the starkest
differences between men and women measured by either assay were observed in studies
with the smallest sample sizes.

Results of our random effects meta-analysis of the peak log, ELISA titer are shown in
Figure 4. In each of the included studies, the peak logp-titer was higher in men compared
with women, although no single study showed a statistically significant difference between
men and women before or after adjustment. However, combination of the adjusted study-
specific estimates into the random effects model showed a statistically significantly higher
mean peak logo-titer in men compared with women (absolute difference [men-women]:
0.32, 95% CI: 0.02-0.60). Joint fixed effects regression analysis showed a nearly identical
result to the random effects model, implying little impact of inter-study heterogeneity on the
summary difference in immune response between men and women (absolute difference
[men-women]: 0.34, 95% CI: 0.04-0.63). The predicted mean peak log,-titer was 5.25 (95%
Cl: 4.45-6.06) in men and 4.92 (95% ClI: 4.11-5.73) in women (not tabulated). The random
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effects meta-analysis of the peak log, PRNT titer (Figure 5) also suggested higher titers in
men compared with women, although the difference was not statistically significant
(adjusted absolute difference [men-women]: 0.14, 95% CI: —0.30-0.58).

DISCUSSION

Using a participant-level meta-analysis of completed randomized trials, we observed a
statistically significant sex difference in humoral immune response to IMVAMUNE
smallpox vaccine in healthy volunteers not previously exposed to vaccinia. Results from
both our random and fixed effects analyses suggested an absolute difference in peak log,-
ELISA titer between men and women of approximately 0.3, which equates to a peak
geometric mean titer that is nearly 25% higher in men than women. The magnitude of this
difference is unlikely to modify any protection against smallpox afforded by IMVAMUNE
in the presence of optimal administration of the vaccine.[24, 25] However, our results
provide further evidence of population subgroup differences in response to vaccination that
may be relevant in further development and deployment of IMVAMUNE or other MVA-
based vaccines, and that may inform design of future vaccine clinical trials.

We are unaware of any reports of sex differences in response to IMVAMUNE for direct
comparison with our results. However, sex differences have been observed in humoral
immunity after vaccination with Dryvax. A recent observational study enrolling 1,076
healthy military personnel and civilian healthcare workers age 18—-40 who received a single
dose of Dryvax observed that women had higher neutralizing antibody titers compared with
men.[9] This finding differs from our results, which show males with higher titers than
females for total (ELISA) and neutralizing antibodies (PRNT). However, in our meta-
analysis we analyzed the peak titer for each participant during the short term immediately
following vaccination. Identifying the highest titer for each participant during a defined
follow-up period provides a robust assessment of individual differences in immune response
following vaccination. It is unlikely that the aforementioned study identified the peak titer as
the majority of participants were measured more than 1 month after vaccination.[9]
However, we must acknowledge that antibody titers in persons vaccinated with live vaccinia
virus smallpox vaccines decline only slightly over time, and that mean titers measured at
distant time points after vaccination may be more relevant when considering long-term
protection from infection.[26] Our plots of mean antibody titers after vaccination with
IMVAMUNE do not suggest any difference in decline of mean antibody titer in men and
women immediately following vaccination. However, we are unable to make statements
about long-term declines as our meta-analysis included studies that followed participants for
only 6 months (2 studies) or 12 months (1 study). The previous study did not report sex
differences in antibody titer stratified by follow-up time,[9] and other studies of long-term
humoral immunity after vaccination with live vaccinia virus smallpox vaccines do not report
antibody titers by sex,[27-33] so we are unable to directly compare our results with
published data.

Sex differences in response to other (not smallpox) vaccines are common. A 2008 review of
published literature uncovered 97 studies reporting sex differences in antibody response to
vaccination with 14 different vaccines against a wide variety of viral and bacterial
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infections.[8] Sex differences were observed after vaccination against diseases with a range
of pathological mechanisms (e.g., mucosal replication, toxin production, and viraemia) but
the female/male dominance varied with the particular type of vaccine.[8] For example,
females had greater response to hepatitis A and B vaccines whereas men had greater
antibody response to diphtheria and measles vaccines.[8] Our search for clinical trial results
published after the aforementioned literature review did not reveal any additional studies
reporting sex differences in response to vaccination in healthy individuals. However, one
study comparing Cervarix and Gardasil vaccines in HI\VV-positive volunteers observed higher
antibody response in women receiving Cervarix compared with men, while no sex
difference was observed in response to Gardasil.[34]

Several plausible mechanisms for sex differences in response to vaccination are discussed in
a recent review by Klein et al,[35] including immunological, hormonal, genetic and
microbiota differences between males and females. However, none of these mechanisms
alone are adequate to explain the range of different responses to vaccination that have been
observed. For example, hormonally-mediated differences in immune response cannot
explain the greater antibody response to influenza vaccine observed in post-menopausal
elderly women compared with elderly men.[8] Furthermore, biological differences between
sexes that affect immunity may act differently in the presence of different antigens.[36] The
mechanism underlying the sex difference in antibody response observed in our study of an
MV A-based vaccine is currently unknown. However, preliminary data from animal studies
suggests that immune responses in volunteers of reproductive age, such as the volunteers in
the studies we analyzed, may be at least partially determined through interaction of estrogen
and Th2 cytokines in production of antibodies.[37] Additional research is necessary to
explore such hypotheses.

Our findings are accompanied by several unique strengths. First, our results are derived from
randomized clinical trials characterized by close, protocol-specified follow-up with excellent
adherence to the scheduled evaluation of pre-specified study endpoints. Furthermore, we
studied a homogenous population with respect to immunological experience with vaccinia
virus, age, and health status. The intervention we studied was also homogenous with respect
to factors known to be associated with immune response to IMVAMUNE: dosg, route,
formulation, and timing of administration. Furthermore, our use of participant-level data
allowed us to explore demographic and study-specific factors as confounders in our meta-
analysis.

Despite these methodological strengths, we must acknowledge important caveats to our
findings. Of particular note, we did not have information regarding polymorphisms in genes
that are relevant to humoral immune function.[7] However, assignment to IMVAMUNE in
each of the included studies was randomized. Therefore, if genotype confounded our results
then randomization would have systematically assigned men with high-responding
genotypes to IMVAMUNE and this is unlikely to have been the case. Nonetheless, we
cannot rule out the possibility of residual confounding by unmeasured factors that may be
associated with both sex and humoral immune response to IMVAMUNE. We must also
point out that the magnitude of difference we observed in titers comparing men and women
may not be of consequence in conferring protection against smallpox. However, previous
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research suggests sex differences may influence protection from infection afforded by other
vaccines and therefore sex should be considered in vaccine development.[8, 36, 38, 39] In
addition, we point out that while our results are applicable to healthy vaccinia-naive persons
exposed to IMVAMUNE in the standard dose and formulation, and adhering to the standard
regimen, this is in practice is unlikely to occur and IMVAMUNE may in the future be used
in populations with different immunological characteristics.[40] It is not clear how or if sex
will be important in determining immune response under these circumstances. Finally, our
analysis included only studies from a single sponsor’s portfolio. While this provided certain
advantages through access to participant level data, it is unclear whether our results would
differ materially with the inclusion of data from other sponsors who have studied
IMVAMUNE.

In summary, we report for the first time evidence of a sex difference in response to
vaccination with IMVAMUNE, a novel smallpox vaccine, using a participant-level meta-
analysis of completed randomized trials. Our results are consistent with a body of literature
suggesting sex is a potentially important determinant of human immunity, and our work
provides an impetus for considering sex in the development of future vaccines.
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Figure 1.
PRISMA Flow Diagram Illustrating Selection of Randomized Trials of IMVAMUNE for

Meta-Analysis

PRISMA=Preferred Reporting Items for Systematic Reviews and Meta-Analyses.1?
DMID=Division of Microbiology and Infectious Diseases. NIAID=National Institute of
Allergy and Infectious Diseases.
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Mean of the log, ELISA Titer over Time in Men and Women
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ELISA=enzyme linked immunosorbent assay.
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Figure 3.

Mean of the log, PRNT Titer over Time in Men and Women
PRNT= plaque reduction neutralizing titer.
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Mean Difference LCL UCL  Weight (%)

NCT 00437021 Unadjusted 0.66 022 154 16.88
Adjusted L e | 0.50 022 122 16.24
NCT 00879762 Unadjusted 0.30 052 112 19.20
Adjusted —_— 0.50 -0.20 120 16.96
NCT 00914732 Unadjusted —_—.-— 0.18 -0.28 0.62 63.92
Adjusted —e 0.22 -0.14 058 66.80

Summary Unadjusted e e 028 -0.08 064

Adjusted i 032 0.02 0.60

Favors Women Favors Men
05 0.0 05 10 15 20

Mean Difference

Figure 4.

Meta-Analysis of the Mean of the Peak log, ELISA Titer in Men and Women

ELISA=enzyme linked immunosorbent assay.
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Mean Difference LCL ucL Weight (%)

NCT 00437021 Unadusted 0.42 -0.48 1.30 26.12
NCT 00879762 Unadjusted ' = 0.88 -0.18 1.92 19.04
Adjusted 0.62 -0.38 1.62 18.06
NCT 00914732 Unadjusted ' i 0.00 -0.58 0.60 54.84
Adjusted -0.12 -0.64 0.42 59.18

Summary Unadjusted e 0.28 -0.18 0.74

Adjusted e 0.14 -0.30 0.58

Favors Women Favors Men
T T T T T
-0.5 0.0 0.5 1.0 15 20
Mean Difference
Figure 5.

Meta-Analysis of the Mean of the Peak log, PRNT Titer in Men and Women

PRNT= plaque reduction neutralizing titer. There was no adjusted model chosen for NCT
00437021. The summary adjusted estimate includes the unadjusted estimate from NCT

00437021.
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