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Introduction

Summary

Cells of the female reproductive tract (FRT) can present antigen to naive
and memory T cells. However, the effects of oestrogen, known to modu-
late immune responses, on antigen presentation in the FRT remain unde-
fined. In the present study, DO11.10 T-cell antigen receptor transgenic
mice specific for the class II MHC-restricted ovalbumin (OVA) 323-339
peptide were used to study the effects of oestradiol and pathogen-associ-
ated molecular patterns on antigen presentation in the FRT. We report
here that oestradiol inhibited antigen presentation of OVA by uterine epi-
thelial cells, uterine stromal cells and vaginal cells to OVA-specific mem-
ory T cells. When ovariectomized animals were treated with oestradiol for
1 or 3 days, antigen presentation was decreased by 20-80%. In contrast,
incubation with PAMP increased antigen presentation by epithelial cells
(Pam;Cys), stromal cells (peptidoglycan, Pam;Cys) and vaginal cells
(Pam3Cys). In contrast, CpG inhibited both stromal and vaginal cell anti-
gen presentation. Analysis of mRNA expression by reverse transcription
PCR indicated that oestradiol inhibited CD40, CD80 and class II in the
uterus and CD40, CD86 and class II in the vagina. Expression in isolated
uterine and vaginal cells paralleled that seen in whole tissues. In contrast,
oestradiol increased polymeric immunoglobulin receptor mRNA expres-
sion in the uterus and decreased it in the vagina. These results indicate
that antigen-presenting cells in the uterus and vagina are responsive to
oestradiol, which inhibits antigen presentation and co-stimulatory mole-
cule expression. Further, these findings suggest that antigen-presenting
cells in the uterus and vagina respond to selected Toll-like receptor agon-
ists with altered antigen presentation.

Keywords: antigen presentation; epithelial cells; oestradiol; pathogen-asso-
ciated molecular patterns; uterus

trointestinal tract and epithelial cells in the human and
rat uterus express HLA-DR (MHC class II) and co-

It is well documented that epithelial cells lining the
female reproductive tract (FRT) play an important role
in the innate immune responses by providing a physical
barrier, and producing antimicrobial peptides, cytokines
and chemokines that recruit immune cells.'” Less well
recognized are the findings that epithelial cells process
and present antigen to naive and memory T cells.*”
We and others have found that enterocytes in the gas-

stimulatory molecules that function in antigen-specific
T-cell activation by epithelial cells.'®'> More recently,
we found that mouse uterine epithelial cells as well as
antigen-presenting cells (APC) in the uterine stroma
and vagina are able to present ovalbumin (OVA) and
OVA*>7% peptide to naive T and memory T cells
from DO11.10 T-cell antigen receptor (TCR) transgenic
mice.”

Abbreviations: APC, antigen-presenting cells; DMEM, Dulbecco’s modified Eagle’s medium; FBS, fetal bovine serum; FRT,
female reproductive tract; HBSS, Hanks’ balanced salt solution; OVA, ovalbumin; PAMP, pathogen-associated molecular
patterns; PGN, peptidoglycan; pIgR, polymeric immunoglobulin receptor; TCR, T-cell receptor; TLR, Toll-like receptor.
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Unique to the mucosa of the FRT is the dynamic regu-
lation of innate and adaptive immune processes by sex
steroid hormones.'® With regards to antigen presentation,
we have previously shown in the rat model that oestradiol
exerts differential effects, i.e. enhancing antigen presenta-
tion in the uterus while on the other hand reducing anti-
gen presentation in the vagina.'”"® In further studies, we
showed that the actions of oestradiol on antigen presenta-
tion were in part the result of biologically active trans-
forming growth factor-f produced by epithelial cells.*>*'
These findings demonstrate the competence of epithelial
cells of the uterus and vagina in antigen presentation, and
further point to possible indirect effects of sex hormones
on this process through soluble immune factors produced
by epithelial cells. More recently, we have defined the
spectrum of soluble factors including cytokines, chemo-
kines and growth factors produced by epithelial cells of
the FRT.*** How these specific factors either indepen-
dently or in concert regulate antigen presentation by epi-
thelial cells of the uterus and vagina remains to be
determined.

Critical steps in the process of antigen presentation
include; (i) primary signal delivered through the triad
interaction between antigen-specific receptor and MHC
class II-antigen complex on APC, and (ii) second signal
delivered by the binding of co-stimulatory molecules
expressed by APC with the cognate antigen-specific recep-
tors (see review in ref. 30). A number of co-stimulatory
molecules have been described, with the members of the
CD28/B7 family being the best characterized.” Additional
co-stimulatory signal is through the interaction of CDA40,
a member of the tumour necrosis factor super family
expressed on APC, and its ligand (CD40L or CD154) on
T cells.**?® The pattern of expression of co-stimulatory
molecules by APC is, therefore, an essential determinant
of antigen presentation and hence the generation of adap-
tive immune responses. For example, immature dendritic
cells with lower surface expression of CD80 and CD86
induce anergic T-cell responses and peripheral immune
tolerance.’*° In the context of antigen presentation in
the FRT, we previously reported that in the rat model,
specific blockade of MHC II, CD80 and CD86 abrogates
the stimulatory effect of oestradiol on antigen presenta-
tion by uterine epithelial cells.'"®'>?” Similarly, in the
murine model, we reported a 30-40% decrease in antigen
presentation by uterine epithelial and stromal cells and by
vaginal cells upon specific antibody blockade of CD80
and CD86.” These initial findings suggested the involve-
ment of MHC II, CD80 and CD86 molecules in the pro-
cess of antigen presentation by uterine epithelial cells. We
undertook the current study to fully understand the
mechanisms by which oestradiol regulates antigen presen-
tation in the uterus and vagina.

Further complexity to understanding the biology of
antigen presentation within the FRT mucosa stems from

the fact that the underlying molecular regulatory mecha-
nisms may be fundamentally different depending on
whether the tissue is in a normal physiological state or is
undergoing inflammation because of infection with
mucosal pathogens.’ Cells of the FRT, including epithe-
lial cells, detect pathogen invasion using innate immune
receptors that recognize pathogen-associated molecular
patterns (PAMP).> Among such innate immune receptors
are the Toll-like receptors (TLRs), which are type I trans-
membrane receptor proteins that are highly evolutionarily
conserved.”® Cross-linking of TLR with either PAMP or
synthetic agonists results in a cellular signalling cascade
that leads to production of pro-inflammatory cytokines
paralleled by cellular up-regulation of activation markers
and co-stimulatory molecules (reviewed in ref. 40). The
TLR-mediated activation has been shown to enhance anti-
gen presentation by dendritic cells.*'™ Studies both in
humans and in rodent models have described the expres-
sion of functional TLRs by uterine and vaginal epithelial
cells.*»?*74¢ [t is, therefore, possible that TLR-mediated
activation may represent a mechanism for regulating anti-
gen presentation by APC of the FRT.

In the present study, we sought to determine the role
of oestradiol in regulating antigen presentation by uterine
epithelial and stromal cells, and by vagina cells. Our
objectives were to: (i) determine whether oestradiol regu-
lates the ability of freshly prepared mouse uterine epithe-
lial and stromal cells as well as vaginal cells to process
and present recall antigen to OVA-specific memory T
cells, (ii) evaluate whether oestradiol mediates the expres-
sion of MHC class II and co-stimulatory molecules, and
(iii) establish whether PAMP influence antigen presenta-
tion by mouse uterine and vaginal APC.

Materials and methods

General procedures

Sexually mature, BALB/cAnNCr, female mice weighing
between 15 and 20 g were purchased from the National
Cancer Institute colony at Charles River Laboratories
(Kingston, NY). Transgenic BALB/c-TgN(DO11.10)10Loh
mice, which express the mouse o-chain and f-chain TCR
that pairs with the CD4 co-receptor and is specific for
chicken OVA***7% peptide in the context of I-Ad (class
II-restricted) were purchased from Jackson Laboratories
(Bar Harbor, ME). Animals were maintained in a con-
stant-temperature room with fixed light/dark intervals
(12 hr) and allowed food and water ad libitum. Animals
underwent ovariectomy 5-7 days before each experiment.
For each experiment, animals were killed using CO,, and
uteri and/or vaginae were pooled from 8 to 16 animals.
All procedures involving animals were conducted after
approval of the Dartmouth College Institutional Animal
Care and Use Committee.
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Preparation of CD4™ memory T cells

The CD4" T cells from TCR transgene homozygous mice
were prepared from spleens and peripheral lymph nodes
of 6- to 10-week-old mice as previously described.’
Briefly, splenic cells were dispersed by gentle grinding
between two sterilized glass slides in Hanks’” balanced salt
solution (HBSS; Gibco/Invitrogen, Grand Island, NY).
Following centrifugation for 8 min at 500 g, erythrocytes
were lysed by NH,CI treatment. The CD4" subpopulation
of T cells was purified by negative selection using a
Mouse T-Cell CD4 Subset Column kit (R&D Systems,
Inc., Minneapolis, MN). To prepare memory cells, T cells
were stimulated with 0-3 um OVA peptide and incubated
with irradiated BALB/c splenocytes, added at 20 : 1 as
APC in Iscove’s modified Dulbecco’s medium (Sigma, St
Louis, MO) containing 10% heat-inactivated (56° for
30 min) fetal bovine serum (defined FBS; Hyclone, Logan,
UT) supplemented with 100 pM non-essential amino
acids, 1 mm sodium pyruvate (both from Gibco/Invitro-
gen), 50 um 2-mercaptoethanol (Sigma), 2 mm L-gluta-
mine, (Mediatech, Inc., Herndon, VA) and 100 mg/ml
Primocin (InvivoGen, San Diego, CA). Cultures of 2 ml
(5 x 10° cells per well) were expanded at 72 hr by three-
fold dilution into fresh medium. Between days 7 and 10,
when T cells were considered to be resting as determined
by minimal [’H]thymidine uptake, they were harvested,
washed and frozen at —80° in Iscove’s modified Dul-
becco’s medium containing 50% FBS and 10% DMSO
(Sigma) until used.

Preparation of whole tissues, uterine epithelial and
stromal cells, and vaginal cells

Whole tissues. For whole tissue experiments uteri and
vaginae were collected from adult animals. Tissues were
isolated, cut into small fragments and pooled (50—
100 mg) before being snap frozen on dry ice and stored
in liquid nitrogen until further analysis.

Uterine epithelial cells. Uterine epithelial and stromal cell
suspensions were prepared by enzymatic digestion and
screen disruption as described previously.” To prepare
isolated epithelial cells, uteri were removed, cut open
lengthwise, and incubated with 46 500 units trypsin
(Sigma) per ml 2-5% pancreatin (Gibco/Invitrogen), at
20 ml/g tissue, for 60 min at 4° and 60 min at 22°. Fol-
lowing transfer to ice-cold (3°) HBSS, uteri were vortexed
to release sheets of epithelial cells. Uterine tissues were
rinsed and vortexed twice more and resulting cell suspen-
sions were combined. Pooled epithelial sheets were recov-
ered by passing the cell suspension through a 20-pum
mesh nylon screen (Small Parts, Inc., Miami Lakes, FL),
collected, and centrifuged (500 g) for 5 min. Epithelial

Uterine and vaginal antigen presentation

sheets were resuspended in culture medium consisting of
Dulbecco’s modified Eagle’s medium (DMEM)/Ham F-12
nutrient mixed 1 : 1 (without phenol red; Gibco/Invitro-
gen) containing 10% charcoal/dextran-stripped FBS (Hy-
clone) and supplemented with 20 mm HEPES (Gibco/
Invitrogen), 2 mm L-glutamine and 100 pg/ml Primocin.
Sheets were aspirated through 20-gauge needles to pre-
pare isolated cells for experimentation. The purity of epi-
thelial cells was evaluated by three criteria”: (i) epithelial
cells used in these studies were examined by microscopy
and found to comprise epithelial sheets of 50-500 cells
that were free of isolated cell contaminants, (ii) when
grown on cell inserts, mouse uterine epithelial cells
achieve high transepithelial resistance (> 2000 ohms/well;
background resistance 150 ohms/well), which would not
be possible if there was stromal cell contamination, and
(iii) staining of cell inserts with anti-CD45 antibody indi-
cated that epithelial cells accounted for more than 99-5%
cells present on each insert.

Uterine stromal cells. To isolate stromal cells, pooled
uteri, following the removal of epithelial cells, were incu-
bated for 30 min at 37° in 0-05% trypsin and 530 pm
EDTA in HBSS (Mediatech) with 400 units/ml deoxyribo-
nuclease I (Worthington, Lakewood, NJ), using 2 ml per
tissue as previously described.” Tissues in culture medium
were dispersed by gentle rubbing on a 40-pum mesh nylon
screen (Small Parts) and the resulting cell suspension was
centrifuged (500 g) for 10 min. Stromal cells were resus-
pended in DMEM/F-12 with 10% stripped FBS.

Vaginal cells. Vaginal cells from BALB/c mice were pre-
pared by incubation of tissues, which were hemi-sec-
tioned lengthwise, with 46 500 units of trypsin/ml, 2-5%
pancreatin, using 2 ml/vagina, for 60 min at 4° and
60 min at 22° with constant rotation (100 r.p.m.) before
separation by gentle rubbing in DMEM/F-12 culture
medium on a 40-mm mesh nylon screen. Cells were aspi-
rated through 20-gauge needles to prepare isolated cells
for experimentation.

Antigen presentation assays

To measure antigen presentation by freshly isolated cells,
OVA peptide-specific T cells (1 x 10° cells/100 pl) in
DMEM/F-12 culture medium were seeded in triplicate
wells in 96-well flat-bottom microtitre plates (Nalge Nunc
International, Rochester, NY) with irradiated uterine epi-
thelial, uterine stromal or vaginal APC (1 X 10° cells/
100 pl) in the presence of OVA (APC + T + OVA). The
APC were irradiated before the start of antigen presenta-
tion with 2000 rads to prevent their proliferation. Con-
trols included in all experiments were APC incubated with
T cells in the absence of antigen (APC + T), APC incu-
bated with antigen (APC + OVA) and T cells incubated
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with antigen (T + OVA). Following 48 hr of incubation at
37°, T-lymphocyte proliferation was measured by [*H]
thymidine uptake as previously described.”'**' Each well
received 1 puCi (50 ul medium) 20-24 hr before the termi-
nation of each experiment. Cells in wells were trans-
ferred individually onto glass fibre filter-mats with a cell
harvester (Skatron/Molecular Devices, Sunnyvale, CA).
Radioactivity incorporated into cells was measured in a
liquid scintillation counter (Packard, Meriden, CT).

Treatment of reproductive tract cells with PAMP

To determine whether PAMP affected antigen presenta-
tion by uterine and vaginal cells, PAMP were added to
individual wells in antigen presentation assays at the start
of each experiment. To measure the effect of PAMP on
co-stimulatory molecule expression, PAMP were added to
epithelial cells, stromal cells and vaginal cells (5 x 10°
cells/100 ml) at the start of each 24 hr incubation period
as previously described.”®** The TLR agonists used in
these studies included TLR1/TLR2: Pam;Cys-Ser-(Lys)4
(P3C, EMC Microcollections, Tiibingen, Germany) at a
final concentration of 10 pg/ml; TLR2/TLR6: Peptidogly-
can from Staphylococcus aureus (InvivoGen), 10 pg/ml;
TLR3: Poly(I:C) (InvivoGen), 25 pg/ml; TLR4: ultra-pure
lipopolysaccharide from Salmonella minnesota (LPS; List
Biological Laboratories, Inc., Campell, CA), 1 pg/ml;
TLR7: Loxoribine (InvivoGen), 100 pum; and TLR9: CpG
oligonucleotide (InvivoGen), 1 um. The indicated concen-
trations of TLR agonists used in this study have previ-
ously been shown by our group to induce production of
cytokines and chemokines by mouse uterine epithelial
cells.”®** Wells containing media alone were included in
all experiments as controls. The TLR agonists were tested
for LPS contamination using the Limulus assay (BioWhit-
taker, Inc., Walkersville, MD) according to manufacturer’s
instructions before being used in the cell culture assays
and were found to be below the level of detection.**

Reverse transcription PCR analysis and TagMan real-
time reverse transcription PCR

For isolation of RNA from whole uteri and vaginae, tis-
sues were homogenized in TRIzol Reagent (1 ml/sample)

according to the manufacturer’s instructions (Invitrogen)
using the PowerGen 125 tissue homogenizer (Fisher Sci-
entific Inc., Pittsburgh, PA). RNA was purified using an
RNeasy Mini kit (Qiagen Sciences, Valencia, CA) and
treated with DNase (Qiagen). After testing the RNA for
integrity and possible contaminants, 600 ng total RNA
was reverse transcribed using the iScript cDNA synthesis
kit according to the manufacturer’s recommendations
(BioRad, Hercules, CA) in 20 ml and stored at —20° until
analysed. Total RNA from uterine and vaginal cell prepa-
rations was recovered by adding 250 ml/well TRIzol
Reagent before pooling extracts from two to three wells
into a 1-ml final volume. RNA was isolated using the
RNeasy Micro kit (Qiagen) and reverse transcribed to
cDNA.

For real-time reverse transcription PCR (RT-PCR)
analysis, murine co-stimulatory molecules, MHC class II
and polymeric immunoglobulin receptor (pIgR) cDNA
was amplified using the Platinum PCR Supermix (Invitro-
gen) with specific primers (Table 1) designed to be spe-
cific for each molecule of interest and to ensure that PCR
products would have a size of approximately 600 bp.
Thirty-five cycles of PCR amplification were performed
on the PTC-100 Thermal Cycler (M] Research, Waltham,
MA) as follows: denaturing at 94° for 30 s, annealing at
55° for 30 s, extension at 72° for 1 min. The absence of
DNA contamination in RNA preparations was verified by
PCR amplification without reverse transcriptase. The RT-
PCR products were visualized on a 1-5% agarose gel.

Relative expression levels of co-stimulatory molecules,
MHC class II and pIgR were measured using the 5’ fluor-
ogenic nuclease assay in quantitative real-time RT-PCR
and TagMan chemistry on the ABI 7700 Prism real-time
PCR instrument (Applied Biosystems, Foster City, CA).
Primer/MGB probe sets were obtained from ABI assays-
on-demand (CD40, ID no. Mn00441891 ml, CDS80,
Mn00711660 m1, CD86, Mn00444543 m1, MHC class II,
Mn00783707 sl, pIgR, Mn00465049 ml and [-actin,
Mn00607939 sl, respectively). The PCR was conducted
using the following cycle parameters: 95° 12 min for one
cycle, (95° for 20 s, 60° for 1 min) for 40 cycles. Analysis
was carried out using the sequence detection software
supplied with the ABI 7700. The threshold cycle (C;) for
each set of duplicate reactions was used to quantify the

Table 1. PCR primer pairs used for amplification of co-stimulatory molecules, MHC class II and polymeric immunoglobulin receptor (pIgR)

mRNA

Product Forward primer Reverse primer Amplicon size (bp)
CD40 GTGCCAGCCAGGAAGCCGACT GAC CCTCCTGTGTTGACAGGCTGACACC 676

CD80 CATCCTGGTCCTGGTCCTTTCAGACC GCTTCTTCAGGCCCGAAGGTAAGGCTG 578

CD86 GACGCGTAAGAGTGGCTCCTG TAGGCAC CGGGTGACCTTGCTTAGACATGCAGGTC 580

MHC II GATCTGCTGGCCTGCTGGGATCCAGA GCCCAGGCCCAGGGTGGCTGC AGACAC 542

pIgR TGGCAAACGAGGCCAAATATCTGTGCCGGA TCATTCTTCCGATGTCGGACTCTGGGCACC 1239
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amount of starting template. A difference in C, values
(AC,) was calculated for each gene of interest by subtract-
ing the mean C, for endogenous f-actin control of each
cDNA sample. Assuming that each reaction functions at
100% PCR efficiency, a difference of one C; represents a
twofold difference. Relative expression levels were
expressed as a fold-change in mRNA expression and cal-
culated using the formula 2-44¢,

Hormone treatment

17-Oestradiol-from Calbiochem (La Jolla, CA) was ini-
tially dissolved in 100% ethanol, evaporated to dryness,
and then resuspended in 0-9% saline as previously
described.”’ Oestradiol injection was performed with
0-1 pg hormone/50 pl/mouse via the subcutaneous route.
We previously found this particular dose of oestradiol to
exert an optimal effect on antigen presentation in the rat
model."® Control animals received 50 pl saline subcutane-
ously. To correct for the alcohol present in the oestradiol
preparation, an equivalent amount of ethanol was evapo-
rated in flasks used to prepare the saline control.

Statistics

Statistical analysis was performed using unpaired t-test.
One-way analysis of variance followed by a Tukey multi-
ple comparison (GrapHPAD Prism version 5.0; GraphPad
Software Inc., San Diego, CA) was used to determine
differences between treatment conditions. A value of
P < 0-05 was considered significant.

Results

Effect of oestradiol on antigen presentation of OVA
by uterine and vaginal APC from ovariectomized
mice

Previous studies from our laboratory have shown that
mouse uterine epithelial cells as well as APC in the uter-
ine stroma and vagina are able present OVA and
OVA*>*7% peptide to naive T cells and memory T cells
from DO11.10 TCR transgenic mice.” To more fully char-
acterize antigen presentation, studies were undertaken to
determine whether oestradiol regulates antigen presenta-
tion in the FRT of the mouse. Mice underwent ovariec-
tomy and were treated with either saline or oestradiol
(0-1 pg/day) for 3 days before being killed 24 hr after the
last injection. Uterine epithelial cells, uterine stromal cells
and vaginal cells were prepared from non-transgenic
BALB/c mice as previously described.*”*® To study anti-
gen presentation, isolated cells were incubated with mem-
ory T cells from DO11.10 transgenic mice.*” As seen in
Fig. 1, oestradiol treatment inhibited uterine epithelial
and stromal cell antigen presentation by 50-70% relative

Uterine and vaginal antigen presentation
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Figure 1. Effect of oestradiol (E;) on antigen presentation of ovalbu-
min (OVA) to CD4" DO11.10 memory T cells by antigen-presenting
cells (APC) from the uterus and vagina. Ovariectomized animals (6—
10 BALB/c mice/group) were treated with either saline (50 pl) or
oestradiol (0-1 pg/50 ul) daily for 3 days before killing. Uterine and
vaginal tissues were pooled and cells were prepared by enzymatic
digestion. Memory T cells were prepared by incubating spleen cells
from DO11.10 mice with OVA**** peptide for 6-8 days in culture
as described in Materials and methods. Epithelial, stromal, or vaginal
cells (APG; 1 x 10° cells/100 pl) were incubated with memory T cells
(T; 1 x 10 cells/100 pl) and OVA (300 pg/ml) for 3 days. [SH]Thy—
midine was added for the last 24 hr of incubation. Values shown are
[SH]thymidine incorporation for APC + T + OVA as well as control
groups APC + T incubations expressed as mean + SE (three or four
wells per group). **Significantly (P < 0-01) lower than saline control.
Representative of two experiments.

to that seen in control animals that received vehicle. Sim-
ilarly, the administration of oestradiol significantly
decreased antigen presentation by APC in the vagina. As
uterine and vaginal antigen presentation was measured in
the same groups of animals, these studies indicate that
oestradiol has a similar effect on antigen presentation
throughout the FRT.

To more fully characterize the onset of the inhibitory
response of oestradiol in vivo in the uterus and vagina,
ovariectomized animals were injected with a single dose
of oestradiol (0-1 mg) and killed 24 hr later. As seen in
Fig. 2, inhibition of antigen presentation was measurable
at 24 hr following hormone treatment, relative to saline
controls, but was less pronounced than that seen after
3 days of hormone treatment (Fig. 1). We found that
antigen presentation in response to oestradiol was
inhibited by 15-25% of that seen with saline controls
within 24 hr of hormone treatment in the uterus and
by 50% in the vagina. These studies indicate that the
effects of oestradiol on antigen presentation in the
uterus and vagina are relatively rapid and that this ani-
mal model can be used to examine the mechanisms
through which oestradiol regulates antigen presentation
in the FRT.
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Figure 2. Rapid effect of oestradiol (E,) on antigen presentation by
uterine epithelial and stromal cells and vaginal cells. Following a sin-
gle injection of saline (50 pl) or oestradiol (0-1 pg), ovariectomized
mice were killed 24 hr later. Uteri and vaginae (9-10 animals/group)
were pooled and reproductive tract antigen-presenting cells (APC)
were prepared as described in Materials and methods. Uterine and
vaginal APC (1 x 10° cells/100 pl) were incubated with CD4" mem-
ory T cells (1 x 10° cells/100 pl) in the presence or absence of oval-
bumin (OVA) for 3 days. Values shown are the mean + SE (three or
four wells per group). [*H]Thymidine was added for the last 24 hr
of incubation. *Significantly (P < 0-05) lower than saline control
(APC + T + OVA). **Significantly (P < 0-01) lower than saline con-
trol (APC + T + OVA).

Expression of co-stimulatory molecules, MHC II and
pIgR in tissues of the mouse FRT

We have previously shown in functional studies that anti-
gen presentation by uterine and vaginal cells is dependent
on MHC II and co-stimulatory molecules.'®'*?” In the
current study, we have now extended these investigations
to specifically examine the expression of these molecules
in mouse uterine and vaginal tissue using RT-PCR. After
isolating RNA from whole tissues and reverse transcrip-
tion, cDNA was amplified using the specific PCR primer
pairs described in Table 1. Visualization on a 1-5% aga-
rose gel showed that co-stimulatory molecules CDA40,
CD80 and CD86 as well as MHC II and the pIgR, used as
a positive control, responsible for transporting IgA from
tissue to lumen are expressed in both the uterus (Fig. 3)
and the vagina (not shown). Having demonstrated that
the uterus and vagina express mRNA for these molecules,
we used Tagman real-time RT-PCR to examine the rela-
tive expression of co-stimulatory molecules in each tissue.
As seen in Fig. 4(a), CD40 was expressed at the highest
levels in the uterus followed by CD86 and CD80. Analysis
of co-stimulatory molecule expression in the vagina indi-
cated that expression of CD40 was similar to CD80 and
CD86 (Fig. 4b). In contrast, pIgR expression in the uterus
and vagina was significantly higher than co-stimulatory
molecule and class II expression. When co-stimulatory

MwW MW
1018 bp=— =1636 bp
506 bp= —1018 bp
CD40 CD80 CD86 MHCII plgR

Figure 3. Constitutive expression of co-stimulatory molecules in the
uterus of the mouse. Expression of CD40, CD80, CD86 and MHC II
was determined by reverse transcription-PCR amplification of total
RNA isolated from pooled tissues of 10-12 mice. The primer
sequences and expected amplicon sizes are summarized in Table 1.
MW indicates molecular weight marker. Real-time reverse transcrip-
tion-PCR (lower panel) was used to determine the relative levels of
expression of CD40, CD80, CD86 and MHC II mRNA in the uterine
and vaginal tissues, normalized against an endogenous f-actin con-
trol. Representative of two experiments.

molecule, class II and pIgR mRNA expression in the
uterus and the vagina were compared (Fig. 4c), CD40
expression in the uterus was higher relative to that seen
in the vagina. In contrast, the expression of CD80, CD86,
MHC class II and pIgR in the uterus were comparable to
that seen in the vagina (within two- to fourfold).

Effect of oestradiol on co-stimulatory molecule
expression in the uterus and vagina

Having determined that intact uterine and vaginal tissues
express co-stimulatory molecules, we used real-time RT-
PCR to examine the effect of oestradiol on expression in
uterine and vaginal tissues from ovariectomized animals
treated with either saline or oestradiol (0-1 pg/day) for
3 days before being killed 24 hr after the last injection. As
seen in Fig. 5, oestradiol treatment lowered the expression
of CD40 and CD80 and class II in the uterus and CDA40,
CD86 and MHC class II in the vagina. Analysis of pIgR
expression indicated that whereas oestradiol inhibited
expression in the vagina, it had a slight stimulatory effect
on pIgR expression in the uterus.

The inhibition of co-stimulatory molecule expression in
uterine and vaginal tissues following oestradiol treatment
prompted us to examine whether oestradiol exerts its
inhibitory effects on isolated APC. Following treatment of
ovariectomized animals with saline or oestradiol daily for
3 days, uteri and vaginae were pooled before the prepara-
tion of isolated uterine epithelial and stromal cells as well
as vaginal cells by enzymatic digestion, isolation of RNA
and reverse transcription. As seen in Fig. 6, when co-stim-
ulatory molecules, MHC II and pIgR mRNA was quanti-
fied using real-time RT-PCR and compared with isolated
cells from control animals (saline), oestradiol lowered the
expression of CD40, CD80 (3- to 40-fold) CD86 and
MHC class II in all cell populations tested. We also found
that whereas oestradiol stimulated pIgR expression in uter-
ine epithelial cells, it had a marked inhibitory effect on
pIgR expression in vaginal cells. In other studies (not

56 © 2011 The Authors. Immunology © 2011 Blackwell Publishing Ltd, /Immunology, 135, 51-62
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Figure 4. Expression of co-stimulatory molecules, MHC II and poly-
meric immunoglobulin receptor (pIgR) in tissues of the mouse
female reproductive tract. Uteri and vaginae from 10-12 mice were
pooled and homogenized before RNA isolation and reverse transcrip-
tion as described in Materials and methods. CD40, CD80, CD86,
MHC II and plIgR specific cDNA was quantified using real time
reverse transcription-PCR. The profile of expression in the uterus and
vagina is relative to their respective CD80 levels, which are set to one.
The lower panel shows a comparison of CD40, CD80, CD86, MHC II
and pIgR expression levels between uterus and vagina. Graphs shown
are representative of two separate experiments.

shown), we found that oestradiol inhibition of co-stimula-
tory molecule expression could be measured in isolated
cells following a single injection of oestradiol. These find-
ings suggest that oestradiol regulation of co-stimulatory
expression most probably accounts for the inhibitory
effects seen when reproductive tract APC are incubated
with OVA-specific T cells in the presence of OVA (Fig. 1).

Effect of PAMP on antigen presentation and co-
stimulatory molecule expression by uterine and
vaginal cells

Previous studies from our laboratory have shown that
mouse uterine and vaginal tissues express TLR1-9 mRNA,

Uterine and vaginal antigen presentation
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Figure 5. Effect of oestradiol on expression of co-stimulatory mole-
cules in the uterus and vagina of ovariectomized mice. Animals (6—
10/group) were treated with either saline (50 pl) or oestradiol
(0-1 pg/50 pl) daily for 1-3 days before being killed. Uterine (a) and
vaginal (b) tissues were pooled before RNA isolation and reverse
transcription as described in the Materials and methods. CDA40,
CD80, CD86, MHC II and polymeric immunoglobulin receptor
(pIgR) specific cDNA was quantified using real-time reverse tran-
scription-PCR. The profile of expression is shown as fold change,
with saline control tissues set to one. Graphs shown are representa-
tive of three separate experiments.

with TLR8 and TLR4 being the most highly expressed
TLRs in the uterus and TLR4 and TLR5 being the most
highly expressed TLRs in the vagina.** As part of these
studies, we found that exposure of primary uterine epi-
thelial cells to several TLR agonists resulted in secretion
of monocyte chemotactic protein-1 and enhanced a«-de-
fensin (AD2), f§ defensins (BD1, -2 and -4) and secretory
leucocyte protease inhibitor mRNA expression. To deter-
mine whether TLR agonists influence antigen presentation
by isolated APC from the uterus and vaginal, uterine epi-
thelial and stromal cells as well as vaginal cells from intact
animals were prepared and incubated with OVA-specific
memory T cells and OVA, along with PAMP for 3 days.
Figure 7 shows the effect of PAMP on the antigen presen-
tation by uterine epithelial cells and APC from the uterus
and vagina. Treatment with Pam;Cys (TLR1/TLR2 ago-
nist) increased antigen presentation by uterine epithelial
cells, whereas other TLR agonists had no effect. In con-
trast, when uterine stromal cells were analysed, peptido-
glycan (PGN; TLR2/TLR6) and Pam;Cys increased
antigen presentation while CpG decreased stromal antigen
presentation. With vaginal cells, Pam;Cys increased anti-
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Figure 6. Influence of oestradiol on co-stimulatory molecule expres-
sion by isolated uterine epithelial and stromal cells and vaginal cells.
Ovariectomized animals (6-10 mice/group) received either saline
(50 pl) or oestradiol (0-1 pg/50 pl) daily for 3 days before being
killed. Uterine and vaginal tissues were pooled before preparation of
isolated cells by enzymatic digestion. RNA isolation and reverse tran-
scription were performed as described in the Materials and methods.
Co-stimulatory molecules, MHC II and polymeric immunoglobulin
receptor (pIgR) specific cDNA was quantified using real-time reverse
transcription-PCR. The profile of expression is shown as fold change
with cells from control animals (saline) set to one. Graphs shown
are representative of two experiments.

gen presentation and CpG decreased vaginal antigen pre-
sentation. These results suggest that PAMP responsiveness
throughout the FRT varies with the site analysed and the
APC present.

As part of these studies, we evaluated the effect of
PAMP on co-stimulatory molecule expression. Uterine
epithelial cells and stromal cells, and vaginal APC were
incubated for 24 hr with TLR agonists. The relative
expression of CD40, CD80, CD86, MHC II and pIgR
was then measured by real-time RT-PCR (Fig. 8). We
found that the expression of CD40 by uterine epithelial
cells and vaginal cells was increased following stimula-
tion with LPS, Poly(I:C), PGN and Pam;Cys (Fig. 8a,c).
In contrast, CD80 expression by uterine stromal and
vaginal cells was unaffected by the TLR agonists used in
this study except for LPS stimulation, which modestly
induced its expression by uterine epithelial cells
(Fig. 8a). The expression of CD86 was induced (twofold
or higher) in uterine stromal cells and vaginal cells by
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Figure 7. Effect of pathogen-associated molecular patterns (PAMP)
on antigen presentation of ovalbumin (OVA) to T cells by isolated
uterine and vaginal cells. Uterine epithelial and stromal (a, b) cells as
well as vaginal cells (c) from 15 intact animals were prepared as
described in Materials and methods. Reproductive tract antigen-pre-
senting cells (APC) were incubated with OVA-specific memory T
cells and OVA, along with PAMP for 3 days. PAMP used were Toll-
like receptor 4 (TLR4) agonist lipopolysaccharide (LPS) at 1 pg/ml,
TLR3 agonist Poly(I:C) at 25 ug/ml, TLR2 (1/6) agonist Pam;Cys-
Ser-(Lys), (P;C) at 10 pg/ml, TLR2 (1/6) agonist peptidoglycan
(PGN) at 10 pg/ml, TLR7 agonist LOX at 100 pm and TLRY agonist
CpG at 1 pm. [SH]Thymidine was added to each well for the last
24 hr. Values are mean * SE of three or four wells per group. *Sig-
nificantly (P < 0-05) different than control group. **Significantly
(P < 0-01) different than control. Representative of two experiments.

Poly(I:C) and LPS, respectively (Fig. 8a,c). On the other
hand, MHC class II expression was induced in uterine
epithelial cells and stromal cells by Pam;Cys (Fig. 8a,b).
In addition, MHC expression by uterine stromal cells
was increased by PGN stimulation (Fig. 8b). Further
analysis showed that in vaginal cells, MHC class II
expression was increased by Poly(I:C) and PGN stimula-
tion (Fig. 8c). Finally, the expression of pIgR was
induced with LPS, PGN and Pam;Cys in uterine epithe-
lial and stromal cells and vaginal APC (Fig. 8). Our
finding that some genes were not affected by PAMP fol-
lowing 24 hr of exposure does not exclude the possibil-
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Figure 8. Effect of pathogen-associated molecular patterns (PAMP)
on co-stimulatory molecule expression by isolated uterine and vagi-
nal cells in culture. Uterine epithelial cells (a), uterine stromal cells
(b) and vaginal cells (c) (5% 10° cells/100 pl) from 15 intact ani-
mals were incubated in 96-well plates along with PAMP (100 pl)
for 24 hr before RNA isolation and reverse transcription as
described in the Materials and methods. Toll-like receptor (TLR)
agonists and concentrations are the same as those indicated in
Fig. 7. CD40, CD80, CD86, MHC 1II and polymeric immunoglobu-
lin receptor (pIgR) specific cDNA were quantified using real-time
reverse transcription-PCR and profiles are expressed as fold change
relative to expression of control cells, the values of which are set
to one. Hatched lines in each panel indicate the minimal level of
detection (twofold). Graphs shown are representative of two exper-
iments.

ity that some may have been transiently altered and then
return to baseline within hours of exposure. What is
clear from these studies is that many genes involved in
antigen presentation by uterine epithelial, uterine stro-
mal and vaginal cells from the FRT are altered with
PAMP exposure. In general, PAMP stimulation appears
to exert subtle changes in the expression of co-stimula-
tory molecules, MHC II and pIgR by uterine epithelial
cells, uterine stromal cells and vaginal cells.

Uterine and vaginal antigen presentation

Discussion

The goal of this study was to investigate the mechanisms
by which oestradiol regulates antigen presentation by
APC of the FRT. Our studies, conducted in the murine
model, demonstrate that oestradiol decreases antigen pre-
sentation by the uterine epithelial cells and stromal cells
and by vaginal APC. To more fully define the effects of
oestradiol on antigen presentation, we examined the pat-
tern of expression of MHC II, co-stimulatory molecules
(CD40, CD80 and CD86) and pIgR by uterine and vagi-
nal cells. The RT-PCR analyses showed constitutive
expression of these molecules in the uterus and vagina,
with subtle tissue site-specific quantitative and qualitative
differences in the patterns of expression. Additional analy-
ses indicated that the expression of MHC II, CD80, CD86
by isolated uterine and vagina cells was decreased with
oestradiol treatment. With regards to pIgR expression,
although oestradiol treatment stimulated its expression in
the uterus, the hormone had an inhibitory effect on pIgR
expression in the vagina. Lastly, studies conducted to
determine the effects of PAMP stimulation showed that
specific TLR agonists selectively increased antigen presen-
tation in the uterus and vagina, possibly as a result of
increased expression of co-stimulatory molecules.

The capacity of various cells of the FRT to present anti-
gen has previously been demonstrated.”'”>' We have
previously shown in the mouse model that uterine epithe-
lial and stromal cells as well as vaginal cells process and
present both OVA and peptides.” Further, we found that
antigen presentation by primary polarized uterine epithe-
lial cells was surface-dependent, predominantly occurring
at the basolateral surface of polarized cells.” These initial
studies clearly demonstrated that uterine epithelial cells
posses the necessary cellular machinery for processing and
presentation of specific antigens. Less clear are the mecha-
nisms that regulate antigen presentation in the FRT. We
now provide evidence that oestradiol inhibits antigen pre-
sentation by uterine epithelial and stromal cells, and by
vaginal cells. Further, the kinetics of oestradiol responses
indicate relatively rapid inhibitory activity on antigen pre-
sentation. OQur previous work in the rat showed that oes-
tradiol exerted a differential effect on antigen presentation
by uterine and vaginal cells.'"”>° On the one hand, oestra-
diol stimulated antigen presentation by uterine epithelial
cells but on the other inhibited antigen presentation by
vagina cells. The results of the current study, obtained in
the murine model, have corroborated our previous obser-
vation of oestradiol-mediated inhibition of antigen pre-
sentation by vagina cells. However, the discordant effect
of oestradiol on antigen presentation in the uterus in the
rat and murine model may highlight unique species-spe-
cific effects of the hormone.

In other studies we proposed a working hypothesis
to explain how HIV evades FRT mucosal immune
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protection. We were drawn to the conclusion that during
the menstrual cycle, oestradiol and possibly progesterone
suppress aspects of the innate, humoral and cell-mediated
immune systems to optimize conditions for conception
and thereby create a window of vulnerability (7-10 days
following ovulation) during which the potential for viral
infectivity in the FRT is enhanced.® On the one hand,
our findings in the present study extend this working
hypothesis by showing that oestradiol, which peaks at
ovulation in the mouse and human, suppresses APC,
which are the essential key regulators of adaptive immu-
nity. The practical implication of these findings is that
the likelihood of immune responses to spermatozoa,
which are allogeneic to the female, are suppressed to opti-
mize chances for successful fertilization in future repro-
ductive cycles. On the other hand, our findings that
oestradiol suppresses antigen presentation provides insight
into the complexity of inducing local immunity to FRT
vaccines. Our study suggests that, in generating adaptive
immune responses in the genital mucosa, attention needs
to be paid to the stage of the menstrual cycle when vac-
cines are applied.

We hypothesized in this study that oestradiol inhibition
of antigen presentation by cells of the FRT involves mod-
ulation of the expression of MHC 1II and co-stimulatory
molecules, which are integral components of the process
of antigen presentation. Our previous studies in the rat
model,'’™*° and more recently in the murine model,!
showed that antigen presentation by uterine epithelial
cells and stromal cells and vaginal cells is mediated by
MHC 1II and is dependent on co-stimulatory molecules
CD80 (B7.1) and CD86 (B7.2). We therefore sought to
(i) characterize the expression of MHC II, CD40, CD80,
CD86 and plgR, and (ii) determine the effects of oestra-
diol treatment on the expression of these molecules by
uterine and vaginal cells. Whereas the expression of MHC
II by FRT tissues has been documented, the expression of
co-stimulatory molecules is less certain.'"'>!'**"52 This
may be partly because of the low sensitivity of procedures
that rely on antibody staining, especially for detecting less
stable molecules that are weakly expressed by some
APC.>>** Using a highly sensitive RT-PCR analysis, we
were able to demonstrate constitutive expression of MHC
II, CD40, CD80, CD86 and pIgR in uterine and vaginal
tissues. When compared with the uterus, vagina expressed
significant higher CD40 mRNA. The biological signifi-
cance of this observation remains to be determined. Inter-
estingly, CD40-dependent antigen presentation in the
vagina has been linked to the induction of immune toler-
ance.” Whether this finding is related to the fact that the
vaginal mucosa is colonized by commensal bacteria,”
which may bias immune responses towards tolerance
within this mucosal tissue, remains to be determined.
More importantly, our findings indicate that uterine and
vaginal tissues do express co-stimulatory molecules in

addition to MHC II, and therefore are poised to serve as
immune induction sites.

As part of these studies, we found that oestradiol
decreased mRNA for MHC II, CD40, CD80 and CD86 in
uterine and vaginal tissue. Similar findings were obtained
with isolated uterine epithelial cells, uterine stromal cells
and vaginal APC. To the best of our knowledge, this is
the first description of oestradiol-mediated inhibition of
expression of MHC II and co-stimulatory molecules by
cells in the FRT. The molecular mechanisms by which
oestradiol exerts these effects remain to be determined.
With regards to MHC II expression, recent studies indi-
cate that oestradiol-mediated inhibition of this molecule
involves activation of the c-Jun N-terminal kinase path-
way or by modification of the histone acetylation status
of the class II promoter.”””® Whether similar mechanisms
mediate oestradiol effects on MHC II expression by FRT
cells remains to be investigated. These findings collectively
suggest that oestradiol regulation of antigen presentation
is probably mediated by its inhibitory effects on MHC II
and co-stimulatory molecules. Finally, analysis of pIgR
expression demonstrated that oestradiol stimulates its
expression in the uterus and inhibits expression in the
vagina. These results are consistent with our earlier data
in the rat model showing a differential effect of oestradiol
on plgR expression in the uterus and vagina.’>~®' The
physiological significance of the differential effect of
oestradiol on pIgR expression in the uterus and vagina
remains unknown. However, our previous studies have
shown that in immunized (sheep red blood cells) ovariec-
tomized rats, oestradiol treatment results in increased
accumulation of IgA and IgG in the uterus with concomi-
tant decreased levels of these antibodies in vaginal secre-

. 62,63
tions.

These previous observations may now be
interpreted in light of the present findings of the differen-
tial effects of oestradiol on pIgR expression by uterine
and vaginal tissues. However, the probable impact of oes-
tradiol treatment on antibody-mediated protection in the
uterus and vagina remains unclear. These findings do,
however, provide insight into the mechanisms responsible
for mid-cycle suppression of IgA that occurs in cervical—
vaginal secretions of women during the menstrual cycle.*

The mechanisms that underlie antigen presentation in
the FRT may be fundamentally distinct depending on
whether the FRT is in a normal physiological state or
whether it is responding to pathogens (e.g. infection of
the tract).’® To address this question, we investigated the
effects of various PAMP on antigen presentation by uter-
ine and vaginal cells. In general, we found that PAMP
exerted selective stimulatory effects on antigen presenta-
tion by uterine epithelial and stromal cells, and by vaginal
APC. The observed effects of PAMP on antigen presenta-
tion may be directly related to the pattern of expression
of TLR by uterine and vaginal APC.****®> An unexpected
observation in this study was the finding that LPS had no
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effect on antigen presentation by uterine epithelial cells,
uterine stromal cells or vaginal cells. This is despite the
fact that uterine epithelial cells and stromal cells respond
to LPS stimulation with enhanced secretion of cytokines
and chemokines.*** Hence, it appears that LPS has no
direct effect on antigen presentation in the FRT. Overall,
our studies indicate that reproductive tract immune cells
are responsive to LPS in terms of cytokine/chemokine
secretion while not responding to signals that might
otherwise result in over-reaction to selective organisms.
Whether this is a unique characteristic of mucosal sur-
faces that normally have LPS in the lumen remains to be
determined.

To further explore the mechanisms for TLR-induced
increase in antigen presentation, we determined the pat-
tern of expression of MHC II, CD40, CD80, CD86 and
pIgR by isolated uterine and vaginal cells following stimu-
lation with PAMP. The expression of MHC II and pIgR
were increased by treatment with several PAMP. Further-
more, the expression of co-stimulatory molecules was
selectively affected by specific PAMP. None of the PAMP
analysed had any significant effect on CD80 expression by
uterine stromal and vaginal APC. However, PGN and
Pam;Cys increased expression of CD40 by uterine epithe-
lial and stromal cells as well as vaginal cells. The enhanced
expression of CD40 coupled with increased MHC II
expression following stimulation with PGN and Pam;Cys
may account for the increased antigen presentation by
uterine and vaginal cells. Additional analyses showed that
expression of CD40 and CD80 by uterine epithelial cells
as well as the expression of CD40 by vaginal APC was
similarly enhanced by LPS and Poly(I:C). The finding that
LPS increased uterine epithelial expression of CD40 and
CD80 without concomitant increase in antigen presenta-
tion, suggests that TLR-induced increase in expression of
co-stimulatory molecules may not be an adequate signal
for increasing antigen presentation. Further analysis
showed that CpG stimulation had no effect on the expres-
sion of co-stimulatory molecules, although it decreased
antigen presentation by uterine stromal cells and vaginal
APC. These findings suggest that TLR-induced increases
in antigen presentation may occur through mechanisms
that are independent of changes in expression of co-stim-
ulatory molecules. Indeed recent studies with dendritic
cells have shown that TLR stimulation has additional
proximate effects on antigen presentation, including cyto-
skeletal rearrangements, antigen uptake and processing,
antigen—-MHC complex translocation to the plasma mem-
brane and modulating the strength of immunological
synapses.*' 7%’ Hence, TLR are being considered as
potential vaccine adjuvants (reviewed in ref. 70). Our
study shows that within the mucosa of the FRT, TLR acti-
vation potentiates antigen presentation by a mechanism
that is partly the result of modulation of expression of
MHC II and co-stimulatory molecules.

Uterine and vaginal antigen presentation

In conclusion, our study provides insight into the
mechanisms of antigen presentation by APC of the FRT.
The finding that oestradiol rapidly inhibits antigen pre-
sentation suggests that critical levels of oestradiol during
different phases of the menstrual cycle serve to facilitate
reproductive functions (e.g. tolerance of allogeneic sper-
matozoa and fetal allograft) of the FRT when decreased
immunity is a desirable outcome. In addition, our finding
that TLR agonists increase antigen presentation has par-
ticular significance for designing adjuvants for mucosal
vaccines against sexually transmitted infections.
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