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Abstract
Herpes Simplex Virus type 2 causes genital herpes but is frequently transmitted asymptomatically;
therefore, a prophylactic vaccine is desirable. A candidate vaccine in clinical trials has only shown
efficacy in preventing disease in women. Using this subunit vaccine candidate, we were able to
demonstrate infection prophylaxis, improved disease prevention and modulated antibody production
by complimenting vaccination with estradiol in our murine model. Findings of estradiol-enhanced
vaccine efficacy are the first of their kind using a vaccine of this type and have potential clinical
relevance to the development of other vaccines and our understanding of gender differences in
vaccine efficacy.
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1. INTRODUCTION
Herpes Simplex Virus type 2 (HSV-2) is a pathogen of significant public health importance.
Data from the US National Health and Nutrition Examination Surveys (NHANES) report 17%
of Americans are seropositive for HSV-2 and there are published reports that HSV-2 prevalence
in parts of the developing world is as high as 80% [1,2]. HSV-2 causes genital herpes and, as
with most sexually transmitted infections, women bear a disproportionate burden of HSV-2
infection [2]. HSV-2 is commonly transmitted to women via the reproductive tract where it
infects and passes through the vaginal mucoepithelial layer to establish a lifelong infection in
the dorsal root ganglia (DRG) [3]. Between 63% and 87% of HSV-2 infections are
asymptomatic, leaving many people unaware of their HSV-2 infection [2,3]. Virus shed in the
absence of symptoms is believed to be the major source of genital herpes transmission to
susceptible sex partners. Much effort has gone into developing a prophylactic vaccine [4,5].
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HSV-2 is also known to be a synergistic co-pathogen to HIV and it is believed that resolution
of the HSV-2 pandemic could provide progress towards resolving the HIV pandemic [6].

Clinical trials indicate that the most effective candidate vaccine thus far is a glycoprotein D
vaccine formulated in AS04 because it provided women significant protection against genital
herpes disease, although it failed to provide sterilizing immunity to HSV-2 infection; additional
Phase III trials are currently underway[4]. Notably, this protection was only seen in women,
which is surprising since women are more susceptible to infection.

Many vaccines have shown gender-specific differences in the protection they afford [7]. Others
have already begun to explore the role that estradiol might have in susceptibility to HSV-2
infection and vaccine efficacy and they have shown that estradiol impacted vaccine-elicited
protection using a live attenuated virus vaccine [8–13]. Extending their previous work, here
we used the nonreplicating gD-antigen vaccine in the AS04 formulation that is currently in
clinical trials, rather than a live attenuated vaccine, in order to completely separate the issues
of vaccine-elicited protection from both vaccine- and pathogenic-viral susceptibility and
replication. This enabled us to isolate and observe the impact of estradiol on the efficacy of a
clinically relevant vaccine in a small animal model of a pathogen of major public health
importance. The results of our studies clearly demonstrate that estradiol enhanced vaccine-
elicited protection, even in the context of already-robust protection and even in exquisitely
sensitive models, using a subunit vaccine in clinical trials.

2. MATERIALS AND METHODS
2.1 Virus

HSV-2 strain 186 was prepared on Vero cell monolayers and stored frozen (−80°C) until used,
as previously described [14].

2.2 Animals and hormone treatments
Ovary-intact and ovariectomized female Swiss Webster mice (Jackson Laboratories, Bar
Harbor, ME) approximately eight-weeks-old were housed in Association for Assessment and
Accreditation of Laboratory Animal Care-approved quarters for these studies and all
procedures were approved by the University of Texas Medical Branch Intuitional Animal Use
and Care Committee. Animals were allowed to acclimate to the vivarium for seven days prior
to use.

Mice in estradiol-treated groups were intramuscularly injected with a 50 μL mineral oil solution
(heavy paraffin oil, Fisher-Scientific, Fair Lawn, NJ) containing 6.23 μg estradiol valerate
(Monarch Pharmaceuticals, Bristol, TN) in the right hind leg 7 days prior to vaccination. The
dose of estradiol was, based on pharmacologic data for rodents, was sufficient to produce an
effect that would last 38 days, so as to span the immunization regimen, but not to overlap with
the virus challenge later in the study nor be so large that it was physiologically irrelevant [15
and unpublished data]. Control mice were injected with 50 μL of saline. For challenge studies
using ovary-intact mice, the animals were treated 2 mg medroxyprogesterone acetate (The
Upjohn Company, Kalamazoo, MI) one-week prior to HSV-2 inoculation to make the
epithelium permissive to viral infection, as previously described [16,17]. Ovariectomized mice
did not receive progesterone. See Figure 1 for a timeline of the main experimental design.

2.3 Cellvizio Confocal Imaging System
In vivo confocal images of the vaginal surface were collected in situ using a confocal
microendoscope imaging system (Cellvizio Lab Mauna Kea Technologies, Paris, France). The
system provides 488 nm illumination via an optical fiber bundle to the distal imaging probe
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and collects fluorescence emission in the 505–700 nm range. The imaging probe was 1.5mm
in diameter and provided a field of view of 600×500 mm with an axial and lateral resolution
of 15 and 3.5 μm, respectively. Images provided by this system are single plane en face images
of the sample surface. The system was used to collect real time videos at an acquisition rate of
12 frames/sec.

2.4 Mouse Imaging Experiments
Mice were anesthetized with an intraperitoneal injection (50 mg/kg) of Sodium Pentobarbital.
The vaginal tract was gently flushed with 1.5 mL saline, and then approximately 0.1 mL of
0.2% W/V Acridine Orange (Product #31,833-7, Aldrich Chemical Company) was
administered. Five minutes later, the vaginal tract was again flushed with saline to remove
excess dye prior to imaging. The confocal microprobe was then gently inserted into the vaginal
tract and a 30-second video was collected of the vaginal tract wall, from which representative
still images were selected. Animals were then euthanized and the reproductive tract excised
and fixed in neutral-buffered formalin fixative for a minimum of 24 hours.

2.5 Histological Processing and Analysis
Samples were submitted for routine histology processing. Several, 4–5 micron transverse
sections of the vaginal tract were collected at 100μm intervals. Slides were stained with
Hematoxylin and Eosin (H&E) and reviewed under a light microscope (Olympus IX71,
Olympus America, Center Valley, PA). For each sample, one histology cross-section near the
cervix was chosen for epithelial thickness measurements. From that section 1 to 3 micrographs
of the cervicovaginal epithelium were collected using a color digital camera (Spot RT Slider,
Diagnostic Instruments, Sterling Heights, MI) at a magnification of 200×. Spot Advanced
software (Diagnostic Instruments, Sterling Heights, MI) was used to measure the epithelial
thickness from the digital images using a calibrated measuring tool within the software
program. Twenty randomly chosen epithelial sites were measured from the microphotographs
in order to obtain a mean cervicovaginal epithelial thickness value for each animal.

2.6 Vaccine
The gD/AS04 vaccine formulation, used in recent and ongoing clinical trials, was kindly
provided by GlaxoSmithKline Biologicals (Rixensart, Belgium) [5]. Each mouse was
vaccinated intramuscularly in the left hind leg with 50 μL of the vaccine, which contained 2
μg of HSV-2 surface glycoprotein D. Animals received a second vaccination two weeks later,
while estradiol-treated animals were still under the influence of the estradiol dose.

2.7 Mouse Model of Genital Herpes
Four weeks after the second vaccination, and one week after progesterone treatment in ovary-
intact mice, all vaccinated animals and age-matched naïve control animals were intravaginally
inoculated with HSV-2. The inocula used ranged from 1 × 101 to 1 × 106 PFU in 15 μL,
depending on the study, as previously described [14]. On days 1 and 2 postinoculation, vaginal
swab samples were collected from all mice. Samples were plated on Vero cell monolayers and
incubated for 5 days at 37°C to determine infection. Animals were defined as infected if viral
cytopathic effects of HSV-2 were observed from either swab sample. Mice were examined
daily for 21 days postinoculation for clinical signs of genital herpes disease and were defined
as having such if they showed pathological signs of cutaneous disease (hair loss and erythema
on the perineum) or signs of more severe, neurological disease (urinary inconstance and hind-
limb paralysis). Mice progressing to severe neurological involvement either quickly
succumbed to encephalitis or were euthanized.
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2.8 ELISA for HSV-specific Antibodies
One week prior to viral inoculation, blood samples were collected from the retro-orbital plexus
of each mouse. ELISA assays were performed as previously described [18,19]. Briefly, serum
samples were plated in duplicate wells coated with HSV-2 glycoprotein as the antigen (or
glycoprotein from uninfected cells as the control mock antigen). Plates were developed using
biotinylated anti-mouse IgG antibody (Southern Biotech, Birmingham, AL), streptavidin
peroxidase (Sigma, St. Louis, MO) and o-phenylenediamine dihydrochloride with hydrogen
peroxide. The OD490 values were obtained using a VersaMax plate reader (Molecular Devices,
Sunnyvale, CA), compared to the linear portion of the standard curve, and HSV-2 gD-specific
antibody concentrations were calculated using SoftMax Pro software (Molecular Devices).

2.9 Neutralization Assays
Neutralizing serum antibody titres were described by a modification of our previously
described technique [20]. Briefly, serum from vaccinated and naïve control mice was heat
inactivated at 56°C for 15 min. A series of two-fold dilutions was then made in 2% titration
media and Low-Tox H Rabbit Complement (Cedarlane Laboratories, Burlington NC) at a final
concentration of 1/20480. Approximately 100 PFU HSV-2 strain 186 was added to each tube
in the dilution sequence. Following incubation at 37°C for 1 hour, the dilution sequence was
plated on Vero cell monolayers for PFU quantification, as above. After incubation for 3 days,
the plates were stained with crystal violet and the number of viral plaques was counted. The
end-point neutralizing antibody titre was defined as the log10 of the final serum dilution that
produced a >50% reduction in the number of viral plaques compared to the number of plaques
in control serum wells [21].

2.10 Statistics
Fisher’s exact tests were used to compare all infection, disease and outcome data. The Student’s
unpaired t-test was used to compare group mean values. All reported P values are two-tailed
and values <0.05 were considered to indicate statistical significance. All statistical analysis
was performed using SPSS 16.0 for Mac OS.

3. RESULTS
3.1 Impact of estradiol on the vaginal epithelium of ovary-intact mice

The aim of these studies was to observe the impact of estradiol on vaccine-elicited protection.
In order to do so, we wanted to deliver a single, biologically significant dose of estradiol that
would last for the duration of the vaccination regimen but would have lapsed by the time of
viral inoculation. Estradiol is known to cause the vaginal epithelium to thicken; we wanted to
be certain the estradiol treatment had lapsed prior to inoculation because otherwise it would
be impossible to determine whether a reduced incidence of infection was the result of an
estradiol-enhanced vaccine response or a physiological artifact of an estradiol-thickened
vaginal epithelium. We selected estradiol valerate as our estrogen treatment because it is
available by prescription, therefore its sustained-release kinetics have been established in both
rodents and humans [22]. We calculated a single dose that we believed would be potent for the
duration of the two-injection vaccination regimen and would lapse prior to viral inoculation
[15,22]. To confirm this, we used two imaging modalities, Cellvizio and traditional H&E
histology, that served two objectives: verify that the dose was in fact biologically potent and
verify that its duration of action was short enough to not pose a physiologic barrier to infection.
This was done by measuring the thickness of the vaginal epithelium in histological cross-
sections and the characteristics of the epithelium surface with Cellvizio. Groups of ovary-intact
mice were sacrificed and imaged on days 0, 7 and 62 post-estradiol treatment along with age-
matched saline-treated controls (N=5 per group). Somewhat variable results were seen, as
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would be expected, because the ovaries continued to be a source of estrogen during estradiol
treatment and thus they were in various phases of their estrous cycles. On day 0, the mean
thickness was 62 μm ± 13; on day 7, when the estradiol would be expected to be thickening
the vaginal epithelium and the vaccination regimen would begin, the mean had increased to
82 μm ± 13. By day 62, long after the estradiol treatment should have lapsed and one week
after the progesterone, when the viral challenge would occur in the following studies, the mean
thickness had decreased to 39 μm ± 4 (Figure 2K). We are able to verify that the impact of
estradiol on the epithelium has lapsed and that progesterone has primed (i.e., thinned) the
vaginal epithelium for viral challenge because the saline-control mice also had a mean
thickness of 39 μm ± 5 (Figure 2I). The Cellvizio images (black & white) show the brightly
stained nuclei of the uppermost cell-layer of the epithelium, which provide supplementary
information depicting the nuclear size and density as an overall in vivo qualification of
epithelial health and an indicator of the influence of estradiol; the crossectional histological
images (color) enable an actual measurement of epithelial thickness, also an indicator of the
influence of estradiol as well an indicator to physiological infection permissivity. Progesterone-
priming is required for viral challenge in ovary-intact mice [9,14]. Therefore, as an indicator
of potency and bioavailability, the estradiol did thicken the vaginal epithelium; and this affect
had lapsed, as anticipated, thus posing no physiologic barrier to infection on day 62.

3.2 Impact of estradiol on vaccine-elicited protection in ovary-intact mice
We next examined the effect of estradiol using a high titre inoculum of HSV-2 (1 × 105 PFU)
in ovary-intact mice. All naïve-control animals in these studies became infected and developed
disease, as expected. Vaccination, with and without estradiol treatment, resulted in a significant
reduction of both infection and disease in these studies; however, the protection against
infection and disease was greater in the estradiol-treated animals (Table 1). Adding estradiol
reduced the incidence of infection by 50% and disease by 75%, compared to vaccination alone.
Even when only examining infected animals, we observed that both vaccination alone and with
estradiol still provided significant reduction in the incidence of disease compared to the naïve
controls (raw data not shown, p<0.01), but the difference between the two former groups was
not significant.

We next examined whether adding estradiol to the vaccination regimen would impact the
inoculum required to establish infection at the genital mucosa and/or the inoculum required to
cause genital herpes disease in ovary-intact mice. Groups of mice (N=15/group) were
challenged with a range of HSV-2 inocula (10 thru 106 PFU) to determine if the inoculum
required to infect half of all animals in a group (ID50) or cause disease in half of all animals in
a group (DD50) would be changed. The ID50 for mice in the naïve group was approximately
1.6 × 102 PFU; the ID50 in the vaccinated groups, both with and without estradiol, were
approximately 4 × 103 PFU. The DD50 for the naïve group was approximately 2 × 102 PFU;
the DD50 for the group receiving vaccination alone was approximately 3.16 × 105 PFU; and
the DD50 for the group with estradiol added to the vaccination regimen was >106 PFU. Both
these benchmark inocula were increased by vaccination and disease protection was improved
further by the addition of estradiol to vaccination regimen. This, combined with the high dose
challenges above, suggested a trend of estradiol-enhanced vaccine-elicited protection, however
the robust protection afforded by vaccination alone made quantification of the enhancement
difficult. This prompted us to examine the impact of estradiol in ovariectomized mice, which
are known to be more susceptible to HSV-2 infection [11].

3.3 Impact of estradiol on the vaginal epithelium of ovariectomized mice
Ovariectomized mice also provide a cleaner hormonal background since their primary source
of endogenous estradiol has been removed. Therefore, we examined the impact of estradiol on
the vaginal epithelium of ovariectomized mice to ensure our dosing schedule was appropriate.
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Groups of ovariectomized mice were sacrificed and imaged on days 0, 7, 38 and 62 post-
estradiol treatment along with age-matched saline-treated controls (N=5 per group). Figure 2
shows representative images from the ovariectomized, estradiol-treated groups. On day 0
(Figure 2, A and B), the mean vaginal epithelial thickness was 13 μm ± 3 in the ovariectomized
group. On day 7 (Figure 2, C and D), when the estradiol would be expected to be thickening
the vaginal epithelium and the vaccination regimen would begin, the mean thickness was 37
μm ± 9. On day 38 (Figure 2, E and F), when the vaccination regimen is over and the estradiol
was pharmacologically expected to have lapsed, the mean thickness had in fact dropped back
to 17 μm ± 4 (day 38 controls had a mean thickness of 16 μm ± 3, not shown). And on day 62
(Figure 2, G and H), when viral challenge would occur, the mean epithelial thickness was 16
μm ± 3. Therefore, as an indicator of potency and bioavailability, the estradiol did thicken the
vaginal epithelium; and this affect had lapsed, as anticipated, 38 days later, thus posing no
physiologic barrier to infection on day 62. This was a significant thickening from day 0 to day
7 (P<0.05), a significant thinning between day 7 and day 38 (P<0.05), and no significant
difference at the time points of days 0, 38 and 62, with respect to each other.

3.4 Impact of estradiol on vaccine-elicited protection in ovariectomized mice
Having shown that the estradiol treatment was appropriate for the ovariectomized mice, we
next examined the impact of estradiol on vaccine efficacy in this model and Table 2 shows the
results of those studies. All but one of the naïve-control mice challenged with the large 1 ×
105 PFU inoculum became infected and developed disease. Vaccination alone reduced
incidence of infection, but not significantly. However, estradiol-treated vaccinated animals had
a significantly reduced incidence of disease compared to naïve-controls (P<0.01). This mirrors
what was reported from the gD/AS04 vaccine trials in humans, where the vaccine significantly
reduced the incidence of genital herpes disease but did not significantly reduce the number of
women acquiring HSV-2 infection [5]. In addition, these results demonstrated the increased
stringency of the ovariectomized mouse model. Mice that were treated with estradiol during
vaccination regimen showed a significant reduction in the incidence of infection compared to
naïve control mice (P<0.01). Mice receiving estradiol treatment also experienced significantly
reduced incidence of disease when compared to both the naïve controls (P<0.01) as well as the
vaccine-only group (P<0.05). Among infected mice, although both vaccination alone and
vaccination with estradiol significantly reduced the incidence of disease compared to naïve
controls (raw data not shown, p<0.05), the difference between the two former groups was not
significant. However, the difference in the severity of the disease was significant. Among the
32 vaccinated mice that became infected, 13 (40%) progressed to severe neurological
involvement that resulted in mortality. In contrast, 0 out of 25 infected mice that had also been
estradiol-treated developed signs of neurological involvement and all of them survived until
the end of the study.

3.5 Impact of estradiol on HSV-2 antibody production
Serum was collected from mice prior to viral inoculation and the HSV-2 gD-specific IgG
antibody was quantified by ELISA. The estradiol-treated group had slightly more vaccine-
specific antibody (1.62 × 105 ng/mL ± 1.58 × 105 SD; N=21) than the group receiving vaccine
alone (1.24 × 105 ng/mL ± 9.54 × 104 SD; N=21), however the difference was not statistically
significant.

The functionality of the vaccine-elicited antibody was assessed by neutralization assay. The
neutralizing antibody titre of the estradiol-treated vaccinated mice was 3.15 log10 (± 0.023
SD), which was significantly greater than that of mice vaccinated alone, 2.99 log10 (± 0.015
SD, P<0.05; N=21/group).
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4. DISCUSSION
Our data shows that estradiol improves vaccine-elicited protection against genital herpes
infection and disease and results in an enhanced antibody response. Others have previously
examined the impact of estradiol on vaccine efficacy against genital herpes in mouse models
using a thymidine kinase deficient virus as an attenuated vaccine [8,11,12,23]. The results
presented here are consistent with and extend those studies. If estradiol was going to modulate
susceptiblity to and/or protection against HSV-2 infection, as we and they hypothesized, then
the potential existed that it could be modulating susceptibility to the vaccine virus as well as
or instead of the pathogenic virus challenge. We avoided this potential problem by using a
subunit vaccine, so that replication of the immunogen is not a factor. Further, this vaccine
candidate showed efficacy in initial phase III clinical trials, lending additional translational
relevance. Another major concern we had was in the dosing schedule of the estradiol. In
establishing whether estradiol could enhance vaccine-elicited protection, we wanted to be
certain that an estradiol-thickened vaginal epithelium did not confound our ability to detect
alterations in vaccine efficacy by leaving the mice physiologically impermeable to virus,
especially since the magnitude of this effect is much greater in mice; at no time in the menstrual
cycle is a woman’s vagina impermeable to HSV-2 infection. We confirmed that our results
were not contaminated by any physiological impact of estradiol by directly imaging it, rather
than trying to gauge or time the estrous cycles of the mice or serologically quantify the estradiol.
The imaging studies presented here enabled us to visually verify that our administration of a
sustained-release estradiol into the mouse model posed no physiological barrier to viral
infection. Because we are able to demonstrate in Figure 2 that the vaginal epithelial thickness
had returned to pre-estradiol values (or to progesterone-regulated values in the case of intact
mice), it is then supportable to accept that the differences observed in the subsequent studies
(incidence of infection, disease, circulating antibody, etc.) represented an estradiol-mediated
impact on the immune system. Secondarily, the imaging studies confirmed the bioavailability
and metabolic potency of the estradiol valerate preparation and dosage used.

It was also interesting to note, from the imaging studies, that the ovariectomized mouse vaginal
epithelium, before estradiol treatment (Figure 2B) and after estradiol treatment has lapsed
(Figure 2F&G), is thinner than the progesterone-treated epithelium of an ovary-intact mouse
(Figure 2I&K), which explains why ovariectomized are exquisitely sensitive to HSV-2
infection and are thus an ideal model to examine the impact of estradiol on vaccine efficacy.
The gD/AS04 vaccine alone was able to reduce the incidence of infection by 20%, a trend
towards protection against infection but falling short of statistical significance (Table 2). It
should be noted that, in this regard, the ovariectomized mouse model parallels the clinical
observations using the same vaccine candidate with which additional expanded phase III
clinical trials are currently underway [4]. In ovariectomized mice treated with estradiol valerate
one week prior to the first vaccination, an additional gain of 20% vaccine efficacy was observed
in comparison to vaccination alone, significantly reducing the incidence of infection by almost
40% compared to naïve controls (P<0.01) (Table 2). This is an exciting observation. Sterilizing
immunity has not been widely believed to be a feasible goal of an HSV-2 vaccination in clinical
application. It is anticipated that an HSV-2 vaccine brought to market would provide immunity
sufficient to prevent disease and might reduce the burden of latent virus in the ganglia, which
could in turn reduce the shedding into the genital shedding and transmission; modeling
indicates that, in this way, a vaccine that provides nonsterilizing immunity can still significantly
reduce the incidence of HSV-2 infection [24, 25]. However, adding estradiol to the vaccination
regimen in ovariectomized mice directly enhanced protection against infection as well as
enhancing the protection against disease. Vaccination alone significantly reduced the incidence
of clinical disease overall by 34% (P<0.01) and among infected mice by almost 22% (P<0.01)
(Table 2). The estradiol-treated groups had reduced incidence of disease by an additional 27.5%
overall compared to vaccination (61.7% compared to naïve). Among infected mice, estradiol
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treated mice had an additional 22% reduction in incidence of disease compared to vaccination
alone (not significant) and a 44 % reduction in incidence of disease compared to naïve controls
(P<0.01). Thus the rigorous ovariectomized mouse model shows that estradiol treatment not
only boosts vaccine efficacy to provide enhanced protection against disease but it also boosts
it up to a threshold adequate to prevent infection.

Key effector and regulatory cells of the immune system express estrogen receptors and a
mechanism involving an interfacing of the endocrine and reproductive systems with the
immune system is not a novel idea [26,27]. It has long been understood that the immune system
of the female reproductive tract must be modulated to not attack and reject a fetus that is 50%
foreign. In contrast, the idea that estradiol could be systemically modulating the formation of
adaptive immune memory responses is much newer and is supported by our data [8,28]. While
the gD/AS04 vaccine is designed to stimulate both Th1 and Th2 responses, our HSV-2-specific
IgG ELISA data and neutralization assay suggest estradiol-treated mice produce additional
HSV-2 gD-specific antibody. This explains, at least in part, why the estradiol-treated
vaccinated mice had a better outcome than their vaccine-only counterparts.

The ovary-intact studies were consistent with the principles demonstrated in the
ovariectomized mice and the literature. A complicating variable in intact studies is endogenous
estrogen. This is particularly true when the studies are designed to test the modulation of
vaccine-elicited immunity. In non-hormone studies this is controlled for by the administration
of progesterone prior to viral challenge, which synchronizes and halts, at least temporarily, the
estrous cycles of the mice. However, this is too late for the purposes of our studies because the
endogenous estrogen may or may not have been significantly contributing the sum estradiol
levels in the mouse. Moreover, such contributions, if significant, would have come at
unsynchronized times in the development of the memory immune response to the vaccine.
Also, progesterone is known to play an antagonistic role to estradiol in many endocrine
pathways; some have suggested it does so in immune ones as well and this is an area of ongoing
investigation [11]. Therefore, we thought it important to examine and report the impact of
estradiol on vaccine efficacy in intact animals because it provides an additional perspective on
the translational relevance of our data (noting the ovariectomized mice performed more like
the human vaccine trials than the intact mice) and because it then enables us to put this data in
the context of all the other published HSV-2 mouse model data. Also noteworthy, there was a
reduction in the incidence of disease across all viral challenge titres in the estradiol-treated
groups compared to the groups receiving vaccination alone (data not shown), again suggesting
an enhancement of efficacy against the background of already-robust protection, as is more
fully explored in the ovariectomized studies.

While there are still additional questions to be explored regarding the impact of estradiol on
infection and immunity, the studies described here present an important demonstration that
estradiol’s effects go far beyond physiology and can shape the host response to vaccination.
The conclusions drawn from these studies have implications that need to be explored using
other animal models, other candidate vaccines and other infectious organisms so that, once the
mechanism of action of estradiol on the host-response is clearly understood, it may be exploited
in a wide range of scenarios to elicit optimal protection from otherwise suboptimal vaccines.
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FIG. 1.
Timeline of the experimental design.
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FIG. 2.
Images of mouse epithelium 62 days after estradiol treatment. Panels A–H are representative
images of the vaginal epithelium of ovariectomized mice; A, B were not treated with estradiol;
C–H were taken on the indicated number of days after estradiol treatment. Panels I, J are from
an ovary-intact mouse 62 days after saline treatment and 7 days after progesterone treatment;
K, L are from ovary-intact mice 62 days after estradiol treatment and 7 days after progesterone.
Black and white images are Cellvizio confocal micrographs showing the nature of the vaginal
epithelial surface; color images are H&E crossectional histology micrographs showing
epithelial layers and thickness. Panels A, B (controls) show the thin, simple, squamous
epithelium of the vaginal tract in an ovariectomized mouse; approx 13 μm. Panels C, D show
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the estradiol-thickened, stratified epithelium with large, proliferating nuclei seven days after
estradiol treatment; approx 37 μm. Panels E, F show the epithelium has returned to a thin,
simple, squamous layer of cells 38 days after estradiol treatment; approx 16 μm. Panels G, I,
K (day 62) show the epithelial thickness to be approx 16 μm, 39 μm and 39 μm, respectively;
the effects of estradiol treatment have lapsed. The ovary-intact mice have been progesterone-
primed to make them infection-permissive and the ovariectomized mouse’s thin vaginal
epithelium is already very susceptible to infection. (N=5/group).
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