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Coinfecting Viral and Bacterial Pathogens in the
Genital Tract Can Activate the HIV-1 LTR in an
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Background. Sexually transmitted infections (STIs) are associated with increased human immunodeficiency virus
type 1 (HIV-1) susceptibility and viral shedding in the genital tract, but the mechanisms underlying this association
are poorly understood.

Methods. Direct activation of HIV long terminal repeats (LTRs), a proxy measure for HIV-1 replication, was
measured after treatment of 1G5 T cells with Toll-like receptor (TLR) ligands, herpes simplex virus type 1 or 2
(HSV-1/2), or Neisseria gonorrhoeae. For indirect activation, 1G5 T cells were incubated with supernatants from
female primary genital epithelial cells (GECs) previously exposed to these agents. Proinflammatory cytokines and
chemokines were measured in GEC supernatants. Proinflammatory pathways were blocked to determine the
mechanisms of direct and indirect HIV-LTR activation.

Results. HSV-1/2, N. gonorrhoeae, and TLR ligands FimH (TLR-4), flagellin (TLR-5), and Poly (I:C) (TLR-3)
directly induced HIV-LTR activation in 1G5 T cells. Supernatants collected from GECs incubated with these agents
indirectly induced HIV-LTR activation. Production of tumor necrosis factor o, interleukin 6, interleukin 8, and
monocyte chemoattractant protein-1 was elevated in GECs exposed to copathogens. Inhibition of nuclear factor kB and
activator protein-1 (AP-1) signaling pathways in 1G5 T cells abrogated both direct and indirect HIV-LTR activation.

Conclusions. STIs may increase HIV-1 replication in the female genital tract via proinflammatory signaling
pathways directly and indirectly via their effects on GECs. This increased HIV-1 replication may enhance sexual and
vertical HIV transmission.

Heterologous infection with viruses, bacteria, and
other organisms, such as protozoan parasites, may
significantly influence the clinical course of human
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immunodeficiency virus (HIV) infection, as well as the
acquisition, replication, and transmission of the virus
[1-3]. UNAIDS statistics indicate that women constitute
>50% of HIV-infected individuals globally [4]. Women
also carry a disproportionately higher burden of sexually
transmitted infections (STIs), compared with men [5].
Sexually transmitted pathogens, such as Neisseria
gonorrhoeae and herpes simplex virus (HSV), may play
an important role in increasing HIV replication in the
female genital tract. N. gonorrhoeae infection is among
the most common bacterial STIs in people living with
HIV/AIDS [6]. Symptomatic gonococcal infection is
associated with increased detection rates of HIV DNA in
the urogenital tract [7-10]. With prevalence rates
ranging from 10% to 60%, genital herpes, a chronic viral
infection, poses a substantial burden on people living
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with HIV/AIDS [11]. Genital herpes is primarily caused by
HSV-2, although HSV-1 infection is increasingly being con-
firmed in cases of primary genital herpes [11-13]. Clinical studies
show that HSV-2 reactivation is frequently accompanied by an
increase in HIV plasma viral load and conversely, treatment of
HSV-2 is seen to slow down progression of HIV [14-16].

Heterosexual transmission across genital tissue is the primary
route by which women acquire HIV [17]. Sexually transmitted
copathogens may be present in the female genital tract prior to,
during, or following HIV exposure. However, little is known
about the mechanism by which these coinfections may enhance
HIV replication in the female genital tract. In HIV-infected
women, T cells in the female genital tract may come into direct
contact with the coinfecting pathogens, resulting in activation
of the 5-HIV long terminal repeat (LTR) region, resulting
in enhanced HIV replication. Alternatively, proinflammatory
cytokines present in the genital tract may indirectly enhance
HIV replication in infected T cells.

Genital epithelial cells (GECs) are the first cells in the female
genital tract to encounter sexually transmitted pathogens. In
response to interactions with microbes, GECs have been
shown to produce proinflammatory cytokines, including tumor
necrosis factor oo (TNF-a) and interleukin 6 (IL-6), which can
increase HIV replication [18, 19]. Therefore, HIV replication
may be upregulated in infected cells exposed to proinflammatory
cytokines produced by GECs, both during initial exposure and
after established infection. This possibility is supported by our
recent study showing that exposure of GECs to HIV upregulated
the production of TNF-a, leading to impairment of the mucosal
epithelial barrier in the genital and intestinal tract and thus
facilitating viral and bacterial translocation [20].

The current study was designed to examine whether sexually
transmitted coinfections were capable of enhancing HIV repli-
cation in the female genital microenvironment. We found that
viral and bacterial Toll-like receptor (TLR) ligands, as well as
HSV-1, HSV-2, and N. gonorrhoeae, were capable of directly
driving the 5°-LTR promoter in transfected T cells in a mecha-
nism dependent on both nuclear factor kB (NFkB) and activator
protein-1 (AP-1). Furthermore, in response to bacterial TLR
ligands, as well as infection by HSV-1, HSV-2, or N. gonorrhoeae,
GECs secreted immune factors that could indirectly activate the
HIV-LTR, in a mechanism also dependent on NF«xB and AP-1.

MATERIALS AND METHODS

Pathogens and Cell Lines

Vero cells (ATCC) were maintained in minimum essential
medium-o (o-MEM) supplemented with 5% fetal bovine serum
(FBS) (Invitrogen), 100 U/mL penicillin/streptomycin (Sigma-
Aldrich), 2 pM L-glutamine (Invitrogen), and 10 uM of 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES). HSV-1
KOS and HSV-2 333 viral stocks were prepared by infecting Vero

cells at a multiplicity of infection of 0.01 for 2448 hours.
Infected cells were harvested and disrupted by 3 cycles of freeze-
thaw. Preparations were spun down at 1500 rpm, and super-
natants were stored at —80°C. Viral titration of stocks was
accomplished by serially diluting the stock in o-MEM and
performing standard Vero plaque assay [21]. N. gonorrhoeae
clinical strain 2071 was grown at 37°C in a 5% CO, humidified
incubator from frozen stocks on GC agar base supplemented
with 1% (vol/vol) IsoVitaleX enrichment (Becton, Dickinson-
DIFCO) as described elsewhere [22]. 1G5 Jurkat T cells were
maintained in Roswell Park Memorial Institute media supple-
mented with 10% FBS, 100 U/mL penicillin/streptomycin, 2 pM
L-glutamine, and 10 pM of HEPES.

Source of Genital Tissue and Epithelial Cell Preparation

Female genital tract tissues were obtained from women aged 34—
56 years (mean, 44.8 = 6.7 years) undergoing hysterectomies for
nonmalignant gynecological purposes at McMaster University
Medical Centre in Hamilton, Ontario, Canada. Written informed
consent was received in accordance with the approval of the
Hamilton Health Sciences-McMaster University Research Ethics
Board. The most common reasons for surgery were uterine fib-
roids or heavy bleeding. Uterine tissues were used only if free of
malignancy as determined by clinical pathologists. A small piece
of the epithelium that was not in the vicinity of the fibroids was
excised for processing. The protocol for isolation and culture and
details regarding the purity of primary GECs has been described
elsewhere [20, 23, 24]. Briefly, endometrial tissues were minced
into small pieces and digested enzymatically, and epithelial cells
were isolated by means of a series of separations through nylon
mesh filters of different pore sizes (Small Parts, Inc). GECs were
seeded onto and grown on Matrigel (Becton, Dickinson) coated,
0.4-pm pore-size polycarbonate membrane tissue culture inserts
(BD Falcon) with primary epithelial cell culture medium [24].
Polarized monolayers were formed within 5-7 days. The con-
fluency of GEC cultures was monitored by means of trans-
epithelial resistance across polarized monolayers measured by
a volt-ohm meter (World Precision Instruments) and were
considered confluent when transepithelial resistance values
reached >1000 Q/cm.

TLR Ligands

The TLR-2 ligands lipoteichoic acid (LTA) from Staphylococcus
aureus and peptidoglycan from S. aureus, the TLR-3 ligand poly-
inosinic:polycytidylic acid (Poly [I:C]), and TLR-4 ligand lipo-
polysaccharide from Escherichia coli 026:B6 were purchased from
Sigma-Aldrich. FimH, a novel TLR-4 ligand [25, 26], and flagellin,
a TLR-5 ligand, were prepared at McMaster University. The
TLR-7 ligand loxoribine was purchased from Invivogen. CpG-
oligonucleotides (TLR-9 ligands) were prepared by Mobix Facility
at McMaster University, and sequences for CpG-A-2216, CpG-B-
2006, and CpG-C-2395 have been published elsewhere [23]. All
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ligands were diluted to a final concentration of 10 pg/mL, with
the exception of Poly (I:C) and loxoribine, which were prepared to
25 and 339 pg/mL concentrations, respectively.

Cytokine/Chemokine Measurement

Apical and basolateral supernatants were analyzed for multi-
ple cytokines using the Luminex multianalyte technology
(Millipore) as previously described [27]. Multiplex bead-based
sandwich immunoassay kits were used to measure levels of
interleukin 1o (IL-1a), IL-6, interleukin 8 (IL-8), monocyte
chemoattractant protein 1 (MCP-1), macrophage inflammatory
protein lo. (MIP-1a), granulocyte-macrophage colony stimu-
lating factor (GM-CSF), regulated on activation normal T cell
expressed and secreted (RANTES), and TNF-a in accordance
with the manufacturer’s instructions.

Direct Activation of the HIV-LTR

To measure direct activation of the HIV-LTR in 1G5 cells by
TLR ligands or intact pathogens, 1 X 10° 1G5 cells were treated
with TLR ligands for 24 hours at 37°C or incubated with 10*
PFUs of HSV-1 KOS, HSV-2 333, or 10° colony-forming units
(CFUs) of N. gonorrhoeae strain 2071 for 16 hours at 37°C, after
which the cells were lysed and luciferase activity was determined
using a luciferase assay (Agilent) in accordance with the kit’s
instructions. Control cultures included either 1G5 Jurkat T cells
incubated with media alone or mock-treatment with uninfected
Vero cell lysate (for HSV-1/2) or washing collected from GC
agar plates (for N. gonorrhoeae).

Indirect Activation of the HIV-LTR

To measure indirect activation of the HIV-LTR in 1G5 cells by
TLR ligands, confluent primary endometrial GECs were treated
with TLR ligands for 2 hours at 37°C. The cells were washed 5
times with 1x phosphate-buffered saline (PBS) and replenished
with fresh media and incubated at 37°C. Then 24-hour post-
treatment apical and basolateral supernatants were collected. At
this point, 100 pL of apical and basolateral supernatants were
added to 1 X 10° 1G5 cells for 24 hours at 37°C, after which the
cells were lysed and luciferase activity was determined. To
measure indirect HIV-LTR activation by HSV-1, HSV-2, or N.
gonorrhoeae, confluent primary GECs were infected with 10*
PFUs of HSV-1 KOS or HSV-2 333 or 10° CFUs of N. gonor-
rhoeae strain 2071 for 2 hours, washed 5 times, and supernatants
were collected from the apical and basolateral chambers. Su-
pernatants collected from HSV-infected cells were exposed to 1
cycle of 10 kJ of UV energy using a Stratalinker (Agilent) to
ensure that there was no residual live virus. Supernatants col-
lected from N. gonorrhoeae—infected GECs were filter sterilized
using a 0.2-pm filter (BD Falcon) to remove any residual bac-
teria. The supernatants were then incubated with 1 X 10° 1G5
cells for 24 hours, and luciferase activity was measured. Mock
infected controls consisting of supernatants collected from pri-
mary GECs incubated with uninfected Vero cell lysate (for HSV-

1/2) or a washing from GC agar plates (for N. gonorrhoeae) were
also included, in addition to media controls.

Inhibition of Intracellular Pathways

In order to block anti-inflammatory pathways, 1G5 cells were
pretreated with 5 tM curcumin (Sigma-Aldrich), 10 uM NFxB
inhibitor pyrrolidine dithiocarbamate (PDTC; Sigma-Aldrich),
P38 MAP kinase inhibitor SB203580 (Invivogen), or c-Jun
N-terminal kinase (JNK) inhibitor SP600125 (Invivogen) for
1 hour, after which the cells were washed with 1xPBS before
being exposed to direct or indirect treatments.

Statistical Analysis

GraphPad Prism version 4 (GraphPad Software) was used to
compare 3 or more means by 2-way analysis of variance. When
an overall statistically significant difference was seen (P < .05),
posttests were performed to compare pairs of treatments, using
the Bonferroni posttest method to adjust the P-value for mul-
tiple comparisons.

RESULTS

TLR Ligands Can Directly and Indirectly Drive HIV-LTR
Activation in 1G5 Cells
To examine how HIV coinfecting pathogens in the genital tract
may play a role in increasing HIV replication, we tested whether
TLR ligands representative of viral and bacterial pathogens, were
capable of directly or indirectly trans-activating the HIV-LTR in
1G5 Jurkat T cells that expressed the luciferase gene under the
control of the HIV-LTR promoter [28]. For direct HIV-LTR
activation to occur, a ligand would directly interact with its
cognate receptor, causing an intracellular cascade resulting in
HIV-LTR activation. 1G5 cells treated with Poly (I:C) (TLR-3
ligand) (P < .0403), the Gram-negative bacteria fimbriae pro-
tein FimH (TLR-4 ligand) (P < .001) and the bacterial flagella
protein flagellin (TLR-5 ligand) (P < .001) induced potent HIV-
LTR activation in comparison to mock treatment (Figure la).
Peptidoglycan (TLR-2 ligand), lipoteichoic acid (TLR-2 ligand),
lipopolysaccharide (TLR-4 ligand), loxoribine (TLR-7 ligand)
and CpG oligonucleotides (TLR-9) did not directly induce
HIV-LTR activation in 1G5 cells.

In order to examine indirect activation of HIV-LTR in 1G5
T cells, we tested whether TLR ligands could induce GECs to
secrete factors that could induce indirect activation of the HIV-
LTR. 1G5 cells were incubated with apical or basolateral cell
culture supernatants from TLR ligand treated primary endome-
trial GECs. Both apical (Figure 1b) and basolateral (Figure 1c)
supernatants collected from FimH- and flagellin-treated GECs
increased HIV-LTR activation in comparison to supernatants
collected from primary cells that had been mock-treated. To rule
out the possibility that the indirect activation could be due to TLR
ligand contamination in primary GEC supernatants, PBS washes
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Figure 1.  Toll-like receptor (TLR) ligands can directly and indirectly
activate the human immunodeficiency virus (HIV}-long terminal repeat (LTR)
in 1G5 cells. To assess whether coinfections directly contribute to HIV-LTR
activation (4), 1 X 10% 1G5 Jurkat T cells expressing the luciferase gene
under the control of the HIV-LTR promoter were treated with peptidoglycan,
LTA, Poly (I:C), lipopolysaccharide, FimH, flagellin, loxoribine, or CpG-
oligonucleotides for 24 hours. After this, the cells were lysed, and luciferase
activity was measured and reported in relative light units. Data are mean =
standard error of the mean (SEM) of 4 separate experiments. To assess
whether coinfections in the female genital tract could indirectly contribute to
HIV-LTR activation, primary endometrial genital epithelial cell cultures were
grown to confluency on transwell inserts and treated with the same TLR
ligands described above for 2 hours. Treatments were removed and the cells
were washed 5 times with 1x phosphate-buffered saline and subsequently
replenished with fresh media. Then, 24 hours after treatment, apical (B) and
basolateral (C) supernatants were collected and incubated with 1 X 108 1G5

collected 2 hour after incubation of TLR ligand with primary
GECs were incubated with 1G5 cells. LTR activation similar to
mock treated controls was observed in the last 4 of 5 total washes,
suggesting that no residual TLR ligands remained in the cell
culture supernatants after the last PBS wash (results not shown).
These results suggest that specific TLR ligands can directly acti-
vate the HIV-LTR in 1G5 T cells, or induce primary GECs to
secrete factors that can indirectly activate the HIV-LTR in 1G5
cells.

Copathogens Can Directly and Indirectly Drive the HIV-LTR in
1G5 Cells

Since we observed that TLR ligands could directly drive HIV-
LTR activation, we next examined whether herpes simplex
viruses or N. gonorrhoeae could similarly increase HIV-LTR
activation. 1G5 cells exposed directly to HSV-1 KOS HSV-2 333
(P < .004) or N. gonorrhoeae (P < .001) all induced potent
HIV-LTR activation in comparison to mock-infected controls
(Figure 2a).

To determine whether these common sexually transmitted
pathogens could also indirectly induce HIV-LTR activation in
the genital tract, 1G5 T cells were incubated with apical and
basolateral supernatants from primary GEC cultures grown in
transwell inserts and exposed to either HSV-1, HSV-2 or
N. gonorrhoeae. Apical supernatants collected from HSV-1,
HSV-2 or N. gonorrhoeae-infected primary GEC cultures acti-
vated HIV-LTR in 1G5 T cells (Figure 2b). Of the basolateral
supernatants, only those collected from primary GECs exposed
to N. gonorrhoeae induced HIV-LTR activation (Figure 2b).
Basolateral supernatants collected from HSV-1-or HSV-2-
infected GECs did not induce HIV-LTR activation. These results
suggest that common STI pathogens that coinfect HIV-infected
individuals may directly induce HIV-LTR activation in infected
T cells, and also cause GECs to secrete immune factors that
indirectly drive HIV replication.

Primary GECs Infected With Copathogens Produce Elevated
Levels of Proinflammatory Cytokines and Chemokines

GECs can respond to incoming pathogens by producing
proinflammatory cytokines and chemokines [29]. These can
activate the HIV LTR and promote HIV replication, as well as
drive chronic systemic HIV immune activation [18, 19, 30-33].
We therefore measured copathogen-exposed GEC supernatants
for 8 different cytokines and chemokines known to be produced
by GECs. Apical supernatants from primary GECs exposed
to HSV-1, HSV-2 or N. gonorrhoeae contained elevated levels
of TNF-a, IL-6, IL-8, and MCP-1 compared with
unexposed controls (Figure 3a). Basolateral supernatants from

cells for 24 hours, after which the cells were lysed, and luciferase activity
was measured. Data are mean * SEM of 3 separate experiments. An
asterisk indicates P <<.05, a double asterisk indicates £ <<.01, and a triple
asterisk indicates, P <.001; RLU, relative light unit.
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Figure 2.  Herpes simplex virus type 1 (HSV-1), HSV-2, and Neisseria

gonorrhoeae can directly and indirectly increase human immunodeficiency
virus (HIV)}-long terminal repeat (LTR) activation in 1G5 cells. To assess
whether common coinfections of the female genital tract could directly
contribute ta HIV-LTR activation (A), 1 X 108 1G5 cells were infected with
10* plaque-forming units (PFUs) of HSV-1 KOS or HSV-2 333 or 10° colony-
forming units (CFUs) of N. gonorrhoeae clinical strain 2071 for 16 h. After
this, the cells were lysed and luciferase activity was measured and
reported in relative light units (RLUs). Data are mean = SEM of 3 separate
experiments. To assess whether common coinfections of the female genital
tract could indirectly contribute to HIV-LTR activation (B), primary genital
epithelial cell cultures were grown to confluency on transwell inserts and
infected with 10* PFUs of HSV-2 333 or HSV-1 KOS or 10° CFUs of
N. gonorrhoeae clinical strain 2071 for 2 hours. After this, the inocula were
removed and the cells were washed 5 times with 1x phosphate
buffered saline and subsequently replenished with fresh media. Twenty-
four hours after infection, the apical and basolateral supernatants were
collected and either briefly exposed to UV light, or filter sterilized to
kill/remove any live virus or bacteria, respectively, remaining in the
supernatant. The supematants were incubated with 1 x 108 1G5 cells for
24 hours, after which the cells were lysed and luciferase activity was
determined. Data are mean = standard error of the mean of 3 separate
experiments. An asterisk indicates P << .05; a double asterisk indicates
P < .01, and a triple asterisk indicates P <.001.

N. gonorrhoeae exposed primary GECs contained elevated levels
of these cytokines as well (Figure 3b). However, HSV-1-and
HSV-2—exposed GECs consistently secreted very low levels of
most cytokines into the basolateral supernatant, likely explaining
why these basolateral supernatants demonstrated a diminished

Q
*
*

15000 B3 TNF-o
13500 &3 IL-6
12000 ok = L8
10500 o MCP-1

Apical Cytokine Production (pg/mL)

7000 - Fokok

6500 4

6000 -

2500 4
2250 -
2000 -
1750 -
1500 -
1250
1000 -

750

500 4

250 1

Basolateral Cytokine Production (pg/mL)T"

Treatments

Figure 3.  Cytokine and chemokine profiles of apical (A) and basolateral
(B) supernatants from primary endometrial genital epithelial cells (GECs)
infected with herpes simplex virus type 1 (HSV-1), HSV-2, or Neisseria
gonorrhoeae. Confluent primary endometrial GECs were mock infected
or infected with 10* PFUs of HSV-2 333 or HSV-1 KOS or 1 X 10° colony-
forming units of N. gonorrhoeae for 2 hours. After this, the inocula were
removed and the cells were washed 5 times with 1x phosphate-buffered
saline and subsequently replenished with fresh media. Sixteen hours after
infection, apical (4) and basolateral (B) supernatants were collected and
assayed for interleukin 1o, interleukin 6 (IL-6), interleukin 8 (IL-8), monocyte
chemoattractant protein 1 (MCP-1), macrophage inflammatory protein 1o,
granulocyte-macrophage colony stimulating factor (GM-CSF), regulated on
activation normal T cell expressed and secreted (RANTES), and tumor
necrosis factor o (TNF-or) using a multianalyte Luminex assay. Data are
mean = standard error of the mean of 3 separate experiments. An asterisk
indicates, P <<.05; a double asterisk indicates P < .01, and a triple asterisk
indicates P <.001.

capacity to indirectly drive the HIV-LTR (Figure 2b). No su-
pernatant contained elevated levels of IL-1o, MIP-10,, GM-CSF,
or RANTES following infection (results not shown). These results
suggest that in response to common coinfecting pathogens, GECs
secrete a number of proinflammatory cytokines and chemokines
that have previously been implicated in increasing HIV
replication.
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The Direct and Indirect Activation of HIV-LTR Can Be Abrogated
by Curcumin

Since we observed that proinflammatory factors were produced
by primary GECs in response to HSV-1, HSV-2 or N. gonorrhoeae
exposure, we next blocked intracellular inflammatory pathways
by treating 1G5 cells with curcumin, a potent broad-spectrum
inhibitor of anti-inflammatory pathways [34], prior to incubation
with pathogens or GEC supernatants. Pretreatment of 1G5 cells
with curcumin completely blocked the ability of HSV-1, HSV-2
and N. gonorrhoeae to directly drive the HIV-LTR (Figure 4a).
Furthermore, pretreatment of 1G5 cells with curcumin also
completely inhibited indirect HIV-LTR activation by apical cell
culture supernatants from primary GECs exposed to HSV-1,
HSV-2 or N. gonorrhoeae (Figure 4b). Curcumin pretreatment
did not affect 1G5 cell viability, as measured by trypan blue cel-
lular staining (not shown) indicating that inhibition of HIV-LTR
activation was due specifically to the anti-inflammatory effects of
curcumin. This suggests that viral and bacterial coinfections of the
genital tract directly activate inflammatory pathways in 1G5 T
cells, resulting in direct HIV-LTR activation. Furthermore, these
pathogens induce primary GECs to secrete immune factors that
can trigger inflammatory pathways in HIV-infected T cells, re-
sulting in indirect HIV-LTR activation.

Direct and Indirect HIV-LTR Activation by Coinfecting Pathogens
Requires NF«B and AP-1

Curcumin is a broad-spectrum compound known to inhibit
growth factors, antiapoptotic mechanisms, protein kinases, and
transcription factors, such as nuclear factor (NF)kB and AP-1,
both of which modulate cytokine production and have been
shown to play important roles in the induction of HIV repli-
cation [34-36]. We next determined if blocking these in-
tracellular inflammatory pathways could abrogate HIV-LTR
activation in 1G5 cells. 1G5 cells were pretreated with PDTC, an
inhibitor of NFxB activation [37], and inhibitors of p38 mito-
gen-activated protein (MAP) kinase (SB203580) and c-Jun N-
terminal kinase (JNK) (SP600125), both of which activate AP-1
[37-39]. 1G5 cells pretreated with pathway-specific inhibitors
were exposed to HSV-1, HSV-2, N. gonorrhoeae, or cell culture
supernatants from primary GECs infected with these pathogens.
Direct activation of the HIV-LTR by HSV-1, HSV-2, and N.
gonorrhoeae was significantly decreased in 1G5 T cells pretreated
with specific inhibitors of either NFxB or AP-1. The greatest
decrease, comparable to uninfected controls in HIV-LTR ac-
tivity, was observed when 1G5 T cells were pretreated with
a combination of both inhibitors. This indicates that direct ac-
tivation of HIV-LTR in 1G5 T cells required both NFkB and AP-
1 (Figure 5).

The NFkB and AP-1 pathways were also found to be the main
intracellular pathways involved in indirect HIV-LTR activation
by GEC supernatants as the dual blockade of NF«B and AP-1 led
to greatest abrogation of indirect HIV-LTR activation in 1G5
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Figure 4.  The direct and indirect effect of herpes simplex virus type 1

(HSV-1), HSV-2, and Neisseria gonorrhoeae infection on human
immunodeficiency virus (HIV)-long terminal repeat (LTR) activation in
1G5 cells is inhibited by curcumin. To measure whether proinflammatory
pathways played a role in inducing direct (A) or indirect (B) HIV-LTR
activation, 5 pM of curcumin was added to 1 X 108 1G5 cells for 1 hour.
The cells were then washed and either infected with 10* plaque-forming
units (PFUs) HSV-1 KOS or HSV-2 333 or 108 colony-forming units (CFUs)
N. gonorrhoeae for 16 h (A); or they were exposed for 24 hours to apical
supernatants collected from primary GECs infected with 10* pfus HSV-1
KOS or HSV-2 333 or 108 CFUs N. gonorrhoeae, as previously described (B).
Data are mean = standard error of the mean of 3 separate experiments.
An asterisk indicates P < .05, a double asterisk indicates P < .01, and
a triple asterisk indicates P <.001; RLU, relative light unit.

cells (Figure 6). The p38 MAP kinase did not seem to play
a significant role in this process, as neither its inhibition in-
dividually nor in concert with the other inhibitors had a signif-
icant effect on HIV-LTR activation in 1G5 cells (Figure 7). These
results suggest that both direct and indirect activation of HIV-
LTR is mediated primarily by NFkB and JNK-mediated AP-1
signaling pathways in infected T cells.

DISCUSSION

In this study, we addressed how heterologous coinfection with
HSV-1, HSV-2, or N. gonorrhoeae can influence HIV replication
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Figure 5.  Direct human immunodeficiency virus (HIV}-long terminal repeat (LTR) activation by herpes simplex virus type 1 (HSV-1), HSV-2, and Neisseria
gonorrhoeae in 1G5 cells is dependent on nuclear factor kB (NF«B) and AP-1. To determine whether direct HIV-LTR activation required NF«B or AP-1, 1G5
cells were pretreated with either 10 uM PDTC or SP600125 for 1 hour. The cells were then washed thoroughly with 1x phosphate buffered saline before
being infected with HSV-1, HSV-2, or N. gonorrhoeae as previously described. The cells were then lysed and luciferase activity was measured. Data are
mean = standard error of the mean of 3 separate experiments. An asterisk indicates P <.05, a double asterisk indicates P <.01, and a triple asterisk
indicates P <.001; RLU, relative light unit.

in infected T cells in the upper female genital tract. We found transmitted pathogens HSV-1, HSV-2, and N. gonorrhoeae,
that TLR ligands, representative of viral (Poly I:C) and bacterial ~ were capable of directly activating the HIV-LTR promoter in
(FimH, flagellin) coinfections, as well as the common sexually stably transfected T cells. Furthermore, these TLR ligands and
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Figure 6. Indirect human immunodeficiency virus (HIV)-long terminal repeat (LTR) activation by herpes simplex virus type 1 (HSV-1), HSV-2, and
Neisseria gonorrhoeae in 1G5 cells relies on nuclear factor kB (NFkB) and AP-1. To determine whether indirect HIV-LTR activation required NFkB or AP-1,
1G5 cells were pretreated with either 10 uM PDTC or SP600125 for 1 hour. The cells were then washed thoroughly with 1x phosphate-buffered saline
before being incubated with supernatants from primary GECs that had been infected with HSV-1, HSV-2, or N. gonorrhoeae as previously described. After
incubation, the 1G5 cells were lysed and luciferase activity was measured. Data are mean = standard error of the mean of 3 separate experiments. An
asterisk indicates P <.05, a double asterisk indicates P <.01 and a triple asterisk indicates P <<.001; RLU, relative light unit.
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Figure 7.

The direct and indirect effect of herpes simplex virus type 1 (HSV-1), HSV-2, and Neisseria gonorrhoeae infection on human

immunodeficiency virus (HIV)-long terminal repeat (LTR) activation in 1G5 cells does not depend on p38 MAP kinase. To determine whether the AP-1
activating enzyme p38 MAP kinase played an important role in inducing direct (4) or indirect (B) HIV-LTR activation, 1 X 108 1G5 cells were pretreated
singularly with 10 uM SB203580, or with SB203580 in combination with 10 uM of PDTC and SP600125 for 1 hour. The cells were then washed and
either infected with 10* plague-forming units HSV-1 KOS or HSV-2 333 or 10° colony-forming units (CFUs) N. gonorrhoeae for 16 hours (A); or they
were exposed for 24 h to apical supernatants collected from primary GECs infected with 10* PFUs HSV-1 KOS or HSV-2 333 or 10° CFUs .
gonorrhoeae, as previously described (B). Data are mean = standard error of the mean of 3 separate experiments. An asterisk indicates P < .05,
a double asterisk indicates P < .01, and a triple asterisk indicates P <.001; N.S., not significant; RLU, relative light unit.

coinfecting pathogens induced GEC to secrete immune factors
that indirectly activated the HIV-LTR promoter. Key factors
secreted by GECs that could activate the HIV-LTR included the
proinflammatory cytokines TNF-o. and IL-6 and chemokines
IL-8 and MCP-1. The direct and indirect activation of the HIV-
LTR was completely abrogated when anti-inflammatory
pathways were blocked. The direct and indirect activation of
the HIV-LTR was mediated by transcription factors NFkB and
AP-1.

These results support previous studies that have suggested
that common sexually transmitted pathogens, such as HSV-1,
HSV-2, and N. gonorrhoeae, are all capable of directly inducing
HIV replication [8, 28, 40—42]. In addition, the present study
shows that recognition of pathogens by TLRs on infected T cells

could directly activate proinflammatory signaling pathways,
thereby activating HIV-LTR. More importantly, the present
study provides new insight into the effect of a proinflammatory
milieu in the upper female genital tract on HIV replication.
Bacterial TLR ligands, FimH and flagellin, as well as HSV-1,
HSV-2, and N. gonorrhoeae, were all seen to induce GECs to
secrete proinflammatory cytokines and chemokines that in-
directly contributed to increasing HIV replication in transfected
T cells. These results suggest that direct contact between a
pathogen and a T cell harboring proviral HIV DNA may not be
necessary to induce HIV replication in coinfected individuals.
STIs could enhance HIV replication by inducing production of
proinflammatory cytokines and chemokines from GECs in the
genital tract, and this may be sufficient to enhance HIV
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replication. These results are supported by clinical observations
that among HSV-2/HIV coinfected individuals, increased HIV
shedding was most dramatic among women with elevated che-
mokines and proinflammatory cytokine levels in cervico-vaginal
lavage fluid [43].

Another novel finding in the present study was that bacterial
and viral copathogens in the genital tract may induce distinct
responses from GECs, resulting in differential potentiation of
HIV-LTR activation. In response to HSV-1 and HSV-2 in-
fection, primary GECs secreted proinflammatory factors that
could indirectly drive HIV-LTR activation only onto the apical
or luminal side. Conversely, bacterial TLR ligands, as well as
N. gonorrhoeae, successfully activated the HIV-LTR with su-
pernatants from both the apical and basolateral sides. Since
HIV-infected T cells would predominantly be present in the
subepithelial lamina propria of the genital mucosa, bacterial
infection may be more likely to induce HIV replication in-
directly. The apical proinflammatory factors secreted by GECs in
response to HSV infection may act in an autocrine manner to
upregulate HIV-LTR in GECs. Although controversial, GECs
have been shown to be infected by HIV [44-46], and it may
be possible that the apical factors induced by HSV-1 and HSV-2
may facilitate HIV replication in these cells. Ongoing studies in
our laboratory are examining this possibility.

In the current study, we were able to identify the intracellular
pathways involved in direct and indirect induction of HIV-LTR
in transfected T cells. Curcumin, a broad-spectrum inhibitor,
could abrogate both direct and indirect LTR activation. Unlike
“smart drugs,” which inhibit 1 factor alone, curcumin has been
referred to as a “dirty drug,” because it has been shown to sup-
press multiple signaling pathways [34]. By using specific in-
hibitors of NFkB and AP-1, transcription factors that have
been implicated in HIV transcription [36], we were able to show
complete abrogation of LTR activation. In contrast, inhibition of
the AP-1 activating MAP kinase p38 did not affect either direct or
indirect HIV-LTR activation, suggesting that JNK-mediated AP-1
and NF«B pathways regulate HIV-LTR activation in T cells.

In conclusion this study reveals for, to our knowledge, the first
time the cellular mechanism that may drive HIV replication in the
presence of viral or bacterial coinfections. These copathogens
could directly activate HIV replication in infected T cells in the
genital tract. More importantly, even in the absence of any direct
contact between pathogens and infected cells, the proin-
flammatory factors secreted by GECs may be sufficient to activate
HIV-LTR. These results indicate that inhibition of inflammatory
pathways may also be effective in reducing HIV replication in
coinfected individuals in addition to antimicrobial treatments.
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