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Interferon-g induced in female genital epithelium by
HIV-1 glycoprotein 120 via Toll-like-receptor 2 pathway
acts to protect the mucosal barrier

Aisha Nazlil2, Sara Dizzell»?, Muhammad Atif Zahoor2, Victor H Ferreiral2, Jessica Kafkal?2,
Matthew William Woods!2, Michel Quellet?, Ali A Ashkar!2, Michel J TremblayS,

Dawn ME Bowdish!? and Charu Kaushic!»?

More than 40% of HIV infections occur via female reproductive tract (FRT) through heterosexual transmission.
Epithelial cells that line the female genital mucosa are the first line of defense against HIV-1 and other sexually
transmitted pathogens. These sentient cells recognize and respond to external stimuli by induction of a range of
carefully balanced innate immune responses. Previously, we have shown that in response to HIV-1 gp120, the
genital epithelial cells (GECs) from upper reproductive tract induce an inflammatory response that may facilitate
HIV-1 translocation and infection. In this study, we report that the endometrial and endocervical GECs
simultaneously induce biologically active interferon-p (IFNf) antiviral responses following exposure to HIV-1 that act
to protect the epithelial tight junction barrier. The innate antiviral response was directly induced by HIV-1 envelope
glycoprotein gp120 and addition of gp120 neutralizing antibody inhibited IFNp production. Interferon- was
induced by gp120 in upper GECs through Toll-like receptor 2 signaling and required presence of heparan sulfate
on epithelial cell surface. The induction of IFNf was dependent upon activation of transcription factor IRF3
(interferon regulatory factor 3). The IFNf was biologically active, had a protective effect on epithelial tight junction
barrier and was able to inhibit HIV-1 infection in TZM-bl indicator cells and HIV-1 replication in T cells. This is the
first report that recognition of HIV-1 by upper GECs leads to induction of innate antiviral pathways. This could
explain the overall low infectivity of HIV-1 in the FRT and could be exploited for HIV-1 prophylaxis.
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INTRODUCTION

Almost 70% of HIV infection occurs via sexual transmission in
the intestinal or genital tract. Globally, women constitute more
than half of 36.9 million HIV-infected individuals. HIV and
AIDS are the leading causes of death worldwide among women
of reproductive age. Clinical and experimental studies indicate
that HIV can be transmitted through both the upper (oviduct,
uterus and endocervix) and lower (ectocervix, vagina) genital
tract. In particular, the transformation zone in the cervix is
considered to be a highly susceptible site because of the
presence of a large number of target cells in the lamina

propria, below the epithelium.! However, despite the relatively
large surface area available for HIV-1 exposure and the higher
incidence in women, the overall transmission in female
reproductive tract (FRT) is relatively inefficient, estimated at
1:200 to 1:2000 per coital act, indicating that the FRT provides
a significant barrier to HIV transmission.?

Following HIV-1 exposure, the acute events that determine
the outcome of the interaction with the virus in the FRT are
still not well understood. HIV needs to cross the epithelial
lining of the genital mucosa in order to establish infection in
the female genital tract. There is general consensus that the
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epithelial cells themselves do not get infected.! However, there
is increasing evidence that they play a key role as sensors and
first responders for the host innate immune system, in addition
to forming a physical and functional barrier against
microorganisms.’

The upper genital epithelial cells (GECs) are dynamically
active cells that display a carefully orchestrated response to
external stimuli. They perform a multitude of tasks in
encounters with pathogens, including induction of innate
responses, as well as relaying signals to activate other cells of
the innate and adaptive immune system. Both the upper and
lower genital tract epithelium have been shown to express
antimicrobial peptides as well as a repertoire of pathogen
pattern recognition receptors like Toll-like receptors (TLRs)
that allows them to respond to a wide array of pathogens and
initiate innate and adaptive responses.* We and others have
reported the induction of innate antiviral responses in upper
GEC cultures following treatment with TLR ligands, resulting
in decreased HSV-2 replication. The TLR3 ligand polyinosinic:
polycytidylic acid (poly I:C) was shown to induce the greatest
antiviral effect, but this was accompanied with enhanced
production of inflammatory cytokines.>® The antiviral effect
by upper GECs was mediated by production of interferon-f
(IENB) in response to TLR ligands. Other studies have also
reported production of interferon-stimulated factors such as
MyxA, 2'5'-oligoadenylate synthetase (OAS) and inducible
nitric oxide synthase that have direct antiviral effects in primary
cultures of endometrial epithelial cells as well as cervical and
cervicovaginal cell lines.®”

Type I interferons (IFNs) play a mixed role in HIV-1
infection. In general, production of IFN in the acute phase is
associated with protection against infection and control of viral
replication, although it also leads to immune activation and
influx of other immune cells that supports viral replication.®®
The protective role played by type I IEN is associated with
inhibition of HIV-1 replication because of upregulation of a
number of IFN-stimulated genes (ISGs).!'* Plasmacytoid
dendritic cells (pDCs) in particular have been reported to be
a rich source of IFN during HIV-1 infection and studies in elite
controllers, HIV-1-infected individuals who maintain unde-
tectable viral load in the absence of antiretroviral therapy, show
that ppcs counts correlate with IFN production.!>!®

Previously, we have reported that the upper GECs do not get
productively infected with HIV-1.'7 Primary epithelial cells
isolated from endometrium and cervix responded directly to
HIV-1, resulting in production of inflammatory cytokines that
disrupted the tight junctions forming the epithelial barrier,
allowing translocation of the virus and luminal bacteria.'®
Further studies revealed that pattern recognition receptors
TLR2 and TLR4 present on the cell surface recognized
HIV-1 envelope glycoprotein gpl20 that activated nuclear
factor (NF)-kB pathway and led to production of proinflam-
matory cytokine production.!” However, no studies have
examined whether HIV-1 exposure can activate innate antiviral
immunity in the mucosal epithelium of the genital tract and

IFN induction in genital epithelial cells by HIV gp120
A Nazli et al

whether this could play a role in inhibiting HIV-1 infection and
replication.

In the current study we analyzed the antiviral responses of
the genital epithelium from upper reproductive tract and
determined the role it may play in preventing HIV infection
and replication.

MATERIALS AND METHODS

Cell lines, reagents and antibodies

Vero cell line (ATCC, Manassas, VA, USA) was used for
analyzing biological activity of type I IFN. Vero cells were
grown in o-minimum essential medium (a-MEM; Invitrogen,
Burlington, ON, Canada), supplemented with 10% heat-
inactivated fetal bovine serum (FBS; Invitrogen, Burlington,
ON, Canada). The human embryonic kidney-293 (HEK293)
cell line (ATCC) was used for transfection assays. Cells were
grown in Dulbecco’s modified Eagle’s medium (DMEM;
Invitrogen, Burlington, ON, Canada) supplemented with 10%
FBS (Invitrogen). The following reagents were used for the
study: tri-palmitoylated lipopeptide Pam3CSK (InvivoGen, San
Diego, CA, USA), lipopolysaccharide (LPS) from Escherichia
coli 026:B6 (Invitrogen; TLR4 ligand), the novel TLR4 ligand
FimH, poly I.C (TLR3 ligand; Sigma Aldrich, Burlington,
ON, Canada), BX795 (InvivoGen), heparinase III from
Flavobacterium heparinum (Sigma Aldrich) and heparan sulfate
(Sigma Aldrich). Recombinant HIV-1 gpl120 protein (strain
ADA and Bal) was obtained through NIH AIDS Research and
Reference Reagent program, Division of AIDS, National
Institute of Allergy and Infectious Diseases (NIAID) (Bethesda,
MD, USA), National Institutes of Health (NIH) (Bethesda,
MD, USA), USA. Subsequently, gpl20 was bought from a
commercial source (Immunodiagnostic Inc., Woburn, MA,
USA). Recombinant gp120 from both sources was compared
and commercial source gpl20 was used exclusively after
obtaining comparable results. The following antibodies were
used: anti-human CD282/TLR2, clone TL2.1 (eBioscience,
San Diego, CA, USA), mouse IgG2a K isotype control antibody
(eBioscience), anti-human CD284/TLR4, clone HTA125
(eBioscience), anti-human CD285/TLR5 (InvivoGen), anti-
gp120 neutralizing antibody, clone 2G12 (Polymun Scientific,
Klosterneuburg, Austria), mouse anti-IRF3 (Santa Cruz Bio-
technology, Inc., Santa Cruz, CA, USA) and rabbit anti-NF-xB
p65 (Santa Cruz Biotechnology, Inc.), anti-IFNP antibody
(25 pg/ml; Merck Millipore, Etobicoke, ON, Canada) and
anti-TNFa antibody (25 pg/ml; Rockland Immunochemicals
Inc., Limerick, PA, USA).

Ethics statement

Primary genital epithelial cells were isolated from cervical and
endometrial tissues obtained from women aged 30-59 years
(mean age 42.9+7.2) undergoing hysterectomies for benign
gynecological reasons at Hamilton Health Sciences Hospital.
Informed written consent was obtained in accordance with the
approval of the Hamilton Integrated Human Research
Ethics Board.
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Primary endometrial and cervical epithelial cell cultures

All experiments were conducted on primary epithelial cell
cultures isolated from hysterectomy tissues. Detailed protocol
for isolation and culture of primary endometrial and endo-
cervical epithelial cultures, referred to as GECs hereon, has
been described previously.?*?! Briefly, endometrial and endo-
cervical tissues were separately minced into small pieces and
digested in an enzyme mixture at 37°C. The GECs were
isolated by a series of separations through nylon mesh filters
(Small Parts Inc., Miramar, FL, USA), resuspended in DMEM/
F12 primary growth medium (Invitrogen) and seeded onto
Matrigel™ (Becton Dickinson and Company, Mississauga,
ON, Canada)-coated tissue culture inserts (BD Falcon, Mis-
sissauga, ON, Canada). Epithelial cultures were grown for 5-
7 days until confluent monolayers were formed. The con-
fluency was monitored by transepithelial resistance (TER)
measured by a volt ohm meter (EVOM; World Precision
Instruments, Sarasota, FL, USA). Confluent monolayers show-
ing TER values greater than 1000 £/cm were used for further
experiments. The purity of epithelial monolayers was between
95 and 98%, with no trace of any hematopoietic cells. The
detailed protocol for measuring purity of upper genital
epithelial cultures has been previously described.?’

Viral strains and GEC exposure

HIV-1 ADA (M-tropic) was prepared by infection of primary
adherent monocyte-derived macrophages from human periph-
eral blood mononuclear cells, followed by virus concentration
using the Amicon Ultra-15 filtration system (Millipore, Billerica,
MA, USA). Env-deleted HIV-1 (env™) was kindly provided by Dr
D. Johnson (NCI, NIH, USA), and was prepared on an NL4-3
backbone. For viral exposure, primary GECs were grown to
confluency on transwell inserts and subsequently exposed to
100 pl of HIV-ADA (10° infectious viral unit (IU)/ml, corre-
sponding to a multiplicity of infection (MOI) of 1), ultraviolet
(UV)-inactivated HIV (10° TU/ml), HIV-1 env™ (at a p24
concentration of 79 ng/ml) or recombinant gp120 (100 ng/ml)
for various time points, depending on the experiment.

To explore the role of TLR on antiviral signaling in GECs by
HIV-1, confluent primary cells were treated with neutralizing
antibodies against TLR2, 4, 5, isotype antibody (all at 10 pg/ml)
and heparan sulfate (40 pg/ml) during the course of gp120
exposure or pretreatment with heparinase III (6 mIU/ml) for
1 h before gp120 exposure. The interferon regulatory factor 3
(IRF3)-mediated pathways were also investigated by pretreating
cells with BX795 (an inhibitor of TBK-1/IKKe phosphoryla-
tion, an upstream event in activation of IRF3) at a concentra-
tion of 1 pM for 1 h before experimental exposure of HIV-1 or
gpl120. To determine the role of NF-kB in the induction of
IFNB, GEC monolayers were pretreated with the NF-kB
inhibitor pyrrolidine dithiocarbamate (10 pM, Sigma-Aldrich)
for 1h before exposure with gp120.

HIV-1 infection assay in TZM-bl cell line
The TZM-bl indicator cell line (obtained through NIH AIDS
Research and Reference Reagent Program, Division of AIDS,
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NIAID, NIH: TZM-bl from Dr John C Kappes, Dr Xiaoyun Wu
and Tranzyme Inc. (Research Triangle Park, NC, USA))?>~2> was
maintained in DMEM supplemented with 10% heat-inactivated
FBS (Invitrogen). The cell line was used for quantitative analysis
of HIV infection using luciferase as a reporter.

Briefly, 60 000 TZM-bl cells were seeded into a 24-well plate
in 500 pl of 10% DMEM. Various treatments containing either
media alone or recombinant IFN (100 pg/ml) or GEC super-
natants from mock control or gpl20-treated monolayers
incubated in the presence or absence of rabbit anti-human
IFNB (AB1431; Millipore, Etobicoke, ON, Canada) or rabbit
isotype IgG control (ab172730; Abcam Inc., Toronto, ON,
Canada) at 10 pg/ ml concentrations were added to TZM-bl
cells in a total volume of 250 pl. Each sample was added to
TZM-bl cells in the presence of HIV-1 for 2h with a gentle
shaking every 15min. After 2h, 1ml of 10% DMEM was
overlaid and the cells were further incubated for 24 h at 37 °C.
After 24 h, the cells were washed once with 1X phosphate-
buffered saline, lysed and the luciferase activity was measured
using a Stratagene luciferase assay kit (Agilent Technologies,
Mississauga, ON, Canada) as per the manufacturer’s
instructions.

Type 1 IFN bioassay

To assess the presence of biologically active IEN, a vesicular
stomatitis virus (VSV) plaque reduction assay was used. This
method is based on assaying the ability of VSV-GEFP, a lytic but
IFN-sensitive virus that expresses green fluorescent protein
(GFP) under the control of a virus promoter (kindly provided
by Dr B. Lichty, McMaster University), to replicate within
cultures. This assay has been used previously to assess the
presence of biologically active type I IEN. Briefly, the super-
natants were collected from primary epithelial cells after
treatments and diluted with «-MEM, and added to plates with
Vero cells grown to 80% confluency. After 24 h, samples were
removed, and Vero cells were challenged with VSV-GFP. After
1 h, the unattached VSV-GFP was removed and Vero cells were
overlaid with 2% methylcellulose/2 x F11 MEM medium (1:1
ratio) and incubated for 48 h. Levels of GFP fluorescence were
visualized and quantified using a Typhoon scanner (Amersham
Bioscience, GE Healthcare Bio-Sciences Corp., Piscataway, NJ,
USA). Fluorescence was inversely proportional to the IEN
activity. The fluorescence reading of treated cultures was
compared with control cultures (no IFN) and presented as
relative fluorescence.

Immunofluorescent staining

GECs were exposed to HIV-1, gpl120 or poly I:C (positive
control for staining, 25pg/ml) and were fixed with 4%
paraformaldehyde (Electron Microscopy Sciences, Hatfield,
PA, USA). Cells were stained with primary mouse monoclonal
anti-human IRF3 (SL-12, Santa Cruz Biotechnology, Inc.) and
Alexa Flour 488-conjugated secondary antibody, followed by
propidium iodide nuclear counterstaining. Filters were excised
from the polystyrene filter supports, and mounted on glass
slides in Vecta Shield Hard Set mounting medium (Vector



Laboratories, Inc., Burlingame, CA, USA). All samples were
imaged on an inverted confocal laser-scanning LSM 510
microscope (Carl Zeiss Canada Ltd, Toronto, ON, USA).
Confocal microscope settings for image acquisition and pro-
cessing were identical between control and treated monolayers
and three separate, random images were acquired and analyzed
for each experimental condition. Images were analyzed using
Image ] software for measuring levels of nuclear colocalization
of IRF3.

Plasmids and HEK293 transfection assays

Expression vectors for human TLR2, TLR4, CD14, MD2,
[-galactosidase (p-gal) and plasmids were kindly provided by
Dr Cynthia Leifer (Cornell University Ithaca, NY, USA).
Interferon-p-luciferase (IFNB-Luc) and interferon-stimulated
response element (ISRE-Luc)-inducible reporter plasmids were
a kind gift from Dr John Hiscott and are designed to monitor
the activation of IFNB pathways.?® All plasmids were amplified
and purified using Endo-free Midi Prep columns (Qiagen,
Toronto, ON, Canada). Transfections for luciferase assay were
carried out in HEK293 cell line. Subconfluent HEK293 cells
were transfected with 100 ng of pSV f-gal (internal transfection
control for normalizing transfection efficiencies), 100 ng of
IENB-Luc or ISRE-Luc reporter plasmid (firefly luciferase,
experimental reporter), 30 ng of pUNO-hTLR2 or pUNO-
hTLR4 with or without 30ng CD14 and pUNO hMD2
expression plasmids and pBABE (empty vector) for a total of
1 pg DNA/well. Transfections were completed using Gene Juice
transfection reagent (EMD Millipore). At 24 h post transfec-
tion, cells were treated with gp120, Pam3CSK4 (a TLR2 ligand)
and LPS (a TLR4 ligand). The cells were subsequently
harvested, lysed and luciferase activity was measured using a
Stratagene luciferase assay kit (Agilent Technologies) as per the
manufacturer’s instructions. Activity of pSV-p-gal luciferase
activity was also measured by reporter assay (Luminescent
[-galactosidase detection kit II, Clontech Lab Inc., Mountain
View, CA, USA) according to the manufacturer’s instruction.
The fold increases in IFNp-luciferase expression or ISRE-luciferase
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expression (experimental reporters) were normalized with
f3-gal expression as an internal control for transfection.

1G5 HIV-1 LTR assay

To measure the effect of various treatments on activation of
HIV-1 long terminal repeat (LTR), 10® 1G5 cells were treated
with phorbol 12-myristate 13-acetate (PMA) at 50 ng/ml
(eBioscience) for 24h at 37°C.?” The cells were lysed, and
luciferase activity was determined using a luciferase assay
(Agilent). To measure the effect of epithelial supernatants
containing IFNB on 1G5 LTR activation, supernatants were
collected from mock or HIV-1-treated cultures. Supernatants
were then incubated with anti-IFNf antibody (25 pg/ml;
Millipore) or anti-TNFa antibody (25 pg/ml; Rockland Immu-
nochemicals) or rabbit isotype IgG control (25 pg/ml; Abcam)
for 1 h before addition to PMA-treated 1G5 cells and luciferase
activity was measured after 24 h.

Microarray gene expression and data analysis

For microarray analysis, 1 X 10> primary genital epithelial cells
were exposed to HIV-1 for 48h at an MOI of 1 and were
processed for RNA isolation using RNAeasy kit (Qiagen).
Purified RNA was resuspended in RNase-free water and
quantified using a Nanovue spectrophotometer (General Elec-
tric, Mississauga, ON, Canada). RNA bioanalysis, microarray
chip hybridization and processing were performed by the
Center for Applied Genomics Facility at Hospital for Sick Kids
(Toronto, Ontario, Canada). DNA microarray analysis was
carried out using the Affymetrix Human Genome ST 2.0 array
(Affymetrix, Santa Clara, CA, USA) according to the manu-
facturer’s instructions (Agilent Technologies). The .CEL data
files generated by the Affymetrix microarray were analyzed
using GeneSpring GX version 13.0 (Agilent Technologies). Fold
changes (>2.0) in gene expression and gene ontology annota-
tions were determined.

Quantitative real-time PCR
Quantitative real time-PCR (qRT-PCR) was performed using
gene-specific primers listed in Table 1 and SYBR Green PCR

Table 1 Real-time PCR primers for different interferon-stimulated genes (ISGs)

Name Accession no. 5 Sequence 3 Sequence

MX1 BC032602 CAGCACCTGATGGCCTATCA ACGTCTGGAGCATGAAGAACTG
ISG15 M13755 ACTCATCTTTGCCAGTACAGGAG CAGCATCTTCACCGTCAGGTC
IFIT1 BC007091 GCAGCCAAGTTTTACCGAAG GCCCTATCTGGTGATGCAGT
IFIT3 AK297137 AGTCTAGTCACTTGGGGAAAC ATAAATCTGAGCATCTGAGAGTC
IF144L BC015932 GTATAGCATATGTGGCCTTGCTTACT ATGACCCGGCTTTGAGAAGTC
RSAD2 AF442151 AGGTTCTGCAAAGTAGAGTTGC GATCAGGCTTCCATTGCTC
0AS1 AY730627 CAGGCAGAAGAGGACTGGAC TAGAAGGCCAGGAGTCAGGA
0AS2 BC049215 CTTTCTGCCTTTGGCTTTTG GGAAGAAAATTTGCGGATGA
OAS3 AB044545 GTCAAACCCAAGCCACAAGT CTCCTTCCACAACCCCTGTA
BST2 AK303593 GGGAGGAGCCTAGGTGAATC GTGGCATTTGCCTTGTTTTT
GAPDH NM_002046 ACAGTCAGCCGCATCTTCTTTTGC TTGAGGTCAATGAAGGGGTC
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mix according to the manufacturer’s manual (FroggaBio,
Toronto, ON, Canada). gRT-PCR was performed using
StepOne Plus™ Real-Time PCR System (Thermo Fisher,
Burlington, ON, Canada). Samples were run in triplicate and
all data were normalized to glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) mRNA expression as an internal control.

Statistical analysis

GraphPad Prism Version 4 (GraphPad Software, San Diego,
CA, USA) was used to compare three or more means by one-
way analysis of variance (ANOVA) for analyzing different
treatments at the same time and two-way ANOVA for
comparing treatments with their specific controls. To compare
two different treatment means, unpaired #-test was used. When
an overall statistically significant difference was seen (P<0.05),
Bonferroni post-test was performed to adjust the P-value for
multiple comparisons. P-values for each analysis are indicated
in figure legends.

RESULTS
Antiviral responses induced by endometrial epithelial cells in
response to HIV gp120
To examine the innate antiviral response of epithelial cells from
upper genital tract, confluent monolayers of endometrial
epithelial cells were exposed to HIV-1 (10°/well) or recombi-
nant gp120 protein (100 ng/ml), or an env-deleted mutant that
lacks the HIV-1 viral envelope precursor, gp160,'%28 and
supernatants were analyzed for IFNf by enzyme-linked immu-
nosorbent assay (ELISA). The results showed that supernatants
collected from monolayers treated with HIV-1 or gpl20
contained significantly higher amount of IFNf as compared
with supernatants from mock treatment (Figure 1a). IFNf level
was much higher in basolateral supernatants compared with
apical supernatants, demonstrating preferential secretion of
IFNp from the basal interface of the epithelium (Figure la).
The env-deleted HIV-1 mutant failed to induce IFN in
endometrial GECs, indicating that HIV envelope is required
to induce antiviral responses in endometrial GECs (Figure 1a).
The levels of IFNp produced by different donor tissues was
variable based on the tissue: baseline (range 20-80 pg/ml,
n=6), apical supernatants following HIV-1/gp120 treatment
(140-600 pg/ml, n=6) and basolateral supernatants (200—
2185 pg/ml, n=6) but the increased responses to gp120 and
HIV-1 was similar in all tissues. To confirm the role of gp120
in [FNp production by endometrial GECs, viral preparations as
well as recombinant gpl120 were incubated with anti-gp120
neutralizing antibody (2G12 clone) or isotype antibody before
exposure to endometrial GECs. Supernatants collected 24 h
post treatment showed that gpl20 neutralization reduced
induction of IFNf to baseline levels (Figures 1b—d). All
together, these results indicate that HIV-1 gpl20 is directly
responsible for induction of an IFNP response in
endometrial GECs.

Next, we examined the time kinetics of induction of IENf in
response to HIV-1 and gp120. Poly I:C was used as a positive
control. Endometrial GECs were exposed to different
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treatments and supernatants were collected hourly for 1-6h
and at 24 h. IFNp was significantly induced in apical super-
natants at 6 h time point in response to HIV-1 and gp120, but
significantly higher induction was observed in basolateral
supernatants at earlier time points (Figures le and f).

In order to examine biological activity of gpl20-mediated
IFN, we used a VSV-GFP assay that assesses the presence of
biologically active IFN.>? Using this assay, we measured the
ability of VSV-GEP to replicate in Vero cells, in the presence of
supernatants from UV-inactivated HIV-1 or gpl20-treated
endometrial GEC cultures. The presence of biologically active
type I IFN was confirmed in supernatants from UV-inactivated
HIV-1 and gpl20-treated GEC cultures by the significant
decrease in replication of VSV-GFP (Figures lg and h).
Neutralization of recombinant gp120 with neutralizing anti-
bodies completely abrogated type I IFN-mediated protection
against VSV-GFP replication, whereas addition of isotype
antibody did not influence the induction of biologically active
type I IFN production (Figures 1g and h).

Antiviral responses induced in primary endocervical cells by
HIV-1

To examine whether HIV-1 also induced antiviral responses in
primary endocervical epithelial cells, similar to endometrial
epithelial cells, we exposed primary endocervical epithelial
cultures to medium (mock) or HIV-1 (10° IU/well) for 24 h
and measured TER as a measure of epithelial barrier function
tumor necrosis factor-a (TNFa) and IFNf production. Similar
to the previously reported effect of HIV-1 in endometrial
epithelial cells, HIV-1 exposure impaired the barrier function
in endocervical epithelial cells and induced significant produc-
tion of TNFa and IFN, although induction of IFNf appeared
to be less potent compared with endometrial GECs
(Supplementary Figures la—d). As the effects of HIV-1 on
barrier disruption, TNFa and IFNf production were analogous
in primary endometrial and endocervical epithelial cells, further
experiments were conducted on primary endometrial epithelial
cells that were more abundantly available and because the
larger amount of tissue provided bigger cultures.

Role of IFNf in HIV-mediated barrier impairment

Previously, we reported that exposure to HIV in endometrial
and cervical epithelial cells resulted in impairment of epithelial
barrier primarily because of the upregulation of inflammatory
cytokines, particularly TNFo*6, However, the effect of IFNB on
gpl120-mediated barrier disruption has not been examined.
Therefore, we next examined the role of IENf in HIV-1 gp120-
mediated barrier disruption. Confluent monolayers of endo-
metrial GECs were treated with medium (mock) or HIV-1
in the presence or absence of human anti-IFNJ antibody,
human anti-TNFa antibody or isotype antibody. At 24 h post
treatment TER was measured and compared with baseline
values. As expected, HIV-1 significantly decreased the TER,
indicating barrier disruption, but the presence of TNFa
neutralizing antibodies ameliorated the HIV-mediated
barrier disruption, whereas addition of anti-IFNP neutralizing
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Figure 1 Primary endometrial epithelial cells respond to HIV-1 envelope gp120 by production of IFNp. (a) Confluent monolayers of primary
endometrial GECs were exposed to medium (mock), HIV (10 1U/well), gpl20 (100 ng/ml), env- HIV mutant (105 IU/well) or UV-
inactivated HIV for 24 h and supernatants were analyzed for IFNB production. IFNp was measured by ELISA in both apical (black bars)
and basolateral (gray) supernatants. Endometrial GECs produce significant amounts of IFNB in response to HIV, gp120 and poly I:C when
compared with mock-treated cells. N=4. (b) Endometrial GECs were exposed to gp120 alone or with anti-gp120 neutralizing (2G12) or
isotype antibody for 24 h, apical supernatants were collected and analyzed for IFNf production by ELISA. N=2. (c, d) Endometrial GECs
were exposed for 24 h to medium (mock), HIV, gpl120, env- HIV mutant or poly I:C, with or without anti gp120 neutralizing antibody.
IFNB production in supernatants was determined without gp120 antibody (black bars) or following treatment with anti gp120 antibody
(gray bars). (e, f) Time course for IFNB production was analyzed in supernatants collected from endometrial GECS after exposure to
medium (mock), HIV, gpl20, poly I:C, env- HIV mutant for 1, 2, 3, 4, 6 and 24 h. IFNB production in apical (c) and basal (d)
supernatants was measured by ELISA. (g) Endometrial GECs were exposed to mock or env™ mutant or gpl120 alone or in the presence of
either isotype antibody or gp120 neutralizing antibody or UV-inactivated HIV-1 for 24 h. Supernatants were tested by VSV-GFP assay on
Vero cells to determine biological activity of type | IFNs. VSV-GFP was added to Vero cells without a pretreatment (negative control),
recombinant IFNB (100 pg/ml) added to Vero cells before VSV infection (positive control) or supernatants collected from treatments done in
above experiments. GFP fluorescence, an indicator of VSV-GFP infection, was quantified by scanning the plates on a Typhoon Biomolecular
imager. Images are representative of three separate experiments conducted in triplicate. (h) Quantitative representation of VSV-GFP
fluorescence. Each experimental condition was compared with negative control and calculated as percent of negative control. Data shown
represent mean=+s.e.m. of three separate experiments from cells isolated from three individual tissues. *P<0.05, **P<0.01 and
***P<0.001. ELISA, enzyme-linked immunosorbent assay; GEC, genital epithelial cell; GFP, green fluorescent protein; IFN, interferon-;
poly I:C, polyinosinic:polycytidylic acid; UV, ultraviolet; VSV, vesicular stomatitis virus.

effect of HIV-1 alone. Neutralization of TNFa resulted in

antibody significantly exacerbated the HIV-mediated barrier
upregulation of IFNf production that correlated with enhanced

disruption (Figure 2a). Supernatants collected from these

cultures confirmed the protective role of IFNp, as neutraliza-
tion of IFNP resulted in upregulation of TNFa (Figure 2b) that
correlated with increase in barrier impairment compared with

protection of barrier (Figure 2c). These studies indicate that
IFNp produced by GECs opposes the effect of TNFa and plays
a protective role on HIV-1-mediated barrier disruption.

Cellular and Molecular Immunology
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Induction of IFNJ by HIV-1 gp120 is mediated through
IRF3 activation

Induction of IFN is typically mediated through activation of
transcription factor, IRF3. Therefore, we next examined the
involvement of IRF3 in IFNf production by GECs in response
to HIV-1. GEC monolayers were exposed to HIV-1 and gp120
for different lengths of time and fixed and stained for IRF3.
Nuclear translocation of IRF3 was observed at 1h post
exposure to HIV-1 or gpl20. Exposure to gpl20 in the
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presence of anti-gpl20 antibodies (2G12) inhibited IRF3
translocation (Figures 3a and b). Peak translocation of IRF3
was observed at 2h post exposure with HIV-1 or gpl20
(Figure 3c). The TLR3 ligand poly I:C, which is known to
activate IRF3, was used as a positive control. These results
indicate that activation and translocation of IRF3 is a direct
consequence of exposure to HIV-1 viral envelope
protein, gp120.

HIV-1 or gp120-mediated IFNP production is blocked by
inhibition of IRF3

As IFNP can be induced through transcription factors other
than IRF3, we next examined the contribution of IRF3 pathway
towards gp120-mediated induction of IFNf by inhibiting IRF3.
BX795, a specific inhibitor of TBK-1/ IKKe phosphorylation,
an upstream event critical in activation of IRF3, was used
for inhibiting the IRF3 pathway.’*® GEC monolayers were
pretreated with medium or BX795 for 1h before exposure
with gp120 for 24 h. Supernatants were collected and analyzed
for IFNf production by ELISA. BX795 almost completely
inhibited gpl120-mediated induction of IFN production
(Figures 3d and e), indicating that activation of IRF3 was
necessary for the induction of IFNf by gp120. Interestingly,
whereas IFNf was almost completely inhibited by BX795, the
levels of proinflammatory cytokines, including TNF-o and
IL-1a, were increased in the presence of BX795, a likely effect
of cross-regulation between IFNf and pro-inflammatory cyto-
kine pathways®! (Supplementary Figure 2).

To confirm that BX795 was inhibiting IRF3 activation,
endometrial GEC monolayers were stained for IRF3 after
treatment with and without BX795 before HIV-1 and gp120
treatment. Confocal microscopy results revealed that BX795
inhibited HIV-mediated and gp120-mediated IRF3 activation
and nuclear translocation (Figures 3f and g). Treatment with
BX795 in mock and HIV-1-treated cultures did not have any
effect on the GEC viability, as seen by TER (Figure 3h), a
measurement of epithelial tight junctions used as indicators of
the barrier function and overall integrity of monolayer. As
expected, HIV-1 treatment decreased TERs significantly com-
pared with mock treatment and the presence of BX795
exacerbated this effect (Figure 3h).

<
Figure 2 Role of IFNp in HIV-mediated barrier impairment.

Confluent monolayers of primary endometrial GECs were exposed to
medium (mock) and HIV-1 (10° [U/well) in the absence or
presence of human anti-IFNp antibody, anti-TNFa antibody or
isotype control antibody. (a) Epithelial barrier function was
determined by measurement of TER at 24 h post treatment and
shown as ratio of pretreatment values. Supernatants were collected
after 24 h of treatments and analyzed for (b) TNFa and (c) IFNB by
ELISA. Data shown are representative of two separate experiments
done on tissues taken from two different donors and show
mean+s.e.m. of treatments run in duplicate. *P<0.05,
**P<0.01, ***P<0.001 and ****P<0.0001. ELISA, enzyme-
linked immunosorbent assay; GEC, genital epithelial cell; IFNB,
interferon-p; TER, transepithelial resistance; TNFa, tumor necrosis
factor-a.
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Previous studies have shown that in addition to IRF gpl20 treatment leads to NF-xB translocation in GECs and
transcription factors (IRF3/7), NF-xB may also play a critical blocking it with pyrrolidine dithiocarbamate inhibits produc-
role in IFNp expression.?>. Previously, we have shown that tion of inflammatory cytokines including TNFa.!” When GEC
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Figure 3 Induction of IFNp in endometrial GECs by HIV-1 gp120 is mediated through IRF3. Endometrial GECs were exposed to medium
or poly I:C, HIV-1 (102 IU/well) or gp120 (100 ng/ml alone or with anti-gp120 neutralizing antibody) for 1-3 h. Cells were fixed and
stained for the IRF3 (green fluorescence). Nuclear counterstaining (red fluorescence) was achieved using Pl. Images were captured by a
laser-scanning confocal microscopy. (a) Representative images are shown at 2 h time point from one of three separate experiments.
Magnification x 1260. (b) IRF3 translocation and nuclear colocalization was measured by Image J software and presented as relative light
units. (c) Time kinetics of IRF3 colocalization following treatment of endometrial GECs with medium or poly I:C (positive control), HIV-1 or
gpl20. (d, e) Endometrial GECs were incubated with the IRF3 inhibitor, BX795 (1 uM) for 1 h, before exposure with gp120, HIV-1 or poly
I:C (positive control). Supernatants were collected after 24 h and assayed by ELISA. Results showed IFNB production in apical (d) and
basolateral supernatants (e). (f) Endometrial GECs were treated with BX795 for 1 h before gp120 or HIV-1 exposure for 2 h. The cells were
fixed and stained for IRF3 and nuclei. Images were captured by laser-scanning confocal microscopy. Magnification: x1260. (g)
Colocalization was measured by image J software and represented in a bar diagram. h Endometrial GECs were preincubated with BX795 or
media (mock) for 1 h and TERs were measured pretreatment and after 24 h of treatment with mock or HIV-1 to check whether BX795 was
affecting HIV-1-mediated barrier disruption. Images are representatives of three separate experiments from cells isolated from three
individual tissues. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. ELISA, enzyme-linked immunosorbent assay; GEC, genital
epithelial cell; IFNB, interferon-B; IRF3, interferon regulatory factor 3; PI, propidium iodide; poly I:C, polyinosinic:polycytidylic acid; TER,
transepithelial resistance.
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monolayers were treated with pyrrolidine dithiocarbamate,
before treatment with gp120, there was a small but significant
decrease in IFN produced by GECs in response to gp120 that
indicated that NF-xB likely enhanced the gp120-mediated
IENP production (Supplementary Figure 3a). However, block-
ing NF-kB with pyrrolidine dithiocarbamate did not have any
effect on IRF3 translocation (Supplementary Figure 3b). These
results indicate that IRF3 activation is the primary pathway for
IFN induction in the GECs in response to gp120, but NF-kB
may also play a minor role in enhancing IFNf production.

HIV-1 gp120-mediated IRF3 activation and IFNf induction
occurs via TLR2 signaling pathway

Previously, we showed that HIV-1 can induce proinflammatory
cytokines by signaling through TLR2 and TLR4.!° Therefore,
we next examined whether TLR2 and 4 played any role in IFNf
induction. TLR5 was included as a control in these experi-
ments, as these three TLRs are primarily responsible for
recognizing pathogen-associated glycoproteins at the surface
of cells and inducing intracellular signaling.>* TLRs 1 and 6 are
also associated with cell-surface protein recognition, but act in
association with TLR2. We first determined whether TLRs 2, 4
or 5 were associated with gp120-mediated induction of IFN.
GECs were pretreated with neutralizing antibodies against
TLR2, TLR4 and TLR5 before gp120 exposure. Supernatants
were collected and analyzed by IFNB ELISA. IENP production
was completely blocked in the presence of only TLR2 antibody
(Figure 4a). In contrast, pretreatment of GECs with isotype
control, TLR4 or TLR5 neutralizing antibody did not have any
effect on gpl20-mediated IFNP production (Figure 4a).
Pam3CSK4 (synthetic triacylated lipopeptide), a TLR2 ligand,
and FimH (Fimbriae protein), a TLR4 ligand, that are known
to induce these pathways in GECs were used as controls to
verify the specificity of the antibodies.>*3>

HIV-1 gp120-mediated IRF3 translocation is blocked in the
presence of TLR2 antibody

As the induction of IFNp production in GECs was seen to be
mediated through TLR2 pathways, we next determine whether
neutralizing antibodies to TLR2 abrogated gp120-mediated
activation and nuclear translocation of IRF3. TLR4 and TLR5
antibodies were used as controls to confirm the specificity of
the interaction. GEC monolayers were incubated with anti-
bodies against TLR2, TLR4, TLR5 or isotype control for 1h
before treatment with gp120. After 1 h of gp120 exposure, cells
were fixed and stained for IRF3. IRF3 nuclear translocation was
found to be blocked following gp120 treatment in the presence
of TLR2 antibody, but not TLR4, TLR5 or isotype antibodies
(Figures 4b and c). These results confirm that gp120-mediated
IFNp production and IRF3 activation was mediated via TLR2
signaling pathway.

Gp120 can induce IFNf and ISRE genes through TLR2

Our previous results had shown that gp120 activates proin-
flammatory cytokines and NF-kB pathway via both TLR2 and
TLR4, yet experiments in primary endometrial GEC

Cellular and Molecular Immunology

monolayers indicated that HIV-1 gpl120 induced IFNP via
TLR2 pathway alone. Therefore, to confirm the primary
epithelial cell results, we used a cell line-based expression
system in the kidney embryonic cell line, HEK293, that has
been used extensively for testing TLR functioning.>*3” HEK293
cells were either transfected with an IFNf-luciferase or ISRE-
luciferase reporter plasmid and a TLR2 or TLR4 expression
plasmid and subsequently stimulated with gp120 or with
known TLR ligands. TLR4 plasmid was also cotransfected with
MD?2 and CD14 plasmids as these proteins are required for
LPS-mediated TLR4 signaling.’® Gp120 activated IFNB and
ISRE expression significantly only in TLR2-transfected cells
compared with mock treatment as measured by luciferase
activity (Figures 5a, b, e and f), whereas there was no induction
of luciferase activity by gpl120 in cells transfected by TLR4
expression plasmid with and without MD2 and CD14
(Figures 5¢, d, g and h). The absence of gp120 in env™ mutant
treatment failed to activate IFNP and ISRE expression in both
TLR2 and TLR4 cotransfected cells, confirming the specific role
of gp120 in activation of IFNP through TLR2 pathway.

Cell surface heparan sulfate is required for gp120-mediated
IFNP production

Previously, we have shown that HIV-1 gp120-mediated induc-
tion of inflammatory response was activated through TLR2 and
TLR4 pathway and required presence of heparan sulfate on cell
surface.!® Therefore, we next examined whether heparan
sulfate was also required for the induction of IFNp by gp120.
Confluent GEC monolayers were first treated with heparinase
I to remove heparan sulfate from the cell surface or
exogenous heparan sulfate was added before treating cells with
HIV-1 gp120 or poly I:C, a TLR3 ligand that does not require
presence of heparan sulfate to activate the TLR3 pathway and
leads to induction of IFNf. GEC cultures that were treated with
media instead of gp120 acted as negative controls. The results
indicated that gp120 required the presence of heparan sulfate
on the cell surface in order to induce IFN production as
removal of heparan sulfate by heparinase III decreased the
IFNp production in GECs to baseline (Figures 6a and b). Cells
treated with heparinase III followed by addition of exogenous
heparan sulfate restored induction of IFNB production in
response to gp120, confirming that heparan sulfate is required
for gp120 to initiate the IFNp signaling pathway.

Gp120-mediated IFNf responses by endometrial GECs
reduces HIV-1 infection

Thus far, our results indicated that HIV-1 gp120 was inducing
upregulation of IFNp from GECs from upper genital tract via
TLR2 pathway through activation of IRF3. However, we have
previously reported that gp120 also activates the production of
proinflammatory cytokines via the NF-kB pathway through
TLR2 and TLR4 activation.'® As the proinflammatory cytokines
are known to enhance HIV-1 infection and replication whereas
the IFNP pathway has antiviral effects, we next examined the
functional significance of IFNf production in response to
HIV-1 gp120 with respect to HIV-1 infection and replication.



IFN induction in genital epithelial cells by HIV gp120

A Nazli et al
187
a 350 . m No antibody
O Isotype antibody
300 TLR2 antibody
~ 9250 B TLR4 antibody
= 0O TLR2 &TLR4 antibody
g 200 , B B TLR5 antibody
(<o
E 150
= 100
50
0
b
Untreated 28
£
og
gp120 k2
&
gp120+
|sotype
antibody
gp 120+
anti-TLR-2
antibody
gp120+
anti-TLR-4
antibody
gp 120+
anti-TLR-5
antibody

Figure 4 Neutralization of TLR2 blocks gp120-mediated IFNB production and IRF3 activation. (a) Endometrial GECs were pretreated with
neutralizing antibodies against TLR2, TLR4, TLR5 or isotype control antibodies (all at 10 pg/ml) before exposure to gpl120 (100 ng/ml) or
mock treatment (media). FimH and Pam3CSK4 were used as positive controls for activation of TLR4 and TLR2, respectively. Supernatants
were collected after 24 h and analyzed by ELISA for IFNB production. Data shown are mean+s.d. and representative of three separate
experiments done on cells isolated from three different tissues. (b) Epithelial monolayers were fixed after 2 h of exposure of gp120 with
and without pretreatment with neutralizing antibodies against TLR2, TLR4, TLR5 or isotype control antibody and stained for IRF3.
Propidium iodide was used to stain nuclei. Images were captures by a laser-scanning confocal microscopy. Magnification x 1260. Images
are representative of one of three separate experiments done on cells isolated from three different tissues. (c) Quantitation of IRF3
colocalization were done by Image J software and presented in the graph. Significance was calculated by one-way ANOVA and IRF3
colocalization in all treatments were compared with mock treatment. *P<0.05, ***P<0.001 and ****P<0.0001. ANOVA, analysis of
variance; ELISA, enzyme-linked immunosorbent assay; GEC, genital epithelial cell; IFNB, interferon-p; IRF3, interferon regulatory factor 3;
TLR, Toll-like receptor.

We tested the effect of IFNJ produced by GECs on HIV-1
infection by examining the effect of supernatants collected
from primary female GECs on HIV-1 infection of TZM-bl
indicator cells. Supernatants collected from mock and gp120-
exposed GECs were added to pre-seeded TZM-bl cells before
HIV-1 infection and rate of infection was measured by

luciferase activity. The recombinant human IFEN (100 pg/ml;
n=6) was used as a positive control. The results showed that
adding recombinant IFNP and supernatants collected from
GEC exposed to gp120 significantly reduced luciferase activity,
an indicator of decreased HIV-1 infection in TZM-bl cells
because of antiviral activity (Figure 7a). To confirm that the

Cellular and Molecular Immunology
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Figure 5 Gp120 induces IFNB and ISRE through activation of TLR2. HEK293 cells were transiently transfected with either IFNB-luciferase
(a—d) or ISRE-luciferase (e-h) reporter in combination with TLR2 (a, b, e, f) or TLR4 (c, d, g, h) expression plasmid alone or in
combination with CD14 and or MD2 expression plasmid. At 24h after transfection, cells were stimulated with gp120 (100 ng/ml), or env~
mutant (105 |U/well) or 10 pg/ml Pam3CSK4 (positive control for TLR2), or (0.1 mg LPS (positive control for TLR4) or with medium
(mock, negative control). Cells were disrupted, and luciferase activity was measured 16 h after stimulation and normalized to p-gal-
luciferase activity. Data shown are representative of three individual experiments, each performed in triplicate. Data are represented as
mean+s.d. **P<0.01, ***P<0.001 and ****P<0.0001. B-gal, p-galactosidase; GEC, genital epithelial cell; IFNB, interferon-p; IRF3,
interferon regulatory factor 3; ISRE, interferon-stimulated response element; LPS, lipopolysaccharide; TLR, Toll-like receptor.

decreased infection was due to IFNP present in epithelial
supernatants, TZM-bl cells were treated with supernatants
from GECs exposed to gpl20 in the presence or absence of
IENP antibody or isotype control before infection with HIV-1.
Neutralizing IFNp with anti-IFNf antibody in both recombinant

Cellular and Molecular Immunology

IFNB and gp120-exposed GEC supernatant resulted in loss of
antiviral activity, resulting in increased infection similar to that
seen in controls where TZM-bl cells were directly infected with
HIV-1 (Figure 7a). Mock-infected GECs did not show any
significant antiviral activity and treatment with isotype control
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Figure 6 Cell surface heparan sulfate is necessary for gpl20-
mediated induction of IFNB. Confluent endometrial epithelial
monolayers were pretreated with heparinase Il for 1h before
exposure with medium (mock), gp120 (100 ng/ml) or treated with
heparan sulfate in the presence of gp120 treatment. Apical (a) and
basolateral (b) supernatant were collected and analyzed for IFNp
production. Data are representative of three experiments from three
different tissues, each performed in triplicate. Data are represented
as mean+s.d. *P<0.05, ***P<0.001. IFNB, interferon-p.

antibody instead of anti-IFNf antibody did not have any effect
on luciferase activity.

These results show that IFNf produced by epithelial cells
from the upper genital tract in response to HIV-1 exposure can
exert an antiviral effect by decreasing HIV-1 infection.

Gp120-mediated IFNf responses by endometrial GECs
reduces HIV-1 replication
In addition to measuring the effect of HIV-1-induced IFNf on
HIV-1 infection we also analyzed the effect of IFNp on HIV-1
replication. To test the ability of epithelial supernatants
containing IFNp to affect infection and replication in T cells,
we utilized a 1G5 HIV-1 LTR assay that has previously been
used as a proxy assay for measuring HIV-1 replication.*

1G5 Jurkat T cells containing stably transfected HIV-LTR-
luciferase were activated by addition of PMA that drives HIV-1
LTR. To measure effect of epithelial supernatants containing
IENB on HIV-1 LTR activation, supernatants from gp120 or
mock-treated GEC cultures were treated with anti-IFNf or
anti-TNFa or isotype control antibody before addition to 1G5
cells activated by PMA. HIV-1 LTR activation was increased in
1G5 cells incubated with supernatants from gpl20-treated
cultures compared with mock treatment, as expected. Further-
more, HIV-1 LTR activation was significantly enhanced in the
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presence of anti-IFNf antibody and reduced to background
level in the presence of anti-TNFa antibody, whereas isotype
antibody did not have any effect on HIV-1 LTR activity
(Figure 7b). These results indicate that IFNP present in
epithelial cells treated with gp120 has an effect on decreasing
HIV-1 LTR activation, a proxy for HIV-1 replication, in T cells.

HIV-1 exposure of GECs induces interferon stimulatory gene
expression

As IENP produced by the GECs in response to HIV-1 was able
to create an antiviral restrictive state, likely through the
induction of various ISGs, we therefore next sought to
determine the gene expression profiles of GECs exposed to
HIV-1 by human genome ST 2.0 array. Microarray data
analysis showed that GECs induced various ISGs in response
to HIV-1 at 48 h (Table 2). Of the various ISGs reported in
Table 2, ISG15 was upregulated by 2.75-fold by microarray and
when validated by real-time PCR (qPCR) it was up by 7.80-fold
in HIV-1-exposed GECs. Other ISGs were upregulated from
2.29- to 4.12-fold when compared with mock controls by
microarray. Gene expression pattern observed in microarray
analysis was further validated by qPCR and showed similar
pattern as the microarray data (Table 2).

DISCUSSION
The genital epithelial cells are the first sensors and responders
in the reproductive tract mucosa.> They are the gatekeepers
that determine whether immune responses will be initiated
against a certain antigen and, if so, the magnitude and quality
of the response. These unique abilities are conferred on the
GECGs, to a large extent, by the expression of a full range of
pattern recognition receptors, including TLRs.! Previous stu-
dies, including ours, have shown that activation of GECs by
TLR ligands, for example, TLR3 activation by poly I:C, can
induce production of both inflammatory cytokines through
NF-kB pathways as well as IFNf through IRF3 pathway.>® Our
current findings demonstrate that GECs from endometrium
and cervix were also activated by HIV-1 gp120 to induce IFNB,
although the induction appeared to be less potent in endo-
cervix. The IFNP was shown to be biologically active and
capable of decreasing both HIV infection and replication. Most
interestingly, the IFNf had a protective effect on the tight
junction barrier and was seen to counteract the disruptive effect
of TNF-« also induced by HIV-1 (Figure 2). The induction was
dependent upon recognition of envelope glycoprotein, as no
increase in IFN production was seen in the absence of gp120
(env™ mutant) or following antibody mediated neutralization of
gpl20. We also showed that TLR2 was responsible for
recognition of gp120, as only neutralization of TLR2, but not
TLR4 or TLR5, both of which are also expressed on cell surface
and can bind microbial glycoproteins, resulted in abrogation of
[ENpB production by GECs. Finally, we demonstrated the
downstream activation of ISGs that has been shown to have
a broad range of antiviral effects on the mucosal surfaces.
Although a number of other studies have shown the
activation of type I IFN by HIV-1 in immune cells, particularly
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Figure 7 HIV-mediated IFNB production in endometrial GEC supernatants decreases HIV-1 infection and HIV replication. (a) Supernatants
were collected from GECs exposed to medium (mock) or gpl20, added either alone or in combination with anti-IFNp antibody or isotype
antibody to TZM-bl indicator cells 1 h before infection with HIV-1. (b) 1G5 cells were activated for 24 h with PMA and GEC supernatants
were added in the presence of either anti-IFNB or anti-TNFa or isotype antibody individually. After 24 h of treatment, cells were lysed and
luciferase activity was measured. Data are representative of three separate experiments done on three different tissues, run in duplicate.
*P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. GEC, genital epithelial cell; IFNB, interferon-B; PMA, phorbol 12-myristate

13-acetate; TNF«, tumor necrosis factor-o.

pDCs, to the best of our knowledge, this is the first report of
activation of IFNP pathway in epithelial cells by HIV-1
envelope glycoprotein.”® Previous studies have shown robust
production of IFNa by pDCs in response to HIV-1.1> This
interaction was shown to require two distinct interactions
between the virus and cell. The first was between viral envelope
and CD4 that led to endocytosis of HIV-1 and the second was

Cellular and Molecular Immunology

the recognition of viral RNA delivered by the endosome and
consequent activation of a cytoplasmic TLR pathway leading to
production of IFNa. Monocyte-derived dendritic cells, on the
other hand, had poor recognition and response to HIV-1,
producing low levels of IFN and failing to produce proin-
flammatory cytokines.*® Other immune cells including macro-
phages also have poor IEN responses to HIV-1 despite sensing



IFN induction in genital epithelial cells by HIV gp120
A Nazli et al

191

Table 2 HIV-1 mediated upregulation of different interferon-stimulated genes (ISGs) in primary genital epithelial cells (GECs)

Name Gene Microarray (fold changes?@) Real-time PCR (fold changes @) Regulation
MX1 Myxovirus (influenza virus) resistance 1, interferon-inducible protein 2.60 5.44 Up
p78
ISG15 Interferon-stimulated gene 15 2.75 7.80 Up
IFIT1 Interferon-induced protein with tetratricopeptide repeats 1 3.82 8.37 Up
IFIT3 Interferon-induced protein with tetratricopeptide repeats 3 2.59 2.87 Up
IF144L Interferon-induced protein 44-like 2.29 5.57 Up
RSAD2 Radical S-adenosylmethionine domain containing 2 2.82 7.95 Up
0OAS1 2'-5'-Oligoadenylate synthetase 1 2.80 3.47 Up
OAS2 2'-5'-Oligoadenylate synthetase 1 4.12 23.82 Up
0AS3 2'-5'-Oligoadenylate synthetase 3 2.39 10.80 Up
BST2 Bone marrow stromal cell antigen 2 2.46 6.90 Up

aFold change values in HIV-1-exposed GECs compared with unexposed control.

HIV-1, likely because of viral immune evasion mechanisms.*!

The present study shows that unlike pDCs, activation of IFNJ
in GECs was mediated through cell surface TLR2 and the
responses in the primary epithelial cultures were quite robust,
as seen by the ability of supernatants to significantly decrease
HIV-1 infection in an indicator cell line HIV-1 LTR activation
in 1G5 T cells and viral replication in chronically HIV-1-
infected T cells. Similar to pDCs, the activation took place in
the absence of infection, as previous studies have shown that
upper GECs do not productively get infected by HIV-1.17

In addition to TLR-mediated activation of type I IFN
pathway, we have also previously reported that gp120 leads
to induction of proinflammatory cytokines, including TNFa,
interleukin (IL)-8, IL-6 and IL-1o.!® TNFa, in particular, was
associated with disruption of tight junctions and consequent
impairment of mucosal epithelial barrier. The disruption of
mucosal barriers during HIV-1 infection has been implicated
in microbial translocation and immune activation. Indeed, in
our studies, bacteria were observed to translocate across
disrupted epithelial monolayers following exposure to HIV-1
gp120. The findings from the present study indicate that in
addition to proinflammatory cytokines, the HIV envelope
glycoprotein also induces IFNp, a potent innate antiviral factor.
The supernatants from upper genital tract epithelial cells
activated by gp120 exerted a significant inhibitory effect on
both HIV-1 infection and replication in experiments conducted
to specifically assess these outcomes (Figures 7), even in the
presence of proinflammatory factors. Thus, the overall net
outcome appears to favor an antiviral environment, as related
to HIV infection and replication. This is supported by the low
rates of transmission seen during heterosexual transmission
showing that innate defense mechanisms in FRT under normal
conditions are quite robust. However, pre-existing inflamma-
tion and/or increased number of target T cells could easily alter
this equation. We recently combined mathematical modeling
with an in vivo humanized mouse model to demonstrate that
the number of target cells present in the reproductive tract are
the predominant determinant in the outcome of exposure.*?

Viral load was also an important criterion. Ultimately, the
outcome of exposure may be decided by a number of factors in
the microenvironment including number of target cells, viral
load, inflammation, hormone environment and so on. Where
antiviral innate immune responses fit into this equation
remains to be determined.

We also examined what effect the IFNP had on barrier
functions of the epithelial cells. A number of studies have
shown a mixed role for type I IFNs in HIV-1 infection, acting
as a potent inhibitor for viral replication, but at the same time
playing a supporting role in immune activation and
pathogenesis.”® Our results show that IFNB produced by GECs
from the upper genital tract opposes the effects of TNFa and
acts to protect the epithelial tight junction barrier from the
disruptive effects of HIV-1 (Figure 2). A number of previous
studies, including experimental and clinical ones done mostly
in the context of inflammatory diseases, have shown that TNFa
and IFNB cross-regulate each other.>! Whether IFNB has any
direct effect on GEC tight junction barrier is currently being
examined. Also, whether other proinflammatory cytokines
such as IL-6 and IL-la play any role in this system and
whether IFNP modulates expression of these cytokines is not
currently known. Further studies are needed to examine these
complex interactions in vivo.

One surprising observation in the current study was that
IFNP was activated exclusively through TLR2, even though our
previous studies show that gpl120 binds to both TLR2 and
TLR4 and proinflammatory cytokines are activated through
both TLRs.!” Although TLR2 is known primarily for recogni-
tion of bacterial cell wall component, a number of studies have
also reported that it can play a role in innate immune response
to viruses.*>** Viral glycoproteins from vaccinia, measles and
gamma herpes virus have been shown to elicit TLR2-dependent
type I IFN responses, primarily in cells of myeloid lineage.*’
The intracellular pathways involved in TLR2-mediated induc-
tion of type I IFN are not completely clear, although it appears
that endosomal localization might be involved following ligand
binding.** To the best of our knowledge this is the first report
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of TLR2-mediated activation of IFNp in epithelial cells. Further
work is needed to elucidate the detailed intracellular mechan-
ism involved in this pathway. It is interesting to note that the
overall IFNf levels were 2—3-fold higher in the basolateral
compartment of the GEC cultures compared with apical side,
although there was no difference in the biological activity. As
HIV-1 target cells are located primarily in the lamina propria of
the genital tract underneath the epithelium, an innate IFN-
mediated immune response induced by GECs would be
beneficial for creating an antiviral milieu in the genital tract.!
The IFNP secreted from the basolateral side of GECs could lead
to induction of ISGs in immune cells such as macrophages,
DCs and T cells, making the likelihood of successful HIV-1
infection more unlikely. This inference is supported by the fact
that the probability of HIV-1 transmission in the female genital
tract is relatively low (1:200~1:2000 per coital act).? Indeed, in
our studies we found that IFN-f production by GECs results in
downstream signaling in the epithelial cells themselves, indu-
cing various ISGs such as MX1, OAS1, OAS2, OAS3, 1SG15
and RSAD?2 as determined by DNA microarrays and confirmed
by qPCR (Table 2). The ISGs reported herein has been shown
to exhibit antiviral activity exerted through different
mechanisms.*> Given the antiviral properties of these ISGs, it
is likely that an IFN- mediated innate antiviral response
mounted by GECs is beneficial in initial virus clearance as
well as mucosal protection. However, the exact role of these
ISGs in GECs is not known. Further in vivo studies would be
needed to assess the relative contribution of GECs in mounting
an effective antiviral response that decreases susceptibility to
HIV-1. If this plays a significant role, it could be exploited for
antiviral prophylaxis.

Although our studies provide evidence for the first time that
HIV-1 gp120 can induce type I IFN pathway in upper genital
epithelial cells, the in vivo significance of these studies needs to
be confirmed in clinical studies. Our primary epithelial cells are
isolated from endocervix and endometrial hysterectomy tissues
and demonstrate the induction of IFNP by HIV gp120 in upper
genital tract epithelium. Whether this pathway is also activated
in the vaginal epithelium, which is the site of primary exposure
from infected semen, needs to be further examined. Whether
viral or gpl20 concentrations reach sufficient levels in the
upper genital tract to initiate this type of response remains to
be proved, although there is growing evidence that sufficient
amounts of virus does reach the upper genital tract to initiate
infection.** Non-human primate studies have shown that
following intravaginal inoculation with SIV, endocervix is the
preferred site for initiation of infection in macaques.*’” More
recent studies have shown simian immunodeficiency virus
(SIV) infection in ovaries and fallopian tubes of macaques,
following intravaginal inoculation.*® The amount of virus
present in seminal plasma has been shown to vary widely,
ranging from 10% to 107 copies/ml, based on stage of infection
and antiretroviral treatment, with most studies reporting a
median range of 3—4 log 10 copies/ml.**->? However, based on
these concentrations in semen, it is difficult to estimate per cell
exposure in vivo. Finally, the evidence regarding the amount of
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gp120 in body fluids is controversial and remains unresolved.
The assumption that gp120 should equate to viral counts is
simplistic, given that gpl120 can be present not only on the
virions but also in soluble form secreted by infected cells.>
One study measured much higher concentration of gp120 in
tissues such as lymph nodes and spleen (>300ng/ml) in the
absence of plasma viral load than previously estimated.>*
However, others have estimated that the range of gpl120 in
serum of an HIV-1-infected individual is likely between 500 ng/
ml and 5 pg/ml when concentrations of soluble gp120, cell-
associated gp120 and virion-associated gpl120 are added.>
Given the above caveats, the studies summarized here demon-
strate mechanistic feasibility and more evidence needs to be
gathered from clinical studies to validate their in vivo relevance.
A recent study showed that type I IFN-related antiviral factors
(APOBEG-3G, TRIM5-a, SAMDH-1, STING, TBkl) were
upregulated in the oral epithelium of exposed seronegative
individuals, indicating a role for type I IFN-mediated protec-
tion against HIV-1 infection in oral mucosa.’® More clinical
studies are needed to examine this association in other mucosal
tracts.

In summary, we have provided novel experimental evidence
that HIV-1 envelope glycoprotein is recognized by TLR2
expressed on primary human epithelial cells of the female
upper genital tract, leading to activation of an innate anti-viral
IFN response that is biologically relevant, acts to protect the
mucosal barrier in the genital tract and can significantly
decrease HIV-1 infection and replication.
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