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Abstract
There are no data currently available on gender and racial variation in smallpox vaccine immune
responses. We recruited 1076 healthy adults 18–40 years old who received one dose of the US-
licensed smallpox vaccine (Dryvax®). Vaccinia neutralizing antibody titers in each subject’s serum
were determined using a high throughput neutralization assay based on a recombinant, β-gal
expressing vaccinia virus. Results are reported as the serum dilution inhibiting 50% of virus activity
(ID50). The median ID50 for all subjects was 132.2 (inter-quartile range (IQR) = 78.8, 205.6). While
no significant differences were observed with race and ethnicity, females had significantly higher
neutralizing antibody titers than males (158.5 [93.2, 255.8] vs. 124.1 [75.2, 185.9]; p < 0.0001). As
expected, time since vaccination was also associated with variations in neutralizing antibody titers
in our subjects. These data indicate that neutralizing antibody titers following primary smallpox
vaccination vary by gender.
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1. Introduction
Smallpox, caused by variola virus, is a disease which killed hundreds of millions of people
before its eradication in 1980 [1]. The key component of the eradication effort was an effective
live virus vaccine composed of vaccinia virus, an immunologically cross-reactive orthopox
virus. Following the eradication of smallpox, routine vaccination was discontinued due to the
small but definite risk of serious, life-threatening adverse events following immunization [2,
3]. Vaccine production ceased and many basic questions regarding poxvirus immunity were
left unresolved. Unfortunately, the possibility of the intentional use of variola virus as a
biological weapon has engendered considerable interest in next generation vaccines, antiviral
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agents and basic research into poxvirus pathogenesis and correlates of protective immunity to
diseases such as smallpox and monkeypox [4]. Recent research has highlighted the importance
of both humoral and cellular immunity in protection against poxviruses [5,6]. One significant
conclusion from this research is the critical role that vaccine-induced anti-body responses play
in protection against subsequent exposure to poxviruses [7].

Ethnic and racial differences in immune responses to infection and vaccination have been
described [8–11]. Individuals of African decent are reported to have higher levels of
inflammatory cytokines such as IL-8 and granulocyte colony stimulating factor (G-CSF) as
compared to Caucasians, resulting in a condition referred to as benign ethnic neutropenia
[10]. Race has been identified as a risk factor for dengue hemorrhagic fever (DHF) for
Caucasians as compared to African and Black Caribbean populations because of the differences
in pathogenesis related to distinct allelic pools of immune response genes [12].

Gender has also been associated with the outcome of immune response to infection or
vaccination. Higher levels of rubella and mumps antibodies are seen in the females [11,13,
14], while a more robust cellular response is detected to rubella and varicellazoster in males
[15,16]. In addition, the antibody levels to individual components of the measles–mumps–
rubella (MMR) vaccine are reported to wane over time at different rates based on gender
[17–20]. Furthermore, we have previously reported that the antibody titers to mumps decrease
with an increasing time between immunization and the subsequent blood draw [14]. In this
report we examined vaccinia-specific neutralizing antibody responses in a cohort of young,
healthy individuals after receipt of a single dose of the Dryvax® vaccine.

2. Methods
2.1. Subject recruitment

Healthy individuals between 18 and 40 years of age who had previously received a single dose
of Dryvax® were recruited into the study. All subjects had been immunized within 4 years
prior to recruitment. Subjects were selected for our study based on the presence of a
documented “take” or formation of the pustule at the vaccination site. Local participants of the
Department of Health and Human Services civilian healthcare worker smallpox vaccination
program were recruited at Mayo Clinic in Rochester, MN, while the majority of the subjects
were recruited from among eligible armed forces personnel by the Naval Health Research
Center in San Diego. Institutional Review Board approval was granted for all study procedures
and written informed consent was obtained from each participant. A serum sample was
collected from each study subject. Serum samples were separated from the clotted blood and
aliquoted into sterile microcentrifuge tubes and stored at −70 °C until use.

2.1.1. Neutralizing antibody assay—The vaccinia-specific neutralization assay
developed at the Food and Drug Administration (FDA) was adapted for our use [21]. Briefly,
heat inactivated serum samples were serially diluted and then mixed with a known
concentration of a recombinant, β-galactosidase expressing vaccinia virus for 1 h and then
added to Hela cells overnight. Vaccinia Immune Globulin (VIG), kindly provided by Christine
Anderson (Center for Biologics Evaluation and Research/FDA) was used as a positive control
in each assay, while negative controls consisted of medium only. After an overnight incubation,
cells were lysed and β-gal activity levels were monitored using a colorimetric substrate and
used as a surrogate marker for virus activity. Results are defined as the serum dilution which
inhibits 50% of virus activity (ID50). ID50 values for each subject were estimated using the M
estimation approach introduced by Huber [22]. We relied on the iteratively re-weighted least
squares approach for performing M-estimation, with a bisquare weighting function that is
implemented in the ROBUSTREG procedure of the SAS software package (Cary, NC). Each
serum sample was tested at least three times.
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2.1.2. Statistical analyses—The purpose of the efforts reported here was to assess
associations between demographic and clinical variables with measures of serum neutralizing
antibodies. Serum antibody titers were tested multiple times for each individual. For descriptive
purposes, a single antibody response measure per individual was obtained using the median of
these multiple measures. Data were descriptively summarized across individuals using
frequencies and percentages for categorical variables, and medians and inter-quartile ranges
for continuous variables.

Associations of clinical and demographic characteristics with antibody response were formally
evaluated using linear regression models. Unlike the descriptive analyses, we included each
of the multiple observations per subject for these formal analyses. Repeated measures
approaches were implemented in order to account for the multiple observed values within an
individual, using a compound symmetry variance–covariance matrix. The following
demographic and clinical characteristics were examined: age at blood draw (categorized into
approximate quartiles), gender, race, ethnicity, and time from immunization to blood draw
(also categorized into approximate quartiles). We first ran a series of univariate analyses,
examining in turn the associations of these characteristics with antibody response. We then fit
a multivariate regression model simultaneously including all demographic and clinical
variables. For this latter model, any observed association of antibody levels with a given
characteristic was adjusted for the effects of all other characteristics. Data transformations were
used to correct for data skewness in the antibody response measures. An inverse cumulative
normal (probit) transformation was used in each model to ensure distributional assumptions
were met. All statistical tests were two-sided, and all analyses were carried out using the SAS
software system (SAS Institute, Inc., Cary, NC).

3. Results
The vast majority of our study subjects were military personnel recruited at the Naval Health
Research Center (NHRC) in San Diego, and our study demographics reflect this fact (Table
1). Even though our study population was predominantly white males, we were able to recruit
a significant number of females as well as a fairly diverse racial group; including 231 (21.5%)
subjects self-reporting ethnicity as Hispanic. A difficulty in our analysis was that many of the
Hispanic participants listed their race as “Other”, “Don’t Know” or “More Than One”. In total,
243 (22.6%) of participants did not indicate race.

Neutralizing antibody titers in our study population varied greatly, with ID50 values ranging
from 15.71 to 1314.15. The median ID50 was 132.19 (IQR: 78.79–205.56). Serum samples
from non-immune volunteers were used to establish the lower level of detection in our
neutralizing antibody assay (defined as ID50 ≤ 10). We found that 100% of our participants
had detectable levels of neutralizing antibody activity in their serum. This result is not
surprising given that each of our study subjects had a documented vaccine take following
immunization. In spite of the fact that we utilized a different assay to measure neutralizing
antibody titers, our results are broadly similar to other, recent, large-scale studies reporting
neutralizing antibody titers [23–25]. Historically, it has been estimated that neutralizing
antibody titers of either 1:20 or 1:32 are protective [26,27]. Comparing our population to these
estimates of protection we found that the vast majority of our subjects could be considered
“immune”, i.e. 99.7% of our subjects had titers >1:20 and 98.2% had titers above 1:32.

Our first analysis was to determine if age at vaccination was associated with different
neutralizing antibody titer. Our population was stratified by age as shown in Table 2. While
younger participants had higher neutralizing antibody levels, the differences were not
statistically significant. In fact, the younger study subjects were more likely to have had a more
recent vaccination (Fig. 1) which likely accounts for the difference in ID50 measurements
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between our age groups. Table 2 also shows the associations between race or ethnicity and
neutralizing antibody titer. Neither of these two variables was significantly associated with
differences in the measured humoral immune response.

We also examined what effect increasing time since vaccination has on the immune response
and found similar results to those seen in other studies examining the kinetics of smallpox
vaccine responses. As expected, those with the shortest interval between smallpox vaccination
and serum testing showed the highest immune response (Table 2).

Gender-based differences in immune responses are not uncommon, therefore we analyzed
whether or not gender was associated with significant differences in neutralizing antibody
titers. As shown in Table 2, we found that females (median ID50 = 158.47 and IQR = 93.15–
255.77) had significantly higher antibody levels (p < 0.0001) than the male study participants
(median ID50 = 124.13 and IQR = 75.21–185.89). Fig. 2 illustrates the spectrum of humoral
responses for both male and female subjects.

In our study 243 (22.6%) participants either did not indicate their race or claimed more than
one race. We therefore re-ran all of the analyses without these individuals. As before, neither
race nor ethnicity nor age correlated with differences in neutralizing antibody titer. However,
both gender and time since vaccination remained significantly associated with divergent
ID50 titers.

4. Discussion
Here we report the effect of various demographic characteristics on the humoral immune
response (as measured by vaccinia-specific neutralizing antibody) elicited by primary smallpox
vaccination in a large population. All of our subjects were selected for our study based on the
presence of a documented “take” or formation of the pustule at the vaccination site. Historically,
a take was used as evidence for vaccine-induced protection. This lesion is the result of local
viral replication and was correlated with the development of vaccinia-specific immune
responses and clinical protection against smallpox [1]. Given our inclusion criteria we found
that the all of our subjects had detectable levels of neutralizing antibodies in their serum. The
range of antibody titers was quite broad, ranging from the teens to over 1300. A variety of
factors can contribute to the wide range of antibody levels seen in response to the vaccine
including: host and pathogen genetic factors, age, race, gender, time since vaccination,
nutritional and socio-economic status, and many others. In this study we sought to gain a greater
understanding of the influence of demographic factors on immune response to primary
smallpox vaccination.

Importantly, we found that gender was highly correlated with differences in neutralizing
antibody titers, with females having significantly higher responses than males. At the
population level this difference is unlikely to have major clinical consequences, i.e. an
individual with an ID50 of 124.13 (the median male ID50 value) is likely to be as “immune” to
smallpox as the individual with an ID50 of 158.47 (the median female ID50 value). At the
individual level however, these differences may have significant consequences, especially
among persons predisposed to lower vaccine responses. Protective efficacy may wane more
quickly with the male segment of this population or the initial priming may not induce sufficient
“immunity”. These individuals may benefit from additional vaccine doses or adjuvanted
versions of vaccines. A greater understanding of the genetic basis for this insufficient immune
response could allow us to tailor vaccination strategies to suit the individual’s needs.

The results shown here parallel our previous findings that females have higher antibody titers
to mumps and rubella after immunization [11,14,28]. Gender-specific differences in humoral
responses have been found for a large number of viral and bacterial vaccines including:
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influenza, hepatitis A and B, rubella, measles, rabies, yellow fever, meningococcus,
pneumococcus, diphtheria, tetanus and brucella [29]. In accordance with our results, many of
these other studies found significantly higher antibody responses in adult females compared
to males. While these gender-based differences may be a result of sex hormones or functional
disparities in B cells or T helper lymphocytes, these alone are unlikely to fully account for
differences [29,30].

While we saw slight differences in the range of neutralizing antibody titers among the different
racial groups in our study, these differences were not statistically significant. Historically there
was scant evidence to indicate that different racial or ethnic groups responded differently to
either the vaccine or smallpox itself. The consensus seems to have been that any racial
differences seen were related to the relative newness of the disease among that racial group
and not to any racial susceptibility or predilection towards more severe disease [31]. Prime
examples of this are the devastating early epidemics among Native Americans after the arrival
of European settlers in the Americas.

Age has also been shown to affect both smallpox vaccine response and disease mortality, with
young children being especially susceptible to lethal disease [1,31]. Likewise, immunity wanes
with the passing of time since vaccination; historically it was felt that full protection against
smallpox lasted only a few years, with revaccination recommended every 5–10 years [1].
Current CDC recommendations are for revaccination every 10 years, and every 3 years for
laboratory workers utilizing pathogenic orthopox viruses and the first responders who are part
of the smallpox response teams. In fact, in the 1960s it was shown that clinical take rates upon
revaccination correlated with the age of vaccinees and consequently the time since last
smallpox vaccination [32]. Current studies have shown that, following immunization, vaccinia-
specific neutralizing antibody responses peak several weeks post-immunization, gradually
decline over a period of 3–5 years and then remain steady for decades [23,33]. We saw a similar
trend in our population; those individuals with more recent vaccinations had higher levels of
neutralizing antibody titers (Table 2). Current vaccination guidelines recommend against
vaccinating young children and none of our participants were under 18. In Table 2 we did see
a gradual decrease in ID50 as our population got older, however as shown in Fig. 2 younger
individuals in our study were more likely to have had a more recent immunization and once
this confounding effect was taken into account we saw no significant age-based differences in
neutralizing antibody titer.

Further research into the underlying mechanisms for these gender-based differences may
provide valuable insight into immune reactivity and allow for the development of improved
vaccines and/or adjuvants to overcome inherent characteristics which predispose to suboptimal
vaccine responses.
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Fig. 1.
Breakdown of vaccination history by age group. The bar graph shows the temporal distribution
of vaccination receipt by age group.
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Fig. 2.
Neutralizing antibody responses by gender. The histogram plots the median ID50 measurement
for each male (dotted line) and female (solid line) study subject. The y-axis represents the %
of total subjects for each respective gender.
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Table 1

Demographics of the study cohort.

Attribute Number (percent)

Study site

 Mayo Clinic 14 (1.3)

 Naval Health Research Center 1062 (98.7)

Gender

 Males 795 (73.9)

 Females 281 (26.1)

Race

 American Indian 20 (1.9)

 Asian, Pacific Islander 54 (5.0)

 African American 187 (17.4)

 Caucasian 572 (53.2)

 More than one race 89 (8.3)

 Other or don’t know 154 (13.3)

Ethnicity

 Hispanic 231 (21.5)

 Non-Hispanic 800 (74.3)

 Don’t know 45 (4.2)

Attribute Median (IQR)

Age at enrollment (years) 24 (18–40)

Time since vaccination (years) 1.3 (0.1–4.1)

IQR: inter-quartile range.
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Table 2

Associations of neutralizing antibody titers with demographic and clinical variables.

Attribute No. of subjects Median (IQR) p-Value1 p-Value2

Age at enrollment

0.0736 0.2036

 18–21 244 151.6 (81.21–237.54)

 22–23 261 134.83 (81.18–206.93)

 24–26 238 134.17 (83.14–207.11)

 27–40 333 120.14 (73.03–183.7)

Gender

<0.0001 <0.0001

 Female 381 158.47 (93.15–255.77)

 Male 795 124.13 (75.21–185.89)

Race

0.2887 0.4362

 Asian, Pacific Islander 187 132.5 (80.15–234.39)

 African American 74 148.28 (93.15–202.13)

 Caucasian 572 156.46 (76.65–196.54)

 More than one race 89 146.04 (77.0–243.49)

 Other or don’t know 154 133.46 (76.94–191.36)

Ethnicity

0.2101 0.3613

 Hispanic 231 153.06 (91.04–527.36)

 Non-Hispanic 800 133.77 (78.39–190.91)

 Don’t know 45 129.42 (78.53–207.10)

Time since vaccination

0.0038 0.0313

 1–9 months 264 140.67 (87.87–220.45)

 10–14 months 271 130.96 (84.99–205.63)

 15–33 months 278 113.76 (66.53–184.74)

 34–49 months 263 139.96 (82.2–210.31)

IQR: inter-quartile range. p-Values from linear regression model. Repeated measures analyses were used to account for multiple measures of antibody
titers per individual. Age at enrollment and time since vaccination categorized into approximate quartiles.

1
Univariate analysis.

2
multivariate analysis, statistically adjusting for all other variables included in the table.
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