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Abstract
Although vaginal immunization has been explored as a strategy to induce mucosal immunity in the
female reproductive tract, this site displays unique immunological features that probably evolved to
inhibit anti-paternal T cell responses after insemination to allow successful pregnancy. We previously
demonstrated that estradiol, which induces an estrus-like state, prevented CD8+ T cell priming during
intravaginal immunization of mice. We now show that estradiol prevented antigen loading of vaginal
antigen presenting cells (APC) after intravaginal immunization. Histological examination confirmed
that estradiol prevented penetration of peptide antigen into the vaginal wall. Removal of the estradiol-
induced mucus barrier by mucinase partially restored antigen loading of vaginal APC and CD8+ T
cell proliferation in vivo. The estradiol-induced mucus barrier may thus prevent exposure to antigens
delivered intravaginally, supplementing additional estradiol-dependent mechanism(s) that inhibit
CD8+ T cell priming after insemination or vaginal vaccination.
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INTRODUCTION
Vaginal immunization can induce mucosal immunity in the female reproductive tract (FRT)
but there are several unusual features of vaginal immune responses that may have evolved to
protect against deleterious immune reactions to paternal antigens and thus ensure successful
development of the semi-allogeneic embryo and fetus. Insemination introduces immunogenic
components, including male cells and cellular debris, that may induce allogeneic cellular and/
or humoral immune responses against the implanting embryo or fetus [1,2]. However,
infertility caused by female immune responses against sperm antigens is rare [3], and CD8+ T
cell responses to male antigens post-coitus are difficult to detect [2]. In some experimental
models, even allogeneic insemination of TCR transgenic females by male mice that express
the TCR transgenic ligand are unable to induce T cell activation, or tolerance, or damage to
the developing allogeneic fetuses overexpressing this TCR ligand [4] (Seavey and Mosmann,
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unpublished data). The presence of immunogenic components in the semen combined with the
lack of response to male antigen suggests that the reproductive tract is hyporesponsive to
antigen deposited during sexual intercourse.

The menstrual cycle influences vaginal immunization in rats, mice and humans. Human
antibody responses to vaginal immunization were higher during the follicular than the luteal
phase of the human menstrual cycle [5]. In mice, vaginal immunization during estrus led to
reduced T cell responses as measured by antigen-specific proliferation of lymph node cells and
footpad swelling, both normally CD4-dominated responses [6]. Immune inhibition during
estrus may occur locally, as estrus enhanced mouse antibody responses induced by oral
immunization [7].

The menstrual hormone, estradiol (E2) influences structural features of the female reproductive
tract (FRT), such as endometrial thickening and increased mucus production [8,9]. E2 also
clearly regulates immune responses in the uterus and vagina, which may help to explain the
inhibition of immune responsiveness at estrogen-dominated phases of the menstrual cycle. E2
inhibits the ability of rat vaginal cells to present antigen and induce T cell proliferation [10,
11]. This effect is mediated at least in part by the effect of TGFβ on rat vaginal [11] or uterine
[12] antigen-presenting (APC). E2 also potentiated the suppressive activity of human
regulatory T cells [13], providing another potential explanation for reduction of T cell responses
during estrus. In mice, we showed that E2 profoundly inhibited priming of CD4+ and CD8+ T
cell immune responses by the vaginal, but not subcutaneous route [2].

As most previous studies focused on human and rat T cell proliferative responses likely to be
mediated mainly by CD4+ T cells, we sought to determine whether the inhibition of mouse
CD8+ T cell responses in our model was due to a mechanism similar to the well-established
effect of TGFβ on rat APC, or to increased suppression. Using a mouse model for reproductive
immunology, ovarectomized mice treated with exogenous estradiol, we found that the vaginal
APC from E2-treated mice were fully capable of presenting antigen to CD8+ T cells if pulsed
in vivo, but that penetration of antigen, even peptide antigen, into the vaginal wall was blocked
in E2-treated mice, as measured either functionally by antigen presentation, or physically using
fluorescent-labeled peptide. This effect was partially abrogated by mucinase treatment,
implicating the E2-enhanced mucus barrier as one of multiple mechanisms that reduce
exposure and responsiveness of the maternal immune system to vaginal antigens during estrus.
This mechanism may help to limit the inhibition of anti-paternal CD8+ T cell responses to the
brief estrogen-dominated fertile period in each cycle, without interfering with potential anti-
pathogen responses at other times and locations. The mucus barrier may also influence the
effectiveness of vaginal vaccines administered during difference phases of the menstrual cycle.

METHODS AND MATERIALS
Mice

Six to eight week old mice, C57Bl/6 (B6) (H2b), BALB/c (H2d), and B6 mice transgenic for
the membrane bound form of OVA (B6.mOVA) were purchased from the Jackson Laboratory
(Bar Harbor, ME), and ovariectomized (OVX) female C57Bl/6 mice from Taconic Labs
(Hudson, NY). The anti-Ld 2C and anti-ovalbumin (OVA) OT-I TCR transgenic mice on a
C57Bl/6 background were generous gifts from Jonathan Schneck and Nick Crispe,
respectively.

Cells, reagents and peptides
All ex vivo work was performed using RPMI (Cellgro, Mediatech, Inc) containing Penicillin-
Streptomycin (Cellgro, Mediatech, Inc), L-Glutamine (Cellgro, Mediatech, Inc), 10% FBS
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(Perbio, HyClone), and 2-β-mercaptoethanol (Sigma-Aldrich). Peptides were obtained from
Invitrogen (Carlsbad, CA). The peptide pSYGL (SIYRYYGL) binds to H2Kb and is an
alternate specificity of H2Ld-restricted 2C TCR transgenic T cells [14]. The peptide pOVA
(SIINFEKL) binds to H2Kb and stimulates OT-I TCR transgenic CD8+ T cells. Naïve CD8+

OT-I T cells (CD8α+, CD90.2+, CD44−, CD62L+) were isolated using a BD FACSAria cell
sorter.

Digestion of vagina and ex vivo pulsing of vaginal cells
For Reverse Elispot experiments involving mouse vaginal cells we perfused the vagina with
saline, cut it into fragments, then digested with 0.1% collagenase IV (Sigma-Aldrich), 0.01%
DNase (Roche), and 200U/ml of hyaluronidase (Sigma-Aldrich) in cell culture medium for 45
minutes at 37°C, 5% CO2. After digestion, cells were passed over a cell strainer to remove
tissue debris then counted and either used immediately in Reverse Elispot assays or pulsed
with peptide depending on the experiment. For ex vivo pulsing vaginal cells were pulsed with
10μM of pSIINFEKL peptide in 96-well plates in cell culture media for 1.5hrs at 37°C. After
pulsing cells were washed 3X then prepared for Reverse Elispot assays.

Antibodies and flow cytometry
Anti-mouse IAb (AF6-120.1), Kb (AF6-88.5), IgG1 (A85-1), CD90.2 (53-2.1) Db (KH95),
CD11b (M1/70) were purchased from BD Pharmingen (San Diego, CA). Anti-CD44 (IM7),
CD45.1 (A20), CD62L (MEL-14), Vα2 (B20.1), and Vβ5 (MR9-4) were purchased from
eBioscience (San Diego, CA), and anti-mouse CD8α (5H10) from Caltag (Burlingame, CA).
7-amino-actinomycin D (7-AAD) was obtained from Calbiochem (La Jolla, CA). The anti-
mouse 2C transgenic TCR clonotypic antibody producing hybridoma, clone 1B2, was a
generous gift from Jonathan Schneck. All samples were analyzed on a BD LSR II flow
cytometer and data processed using FlowJo (Treestar Software, Ashland, Oregon). The 25-
D1.16 monoclonal antibody (recognizing the pSIINFEKL/H2Kb complex [15]) was obtained
from hybridoma supernatants.

Hormone replacement
Throughout this report we utilize an artificial mouse model system to better help us elucidate
the subtle immunoregulation of the female reproductive tract; ovarectomized female mice
supplemented with estradiol to induce an estrus-like state as also used by several other
investigators [16,17]. Ovariectomized mice used for intravaginal immunization experiments
were injected with either PBS or water soluble cyclodextrin-encapsulated 17β-estradiol
(Sigma-Aldrich) at 1μg/mouse/day i.p. in 200μl of PBS. Mice were treated with hormones
starting 3 days before immunization and continuing for the duration of the experiment (i.e.,
mice were treated daily with hormone). To induce estrus in normal mice, B6 female mice were
injected with 5 I.U. of pregnant mare serum gonadotropin (PMSG) (Sigma-Aldrich) in 200ul
of PBS i.p. 24-36 hours before mating. To induce ovulation, mice treated with PMSG were
given 5 I.U. of human gonadotropin (hCG) (Sigma-Aldrich) in 200ul of PBS i.p. at the time
of mating (i.e., pairing). Using PMSG and hCG hormones to induce ovulation has been
described previously (9). To reduce the possibility of vaginal tissue damage the estrous status
was confirmed by observing enlargement of the vaginal labia rather than by taking vaginal
smears.

Adoptive transfer of TCR transgenic cells
For the transfer experiment (Fig. 5B) we adoptively transferred whole splenocytes from
transgenic mice labeled with 5uM of 5(6)-Carboxyfluorescein diacetate N-succinimidyl ester
(CFSE) (Sigma-Aldrich). Five million anti-OVA T cells (OT-1) as whole spleen were
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transferred into female hosts i.p. in sterile HBSS. OT-I cells express a transgenic TCR that is
restricted to the pSIINFEKL peptide in the context of H2Kb.

Reverse Elispot assay
This assay has previous been described [2]. Briefly, numbers of APC were measured by
titrating different concentrations of APC populations with constant, numbers of TCR
transgenic T cells in Elispot assays for IL-2 or IFNγ. T cells only secrete cytokines upon APC
stimulation, and so the number of spots counted in represented the number of APC; not the
number of T cells. Sorted naïve CD8+ T cells were used to detect APC that could prime naïve
T cells – measured by IL-2 secretion, and 5 day in vitro-activated effector CD8+ T cells were
used to detect APC that could restimulate effector T cells – measured by IFNγ secretion.
Filtration plates with 96 wells (MAIP N4550; Millipore, Bedford, MA) were coated with
2μg/ml of purified anti-mouse IFNγ (AN18), anti-IL-4 (11B11), or anti-IL-2 (JES6-1A12) in
1X PBS. Constant numbers (30,000/well) of CD8+ T cells were added to each well and APCs
were titrated across the plate. Cytokines were detected by the addition of 50μl of biotinylated
anti-mouse IFNγ (XMG1.2), anti-mouse IL-2 (JES6-5H4), or anti-mouse IL-4 (BVD6-24G2)
at 2μg/ml in PBSTB (PBS/0.1% Polyoxyethylene (20) Sorbitan Monolaurate/1% Bovine
serum albumin) (Sigma-Aldrich) to each well. Both coating and detection antibodies were
purchased from eBioscience. After overnight (16hr) incubation at 37°C, 5% CO2 plates were
washed in PBST (1X PBS/0.1% Polyoxyethylene (20) Sorbitan Monolaurate), 1μg/ml of
alkaline-phosphatase conjugated streptavidin (Jackson Labs, Bar Harbor, ME) in PBSTB was
incubated on the plate for 30 minutes at 25°C, then washed off using PBST. Plates were
developed using the alkaline phosphatase substrate kit III (vector laboratories, Burlingame,
CA). All assays contained RPMI medium plus 10% FCS. Spots were counted using the
Immunospot C.T.L. scanner and counting software (CTL, Cleveland, OH).

Isolation of male reproductive organ cells
Paired reproductive organs (seminal vesicles, vas deferens, epididymis, and testicles) from
6-10 month old B6 or B6.mOVA transgenic males were removed and glass-homogenized to
release cells. Cells and debris were pelleted by centrifugation at 10,000xg using a Sorvall RC
26 Plus centrifuge (Sorvall, Asheville, NC). We used 0.02% of combined two testicles
suspended in saline and pelleted at a total volume of 10μl in HBSS per female mouse (6-8
weeks old) immunized intravaginally. Age matched males were used for the testicular
immunization study and mass differences between different mouse testicles were negligible.

Immunizations and mucinase treatments
Fertility hormone-treated mice were immunized intravaginally (IVAG) using a micropipette
to instill 10μl of HBSS solution into the upper cervicovaginal region. Mice were anesthetized
for the entire procedure using 2,2,2-Tribromoethanol at 240mg/kg of total body weight.
Mucinase treatment was performed using Hyaluronidase VI purified from bovine testis (Sigma-
Aldrich) in PBS at 0, 1.6, 40, 200, and 1000 units per mouse, where 1 unit=129ng of enzyme.
The mucinase enzyme remained in the vaginal tract for the duration of the experiment.

Histology and fluorescent microscopy
Vaginal tissues were removed, fixed in buffered formaldehyde solution (Mallinckrodt,
Phillipsburg, NJ) overnight at 4°C in the dark. The mid-vaginal region was excised from
between the cervix and bladder duct and embedded in paraffin wax using a Microm EC 350-1/2
wax embedder [18]. Four-micron sections were cut using a Microm HM 355S microtome and
stored at 4°C in the dark until stained. For the staining of tissue sections using the nuclear dye
DAPI the tissue sections were first deparafinized as described elsewhere [18]. We used
0.1μM of DAPI nuclear stain (Molecular Probes, Carlsbad, CA) in cell culture media and
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stained the deparafinized sections for 5 minutes at 25°C in the dark; sections were then washed
several times with 1X PBS to remove excess DAPI dye. Slides were cover-slipped using anti-
fading aqueous mounting medium (Biomeda, Foster City, CA) and stored at 4°C in the dark
until analyzed.

Image collection and analysis
Images were collected on a Nikon Eclipse E600 fluorescent microscope (Tokyo, Japan) using
SPOT software (v3.4, 2002). All images in a single channel were exposed for the same length
of time: FITC (15 seconds), DAPI (0.5 seconds). Percent stained for the pOVA-FITC peptide
was measured by gating regions on tissue images and measuring the total area positive for
FITC using the Image Pro Plus software (v3.0, Media Cybernetics, Baltimore, MD). Digital
images were overlaid using Adobe Photoshop (v9.0, 2005).

Software and statistical analysis
Significance was determined using the Mann-Whitney, non-parametric test or the unpaired
student's t test. Significance was assumed at a p-value < 0.05. Statistical software used was
GraphPad Prism (v4.0a, 2003). All studies were repeated at least once.

RESULTS
Functional antigen-presenting vaginal cells are absent in IVAG-immunized, estradiol-treated
mice

We have previously shown that estradiol inhibits local CD8+ T cell immune responses to
intravaginal immunization [2], but the mechanism of this effect was not identified. Possible
mechanisms of FRT-specific inhibition include inhibiting T cell activation in localized
lymphoid tissue, inhibiting costimulatory or migratory properties of APC, altering surface
expression of MHC molecules, or limiting access of potential APC to luminal antigen.

To determine if vaginal cells could process and cross-present antigen from male cells and debris
likely to be introduced during coitus, homogenates of male reproductive organs from B6 or
B6.mOVA transgenic mice were instilled into the vaginal tract of estradiol-treated or untreated
ovariectomized B6 mice. These homogenates were used as a source of antigen expressed by
normal mouse tissues, but were not surrogates for the complex array of mediators in semen.
After 12 hours, cells were extracted from the vaginal tissue and tested for the ability to re-
stimulate effector OT-I TCR transgenic CD8+ T cells to secrete IFNγ in the Reverse Elispot
assay. This assay measures the frequency of APC able to stimulate antigen specific, naïve T
cells (measured by IL-2 secretion), or antigen specific, effector T cells (measured by IFNγ
secretion) (see Methods). The B6.mOVA but not B6 extracts induced substantial numbers of
vaginal APC that restimulated OVA-specific OT-I effector T cells (Fig. 1A, *p<0.05) in control
mice, but these cells could not be detected in estradiol-treated mice (Fig. 1A). A similar
reduction in the numbers of functional vaginal APC by estradiol was observed after
immunization with the OVA peptide (SIINFEKL) recognized by OT-I cells (Fig. 1B, *p<0.05).

We used non-ovariectomized mice to confirm results observed in the ovariectomized model
(Fig. 1C+D). Normal, cycling, age-matched, B6 female mice, were treated with PMSG and
hCG to induce estrus in a high proportion of mice. Normal or estrous mice were immunized
IVAG with either B6.mOVA male extracts (Fig. 1C, tested on OT-I effector T cells) or peptide
(pSIYRYYGL) (Fig. 1D, tested on 2C effector T cells). Antigen-presenting vaginal cells were
present in substantial numbers in some but not all of the normal cycling mice, whereas mice
selected to be in estrus gave significantly lower APC numbers from the vagina after IVAG
immunization. This confirms that in normal mice, the frequency of functional APC was reduced
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in the estrous (estradiol-dominated) phase, as also seen in the estradiol-treated ovariectomized
mice.

To determine whether estradiol acted by reducing costimulatory function on the APC, we used
the anti-OVA T cell hybridoma B3Z stably transfected with LacZ under the NFAT promoter
[19] to measure vaginal APC without the need for costimulation. This assay also detected OVA-
presenting APC in vaginal cells from PBS- but not estradiol-treated mice (data not shown).
Thus estradiol may prevent the uptake, processing or presentation of antigen; reduce the
number of potential APC in the vaginal tissue; or convert the APC to a suppressive or non-
stimulatory state.

Vaginal APC from estradiol treated mice can stimulate CD8+ T cell responses ex vivo
To distinguish between defects in antigen uptake and processing versus other antigen-
presenting functions, we pulsed vaginal cells from estradiol- or PBS-treated mice with peptide
ex vivo and tested for APC function. In contrast to the results of in vivo peptide administration
(Fig. 1), ex vivo-pulsed vaginal cells from both groups of mice presented peptide to either naïve
or effector CD8+ T cells (Fig. 2A, p>0.05). To test for the possibility that low in vivo MHC
antigen levels were increased during the in vitro antigen pulsing incubation, alloreactive
CD8+ T cells (TCR transgenic 2C T cells recognizing H2Ld) were used to detect vaginal APC
by the Reverse Elispot assay without the need for exogenous peptide pulsing. Estradiol-treated
mice had similar or even higher numbers of vaginal APC than PBS-treated mice, confirming
that cells capable of presenting antigen are present in estradiol-treated vaginal tissue (Fig. 2B).
The spleen was used as a tissue specific control (Fig. 2B, bottom panel). Estradiol also did not
alter MHC class I expression levels on vaginal APC as measured by flow cytometry (data not
shown). Thus the reduction of vaginal APC numbers by estradiol may be due to lack of antigen
loading, rather than inhibition of APC function or removal from the FRT of cells capable of
presenting antigen.

The frequency of peptide pulsed cells is reduced in the vagina of estradiol treated mice
We used the anti-pSIINFEKL/H2Kb antibody (25-D1.16) to track peptide-loaded APCs more
directly. Mice were immunized intravaginally with increasing concentrations of pSIINFEKL
peptide and after 12 hours vaginal APC from PBS- or estradiol-treated mice were analyzed by
flow cytometry. We used anti-CD11b antibody to detect both macrophages and DCs, and anti-
H-2b to detect the target MHC antigen for the 25-D1.16 peptide/MHC-specific antibody. In
vivo peptide pulsing significantly increased the MFI of 25-D1.16+ cells in the saline group
(Fig. 3A, *p<0.05), but not the estradiol-treated group. The higher background in the estradiol-
treated group may be due to increased epithelial cell growth and keratinization, which leads to
higher auto-fluorescence [20, 21]. The decreased peptide binding in the estradiol-treated group
directly correlated with decreased numbers of APC stimulating effector CD8+ T cells ex vivo
as enumerated by Reverse Elispot assays (Fig. 3B) further supporting the hypothesis that
estradiol reduces vaginal CD8+ T cell priming by limiting APC access to antigen.

Estradiol modifies the vaginal tissue environment, limiting luminal antigen penetration and
subsequent APC loading in vivo

Since our data suggested that estradiol inhibited antigen penetration or loading, we next
measured the physical penetration of a peptide antigen into the vaginal tissue using fluorescein-
labeled pSIINFEKL OVA peptide. Antigenically, the fluorescein-labeled pOVA peptide
behaved similarly to unlabeled peptide, as splenocytes pulsed with the pOVA-FITC peptide
were recognized by the 25-D1.16 antibody (Fig. 4A), and pOVA-FITC-pulsed splenocytes
were recognized by peptide-specific effector CD8+ cells in Reverse Elispot assays (data not
shown).
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PBS- or estradiol- treated mice were immunized intravaginally with peptide or PBS, and
vaginal sections were prepared 12 hours later. Substantial peptide fluorescence was observed
in vaginal wall tissue in PBS-treated mice (Fig. 4B). The strong fluorescent peptide signal
observed in the lamina propria of PBS-treated mice could be due to inter-cellular channels that
lead to the lamina propria [22]. In contrast, in estradiol-treated mice, intense pOVA-FITC
peptide staining was visible in the thick mucus barrier, whereas little staining was evident in
the vaginal tissue (visualized by nuclear DAPI staining and the sequential H+E sections, Fig.
4B). We quantified the proportion of pOVA-FITC staining of mucus, epithelial layers and
lamina propria regions using image analysis software. pOVA-FITC peptide was distributed
through most of the epithelial layer and lamina propria in the saline treated mice (Fig. 4C,
*p<0.05), but was present only in the thick mucus layer of estradiol-treated mice (Fig. 4C,
**p<0.05).

The estradiol-induced mucus barrier decreases antigen penetration and subsequent CD8+ T
cell responses

Because of the striking lack of penetration of peptide antigen beyond the mucus barrier, we
tested whether the mucus layer was responsible for the estradiol-induced reduction of in vivo
peptide pulsing and anti-paternal CD8+ T cell responses. The mucinase, hyaluronidase, was
used to remove the mucus barrier in estradiol-treated and control mice immunized
intravaginally with pOVA. Mucinase treatment restored the number of in vivo-pulsed APC
detectable ex vivo by the Reverse Elispot assay at the highest peptide concentration (Fig. 5A),
however, estradiol still partially inhibited peptide pulsing at lower antigen doses (Fig. 5B). To
determine if the estradiol-mediated inhibition of in vivo CD8+ T cell proliferation could also
be restored by mucus removal, we adoptively transferred CFSE labeled OT-I cells into OVX
female B6 mice. After treatment with E2 or PBS for three days, the mice were immunized
IVAG with pOVA peptide with or without 200U of mucinase enzyme. Three days post-
immunization the proliferation of OT-I cells in the spleen and para-aortic lymph nodes was
analyzed by flow cytometry. Mucinase significantly, but only partially, restored the anti-
peptide responses in estradiol-treated mice (Fig. 5C, **p<0.05). Thus mucinase enhanced APC
presentation of vaginally-administered antigen peptide, and so estradiol-induced mucus
appeared to be one mechanism preventing antigen penetration and loading onto APC in the
vaginal tissue. The partial restoration suggests that estradiol probably also inhibited peptide
loading of APC by additional mechanisms such as the substantial thickening of the epithelial
layer in estradiol-treated mice (Figure 4B).

DISCUSSION
In addition to previously-described mechanisms, our results show that estrogen-induced
vaginal mucus inhibits antigen penetration and hence immune reactivity against antigens
delivered to the vaginal lumen by vaccination, and the same mechanism potentially contributes
to the prevention of maternal responses to paternal antigens introduced during insemination.

Using this model, we can extrapolate that estradiol-induced mucus may contribute to the failed
initiation of anti-paternal responses during insemination. Due to the extensive degradation of
paternally-derived cells after mating, it is likely that maternal exposure to paternal antigens
includes live cells, cellular debris and degradation products including peptides. Although
mucus is known to block penetration of large particles, such as bacteria, into the vaginal wall,
it is more surprising that, given its high water content, mucus also prevents penetration of
antigens as small as peptides. Thus vaginal mucus may cause substantial variability in
responses to intravaginal vaccination at different stages of the hormonal cycle, and may
provides effective barrier for the spectrum of antigens likely to be introduced during
insemination.
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Our results showing that APC removed from the hormone-controlled environment of the vagina
can stimulate mouse CD8+ and CD4+ (not shown) T cells ex vivo is in contrast to the inhibition
of T cell proliferation stimulated by rat vaginal cells presenting antigen ex vivo [10,11]. In
addition to the potential differences between species, this discrepancy may also be influenced
by the short-term cytokine secretion for antigen presentation used in our studies, compared to
the longer-term proliferation assay used in previous work. In addition, proliferation in response
to protein antigens may be mainly mediated by CD4+ T cells, whereas most of our experiments
focused on CD8+ T cells.

Our demonstration of the role for mucus in inhibiting presentation of even a peptide antigen
adds to several other mechanisms that help to reduce infections by pathogens such as HIV
transferred during intercourse [23]. Mucus forms a barrier that impedes the penetration of
microorganisms, macromolecules, and toxins from entering host tissues. The major
components of mucus are mucins, a family of large, heavily glycosylated proteins. The vaginal
mucus barrier is maximally developed during the ovulatory and luteal phases, and is initiated
by the rising estrogen levels during proliferative and follicular phases. Mucus also contains
immunomodulatory properties. Mid-cycle cervical mucus adversely affected the bioactive
properties of IL-4 and the immunoglobulins IgA and IgG by decreasing their recovery from
aqueous media after contact [24]. Cervical mucus contains antagonists of two key
inflammatory cytokines, IL-8 and IL-1, both involved in the recruitment of phagocytic and
inflammatory cell types [25]. Thus mucus may regulate immune parameters in the female
reproductive tract by both physical and biochemical mechanisms.

Additional functions of estradiol may account for the partial inhibition of antigen presentation
and CD8+ T cell activation that remains even after mucinase treatment. For example, estradiol
induces the proliferation of vaginal epithelial cells [20] resulting in thickening of the epithelial
layer which may reduce antigen penetration to the underlying APC. Estradiol also inhibits APC
maturation [26] and APC function [10,11]; expands T-regulatory cell populations [27];
upregulates the suppressive ligand, PD-1, on several APCs; and reduces expression of both
chemokine receptors and T cell migratory activity [28]. In view of all these mechanisms, it is
not surprising that there is residual estradiol-mediated inhibition of CD8+ T cell immunization
in mucinase-treated animals.

Our studies using vaginal immunization and analysis of vaginal APC are relevant to models
of IVAG vaccination, and may also provide information on immune responses against vaginal
pathogens at different stages of the hormonal cycle. However, these results are only partially
relevant to the regulation of maternal immune responses against paternal antigens delivered
during insemination, because in mice the majority of the ejaculate is delivered to the uterine
lumen, although a percentage does contact the vaginal wall via the coital plug [29]. Also, semen
contains several potent immunomodulators that further modify the maternal response.

Mice normally mate only during estrus, so exposure to paternal antigens normally occurs only
during estrogen-induced inhibition of immune priming. Unlike estrus cycling mammals (e.g.,
rodents), humans can be sexually active throughout the menstrual cycle, although there is a
strong preference for mating when fertile [30]. As human semen deposition is therefore not as
strongly restricted to the high-estrogen phase of the cycle, additional mechanisms probably
prevent anti-paternal responses. Both human and mouse semen contain large quantities of the
immunosuppressive cytokine TGFβ, and human semen also contains PGE2 which also
suppresses T cell responses [31]. If anti-paternal T cell responses are generated, several
mechanisms may prevent anti-fetal attack later during pregnancy [32-34], including restricted
antigen presentation [35]. Although unrestricted mating in humans may reduce the importance
of antigen blockade by estradiol-induced mucus as a mechanism for lack of responsiveness to
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paternal antigens, inhibition of antigen penetration by mucus may still contribute to the reduced
efficacy of human vaccination during the proliferative phase [5].

Although the levels of estradiol used in our studies result in higher circulating hormone levels
than occur in natural estrous cycles, higher levels of systemically administered exogenous
estradiol may be required to achieve the levels of hormone in the FRT that are provided by
local production. The exogenous levels in our study are similar to those used in other studies
of the effect of reproductive hormones on the immune system [16,17]. Furthermore, the
experiments in Figure 1C, D also show a reduction in vaginal wall APC numbers in mice
selected for being in the estrous phase after hormone induction, thus reinforcing our hypothesis
that estradiol can reduce antigen presentation during normal estrous cycles.

We propose that access to antigen deposited in the vaginal tract is partially restricted by an
estradiol-induced mucus barrier that lines the vaginal lumen during the estrous phase in mice.
This physical barrier may contribute to immunological ignorance to paternal antigens,
complementing the immunoregulatory components in the seminal fluid [1] and the female
reproductive tract [36] that further enhance maternal tolerance or ignorance to paternal antigens
during insemination [5,6]. These data may have implications for the design of intravaginal
immunization strategies attempting to induce efficient cell mediated and humoral immunity in
the reproductive tract, such as vaccines for sexually transmitted pathogens.
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FIGURE 1. Estradiol prevents the generation of peptide pulsed vaginal APC after intravaginal
immunization
A, PBS or estradiol (E2) treated ovariectomized (OVX) mice were immunized intravaginally
(IVAG) with B6 or B6.mOVA male reproductive organ homogenates. After 12 hours, vaginal
cells were extracted and analyzed for APC activity in Reverse Elispot assays that measure APC
stimulation via the activation of antigen specific effector (measured by IFNγ secretion) or naïve
(measured by IL-2 secretion) T cells. The graph shows mean±SEM of the frequency of vaginal
APC inducing IFNγ synthesis by effector OT-I T cells. * indicates p<0.05; N=3 mice per group,
graph representative of experiment repeated in duplicate. B, PBS or E2 treated OVX mice were
immunized IVAG with HBSS alone or pSIINFEKL peptide (pOVA). Twelve hours post-
insemination vagina were removed and processed for Reverse Elispots. The graph shows mean
±SEM of the frequency of vaginal APC inducing IFNγ secretion by OT-I cells. * indicates
p<0.05; N=3 mice per group, graph representative of experiment repeated in triplicate. C and
D, Normal B6 female mice were treated with PMSG to induce a high proportion of estrus, and
mice in estrus were identified by labial swelling. The ‘mixed’ group contained normal mice
from all estrous states. Mice were immunized IVAG with B6.mOVA male reproductive organ
homogenates (C) or pSIYRYYGL peptide (D). After 12 hours, vaginal cells were extracted
and APC enumerated as in parts A and B, using OT-I (C) or 2C (D) effector T cells. * indicates
p<0.05, ** indicates p<0.01 by the unpaired student's t test; N≥13 mice per group.
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FIGURE 2. Vaginal APC from estradiol-treated mice are functional and can stimulate CD8+ T cell
responses ex vivo
A, Vaginal cells were extracted from PBS or E2 treated mice and pulsed with 10μg/ml of
pSIINFEKL (pOVA) peptide or medium alone at 37°C for 1.5 hours. Pulsed cells were
analyzed in Reverse Elispot assays containing either sorted naïve (IL-2) or in vitro-activated
effector (IFNγ) OT-I cells. Graph shows mean±SEM of the frequency of vaginal APC inducing
IFNγ or IL-2 secretion. Graph representative of three experiments. B, Cells were extracted
from vaginal tissues (VAG) or spleens (SP) of PBS or E2 treated mice, and analyzed in Reverse
Elispot assays using naïve anti-H2d 2C cells (IL-2) or in vitro activated effector anti-H2d 2C
cells (IFNγ). Graphs show mean±SEM of the frequency of APC. N=3 mice per group. Graph
representative of three independent experiments. Non-significant groups had a p-value greater
than 0.05.
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FIGURE 3. Estradiol reduced the frequency of in vivo peptide-pulsed vaginal cells
A, PBS or E2 treated mice were immunized IVAG with pSIINFEKL (pOVA) peptide at 0μg,
2μg, or 20μg per mouse. After 12 hours vaginal cells were extracted and analyzed by flow
cytometry using the anti-pSIINFEKL/H2Kb antibody 25-D1.16. Left panel: representative
histograms showing 25-D1.16 positive cells gated on live CD11b+ H2Db+ vaginal cells; mean
fluorescence intensity (MFI) is shown in the upper right hand corner of each histogram. Right
panel: Mean±SEM of MFI from 25-D1.16. * indicates p<0.05; N=3 mice per group. B, The
cell populations described in A were analyzed in Reverse Elispot assays using in vitro activated
effector OT-I cells. * indicates p<0.05; N=3 mice per group. Graph representative of two
independent experiments.
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FIGURE 4. Estradiol inhibited penetration of pOVA-FITC into the vaginal wall
A, B6 female splenocytes were pulsed with FITC-labeled or unlabeled pSIINFEKL peptide at
0μg, 2μg, 20μg or 200μg/ml in cell culture medium for 1.5hrs, stained with 25-D1.16 antibody,
then analyzed by flow cytometry. B, PBS or E2 treated mice were immunized IVAG with
pSIINFEKL-FITC peptide at 20μg per mouse or HBSS alone. Twelve hours after immunization
vaginal tissues were fixed, embedded, and sectioned. Sequential sections were stained with the
nuclear dye DAPI or with haematoxylin and eosin. Exposure times were 0.5 seconds for DAPI
and 15 seconds for FITC. Representative image of an experiment repeated twice. C, The
percent of the area staining positive for pSIINFEKL-FITC binding (mean±SEM) is shown in
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the graph, and an example of boundary assignments is shown on the left. N=3 mice per group;
* and ** indicates p<0.05; Lumen/mucus (L/M); Epithelial layer (EpC); Lamina propria (LP).
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FIGURE 5. Mucinase treatment partially restores both loading of peptide antigen on vaginal APC
and anti-paternal CD8+ T cell responses after IVAG immunization
A, Estradiol-treated mice were immunized intravaginally with 10μg of pOVA peptide and 0U,
1.6U, 40U, 200U, or 1000U of mucinase hyaluronidase. PBS-treated mice were immunized
with pOVA but not mucinase. The mean for PBS-treated mice is shown as a solid horizontal
line and the confidence interval, for this group, as flanking dashed lines. After 12 hours, APC
in vaginal tissues were enumerated by Reverse Elispot using in vitro effector OT-I cells.
Antigen loading onto vaginal APC were quantitated by the ability of the extracted APC to
stimulate effector T cells to secrete IFNγ. The graph shows mean±SEM; N=3 mice per group.
B, Estradiol-treated mice were immunized intravaginally with 0μg, 0.1μg, or 1μg of pOVA
peptide with 200U of mucinase. PBS-treated mice were immunized in the absence of mucinase.
Reverse Elispot enumerated APC in the vaginal tissue. The graph shows mean±SEM; N=3 per
group except 0μg (N=2); * indicates p<0.05. C, CFSE-labeled OT-I cells were adoptively
transferred into OVX B6 females, which were treated with PBS or E2 then immunized
intravaginally with 10μg of pOVA with or without 200U of mucinase. Three days post-
immunization, OT-I proliferation in para-aortic lymph nodes was analyzed by flow cytometry.
The graph shows percent divided of gated CD8α+ CD45.1+ Vα2+ Vβ5+ cells as mean±SEM;
N=3 mice per group; * indicates p<0.05. Figures A, B, and C were each representative of three
independent experiments.
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