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Abstract
Problem—Expression patterns and regulation of cytosolic pattern recognition receptors (PRR)
NOD-1, NOD-2, RIG-1, and MDA5 have not been elucidated in the human female reproductive
tract (FRT).

Methods—Primary epithelial cells (EC) isolated from Fallopian tube (FT), endometrium (EM),
cervix (Cx) and ectocervix (Ecx) were treated with estradiol, poly(I:C), Neisseria gonorrhea (GC),
and HIV-1. PRR mRNA expressions were analyzed by Real-time RT-PCR. Conditioned media
were analyzed for IL-8 by ELISA.

Results—EC from all FRT compartments constitutively expressed NOD1, NOD2, RIG-1, and
MDA5 with highest levels expressed by FT. Stimulation with poly(I:C) resulted in upregulation of
NOD2, RIG-1, and MDA5 in all FRT compartments and correlated with increased secretion of
IL-8 whereas estradiol treatment had no effects. Exposure to GC and HIV-1 IIIB but not BaL
resulted in selective upregulation of NOD2 and MDA5.

Conclusions—PRR are expressed throughout the FRT and differentially regulated by poly(I:C),
GC and HIV-1.
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INTRODUCTION
The human female reproductive tract (FRT) has to maintain the unique dual function of
protecting the tract against invading pathogens while tolerating allogeneic sperm and a semi-
allogeneic fetus. The FRT maintain a balance between immune activation and tolerance
primarily through regulation by estradiol and progesterone 1, 2. The immune response to
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pathogens is initiated by recognition of pathogen associated molecular pattern (PAMP) as
“non-self” through pattern recognition receptors (PRR). The most well characterized PRR
are toll-like receptors (TLRs) which sense bacterial, viral and fungal PAMP at the surface of
the cell or endosomal compartments 3, 4. More recently, intracellular cytosolic pathogen
sensing receptors, NOD1, NOD2, RIG-1, and MDA5, have been described 5, 6 which can
induce protective responses.

NOD-like receptors (NLR), nucleotide-binding domain-leucine-rich repeat-containing
molecules act as cytosolic sensors to detect bacterial pathogens 5, although recently viral
ligands have been described as well 7. Upon pathogen recognition, the NLR oligomerize and
signal through NFkB and MAP kinase pathways to activate inflammatory caspases to
stimulate the production of pro-inflammatory cytokines and the induction of apoptosis 8, 9.
Retinoic acid-inducible gene I (RIG-I) and melanoma differentiation-associated gene 5
(MDA5) belong to the family of RIG-1 like receptor (RLR). The RLR sensors recognize
viral RNA and induce a classical antiviral response of inflammatory cytokines and Type I
Interferons (reviewed 10). RLR have also been demonstrated to recognize poly(I:C), a
classic ligand for TLR3 6, 11–13.

Previously, we and others have shown that functional TLRs are expressed by epithelial cells
of the FRT, the first line of defense against sexually transmitted pathogens 14–16. In contrast,
there is scant information about NLR and RLR in the FRT. A study by King et al showed
that NOD1 and NOD2 mRNA were constitutively expressed in the endometrium and the
expression of NOD2 mRNA was altered by IL-1β as well as the menstrual cycle 17. In other
studies using whole tissues from the FRT, Hart et al demonstrated that NOD1 and NOD2 are
expressed in human Fallopian tube (FT), endometrium (EM), cervix (Cx), and ectocervix
(Ecx) 18. However, the presence of RIG-1 and MDA5 in the human non-pregnant female
reproductive tract has yet to be determined.

The TLR family recognizes sexually transmitted pathogens of the FRT 19, 20. Neisseria
gonorrhea or gonococcus (GC) is the etiologic agent of gonorrhea, which, in women, infects
the cervix and the Fallopian tubes. In women, infection is asymptomatic in approximately
50% of the time resulting in secondary complications such as pelvic inflammatory disease
(leading to infertility) and/or systemic dissemination 21, 22. Although GC peptidoglycan has
been shown to bind to TLR2, it is currently unknown whether GC can trigger NOD1,
NOD2, RIG-1 or MDA5; GC has, however, been shown to activate NLRP3, a different
NLR 23.

HIV-1 is a major sexually transmitted pathogen with the current world-wide epidemic being
primarily heterosexual 24, 25. TLR 7 and 8 expressed by dendritic cells and macrophages
have been shown to respond to HIV 26–28. It is unclear whether and how HIV is recognized
by cytosolic PRR. One report has shown that HIV genomic RNA can be sensed by RIG-1
but not MDA5 29. Another study by Ogawa et al 30 reported no alterations in HIV
replication by NOD1 and NOD2 agonists in Langerhans cells.

The human FRT is not an immunologically sterile but rather an immunologically active
site 14, 31, 32. The upper (FT, EM) and lower (Cx, Ecx) tracts act in concert yet are distinct
both anatomically and functionally. In this study, we mimicked in vitro physiological
(constitutive and estradiol response) and pathological (poly(I:C), GC, HIV-1) conditions to
demonstrate immune responses by primary FRT epithelial cells. To the best of our
knowledge, no studies have comprehensively examined the expression patterns and
regulation of NOD1, NOD2, RIG-1 and MDA5 throughout the FRT under these conditions.
Our study demonstrates that epithelial cells (EC) in the upper and lower FRT express all
four PRR with the highest constitutive expression in the FT. We also report that, whereas
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none of the receptors responded to estradiol treatment, poly(I:C) treatment upregulated
NOD2, RIG-1 and MDA5 but not NOD1. In addition, we observed that sexually transmitted
pathogens GC and HIV-1 IIIB selectively upregulated NOD2 and MDA5.

MATERIALS AND METHODS
Source of tissues

Human EM, FT, Cx and Ecx tissue were obtained from women undergoing hysterectomy at
Dartmouth-Hitchcock Medical Center (Lebanon, NH). Tissues used in this study were
collected from patients with benign conditions such as fibroids distal from the site of
pathology. Sections were examined by a pathologist and identified to be free of pathological
lesions. All human subject studies were carried out with the approval of the Dartmouth
College Institutional Review Boards. Approval to use tissues was previously obtained from
the Committee for the Protection of Human Subjects (CPHS).

Isolation of primary Fallopian tube, uterine, cervical and ectocervical epithelial cells
To isolate epithelial cells from hysterectomy tissues, tissues were rinsed with 1x HBSS with
phenol red, containing 100 U/ml Penicillin, 100 μg/ml streptomycin (all Hyclone, Logan,
UT), and 0.35 mg/ml NaCO3, and minced into 1–2 mm fragments prior to subjecting them
to enzymatic digestion for 1 hr at 37°C on a rotating platform. The enzyme mixture
contained 3.4 mg/ml pancreatin (Sigma, St Louis, MO), 0.1 mg/ml hyaluronidase (Sigma),
1.6 mg/ml collagenase-D (Roche, Indianapolis, IN), and 2 mg/ml D-glucose, in 1x HBSS.
After digestion, cells were dispersed through a 250-mm nylon mesh screen (Small Parts,
Miami Lakes, FL) and epithelial sheets were separated from stromal cells by filtration
through a 20-mm screen. Epithelial cell sheets retained on the filter were recovered by back-
flushing, then washed and resuspended in DMEM/F12 complete medium without phenol
red, supplemented with 10 uM HEPES (both Invitrogen, Grand Island, NY), 100 ug/ml
primocin (InvivoGen, San Diego, CA), 2 mM L-glutamine, 2.5% defined FBS (both
Hyclone), and 2.5% NuSerum (BD Biosciences, Bedford, MA). Cell sheets were centrifuged
at 500 × g for 10 min and analyzed for cell number and viability. By this procedure, we
isolate purified epithelial cells that stain positive for the epithelial antigens Ber-EP4 and
cytokeratin and negative for CD4, CD45, and vimentin 33.

Cell culture and treatments with Estradiol, poly(I:C) and LPS
To establish a cell culture system of polarized human EM, FT, and Cx epithelial cells with
both apical and basolateral compartments, primary cells were cultured on matrix coated
Falcon cell culture inserts in 24-well culture plates (Fisher Scientific, Pittsburgh, PA) in
complete medium (DMEM/F12 without phenol red, supplemented with 10 uM HEPES (both
Invitrogen, Grand Island, NY), 100 ug/ml primocin (InvivoGen, San Diego, CA), 2 mM L-
glutamine, 2.5% defined FBS (both Hyclone), and 2.5% NuSerum (BD Biosciences,
Bedford, MA). For these experiments, apical and basolateral compartments contained 300
and 500μl of complete medium, respectively. In order to keep the culture conditions similar,
the same procedure was followed and same media was used for culturing squamous Ecx
epithelial cells (EC), which do not polarize. Media were changed every 2 days. The cells
were treated apically with 25μg/ml TLR3 agonist poly(I:C) (Invivogen) or 10ng/ml
Escherichia coli ultra-pure LPS (Invivogen) for 24 hrs in triplicate. Apical and basolateral
conditioned media were collected and centrifuged for 5 min at 10,000xg and stored at −80°C
until used. For estradiol studies, cells were grown to confluence and allowed to polarize (for
upper FRT EC) and then switched to media with 10% stripped FBS (Hyclone) to minimize
the presence of endogenous hormones present in FBS. Estradiol was prepared as described
previously 34. Epithelial cells were treated with estradiol (5×10−8M) both apically and
basolaterally. After 24 hr incubation, apical and basolateral conditioned media were
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collected, centrifuged for 5 min at 10,000xg and stored at −80°C until assayed as described
below.

Measurement of transepithelial resistance (TER)
Tight junction formation of cultured epithelial cell monolayers was assessed by periodically
measuring transepithelial resistance (TER) using an EVOM electrode and Voltohmmeter
(World Precision Instruments, Sarasota, FL), as described previously 33. TER is a functional
measurement of the integrity of tight junctions in an epithelial cell monolayer. Since the
presence of non-epithelial cells in the culture interferes with the formation of tight junctions
and therefore prevents an increase in TER, TER is also an indicator for the purity of the
epithelial monolayer.

Measurement of IL-8 protein secretion
Concentrations of IL-8 in the apical and basolateral conditioned media from epithelial cells
were determined using an ELISA Duoset kit (R&D Systems, Minneapolis, MN) according
to the manufacturer’s protocol. Triplicate wells were assayed for each treatment. Amounts
of IL-8 were measured based on a standard curve after OD measurements at 450 nm on an
ELISA reader (Dynex, Chantilly, VA).

Taqman real-time polymerase chain reaction
Real-time RT-PCR was done with a two-step protocol as described previously 35. Total
RNA was isolated from cells using TRIzol Reagent according to the manufacturer’s
recommendations (Invitrogen Life Technologies) and purified with RNAeasy columns
(Qiagen, Valencia, CA). In some cases RNA was isolated using RLT buffer (RNAeasy Kit,
Qiagen), purified using Qiashredder columns (Qiagen) prior to loading them on RNAeasy
columns for further purification. Coincident with RNA purification was on-column DNase
digestion using the RNase-Free DNase set (Qiagen). For each specimen, 400ng of total RNA
was reverse-transcribed using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA)
according to the manufacturer’s recommendations in a 20μl volume. Relative mRNA
expression levels of NOD1, NOD2, RIG-1, and MDA5 were measured using the 5′
fluorogenic nuclease assay in real-time quantitative PCR using TaqMan chemistry on the
ABI 7300 Prism real-time PCR instrument (Applied Biosystems, Foster City, CA). NOD1,
NOD2, RIG-1, MDA5 and β-actin primer/MGB probe sets were obtained from Applied
Biosystems assays-on-demand (ID nos. Hs00196075_m1, Hs00223394_m1,
Hs01058986_m1, Hs00223420_m1 and 4333762T, respectively). β-actin was selected as
house-keeping gene for these studies as preliminary optimization experiments did not show
significant differences in the expression of β-actin between untreated Control groups and
treatment groups. PCR was conducted using the following cycle parameters: 95°C, 12 min
for 1 cycle (95°C, 20 s; 60°C, 1 min), for 40 cycles. Analysis was conducted using the
sequence detection software supplied with the ABI 7300. The software calculates the
threshold cycle (Ct) for each reaction which was used to quantify the amount of starting
template in the reaction. Ct values for each set of duplicate reactions were averaged for all
subsequent calculations. A difference in Ct values (ΔCt) was calculated for each gene by
taking the mean Ct of each gene of interest and subtracting the mean Ct for the
housekeeping gene β-actin for each cDNA sample. Assuming that each reaction functions at
100% PCR efficiency, a difference of one Ct represents a 2-fold difference. Relative
expression levels were reported as a fold-increase in mRNA expression where the untreated
control was normalized to 1 and calculated using the formula 2−ΔΔCt. Total mRNA copies
normalized to β-actin were calculated using the formula 2−ΔCt × 105 36.
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Treatment of epithelial cells with Neisseria gonorrhea
N. gonorrhea 31426 (American Type Culture Collection, Manassas, VA) was passaged daily
on chocolate agar plates (Remel, Lenexa, KS) and incubated in a 5% CO2 humidified
incubator. A single N. gonorrhea colony was inoculated into GC broth (15 g proteose
peptone no. 3, 4 g K2HPO4, 1 g KH2PO4, 5 g NaCl, 1 g corn starch, and 1% GCHI
enrichment supplement per liter) and incubated for 18–20 hrs in a 5% CO2 humidified
incubator. For the preparation of heat-killed lysates, overnight cultures of GC were
incubated for 45 minutes in a 65°C water bath. Integrity of the bacteria following heat
killing was verified via light microscopy. For the preparation of GC lysates, overnight
cultures were passed through a 25-gauge needle 20 times. Shearing of intact bacteria was
verified via light microscopy.

Heat-killed or sheared GC were diluted 1:5 in GC broth and applied apically to confluent
polarized monolayers of epithelial cells isolated from FT, and Cx. Each treatment was done
in triplicate. After 6 hrs of exposure, apical and basolateral supernatants were harvested,
centrifuged at 10,000xg for 5 min to eliminate cell debris, and frozen at −80°C until needed.
RNA was isolated as described under “Taqman Real-time RT-PCR” section and expression
of NOD1, NOD2, RIG-1 and MDA5 was determined.

Exposure of epithelial cells to HIV-1
EM epithelial cell monolayers were grown to confluence and high TER as described in a
previous section. HIV-1 IIIB (CXCR4 tropic) and BaL (CCR5 tropic) were diluted in
DMEM/F12 complete medium without phenol red, supplemented with 20mM HEPES, 2mM
L-glutamine (all from Invitrogen Life Technologies), 50μg/ml primocin (Invivogen, San
Diego, CA), and 10% defined FBS (Hyclone, Logan, UT) to 1×106 infectious units (i.u.).
Virus was added to the apical side of polarized EC and cells were exposed for 24 hrs prior to
collecting apical and basolateral supernatants and isolating RNA (as described in a previous
section). Expression of NOD1, NOD2, RIG-1, and MDA5 were analyzed by Taqman
realtime RT-PCR.

Statistics
A two-tailed paired t test or a one-way ANOVA with Bonferonni’s post-test was performed
using GraphPad Prism version 5.0 (GraphPad Software, San Diego, CA). A p value of <0.05
was taken as indicative of statistical significance.

RESULTS
Human FRT epithelial cells constitutively express NOD1, NOD2, RIG-1 and MDA5

Epithelial cells isolated from human Fallopian tube (FT), endometrium (EM), cervix (Cx),
and ectocervix (Ecx) were grown on cell inserts until confluent and polarized (except Ecx).
Expression of NOD1, NOD2, RIG-1 and MDA5 was determined by Taqman real-time RT-
PCR. When tissues from FT (n=5), EM (n=3), Cx (n=5), and Ecx (n=5) were averaged,
mRNA expression of all four genes was highest in the FT, followed by the Cx with lowest
levels found either in EM and/or Ecx epithelial cells (Figure 1A–D). Of the four genes
analyzed, RIG-1 showed the highest constitutive expression followed by MDA5; both
NOD1 and NOD2 showed low mRNA expression with NOD2 being the lowest of the four
genes (Figure 1 A–D). When all four tissues could be obtained and analyzed from an
individual patient (a total of 3 individuals with four tissues each were analyzed), we
observed the same pattern i.e. the expression of all four genes was highest in the FT when
compared to EM, Cx, and Ecx (data not shown).
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TLR3 agonist poly(I:C) treatment results in upregulation of NOD1, NOD2, RIG-1, and MDA5
Previously we and others have shown that epithelial cells from both the upper and lower
FRT express toll-like receptors (TLRs) and respond to treatment by TLR ligands 14, 18, 32.
To determine whether NOD1, NOD2, RIG-1, and MDA5 expression by epithelial cells
throughout the FRT is regulated by TLR agonists, epithelial cells were grown to confluence
and high TER (when applicable) and treated with TLR agonists. As seen in Figure 2,
treatment of FT, EM, Cx, Ecx epithelial cells with TLR3 agonist poly(I:C), a synthetic
mimic for viral double-stranded RNA, induced mRNA expression of NOD2, RIG-1, MDA5
and to a lesser extent, NOD1, relative to untreated controls. Time course experiments
indicated that all four genes were upregulated at 6 hrs and was measurable at 24 hrs (data
not shown). At 24 hrs of poly(I:C) treatment (Figure 2 AD), all four genes were upregulated
greater than 2-fold in the FT in 3/3 patient samples. In the EM, NOD2, RIG-1, and MDA5
were upregulated in 7/7 samples. In contrast, NOD1 was upregulated in only 3/7 samples. In
Cx and Ecx, NOD2, RIG-1, and MDA5 were upregulated in 3/3 samples while NOD1 was
upregulated in 2/3 of Cx and 1/4 of Ecx.

In contrast to poly(I:C), TLR2 and 4 agonist LPS showed modest stimulatory effects on all
four genes in 50% or less of the samples tested (data not shown). In addition, upon treatment
of EM EC with IL-1β, we found that IL-1β had no effect on NOD1, NOD2, RIG-1 or
MDA5 (data not shown). The effect of poly(I:C), GC, and HIV were therefore selective as
no upregulation of the PRRs were observed upon exposure to TLR 2/4 ligand LPS and
proinflammatory stimulant IL-1β, which stimulates other genes in the FRT 37, 38.

TLR3 agonist poly(I:C) treatment results in increased secretion of IL-8
To determine if increase in expression of intracellular sensors correlated with the induction
of epithelial immune responsiveness, we measured the secretion of IL-8 in both apical and
basolateral supernatants collected from epithelial cells (FT, EM, Cx, Ecx) grown on inserts.
As seen in Figure 3, following a 24 hrs treatment with poly(I:C), IL-8 secretion was
significantly enhanced in apical secretions in all FRT compartments. Basolateral secretion of
IL-8 was also induced but did not reach significance except in the Ecx.

Estradiol treatment of FRT epithelial cells did not induce expression of NOD1, NOD2,
RIG-1, and MDA5

We and others have previously shown that estradiol affects multiple aspects of the FRT
immune system during the menstrual cycle, pregnancy and aging (Reviewed 39). To
determine whether the presence of estradiol influences the expression of intracellular PRR,
FT, EM and Cx epithelial cells were treated with estradiol both apically and basolaterally at
a concentration of 5×10−8M for 24 hrs. Real-time RT-PCR was used to check for expression
of the four intracellular cytosolic sensors. As seen in Figure 4, in 3/3 EM, 3/3 FT, and 4/4
Cx samples, estradiol had no consistent direct effect on the expression of NOD1, NOD2,
RIG-1, and MDA5.

Neisseria gonorrhea, an intracellular, sexually transmitted bacterial pathogen, selectively
induced NOD2 and MDA5 in the Cx but not in the FT

Since NOD1, NOD2, RIG-1, and MDA5 are intracellular pathogen sensors we tested the
ability of an intracellular bacterial pathogen, GC, to induce NLR expression. FT and Cx
were selected for these experiments as these sites are clinically affected upon GC infection.
Interestingly, none of the PRR were induced in GC-treated FT epithelial cells in 3/3 patients
tested (data not shown). However, when polarized epithelial cells from Cx were treated with
heat-killed or sheared preparations of GC apically for 6 hrs, we found significant
upregulation of the expressions of NOD2 and MDA5 but not NOD1 and RIG-1 in 2/3
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samples (Fig 5A and data not shown). Figure 5A shows one of three representative cervical
samples. We also observed that cervical epithelial cell upregulation of NOD2 and MDA5 in
response to GC was accompanied by increased secretion of IL-8. Figure 5B shows
upregulation of IL-8 secretion from the same samples analyzed in 5A. In contrast, we
observed that FT epithelial cells that did not increase expression of NOD1, NOD2, RIG-1,
and MDA5 upon GC treatment failed to show any upregulation of IL-8 secretion (data not
shown). These findings indicate selective response of cervical but not FT epithelial cells to
heat-killed GC.

Exposure to HIV-1 upregulated NOD2 and MDA5 in EM
The primary route of HIV infection in women is through the epithelial barrier of the FRT. It
is inconclusive whether HIV can productively infect FRT EC; however it is clear that
response to HIV alters immune parameters in the FRT. We exposed EM EC apically to 106

infectious units of HIV IIIB and BaL for 24 hrs. RNA was then isolated from infected cells
and tested for expression of NOD1, NOD2, RIG1, and MDA5 by realtime RT-PCR. We
found that when exposed to IIIB, EC significantly upregulated (>2-fold), NOD2 (4/4) and
MDA5 in (3/4) patients tested (Figure 6A). RIG-1 was upregulated in 1/4 and NOD1 in 0/4
patients. However, in case of exposure to BaL (Figure 6B), no upregulation of any of the
PRRs were observed. Unlike GC, HIV-1 treatment of EC did not show a corresponding
upregulation in IL-8 secretion (data not shown). Our data indicate that specific strains of
HIV might be able to differentially upregulate selective intracellular PRRs.

DISCUSSION
The present study demonstrates that epithelial cells from the upper and lower human FRT
express intracellular cytosolic receptors NOD1, NOD2, RIG-1, and MDA5 with the
Fallopian tube expressing the highest amounts constitutively. Poly(I:C) treatment
upregulated mRNA for all sensors except NOD1, whereas exposure to GC selectively
upregulated NOD2 and MDA5 mRNA. With HIV, exposure to the CXCR4-tropic IIIB
strain but not CCR5-tropic BaL resulted in an upregulation of NOD2 and MDA5 by EM EC.
In contrast, estradiol had no effect on the expression of NOD1, NOD2, RIG-1 and MDA5 in
epithelial cells from either the upper or the lower tract. To our knowledge, this is the first
comprehensive demonstration of intracellular cytosolic receptors in epithelial cells
throughout the FRT. This study further demonstrates the differential regulation of selective
receptors by pathogens and pathogenic mimics.

Previously believed to be sterile, the upper FRT is now recognized as being continuously
exposed to pathogens 40. It has been shown that pathogens can reach upper FRT by binding
to sperm shortly after ejaculation 40. Given that sexually transmitted pathogens have access
to the upper FRT, we studied both the upper and lower tract in terms of expression of
intracellular pathogenic sensors in epithelial cells that line the lumen and serve as the first
line of defense against potential pathogens. Our findings indicate that NOD1, NOD2, RIG-1
and MDA5 are constitutively expressed and expression levels vary considerably throughout
the FRT when compared in the same patient or between multiple patients. Interestingly, FT
showed the highest expression of the four genes analyzed whereas EM and/or Ecx typically
showed the lowest expression relative to the other sites. The high constitutive expression of
pathogenic sensors in the FT might indicate a mechanism where, if a pathogen reaches the
FT, it could be rapidly eliminated. Physiologically, the FT might require a high degree of
vigilance as it opens into the peritoneal cavity. Failure to protect at this level would lead to
infection in the peritoneal cavity, followed by entry into the bloodstream leading to systemic
infection. Previously we observed high constitutive expression in epithelial cells from the
FT of MIP-3α and Trappin-2/Elafin, endogenous antimicrobials that also have anti-HIV
functions 41, 42. The present study extends our earlier findings of antimicrobial expression
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by demonstrating that FT epithelial cell expression of intracellular PRR is higher than all
other FRT epithelial cells examined in this study.

Others have demonstrated that NOD1 and NOD2 are expressed in the FRT and are
responsive to iE-DAP and MDP 17, 18. We have confirmed and extended these findings in
our demonstration of NOD1, NOD2, as well as RIG-1 and MDA5 in the FRT. To the best of
our knowledge, the present study is the first to demonstrate the presence of RIG-1 and
MDA5 in the FRT. In the current study, poly(I:C) induced NOD2, RIG-1, and MDA5 and,
to a much lesser extent, NOD1 in all four compartments of the FRT. We also observed
significantly higher secretion of IL-8 from the FRT epithelial cells following poly(I:C)
treatment. Since we and others have previously shown that poly(I:C) induces signaling
through TLR3 pathway in the FRT 14, 31, 32, we cannot definitively determine whether the
IL-8 upregulation was a result of signaling through TLR, NLR, or RLR pathways. Further
studies are needed to define the relative contributions of these receptors to viral pathogens.

Since estradiol is a major regulator of immune functions in the FRT, we were surprised
when we observed no effect of estradiol on any of the four PRR. Interestingly we observed
previously that estradiol had no direct effect on the expression of TLR (Schaefer,
unpublished observations) or interferon-induced antiviral factors MxA, OAS, PKR (Patel et
al, in press). It is well known that estrogens have diverse regulatory functions that can be
both pro-inflammatory and anti-inflammatory 34. Numerous studies have shown that the
epithelial cells of the FRT have intracellular estrogen receptors capable of binding to the
estrogen response elements in the promoter regions of various genes, thereby affecting their
transcription 34, 43. It is possible that the effects of hormones on NOD1, NOD2, RIG-1 and
MDA5 could be indirect. Estradiol has been shown to act indirectly on the FRT EC by
stimulating growth factor production by the underlying stromal cells 2, 44, 45. It is also
possible that innate immune protection is so critical to the FRT that the receptors which
recognize potential pathogens, specifically the TLRs, NOD-and RIG-like-receptors, remain
constant throughout the menstrual cycle.

Unlike several bacterial and viral pathogens have been studied in terms of their recognition
by NLR and RLR, little has been published in regards to the sexually transmitted pathogen
Neisseria gonorrhea. We observed that treatment of FRT EC with heat-killed GC resulted in
modest upregulation of NOD2 and MDA5 by Cx EC. This response correlated with a
significant upregulation of IL-8, thereby demonstrating a distinct functional response to GC.
To our knowledge, this is the first demonstration of GC recognition by intracellular
receptors of the FRT. Further studies are required to determine which intermediates in the
GC lifecycle promote recognition by these PRR. In our study, whereas GC enhanced NOD2
and MDA5 expression by Cx EC, no effect was observed in the FT, a site affected by GC
pathology. One explanation is that FT cells must be infected by viable GC in order to be
responsive. Alternatively, since we observed very high constitutive levels of NOD1, NOD2,
RIG-1, and MDA5 by FT EC, it is possible that no further induction by GC was possible.
Additionally, we decided upon a 6 hrs GC treatment as that is the time-point when we
observed upregulation of the intracellular receptors upon poly(I:C) treatment. Since the time
course might be dependent upon the pathogen tested, the timing of GC response can be very
different. We plan to address optimizing GC response in FRT EC in future studies.

A recent study by Solis et al reported that in macrophages, RIG-1 but not MDA5 can bind
HIV RNA 29. In our study, however, we found that FRT epithelial cells when exposed to
HIV selectively upregulate NOD2 and MDA5. The absence of RIG-1 upregulation in our
system might indicate the fundamental differences in host immune responses depending on
location. Genital mucosa is a unique location where HIV will first “see” the epithelial cells
during sexual transmission. Under these circumstances the virus might be recognized by a
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set of very different innate immune sensors. Although NOD2 is classically a bacterial
sensor, recent studies have implicated it in viral recognition 7. However, to our knowledge,
this is the first demonstration of both NOD2 and MDA5 upregulation as a result of HIV
exposure. Another interesting aspect of our data is that the X4-tropic virus IIIB seemed to be
“recognized” more readily by the innate immune sensors. Typically in sexual transmission
of HIV, R5-tropic viruses are the ones selectively transmitted although the exact mechanism
for this remains controversial 46, 47. Several studies have indicated that the R5 viruses are
able to transcytose through the epithelial barrier whereas the X4 might be able to replicate in
the epithelial cells and thereby is not able to pass through unnoticed by the immune
system 48, 49. Our data extend these previous findings by demonstrating that the X4 not the
R5 virus can upregulate both NOD2 and MDA5 thereby inducing an immune response
which might lead to its sequestration or destruction. This is an area of future investigations
with larger sample size and including EC from all compartments of the FRT.

Overall, the present study demonstrates that epithelial cells from both the upper and lower
female reproductive tract differentially express cytosolic receptors NOD1, NOD2, RIG-1,
MDA5. Receptor mRNA expression is selectively stimulated by poly(I:C) as well as
Neisseria gonorrhea and HIV-1 but not by estradiol. From a physiological perspective, our
findings add yet another layer to the complexity of immune responses in the FRT. Each
compartment in the FRT has different functions and therefore can respond differentially to
pathogens. The balance between immune tolerance required for implantation and immune
activation required to protect against pathogenic invasions is intricately regulated by
multiple parameters that can only be fully defined upon further extensive investigations. Our
findings suggest that NOD- and RIG-like-receptors throughout the FRT contribute to a level
of previously unrecognized protection against pathogens.
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Figure 1. Constitutive mRNA expression of NOD1, NOD2, RIG-1 and MDA5 by epithelial cells
of the female reproductive tract in multiple patients
Real-time RT-PCR was used to determine the mRNA expression levels of NOD1, NOD2,
RIG-1, and MDA5 in primary FT, EM, Cx, and Ecx epithelial cells. Values from each
sample were normalized to housekeeping gene β-actin and expressed as copies of mRNA ×
105. An average of 3–5 different patient tissues were used from each compartment.
Expression of NOD1 in FT, EM, Cx, and Ecx is shown in (A), NOD2 in (B), RIG-1 in (C)
and MDA5 in (D).
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Figure 2. Induction of NOD1, NOD2, RIG-1, and MDA5 mRNA by epithelial cells from EM, FT,
Cx, and Ecx, upon treatment with Poly(I:C)
Primary FRT epithelial cells were treated with poly(I:C) for 24 hr. Real-time RT-PCR was
used to determine mRNA expression levels of NOD1, NOD2, RIG-1, and MDA5. After
normalization to endogenous control β-actin, each patient sample was further calibrated to
its own untreated control and expressed as relative fold change. Data from (A) three distinct
FT, (B) seven EM, (C) three Cx, and (D) four Ecx are shown. A 2-fold or greater change
was considered to be significant.
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Figure 3. Enhanced secretion of IL-8 by primary FRT epithelial cells following stimulation with
TLR3 agonist poly(I:C)
Primary epithelial cells from FT, EM, Cx, and Ecx were treated with poly(I:C) for 24 hr.
Apical and basolateral conditioned media were collected and assayed for IL-8 secretion by
ELISA. Data from one representative patient sample from each compartment is shown.
Apical secretions are shown in black and basolateral secretions are shown in white. The p
values were calculated by comparing triplicate wells for Control and Treatment, using a
two-tailed paired t test. Significance denoted by *; *, p<0.05; **, p<0.01; ***, p<0.001.
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Figure 4. No change in mRNA expression of NOD1, NOD2, RIG-1, and MDA5 by primary FRT
epithelial cells upon estradiol treatment
Primary epithelial cells from FT, EM, and Cx, were treated apically and basolaterally with
5×10−8M E2 for 24 hr and real-time RT-PCR was used to determine expression of NOD1,
NOD2, RIG-1, and MDA5. After normalization to endogenous control β-actin, each sample
was further calibrated to its own untreated control and expressed as relative fold change.
Data from three distinct FT (black), three EM (white), and four Cx (grey) are shown. A ≥2-
fold change was considered to be significant.
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Figure 5. Selective upregulation of NOD2 and MDA5 by primary cervical epithelial cells upon
exposure to heat-killed Neisseria gonorrhea
Primary epithelial cells from Cx, were treated with heat-killed GC for 6 hrs. (A) shows
induction of NOD2 and MDA5 mRNA by Cx epithelial cells (Control, black; heat-killed,
white). (B) shows significantly higher secretion of IL-8 by Cx epithelial cells upon GC
treatment (apical conditioned media, black; basolateral, white). The p values were calculated
by comparing triplicate wells for Control and Treatment, using a two-tailed paired t test; *,
p<0.05.
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Figure 6. Selective upregulation of NOD2 and MDA5 by primary endometrial epithelial cells
upon exposure to HIV-1
Primary epithelial cells from EM were grown to confluence and high TER prior to exposing
them apically to 106 infectious units of HIV-1 for 24 hrs. RNA was extracted from cells and
the expression of NOD1, NOD2, RIG-1, and MDA5 was determined by real-time RT-PCR.
(A) shows induction of NOD2 (4/4 samples) and MDA5 (3/4 samples) upon treatment with
HIV IIIB whereas no such induction was observed in (B) when cells were similarly treated
with HIV BaL.
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