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Tenofovir (TFV) is a reverse transcriptase inhibitor used in microbicide preexposure prophylaxis trials to prevent HIV infection.
Recognizing that changes in cytokine/chemokine secretion and nucleotidase biological activity can influence female reproduc-
tive tract (FRT) immune protection against HIV infection, we tested the hypothesis that TFV regulates immune protection in the
FRT. Epithelial cells, fibroblasts, CD4� T cells, and CD14� cells were isolated from the endometrium (Em), endocervix (Cx), and
ectocervix (Ecx) following hysterectomy. The levels of proinflammatory cytokines (macrophage inflammatory protein 3� [MIP-
3�], interleukin 8 [IL-8], and tumor necrosis factor alpha [TNF-�]), the expression levels of specific nucleotidases, and nucleoti-
dase biological activities were analyzed in the presence or absence of TFV. TFV influenced mRNA and/or protein cytokines and
nucleotidases in a cell- and site-specific manner. TFV significantly enhanced IL-8 and TNF-� secretion by epithelial cells from
the Em and Ecx but not from the Cx. In contrast, in response to TFV, IL-8 secretion was significantly decreased in Em and Cx
fibroblasts but increased with fibroblasts from the Ecx. When incubated with CD4� T cells from the FRT, TFV increased IL-8
(Em and Ecx) and TNF-� (Cx and Ecx) secretion levels. Moreover, when incubated with Em CD14� cells, TFV significantly in-
creased MIP-3�, IL-8, and TNF-� secretion levels relative to those of the controls. In contrast, nucleotidase biological activities
were significantly decreased by TFV in epithelial (Cx) and CD4� T cells (Em) but increased in fibroblasts (Em). Our findings in-
dicate that TFV modulates proinflammatory cytokines, nucleotidase gene expression, and nucleotidase biological activity in epi-
thelial cells, fibroblasts, CD4� T cells, and CD14� cells at distinct sites within the FRT.

With almost 2.5 million new infections in 2011, HIV remains
a pandemic and continues to spread. Sexual contact re-

mains the main mechanism of transmission worldwide, with in-
fection rates in young women 2-fold higher than those in young
men (1). Despite ongoing efforts, questions remain as to the site of
HIV entry in the female reproductive tract (FRT). The FRT is
divided into the upper (endocervix, endometrium, and fallopian
tubes) and lower (vagina and ectocervix) tracts. It is a unique
mucosal surface that combines reproductive function with a host
defense against incoming pathogens (2, 3). The epithelial cells of
the FRT form an active barrier between the external environment
and the underlying tissue that constitutes the first line of defense.
In response to invading pathogens, the epithelial cells secrete cy-
tokines, chemokines, and antimicrobials, which play a vital role in
initiating the innate immune response (4). The predominant cell
types in the subepithelial tissue or stroma are the stromal fibro-
blasts. They are essential structural components of the reproduc-
tive tissue that regulate tissue morphology, epithelial growth and
development, and epithelial barrier permeability (5).

We previously demonstrated that 10% to 20% of all cells in the
FRT are immune cells, distributed throughout the lower and up-
per tracts (6). These immune cells include the HIV target cells that
will be infected first after sexual contact and will be protected by
microbicides. However, FRT epithelial cells and fibroblasts also
interact and respond to microbicide treatment, which may en-
hance or inhibit HIV infection through secreted immune factors
that alter the mucosal tissue environment.

To prevent sexual transmission of HIV and other sexually
transmitted infections (STIs), recent trials have tested microbi-
cides that can be applied topically or taken orally (7, 8). As a
nucleotide analogue, tenofovir (TFV) is an effective reverse trans-

criptase inhibitor (9, 10). The active form, which has anti-HIV
activity, is TFV diphosphate (TFV-DP) (11). After entering the
cell, TFV is converted into the active form following two steps of
phosphorylation, which leads to inhibition of viral replication
(12). TFV, which can be taken orally or administered topically in
the vagina in a gel form, has been tested in clinical trials as a
microbicide for preexposure prophylaxis (PrEP) (13). While the
CAPRISA (Centre for the AIDS Program of Research in South
Africa) 004 trial resulted in a 39% reduction in HIV infection (7),
the VOICE (Vaginal and Oral Interventions to Control the Epi-
demic) trial was discontinued due to a lack of efficacy (14). While
a lack of adherence was highlighted as the main contributing fac-
tor for the lack of protection in the VOICE trial, a better under-
standing of the effects of TFV on the HIV target cells in the FRT
and the mucosal environment that supports them will help im-
prove and optimize future clinical trials.

5=-nucleotidases (NT5), which catalyze the dephosphorylation
of nucleotide phosphates, control the intracellular levels of nucle-
otides and nucleosides (15). Multiple 5=-nucleotidases have been
isolated and characterized, and five of them (NT5C1A, NT5C1B,
NT5C2, NT5C3, and NT5C3L) are present in the cytoplasm.
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NT5E is bound to the extracellular part of the plasma membrane,
and NT5M is present in the mitochondrial matrix (16). Results
from clinical and in vitro studies suggest that the activation of
nucleoside analogs, such as TFV or emtricitabine, can be regulated
by 5=-nucleotidase activity (16). We recently demonstrated that
CD4� T cells and macrophages isolated from blood upregulate
nucleotidase activity in response to TFV (17). Additionally, we
demonstrated the expression of nucleotidase genes in epithelial
cells and fibroblasts from all FRT tissues (18). However, the role of
nucleotide analogs in the regulation of 5=-nucleotidase expression
and activity in HIV target cells from the FRT mucosal tissue envi-
ronment has not been explored.

Additionally, TFV and other reverse transcriptase inhibitors
(RTI) have been shown to modulate serum and cervical vaginal
lavage cytokines and chemokines, as well as the response of im-
mune cells from peripheral blood in humans and mice (19–22).
Overall, these results show that RTI differ in their effects on im-
mune responses. Our previous work demonstrated that TFV stim-
ulates the production of interleukin 8 [IL-8] from CD4� T cells
and of macrophage inflammatory protein 3� (MIP-3�) and IL-8
from macrophages derived from blood (17). However, the effect
of TFV on cytokine production by FRT cells has not been ex-
plored. Since there is an increased risk of HIV-1 transmission with
proinflammatory conditions in the FRT (23–25), it is important
to evaluate the effects of TFV on cytokine and chemokine produc-
tion in FRT cells.

In this study, we focus on key topical microbicides by evaluat-
ing the immunomodulatory effects of TFV on HIV target cells
(CD4� T cells and macrophages) and non-target cells (epithelial
cells and fibroblasts) from different sites in the human FRT. We
found that TFV upregulated cytokines and nucleotidase activity in
a cell- and site-specific manner. Our results should help aid the
design of future clinical trials with microbicides.

MATERIALS AND METHODS
Study subjects. All investigations involving human subjects were carried
out according to the principles expressed in the Declaration of Helsinki
and with the approval from the Institutional Review Board Committee for
the Protection of Human Subjects (CPHS), Dartmouth-Hitchcock Med-
ical Center. Written informed consent was obtained from each patient
before surgery.

Source of tissue. Human reproductive tissues were obtained from
women (35 to 75 years of age) undergoing hysterectomy at Dartmouth-
Hitchcock Medical Center (Lebanon, NH). Tissues from endometrium
(Em), endocervix (Cx), and ectocervix (Ecx) were collected from patients
with benign conditions such as fibroids and prolapse. As determined by a
pathologist, all tissue samples were distal from the site of pathology and
were without pathological lesions.

Isolation and culture of FRT epithelial cells and fibroblasts. Epithe-
lial cells and fibroblasts were isolated as described previously (18). Briefly,
tissues were minced into 1- to 2-mm fragments under sterile conditions
and subjected to enzymatic digestion for 2 h at 37°C. After digestion, the
cells were dispersed through a 250-mm mesh screen (Small Parts, Miami
Lakes, FL, USA), and epithelial sheets were separated from stromal cells by
filtration through a 20-mm nylon mesh filter (Small Parts). Epithelial cell
sheets were retained on the filter while the fibroblasts passed through.
Fibroblasts were collected, analyzed for cell number and viability, and
plated in 75-mm flasks containing complete medium. The medium was
changed every 2 days, and when the fibroblasts were confluent, they were
trypsinized with 0.05% trypsin-EDTA (Cellgro, Manassas, VA) and plated
onto a 24-well plate at a density 2 � 105 cells/well. Epithelial cells were
recovered by rinsing and backwashing the filter and then were analyzed

for cell number and viability. Epithelial cells were cultured in human
extracellular matrix (Becton Dickinson, Franklin Lakes, NJ)-coated Fal-
con cell culture inserts on 24-well plates (Fisher Scientific, Pittsburgh, PA)
as previously described (18). The medium was changed every 2 days; 300
�l of complete medium was added in the apical compartment, and 500 �l
of complete medium was added in the basolateral chamber. The tight
junction formation of cultured epithelial cell monolayers was assessed by
periodically measuring transepithelial resistance (TER) using an EVOM
electrode and Voltohmmeter (World Precision Instruments, Sarasota, FL,
USA), as described previously (18).

Isolation of CD4� T cells and CD14� cells from FRT. Following tis-
sue digestion and filtration, a dead-cell removal kit (Miltenyi Biotec, Au-
burn, CA) was used according to the manufacturer’s instructions to re-
move dead cells from the stromal cell suspension. CD4� T cells were then
isolated using the CD4� T cell isolation kit (Miltenyi Biotec) following
instructions, with minor modifications as previously described (26). This
negative bead selection depletes CD8, CD14, CD16, CD19, CD36, CD56,
CD123, T cell receptor gamma/delta (TCR-�/�), and CD235a. In addi-
tion, antifibroblast microbeads (Miltenyi Biotec) were added to deplete
stromal fibroblasts in the cell suspension. Two rounds of negative selec-
tion were performed to obtain �90% pure CD4� T cells. CD14� cells
were isolated by positive selection with magnetic beads (Miltenyi Biotec)
following the manufacturer’s instructions. Two rounds of selection were
performed to obtain �90% purity (26).

TFV treatment. TFV in a powder form was obtained from the AIDS
Research and Reference Reagent Program (NIH AIDS Reagent Program,
Division of AIDS, NIAID, NIH; catalog number 10199). A stock concen-
tration of TFV (10 mg/ml) was prepared by adding 1 ml of phosphate-
buffered saline (PBS) to 10 mg of TFV powder. A final concentration of 1
mg/ml (3.5 mM) of TFV was used in all experiments, based on our pre-
vious dose-response studies (17).

Cell viability assay. The viability of epithelial cells, fibroblasts, CD4�

T cells, and CD14� cells upon treatment with TFV was quantified using
the CellTiter 96 AQueous One Solution cell proliferation assay (Promega,
Madison, WI, USA) according to the manufacturer’s instructions, as
mentioned previously (17). Cell viability was also measured using the
Trypan blue (HyClone Laboratories, Inc., Logan, UT) method. We found
no changes in viability with TFV treatment on all cells measured, covering
times up to 24 h with 1 mg/ml of TFV.

RNA isolation and quantitative RT-PCR analysis. Real-time (RT)
PCR was done with a two-step protocol as described previously (18). The
5=-nucleotidases measured were ecto-5=-nucleotidase (NT5E), cytosolic
5=-nucleotidase 1A (NT5C1A), cytosolic 5=-nucleotidase 1B (NT5C1B),
cytosolic 5=-nucleotidase II (NT5C2), cytosolic 5=-nucleotidase III (NT5C3L),
cytosolic 5=(3=)-deoxyribonucleotidase (NT5C), and mitochondrial
5=(3=)-deoxyribonucleotidase (NT5M) and proinflammatory cytokines
measured were MIP-3�, IL-8, and tumor necrosis factor alpha (TNF-�).
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a
housekeeping gene for macrophages, 	-actin was the housekeeping gene
for epithelial cells and fibroblasts, and RPL13A was used for CD4� T cells
(27). PCR was done as described previously (18). The averages of cycle
threshold (CT) values for each set of duplicate reactions were calculated,
and a difference in CT values (
CT) was determined for each gene by
taking the mean CT of each gene of interest and subtracting the mean CT

for the housekeeping gene 	-actin/GAPDH/RPL13A for each cDNA sam-
ple. The relative expression level of each gene was calculated using the
formula 2�
CT.

Measurement of 5=-nucleotidase biological activity assay. 5=-nucle-
otidase biological activity was measured using a 5=-nucleotidase kit (Di-
azyme Laboratories, Poway, CA, USA), modified to adapt it from a serum
to a cellular base assay as previously described (18). Briefly, 0.2 � 105 to
0.4 � 105 epithelial cells, 1 � 105 fibroblasts, 0.3 � 105 to 0.5 � 105 CD4�

T cells, and 0.3 � 105 to 0.5 � 105 CD14� cells were used per well. After
treatment with TFV (1 mg/ml) or PBS (control) for 24 h, cells were
washed, permeabilized, and added to 96-well plates along with appropri-
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ate kit reagents as described by Shen et al. (18). Data were expressed as
activity per million cells.

ELISAs. TFV (1 mg/ml) or PBS as a control was added in 0.2 � 105 to
0.4 � 105 epithelial cells for 24 h, 1 � 105 fibroblasts for 24 h and 48 h, and
0.3 � 105 to 0.5 � 105 CD4� T and CD14� cells for 24 h. Supernatants
were recovered and centrifuged (10,000 � g) for 10 min to remove cellular
debris. MIP-3�, IL-8, and TNF-� secretion levels were measured by en-
zyme-linked immunosorbent assays (ELISAs) (all from R&D Systems
Minneapolis, MN, USA) according to the manufacturer’s instructions.

Statistical analysis. GraphPad Prism 5.0 software was used to analyze
the data. The nonparametric test, Mann-Whitney U test, or Wilcoxon
paired test was performed to compare the two groups. A two-sided P value
of �0.05 was considered statistically significant in all cases. The Wilcoxon
signed-rank test was performed to compare the column medians to a
hypothetical value of 1 (the controls were, by definition, all equal to 1).

RESULTS
TFV upregulates cytokine gene expression in epithelial cells and
fibroblasts from the FRT. To evaluate the effect of TFV on epi-
thelial cells and fibroblasts from different sites in the FRT, cells

were treated with 1 mg/ml TFV from 2 to 24 h, and the gene
expression levels of MIP-3�, IL-8, and TNF-� were analyzed. For
epithelial cells, TFV was added to the apical chamber of cell in-
serts. A dose of 1 mg/ml of TFV was chosen based in our previous
dose-response studies (17). This dose was below the clinical dose
of 80 mg for vaginal deposition in a 24-h period used in the
CAPRISA 004 trial (7). The genes analyzed were determined based
on our previous studies (17). Due to low epithelial cell recovery in
the Cx and Ecx, only epithelial cells from the Em were examined
for gene expression in the presence of TFV. As seen in Fig. 1, the
responses to TFV varied with the FRT site analyzed. Epithelial cells
and fibroblasts from Em significantly increased MIP-3� mRNA
message levels (Fig. 1A). The maximum expression occurred at 8 h
(2.7-fold) in Em epithelial cells and at 12 h (2.2-fold) in Em fibro-
blasts. Fibroblasts from the Cx also significantly upregulated
MIP-3� (a 2.8-fold increase at 4 h and a 2.5-fold increase after 24
h of treatment). In contrast, TFV had no significant effect on
MIP-3� expression in fibroblasts from Ecx.

FIG 1 Effects of TFV on cytokine gene expression in epithelial cells and fibroblasts from the FRT. Epithelial cells were isolated from endometrium, and
fibroblasts were isolated from endometrium, endocervix, and ectocervix. Cells were treated with 1 mg/ml of TFV. RNA was isolated, and RT-PCR was performed
to compare the levels of mRNA of MIP-3�, IL-8, and TNF-� at different time points. Each TFV-treated sample was compared with its own control at the same
time point, and fold changes in mRNA expression were calculated by converting each control to 1. Bars represent means  SEM from 6 to 8 independent
experiments with different patients. *, P � 0.05; **, P � 0.01. Shown are expression levels of the MIP3� gene (A), IL-8 gene (B), or TNF-� gene (C) from Em
epithelial cells and Em, Cx, and Ecx fibroblasts.
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As seen in Fig. 1B, TFV treatment increased IL-8 expression in
epithelial cells and fibroblasts from Em and in fibroblasts from the
Cx and Ecx. In Em epithelial cells, IL-8 message levels were signif-
icantly elevated at 8 h (3-fold) and returned toward baseline at 12
h, while fibroblasts initially upregulated IL-8 mRNA within 2 h
(1.5-fold). Maximum expression occurred at 8 h (2-fold) in Em
fibroblasts. A significant increase in the expression of IL-8 was also
observed at 2 h in Cx (2.8-fold) and Ecx (4.2-fold) fibroblasts in
the presence of TFV.

Figure 1C shows that TNF-� was upregulated by TFV in Em
epithelial cells and fibroblasts. Similar to that seen with MIP-3�
and IL-8, TFV significantly enhanced the expression of TNF-� at
8 h in Em epithelial cells (2.9-fold) and at 2 h in Em fibroblasts
(1.3-fold). In contrast to Em fibroblasts, no significant changes
were observed in TNF-� gene expression in fibroblasts from the
Cx and Ecx. These results indicate that TFV selectively modulates
the expression of proinflammatory cytokine genes and that re-
sponses vary with cell type, site in the FRT, and duration of TFV
treatment.

Differential effect of TFV on MIP-3�, IL-8, and TNF-� secre-
tion levels by FRT epithelial cells and fibroblasts. To determine if
the effects of TFV on cytokine gene expression translate into pro-
tein production, we measured the secretion levels of MIP-3�,
IL-8, and TNF-� by epithelial cells and fibroblasts from Em, Cx,
and Ecx. As seen in Fig. 2, incubation of Em epithelial cells with
TFV (1 mg/ml) for 24 h significantly increased the apical secretion
levels of MIP-3� (P � 0.0078) (Fig. 2A, left), IL-8 (P � 0.0039)
(Fig. 2A, middle), and TNF-� (P � 0.048) (Fig. 2A, right) relative
to control cells. Similarly, there was a significant (P � 0.03) in-
crease in the basolateral secretion level of MIP-3� (Fig. 2B, left),
but a significant (P � 0.043) decrease was observed in the secre-
tion level of IL-8 (Fig. 2B, right) by Em epithelial cells. Incubation
of Ecx epithelial cells with TFV (1 mg/ml) for 24 h also signifi-
cantly increased the apical secretion level of IL-8 (P � 0.003) (Fig.
2A, middle) and TNF-� (P � 0.0035) (Fig. 2A, right) but had no
effect on the Cx epithelial cell secretion level of either cytokine.
The basolateral secretion levels of TNF-� were below the detec-
tion limit (15.6 pg/ml) for all samples.

We also evaluated the effects of TFV on proinflammatory cy-
tokine protein secretion by Em, Cx, and Ecx fibroblasts. In con-
trast to epithelial cells, no differences were observed in the levels of
MIP-3� secretion by Em, Cx, or Ecx fibroblasts when cells were
incubated with TFV (data not shown). Interestingly, in response
to TFV, IL-8 secretion was significantly decreased at 48 h in Em
fibroblasts (P � 0.0078) and at 24 h in Cx fibroblasts (P � 0.0001)
(Fig. 2C, left and middle). In contrast, a significant increase in the
secretion of IL-8 was observed in Ecx fibroblasts at 48 h (P � 0.01)
(Fig. 2C, right). The TNF-� secretion level did not change in fi-
broblasts from Cx and Ecx and was below the detection limit in
Em (data not shown).

In Fig. 2, the protein secretion levels are expressed in pg/ml.
The insert system utilizes two different volumes of media for the
culture of epithelial cells (500 �l for the basolateral compartment
and 300 �l for the apical compartment). When we corrected for
volume differences, we found that the secretion level of IL-8 in the
apical compartment of Em, Cx, and Ecx epithelial cells is higher
than in the basolateral compartment in both control and TFV-
treated cells (Fig. 2A, middle, and Fig. 2B, right). In all cases,
irrespective of whether results are expressed per ml or per com-
partment, the TFV effects were significantly different. These cal-

culations indicate that IL-8 is preferentially secreted into the api-
cal compartment by Em, Cx, and Ecx epithelial cells.

Effect of TFV on the expression and secretion of MIP-3�,
IL-8, and TNF-� by CD4� T cells and CD14� cells from the up-
per and lower FRT. In the current study, we examined the effect
of TFV on CD4� T cells from the Em, Cx, and Ecx. CD4� T cells
were isolated by magnetic bead separation and treated with 1
mg/ml TFV for 24 h. RNA was isolated, and real-time PCR was
performed to analyze the effect of TFV on the gene expression of
MIP-3�, IL-8, and TNF-�. As seen in Fig. 3A, at 24 h, there were
no significant changes in the expression levels of MIP-3�, IL-8,
and TNF-� mRNA in CD4� T cells from Em, Cx, and Ecx com-
pared to the controls.

Since changes in gene expression do not necessarily correlate
with changes in protein secretion, we then determined the effects
of TFV on cytokine/chemokine protein secretion. As seen in Fig.
3B, incubation with TFV (1 mg/ml) significantly increased the
secretion level of IL-8 (Fig. 3B, left) by CD4� T cells from the Em
(P � 0.0196) and Ecx (P � 0.0194); no significant changes were
observed in CD4� T cells from the Cx. Incubation with TFV sig-
nificantly increased the TNF-� secretion level by CD4� T cells
from the Cx (P � 0.03) and the Ecx (P � 0.03) but not from the
Em (Fig. 3B, right). In all cases, MIP-3� secretion levels were
below the detection limit (15.6 pg/ml) in secretions of CD4� T
cells from all three tissues. These results indicate that TFV selec-
tively regulates the secretion of proinflammatory cytokines by
CD4� T cells from the Em, Cx, and Ecx in the FRT.

In other studies, we found that TFV (1 mg/ml) upregulated the
gene expression of MIP-3� and IL-8 in macrophages derived from
blood monocytes (17). As seen in Fig. 3C, to determine whether
TFV had comparable effects on FRT cells, we examined the effect
of TFV on CD14� cells isolated from the FRT. Due to low cell
numbers in the Cx and Ecx, we were only able to analyze CD14�

cells from the Em. CD14� cells were isolated from Em and treated
with TFV (1 mg/ml) for 24 h, and real-time PCR was performed to
analyze the effect of TFV on the mRNA expression of MIP-3�,
IL-8, and TNF-�. As seen in Fig. 3C, CD14� cells from the Em
significantly increased MIP-3� (P � 0.0156) and IL-8 (P �
0.0154) mRNA message levels at 24 h in response to TFV com-
pared to those of the control; no significant changes were observed
for TNF-�.

To determine the effects of TFV on cytokine/chemokine pro-
tein secretion, we measured MIP-3�, IL-8, and TNF-� in the cell
culture. As seen in Fig. 3D, incubation of CD14� cells with TFV
significantly increased MIP-3� (P � 0.0156), IL-8 (P � 0.0039),
and TNF-� (P � 0.0265) secretion after 24 h. These results suggest
that TFV modulates the expression and secretion of proinflamma-
tory cytokine genes in CD14� cells from Em.

Site-dependent effect of TFV on 5=-nucleotidase gene expres-
sion in FRT CD4� T cells. We next examined the effect of TFV on
the regulation of nucleotidase gene expression in CD4� T cells
from the FRT. The cells were treated with 1 mg/ml of TFV for 24 h.
Differential responses to TFV were observed in CD4� T cells from
the different FRT sites. As seen in Fig. 4, analysis of constitutive
expression of nucleotidase genes in CD4� T cells from the Em, Cx,
and Ecx indicated that the expression levels of NT5E, NT5C2, and
NT5C3L are higher than those of NT5C1A, NT5C, and NT5M.
Therefore, the results are presented in two different graphs with
different scales to show the expression levels of the genes.

As shown in Fig. 4A (left), TFV incubation with CD4� T cells
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from the Em significantly (P � 0.0078) decreased the expression
level of NT5C3L and significantly (P � 0.0078) increased
NT5C1A gene expression (Fig. 4A, right). In CD4� T cells from
Cx, TFV increased the expression level of NT5C2 (P � 0.049) (Fig.
4B, left) but had no effect on the 5 other genes examined. In CD4�

T cells from the Ecx, NT5C1A expression was increased (P �
0.0049) (Fig. 4C, right), while NT5C2 was decreased (P � 0.049)
(Fig. 4C, left). These results suggest that TFV can specifically mod-
ulate the expression of nucleotidase genes in CD4� T cells from
the different FRT sites.

The effect of TFV on nucleotidase gene expression was also
analyzed in epithelial cells and fibroblasts from Em, Cx, and Ecx.

When epithelial cells and fibroblasts from 5 to 7 tissues were
treated with TFV, no significant differences in the expression of
nucleotidase genes were observed relative to controls (data not
shown).

Effect of TFV on 5=-nucleotidase gene expression in CD14�

cells. Previously, we observed that TFV increases the expression of
NT5E nucleotidase genes in monocyte-derived macrophages (17).
Here, we explored whether TFV has any effect on the modulation
of nucleotidase genes in CD14� cells from Em. As seen in Fig. 5A,
gene expression in the presence of TFV showed no significant
changes relative to controls. To control for patient-to-patient
variability, samples were normalized, and TFV-treated cells were

FIG 2 Effect of TFV on MIP-3�, IL-8, and TNF-� secretion from FRT epithelial cells and fibroblasts. Epithelial cells and fibroblasts were isolated from
endometrium, endocervix, and ectocervix. Cells were treated with 1 mg/ml of TFV for 24 h. Secretions of MIP-3�, IL-8, and TNF-� were analyzed from the apical
and basolateral surfaces of Em, Cx, and Ecx epithelial cells and from culture supernatants of Em, Cx, and Ecx fibroblasts by ELISA. Bars represent means  SEM
from 6 to 8 independent experiments with different patients. *, P � 0.05; **, P � 0.01; ***, P � 0.001. (A) Secretion of MIP3�, IL-8, and TNF-� by apical surface
of FRT Em, Cx and Ecx; (B) secretion of MIP3�, IL-8, and TNF-� by basolateral surface of FRT Em, Cx and Ecx; (C) secretion of IL-8 by Em, Cx and Ecx
fibroblasts. C, control.
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compared to untreated controls. As seen in Fig. 5B, a significant
increase was found for NT5E (P � 0.01), NT5C1A (P � 0.01), and
NT5C2 (P � 0.03).

Effect of TFV on 5=-nucleotidase biological activity in epithe-
lial cells, fibroblasts, CD4� T cells, and CD14� cells from the
FRT. We previously reported that nucleotidase biological activity
can be measured in cells from the FRT (18). To determine whether
TFV modulates 5=-nucleotidase biological activity, we used a
modified Diazyme 5=-nucleotidase assay (18). Cells were isolated
from the FRT and treated with TFV (1 mg/ml) prior to measuring
5=-nucleotidase activity after 24 h in culture. Nucleotidase activity
remained unchanged in epithelial cells from Em and Ecx in the
presence of TFV, while a significant (P � 0.048) decrease was
observed in the Cx (Fig. 6A). In fibroblasts, a significant increase
in the biological activity was observed in the Em in the presence of

TFV (P � 0.0312) (Fig. 6B); no changes were observed in fibro-
blasts from the Cx or Ecx (Fig. 6B).

When CD4� T cells from the FRT were examined, we found a
significant decrease (P � 0.031) in the activity of 5=-nucleotidase
in the presence of TFV in cells from the Em (Fig. 6C). In contrast,
no changes were observed in the 5=-nucleotidase activities in
CD4� T cells from the Cx or Ecx (Fig. 6C) or in CD14� cells from
Em (Fig. 6D).

DISCUSSION

In the present study, we investigated the effects of TFV on cyto-
kine/chemokine production and 5=-nucleotidase gene expression
and biological activity on cells from different sites in the FRT. To
our knowledge, this is the first study to analyze the effects of TFV
on primary HIV target cells, epithelial cells, and fibroblasts iso-

FIG 3 Effect of TFV on MIP-3�, IL-8, and TNF-� in CD4� T cells and CD14� cells. CD4� T cells were isolated from Em, Cx, and Ecx, and CD14� cells were
isolated from Em. Cells were treated with 1 mg/ml of TFV for 24 h. RNA was isolated, and RT-PCR was performed to compare the levels of mRNA of MIP-3�,
IL-8, and TNF-�. mRNA was expressed as a relative expression compared to untreated samples. Secretions of MIP-3� and IL-8 were analyzed from culture
supernatants by ELISA. Each TFV-treated sample was compared with its own control, and fold changes in protein secretion were calculated by converting each
control to 1. Bars represent means  SEM from 6 to 8 independent experiments with different patients. *, P � 0.05; **, P � 0.01; ***, P � 0.001. (A) Expression
of MIP3�, IL-8, and TNF-� from Em, Cx, and Ecx CD4� T cells in the presence of TFV; (B) secretion of IL-8 and TNF-� from Em, Cx, and Ecx CD4� T cells;
(C) expression of MIP3�, IL-8, and TNF-� from CD14� cells from Em in the presence of TFV; (D) secretion of MIP3�, IL-8, and TNF-� from CD14� cells from
Em in the presence of TFV.
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lated from the endometrium, endocervix, and ectocervix of the
FRT. This study extends our previous work with cells derived from
blood and establishes a suitable system for topical microbicide
evaluation. Our findings suggest that the proinflammatory effects
of TFV on HIV target cells, epithelial cells, and fibroblasts in the
FRT may compromise microbicide effectiveness against HIV.

Our studies indicated that the net effects of TFV in the FRT
most likely involve epithelial cells, fibroblasts, and HIV target
cells. We found significant increases in the secretion of MIP-3�,
IL-8, and TNF-� from the apical compartment of Em and Ecx
epithelial cells. In contrast, TFV had no effect on epithelial cells
from the Cx, suggesting differential responsiveness to TFV at dif-
ferent sites in the FRT. Interestingly, the apical response to TFV in
epithelial cells, which is directed toward the lumen, was different
from the response found in the basolateral compartment, which
affects the underlying tissue and HIV-1 target cells. TFV increased
MIP-3� secretion into the basolateral compartment of Em epithe-
lial cells but decreased IL-8 secretion, suggesting a more fine-
tuned response toward the tissue.

FRT site-specific responses to TFV treatment were also found
in fibroblasts; IL-8 secretion was decreased in the Em and Cx but

increased in the Ecx. Additionally, while TFV increased IL-8 se-
cretion toward the lumen, the levels of IL-8 in the tissue are de-
creased due to interaction with epithelial cells and fibroblasts.

Although epithelial cells and fibroblasts are not productively in-
fected by HIV, they most likely play an important role in the infection
process through the secretion of proinflammatory cytokines, includ-
ing MIP-3� and IL-8, that have complex implications for HIV acqui-
sition. While Ghosh et al. (28) previously demonstrated the anti-HIV
activity of MIP-3� in vitro, MIP-3� is also a chemoattractant for HIV
target cells, including CD4� T cells and dendritic cells (29, 30). The
blockade of MIP-3� in nonhuman primates was shown to prevent
systemic dissemination of simian immunodeficiency virus (SIV) in-
fection following vaginal challenge (31). Therefore, the findings in
our study suggest that the TFV upregulation of MIP-3� apical and
basolateral secretions by epithelial cells may result in increased che-
motaxis of target cells and increased HIV susceptibility. Furthermore,
IL-8 is also a chemoattractant molecule for CD4� T cells and neutro-
phils (32). Previous studies demonstrated that IL-8 increased HIV
replication in macrophages and CD4� T cells and increased viral
replication in peripheral blood lymphocytes and ectocervical ex-
plants (33, 34).

FIG 4 Site-dependent effect of TFV on 5=-nucleotidase gene expression in FRT CD4� T cells. CD4� T cells were isolated from Em, Cx, and Ecx, and cells were
treated with 1 mg/ml of TFV for 24 h. RNA was isolated, and RT-PCR was performed to compare the levels of mRNA of the nucleotidase genes NT5E, NT5C2,
NT5C3L, NT5C1A, NT5C, and NT5M in the presence of TFV from CD4� T cells in Em (A), Cx (B), and Ecx (C). mRNA was expressed as a relative expression
compared to untreated samples. Five to 9 independent experiments with different patients were done. *, P � 0.05; **, P � 0.01.
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In addition to effects on non-target cells, we found that TFV
treatment induced a proinflammatory response in HIV target cells
from the FRT. IL-8 was upregulated in CD4� T cells from Em and
Ecx, while TNF-� secretion was increased in Cx and Ecx. In
CD14� cells from the Em, TFV increased secretion of MIP-3�,
IL-8, and TNF-�. An analysis of TFV effects on cells isolated from
blood in our previous study also showed increased IL-8 secretion
by CD4� T cells and increased IL-8 and MIP-3� secretion by
monocyte-derived macrophages (17); no changes in TNF-� secre-
tion were found in HIV target cells from blood in response to TFV.

In the present study, we found that TFV has a cell-specific and
FRT site-specific effect on the gene expression and biological ac-
tivity of nucleotidases. 5=-nucleotidases are a group of cytosolic
enzymes that catalyze the dephosphorylation of nucleotide phos-
phates to regulate cellular nucleotide and nucleoside levels (15)
and therefore are implicated in the regulation of nucleotide and
drug metabolism (16, 35). We found that TFV increased NT5C1A
mRNA in CD4� T cells in Em and Ecx and NT5C2 gene in Cx but
decreased NT5C3L in Em and NT5C2 in Ecx. These changes in
nucleotidase gene expression are different from our observations
in a previous study with blood CD4� T cells (17), in which no
changes were detected. In CD14� cells from the Em, we observed
an increase in NT5E, NT5C1A, and NT5C2, different from the
monocyte-derived macrophages in which we detected an increase
in NT5E and a decrease in NT5M (17). Overall, our findings dem-
onstrate that cells from blood and the FRT behave differently in
response to TFV exposure.

Consistent with previous findings, nucleotidase gene expres-
sion did not correlate with the observed changes in nucleotidase

activity (17, 18). 5=-nucleotidase biological activity in the presence
of TFV significantly decreased in epithelial cells from the Cx, in-
creased in fibroblasts from the Em, decreased in CD4� T cells
from the Em, and remained unchanged in CD14� cells. The nu-
cleotidase biological activity assay detects the total activity of all
the nucleotidases, not all of which contribute equally to biological
activity. This assay preferentially detects the activity of nucleoti-
dases that prefer purine-based substrates, such as NT5E, NT5C1A,
and NT5C2, which are the 5=-nucleotidases expected to interact
with TFV as a purine analog. Nucleotidases with a preference for
pyrimidine bases, such as NT5C, NT5C3L, and NT5M, contribute
only marginally to the total activity detected. Clinical and in vitro
studies suggest that nucleotide analog activation, such as TFV or
emtricitabine, can be inhibited by an increase in nucleotidase ac-
tivity (16). Therefore, the decrease in biological activity might be
expected to maintain or increase intracellular TFV-DP concentra-
tions, the active form of TFV. A decrease in nucleotidase activity in
epithelial cells lowers TFV availability for HIV target cells (less
TFV is inactivated, and it is retained in active form inside the
cells). In contrast, increased nucleotidase activity in fibroblasts
results in increased availability for target cells. Therefore, the al-
terations in nucleotidase activity found in our study may be rele-
vant to drug inactivation, resulting in a decrease in the effective-
ness of TFV in specific cell types and FRT sites.

To date, clinical trials for HIV prevention using TFV in gel
form directly applied into the FRT have shown mixed results. In
the CAPRISA 004 study, using 1% TFV gel before and after sex,
partial success was achieved, with 39% protection against HIV-1
acquisition (7). In the VOICE trial, however, daily application of

FIG 5 Effect of TFV on 5=-nucleotidase gene expression in CD14� cells. CD14� cells were isolated from Em and treated with 1 mg/ml of TFV for 24 h. RNA was
isolated, and RT- PCR was performed to compare the levels of mRNA of the nucleotidase genes NT5E, NT5C2, NT5C3L, NT5C1A, NT5C, and NT5M. Six to 9
independent experiments with different patients were done. *, P � 0.05. Relative mRNA expression (A) and fold change in the mRNA expression (B) of NT5E,
NT5C2, NT5C3L, NT5C1A, NT5C, and NT5M gene expression in the presence of TFV from CD14� cells in Em. Each TFV-treated sample was compared with
its own control, and fold changes in mRNA expression were calculated by converting each control to 1.
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vaginal TFV gel was ineffective, and the study was interrupted
(14). Although the lack of adherence was a major contributing
factor for the lack of effects, other biological factors may also con-
tribute, and the direct effects of TFV on HIV target cells and the
tissue mucosal environment in the FRT are largely unknown. Our
studies indicate that TFV has profound effects on HIV target cells
and non-target cells in the FRT at multiple levels that can affect
TFV effectiveness and the consequent protection against HIV in-
fection. While TFV has had a favorable treatment and prevention
history and is the licensed microbicide for preexposure prophy-
laxis, the induction of proinflammatory factors observed in our
study is worrisome. Further studies are needed to optimize the
dosage and timing of TFV application in relation to sexual inter-
course and for the exploration of alternative formulations that
preferentially reach HIV target cells, to prevent or minimize the
generation of a proinflammatory environment in the FRT that
would increase the risk for HIV acquisition. Recognizing that new
trials (e.g., FACTS 001) are under way to test the efficacy of TFV in
preventing HIV infection, and that future studies are considering
TFV application in vaginal rings, etc., to minimize the lack of
compliance (36), the results presented in our study are relevant
and should help optimize the design of future studies.

In conclusion, our study demonstrates that TFV modulates
cytokine production, as well as the gene expression and biological
activity, of 5=-nucleotidases in HIV target cells and the mucosal
tissue environment in the FRT. Knowledge on how TFV affects
these cells at different sites of the FRT will improve the design of
new preventive trials that optimize the amount and timing of TFV
in a way that will protect the immune cells without compromising
immune protection in the FRT.
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