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a b s t r a c t

The incidence of human papillomavirus (HPV)-associated epithelial lesions is substantially higher in
human immunodeficiency virus (HIV)-infected individuals than in HIV-uninfected individuals.
The molecular mechanisms underlying the increased risk of HPV infection in HIV-infected individuals
are poorly understood. We found that HIV proteins tat and gp120 were expressed within the oral and
anal mucosal epithelial microenvironment of HIV-infected individuals. Expression of HIV proteins in the
mucosal epithelium was correlated with the disruption of epithelial tight junctions (TJ). Treatment of
polarized oral, cervical and anal epithelial cells, and oral tissue explants with tat and gp120 led to
disruption of epithelial TJ and increased HPV pseudovirion (PsV) paracellular penetration in to the
epithelium. PsV entry was observed in the basal/parabasal cells, the cells in which the HPV life cycle is
initiated. Our data suggest that HIV-associated TJ disruption of mucosal epithelia may potentiate HPV
infection and subsequent development of HPV-associated neoplasia.

& 2013 Elsevier Inc. All rights reserved.

Introduction

Human papillomavirus (HPV) is the causative agent of cervical
and anal cancers, and a subset of oral and other epithelial cancers
(Palefsky, 2006). The prevalence and incidence of anogenital HPV
infection in HIV-infected individuals are substantially higher than
in HIV-uninfected individuals (Palefsky et al., 1998). HIV-infected
individuals also have an increased risk of HPV-associated neo-
plasia (Palefsky, 2009, 2012). Once HPV infection is established,
attenuated immunity may reduce viral clearance and ultimately
contribute to development of HPV-associated neoplasia. However,
direct and indirect interactions between HIV and HPV within the
epithelium may also play a role in the first step of the process, i.e.,
initial HPV infection of the epithelium.

In contrast to other HIV-associated malignancies, the incidence
of HPV-associated cancers such as anal cancer has increased, not
decreased since the introduction of antiretroviral therapy (ART)
(Palefsky, 2009). Several studies have shown that ART for HIV
infection has done little to reduce the increased risk of anal HPV
infection in men and women (Palefsky et al., 2005; Hessol et al.,
2009). Others have shown a benefit for clearance of cervical HPV
infection in HIV-infected women and anal HPV infection in men

upon initiation of ART but overall the prevalence of both cervical
and anal HPV infection remains high among HIV-infected indivi-
duals in the ART era (de Pokomandy et al., 2009). The mechanisms
underlying the limited benefit of ART with respect to the continued
high prevalence and incidence of HPV infection in HIV-infected
individuals are poorly understood (Kang and Cu-Uvin, 2012).

Development of HPV-associated neoplasia is initiated upon
HPV entry into basal and parabasal cells of the epithelium. Animal
model work suggests that HPV penetration through multiple
layers of the stratified squamous epithelium requires a mechanical
breach or tear (Roberts et al., 2007). It is possible that co-infection
with viruses such as HIV may also lead to epithelial disruption. If
so, HIV-associated epithelial disruption may be one mechanism
contributing to the increased risk of HPV infection among HIV-
infected individuals. Several studies have shown that HIV infection
can disrupt intestinal mucosal epithelium (Kapembwa et al., 1991,
1996; Maingat et al., 2011; Obinna et al., 1995; Sankaran et al.,
2008). However, HPV is not known to infect the intestinal
epithelium, and the effect of HIV infection on the integrity of oral
and anogenital mucosal epithelia, which are both targets for HPV
infection, has not been well investigated.

Tat and gp120 are HIV proteins that are secreted from HIV-
infected intraepithelial immune cells. These proteins may play an
important role in disruption of epithelial tight junctions (TJ) and
HPV entry into epithelium. Tat is a transactivator protein that
activates integrin and mitogen-activated protein kinases (MAPK)
signaling, which in turn may disrupt endothelial and epithelial cell
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junctions through aberrant internalization of TJ proteins (Andras
et al., 2005; Bai et al., 2008; Pu et al., 2005; Song et al., 2007; Toschi
et al., 2006; Zhong et al., 2008). HIV gp120 is an envelope protein
that binds to galactosyl ceramide of epithelial cells, induces intra-
cellular calcium elevation (Bozou et al., 1989; Dayanithi et al., 1995;
Fantini et al., 2000) and activates protein kinase C (PKC). PKC
activates p38 mitogen-activated protein kinases, phosphoinositide
3 kinases/protein kinase B (PI3K/AKT), and c-Jun N-terminal kinases
(JNK) (Ali et al., 2009; Cai et al., 1997; Kawakami et al., 2004; Lopez-
Bergami et al., 2005; Marshall, 1996; Preiss et al., 2007; Wang et al.,
2004; Zhou et al., 2003). This leads to the disruption of epithelial TJ
(Gonzalez-Mariscal et al., 2008; Kanmogne et al., 2005, 2007; Kevil
et al., 2000, 2001; Wang et al., 2004; Yang et al., 2009) through
modulation of TJ protein internalization and/or TJ gene expression
(Alcorn et al., 2008; Shintani et al., 2006). HIV gp120 also disrupts
TJs (Kanmogne et al., 2005, 2007) through induction of proteasome-
mediated degradation of ZO-1 and ZO-2 (Nakamuta et al., 2008)
and internalization of occludin and claudins (Shen and Turner,
2005; Shin et al., 2006; Umeda et al., 2006).

If HIV infection is indeed a biologically relevant contributor to
mucosal epithelium disruption and entry of HPV into epithelium,
then HIV proteins should be present in the mucosal environment,
even among HIV-infected individuals with well-controlled HIV
viral load on ART. Cell-free HIV-1 virions and viral DNA/RNA can be
isolated from oral and genital mucosal epithelium, as well as the
saliva and cervicovaginal secretions of HIV-infected individuals
(Chou et al., 2000; Clemetson et al., 1993; Crowe and Sonza, 2000;
Goto et al., 1991; Henning et al., 2010; Kakizawa et al., 1996; Liuzzi
et al., 1996; Maticic et al., 2000; Nuovo et al., 1993; Qureshi et al.,
1997, 1995; Rodriguez-Inigo et al., 2005; Sonza et al., 2001;
Zuckerman et al., 2003). HIV-infected lymphocytes, and Langer-
hans cells can be detected in the mucosal and submucosal layers of
oral and genital epithelium (Chou et al., 2000; Jayakumar et al.,
2005; Qureshi et al., 1995, 1997; Rodriguez-Inigo et al., 2005), and
HIV virions can be detected by electron microscopy, within the TJs
of oral epithelium (Qureshi et al., 1997). Finally, replicating HIV
and HIV-infected cells have been found within cervical epithelia of
HIV-infected women, including women on ART (Crowe and Sonza,
2000; Henning et al., 2010; Sonza et al., 2001).

To model the role of tat and gp120 on mucosal epithelial TJ
integrity and penetration of HPV into epithelium, we used HPV 16
pseudovirions (PsV) containing a plasmid expressing red fluorescent
protein (RFP) (Buck et al., 2006; Roberts et al., 2007). We used
polarized oral, anal and cervical epithelial cells to model passage of
PsV through a single layer of squamous epithelial cells with intact TJ,
as might be found in the stratum granulosum or spinosum of a multi-
stratified epithelium. We also used oral mucosal epithelial tissue
explants to model the effect of HIV proteins through intact, multi-
stratified squamous epithelium. Our data show that HIV tat and gp120
disrupt TJ in mono-stratified and multi-stratified mucosal epithelium,
facilitating PsV paracellular penetration between cells with TJs. Para-
cellular penetration of HPV-16 PsV in oral mucosal tissues through
superficial cell layers with disrupted TJ led to entry of PsV into basal
and parabasal cells, the site of initiation of the HPV lifecycle. Together
our data indicate that HIV tat and gp120 proteins may disrupt mucosal
epithelial TJ and potentiate development of HPV-associated neoplasia
by facilitating HPV entry into mucosal epithelium.

Results

Disruption of tight junctions (TJ) in vivo in oral and anal mucosal
epithelia of HIV-infected individuals

To determine whether mucosal epithelium TJ disruption occurs
in vivo naturally in the setting of HIV infection, cryosections of

clinically and histologically normal oral biopsies from 12 HIV-
infected and 4 HIV-uninfected individuals were immunostained
for TJ markers: zonula occludens (ZO-1), occludin and claudin-1. Six
of the 12 HIV-infected donors (50%) were on antiretroviral therapy
(ART). Expression and localization of ZO-1 (Fig. 1), occludin and
claudin-1 (data not shown) in tissues of all four HIV-uninfected
donors were strong and in a ring shape (Fig. 1A, upper left panel),
indicating the presence of intact TJs. However, in oral tissues from
8 of 12 (67%) HIV-positive donors including three donors on ART,
these proteins were found in a diffuse, dot-like pattern in the
cytoplasm, indicating TJ disruption (Fig. 1A, upper middle panel).
Quantitation of cells with a normal pattern of ZO-1, occludin and
claudin-1 within the oral epithelium from ART-treated HIV-infected
individuals showed that the number of cells with a normal pattern

Fig. 1. Disruption of TJs of HIV-infected oral and anal mucosal epithelia. (A) Oral
and anal biopsies from HIV-infected and HIV-uninfected individuals were immu-
nostained for ZO-1 (red). As a negative control, sections were stained with rabbit
IgG. GR, granulosum; SP, spinosum; BL, basal; LP, lamina propria. Nuclei are stained
in blue. Original magnification was �400. Representative immunofluorescence
images are shown. (B) For quantitative evaluation of TJ protein expression in oral
and anal tissues of HIV-infected and HIV-uninfected individuals, epithelial cells
expressing ZO-1, occludin, and claudin-1 in ring-shaped patterns were counted
from 10 randomly selected regions of mucosal epithelia. Cells were counted in
10 fields of each tissue section. Results were obtained from oral biopsies (four
HIV-uninfected, six HIV-infected on ART and six HIV-infected not on ART) and anal
biopsies (five HIV-negative, six HIV-infected on ART and three HIV-infected not on
ART). Results are represented as a percentage of epithelial cells with a normal
pattern (ring shape) of ZO-1, occludin and claudin-1 expression. Error bars
represent standard errors of the means. *Po0.05, **Po0.01, ***Po0.001, all
compared with the HIV-uninfected control group.
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was reduced by approximately 25–30% compared with HIV-
uninfected donors (ZO-1 p¼0.03, occludin p¼0.02 and claudin
p¼0.01). Analysis of TJ disruption in HIV-infected donors not on
ART showed that all had substantial disruption of TJs, i.e., the
number of epithelial cells with a normal pattern of ZO-1, occludin
and claudin-1 was reduced by approximately 65–70% compared
with the epithelia of HIV-uninfected individuals (ZO-1, occludin and
claudin-1 po0.001).

Similar observations of TJ disruption were found in the anal
epithelium of HIV-infected individuals. We examined the status of
TJs in normal anal biopsies from five HIV-uninfected donors, and
normal anal biopsies from nine HIV-infected individuals, six of
whomwere on ART. Each of the histologically normal anal biopsies
from the five HIV-uninfected individuals showed intact TJs
(Fig. 1A, lower panel), whereas all the histologically normal anal
biopsies from HIV-infected individuals had disrupted TJs. The anal
epithelium of HIV-infected patients on ART contained 20–30%
fewer cells with a normal pattern of ZO-1, occludin and claudin-1
(ZO-1 p¼0.03, occludin p¼0.01, claudin-1, p¼0.03) compared
with biopsies from HIV-uninfected donors. Biopsies from each of
the six HIV-infected individuals not on ART showed even more
pronounced TJ disruption. Compared with HIV-uninfected donors,
approximately 70% of anal epithelial cells in HIV-infected indivi-
duals lost a normal ring pattern of ZO-1, occludin and claudin-1
(ZO-1, occludin, claudin-1, po0.001). These data indicate that HIV
infection was accompanied by disruption of TJs within normal oral
and anal epithelia, even among those on ART. However, junctional
disruption at both mucosal sites was most pronounced among
HIV-infected individuals not on ART.

HIV-tat and gp120 disrupt TJ of polarized epithelial cells

HIV proteins tat and gp120 have been shown to disrupt endo-
thelial, retinal, intestinal and endometrial epithelial TJs (Andras et al.,
2005; Bai et al., 2008; Nakamuta et al., 2008; Nazli et al., 2010; Pu
et al., 2005; Song et al., 2007; Zhong et al., 2008). To determine if
these proteins are playing a role in disrupting epithelial TJ as seen in
oral and anal biopsies, we used mono-stratified-polarized oral
(Fig. 2), anal and cervical (data not shown) epithelial cells with intact
TJ. Previous in vitro studies of the effect of HIV proteins on TJ function
used concentrations of tat (1 mg/ml and higher) and gp120
(100 ng/ml) (Andras et al., 2005; Bai et al., 2008; Nazli et al., 2010;
Pu et al., 2005; Song et al., 2007; Toschi et al., 2006; Zhong et al.,
2008) that were substantially higher than physiological concentra-
tions. Serum HIV-tat and gp120 levels may reach up to 40 ng/ml and
15 ng/ml in HIV-infected individuals, respectively (Poggi and Zocchi,
2006; Rychert et al., 2010; Westendorp et al., 1995; Xiao et al., 2000).
Therefore, in our experiments we used concentrations of tat
and gp120 at 10 ng/ml of each, similar to physiological levels in
HIV-infected individuals.

Oral, cervical and anal cells were grown until they polarized
sufficiently to form fully functional TJ as indicated by trans-
epithelial resistance (TER). We added recombinant tat and gp120
separately and together to the polarized cells for 5 days and
monitored TER (Fig. 2A). As a negative control we used mutant tat
protein (HIV-1BAL strain) that lacks the basic and integrin-binding
domains, and is not internalized into cells (Barillari et al., 1999a,
1999b; Nagahara et al., 1998; Toschi et al., 2006). Heat-inactivated
gp120 (HIV-1BAL strain) was used as a negative control for gp120
experiments. We added recombinant tat and gp120 to the apical
surface of polarized cells. Culture media were changed daily with
fresh proteins. Consistent with the disruption of TJs, TER gradually
declined in polarized cells treated with tat and gp120 (Fig. 2A)
independently and synergistically. In contrast, the TER of polarized
cells increased over a 5-day period when untreated or treated with
the inactive tat and heat-inactivated gp120 proteins. Tat- and

gp120-induced TER reduction was detected only with prolonged
exposure to active proteins (4–5 days); shorter treatment (1–3
days) did not lead to TER reduction.

As an additional measure of TJ functional integrity, we also
examined paracellular permeability of polarized oral epithelial
cells to horseradish peroxidase-conjugated goat anti-donkey IgG
(Tugizov et al., 2011). At 5 days IgG was added to the apical surface
and measured in the lower chamber media. Paracellular leakage of
IgG was detected only in those cells treated with active tat and/or
gp120 (Fig. 2B, upper panel). IgG leakage was not detected in
untreated cells, or cells treated with the inactive tat and/or heat-
inactivated gp120 proteins. Treatment with tat and/or gp120
proteins was not toxic to the polarized cells (Fig. 2B, lower panel).
Polarized cells treated with active tat and gp120 showed complete
TJ disruption on confocal microscopy after 5 days (Fig. 2C) in
contrast to untreated cells and cells treated with inactive tat and
gp120, which showed intact TJ. Four independent experiments
with polarized oral epithelial cells showed similar data. HIV tat-
and/or gp120- mediated disruption of TJs was also detected using
paracellular IgG leakage in polarized anal and cervical epithelial
cells (data not shown).

Fig. 2. Role of HIV proteins tat and gp120 in the disruption of oral epithelial tight
junctions. (A) Polarized oral epithelial cells were treated with an active and inactive
recombinant HIV tat or gp120, separately or in combination. TER was measured daily.
(B) (upper panel) The same cells were used to measure paracellular permeability
after 5 days of treatment. IgG leakage into lower chambers is presented as a % of
apical value of tracer. (Lower panel) After measuring paracellular permeability, cells
were examined for viability using an MTT assay. RLU, relative luminescence units.
(C) At 5 days, untreated control cells and cells treated with inactive and active tat and
gp120 were immunostained for occludin (green). Cell nuclei are stained in blue.
(A and B) Error bars show7s.e.m. (n¼3).
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HIV tat- and gp120-associated TJ disruption of polarized monolayer
epithelial cells facilitates paracellular passage of HPV PsV

To determine whether tat/gp120-mediated TJ disruption pro-
motes paracellular passage of HPV through polarized oral epithe-
lial cells, the cells were treated with a combination of tat and
gp120 for 5 days, and when TER values were reduced by 90% we
exposed the apical surfaces to HPV-16 PsVs. To examine para-
cellular passage of PsV via disrupted polarized cells, COS-1 cells
were grown in the lower chamber of 12 well plates where
transwell inserts were placed (Fig. 3A).

Paracellular PsV passage was examined by detection of RFP
fluorescence in COS-1 cells (Fig. 6A, and B upper panel). Although
COS-1 cells are not normal host cell types for authentic HPV
infection they were used for the evaluation of HPV PsV paracel-
lular passage via TJ-disrupted epithelial cells because they are
highly sensitive for measurement of HPV-16 PsV entry and detec-
tion of RFP expression. Quantitative analysis of RFP-positive COS-1
cells showed that polarized oral epithelial cells treated with
tat/gp120 had PsV paracellular passage leading to infection of
approximately 40% of the COS-1 cells. In contrast, no RFP-positive
COS-1 cells were detected after PsV were added to control cells
with intact TJs (Fig. 3B, lower panel). Similar data were obtained
with polarized anal and cervical epithelial cells (data not shown).

HIV tat- and gp120-mediated TJ disruption potentiates PsV
penetration into oral multi-stratified epithelium

Having shown that HIV tat and gp120 disrupt TJs in mono-
stratified polarized oral, anal, and cervical epithelial cells and
facilitate paracellular passage of HPV-16 PsV between the cells, we
next sought to determine whether these proteins were playing a
role in PsV entry into multi-stratified mucosal epithelium. For
these experiments we used buccal explants from HIV-uninfected
donors. We exposed buccal explants from 12 different HIV-
uninfected donors to HIV tat at 30 ng/ml for 2 days. Matching
buccal explants were maintained without tat and served as
controls. The tissue explants were then exposed to HPV-16 PsVs
for 3 days. Culture media were replaced every day with media
containing fresh tat. Tat was therefore present in the apical media
during the entire 5-day experimental period. After 5 days, the
tissues were fixed, sectioned and analyzed for ZO-1 and PsV-RFP
expression. Confocal microscopy showed a diffuse cytoplasmic ZO-
1 pattern in the tat-treated epithelia of seven of the 12 (58%)
explants (Fig. 4A, right panel). All matching explants not treated
with tat exhibited normal ring-shaped ZO-1 localization within
the lateral membranes, indicating intact TJ. In three of the seven
tat-disrupted explants (42%), PsV-RFP expression was detected
within the basal and parabasal layers of epithelium (Fig. 4A).
Quantitative analysis showed that approximately 5–8% of basal/
parabasal cells were positive for PsV-RFP (Fig. 4B). PsV penetration
was not detected in four of the tat-disrupted tissues. No PsV entry
was detected in any of the five tissues treated with tat but
which retained normal ZO-1 localization, or in control explants
not treated with tat.

We next exposed buccal explants from five different HIV-
uninfected donors to a combination of tat and gp120 (30 ng/ml
of each), and PsV penetration was examined as described above.
After 5 days tissues were analyzed by confocal microscopy, which
revealed a diffuse cytoplasmic ZO-1 pattern in the tat/gp120-
treated epithelium of three of the five explants (Fig. 4C). In these
disrupted tissues, PsV-RFP expression was detected within the
basal and parabasal layers of epithelium. Approximately 15% of
parabasal cells expressed PsV-RFP (Fig. 4D). No PsV entry was
detected in the three explants treated with tat and gp120 but

which retained normal ZO-1 localization, or in control tissues not
treated with tat and gp120.

Expression of HIV tat and gp120 in oral and anal epithelial tissues of
HIV-infected individuals

Above we showed that oral and anal epithelial TJs are disrupted
in normal tissues in HIV-infected individuals in vivo, and that
disruption of TJs by HIV tat and gp120 potentiates PsV entry when
added exogenously to multi-stratified epithelium. We then sought
to determine if these proteins can be detected in vivo in oral and
anal biopsies, and whether their expression is associated with TJ

Fig. 3. Role of tat- and gp120- disrupted epithelial TJ in paracellular spread HPV-16
PsVs. (A) Model of HPV-16 PsV paracellular passage between disrupted mucosal
epithelia. Polarized cells were grown in the upper chambers of two-chamber
transwell filter inserts. COS-1 cells were grown in the lower chambers of the filter
inserts, in the well where the filter inserts were then placed. To examine
paracellular passage of HPV-16 PsVs, PsVs were added to the apical surfaces of
polarized epithelial cells. At 2 h post-inoculation, filter inserts were removed, and
the extent of paracellular passage of PsVs was determined in the COS-1 cells by
detecting RFP fluorescence. (B, upper panel) Polarized oral epithelial cells were
incubated for 5 days with HIV-tat and gp120 or their inactive forms. HPV-16 PsVs
were then added to the apical surfaces and paracellular passage of HPV-16 PsVs
across disrupted oral epithelium was examined by detection of RFP-positive COS-1
cells. (B, lower panel) Paracellular passage of HPV-16 PsVs across disrupted oral
epithelium was quantitated by counting RFP-positive COS-1 cells. Results are
presented as a % of RFP-positive cells. Error bars show7s.e.m. (n¼3). *, not
detected.
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disruption. In Fig. 1 we showed that the TJs were disrupted in the
oral and anal tissues from HIV-infected individuals. Here, we
examined the presence of HIV tat- and gp120-expressing macro-
phages, T lymphocytes and Langerhans cells (LCs) in similar oral
and anal biopsy samples. Confocal immunofluorescence micro-
scopy of 12 oral and nine anal biopsies from HIV-infected donors
showed HIV-tat-positive and gp120-positive intraepithelial and
submucosal macrophages (Fig. 5A), T lymphocytes and LCs (data
not shown) in all biopsies, including all the donors on ART. Tat and
gp120-expressing intraepithelial immune cells were detected in
tissues from donors with a wide range of HIV plasma viral load,
including four of the 21 donors with an undetectable plasma viral
load. Cells expressing tat and gp120 were not detected in any of the
four oral and five anal biopsies from HIV-uninfected individuals.

Quantitative analysis of HIV tat- and gp120-expressing cells in
anal and oral biopsies from HIV-infected individuals on ART and
not on ART showed that tissues from individuals not on ART
contained a higher number of macrophages and T lymphocytes
expressing tat and gp120 than tissues from ART-treated indivi-
duals (po0.05; Fig. 5B). The numbers of LCs in oral and anal
tissues from donors on or not on ART were not significantly different.

Mucosal epithelium of HIV-infected individuals contains
infectious HIV

HIV virions could be a possible direct source of secreted tat and
gp-120 within tissues. To determine if tat- and gp120-positive
immune cells within the mucosal epithelium also contain intact,
infectious HIV virions, we looked for the presence of infectious HIV
in tissues shown to contain gp120 and tat. Protein was extracted

from 14 anal biopsies from HIV-infected individuals on ART and
five anal biopsies from HIV-uninfected donors, and examined for
HIV p24 using an ELISA assay. Our data showed that 11 of the 14
anal biopsies from HIV-infected donors contained HIV-1 p24
(Fig. 6A, upper panel), indicating that virions were present within
the mucosal environment. HIV p24 was not detected in the tissues
obtained from HIV-uninfected donors (data not shown). We then
infected peripheral blood mononuclear cell (PBMC) with extracts
of the HIV-infected anal biopsies. At 2 weeks post-infection p24
ELISA assays showed that virions from 2 of 11 (18%) HIV-infected
biopsies were infectious in PBMCs (Fig. 6A, lower panel). These
data show that the anal mucosal epithelium and/or submucosal
lamina propria of at least some HIV-infected individuals on ART
contain infectious virus.

HIV tat and gp120 are detectable in saliva and HIV tat can penetrate
into stratified mucosal epithelium

Above we showed that the oral and anal mucosal epithelium
contain HIV that could shed tat and gp120 proteins within the
epithelial environment. Since saliva may represent another poten-
tial source of tat and gp120 for the epithelium we analyzed nine
whole saliva and matching plasma samples from HIV-infected
individuals not on ART to determine if these proteins are detect-
able in saliva. Using a combination of immunoprecipitation and
Western blotting, we showed that three of the nine (33%) saliva
samples were positive for gp120 or tat (Fig. 6B). Two saliva
samples positive for gp120 were also positive for tat.

To determine if salivary tat at physiologic concentrations could
penetrate into mucosal epithelium we exposed the normal

Fig. 4. HIV-associated disruption of mucosal epithelium facilitates PsV entry into basal and parabasal cells. (A and B) Buccal explants were treated with HIV tat alone (A) or
HIV tat and gp120 in combination (B) for 2 days and then exposed to HPV-16 PsVs for the next 3 days. Tissues were immunostained for ZO-1 (red) and analyzed for PsV-RFP
by confocal microscopy. GR, granulosum; SP, spinosum; BL, basal; LP, lamina propria. (C and D) PsV penetration of HIV tat- and gp120-treated explants was quantified by
counting RFP-positive epithelial cells; data are presented as the percentage of cells positive for PsV-RFP. Error bars show7s.e.m. (n¼10). *, not detected.
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mucosal surface of polarized buccal tissue explants from HIV-
uninfected donors to 30 ng/ml GFP-labeled HIV-tat in saliva. After
1 h and 3 h, the tissues were analyzed by confocal microscopy, and
showed that tat-GFP from saliva penetrated the mucosal epithe-
lium from the apical surface to granulosum and spinosum layers in
a time-dependent manner (Fig. 6C).

Discussion

The granulosum and spinosum layers of oral and anal mucosal
epithelium have well-developed TJs that form a barrier in the
upper part of the stratified epithelium (Tugizov et al., 2012). The
role of this barrier in preventing HPV from reaching the HPV-
susceptible basal and parabasal cell layers during initial infection
is poorly understood. Here we show that TJ disruption oral and
anal epithelium in HIV-infected individuals due to expression of
the HIV tat and gp120 serves as a mechanism for potentiating HPV
penetration into epithelium. In turn this may contribute to the
higher prevalence of anogenital and oral HPV infection, and
ultimately, increased risk of HPV-associated neoplasia in these
individuals.

HPV-16 PsVs readily penetrated into HIV tat- and gp120-
disrupted oral epithelium as far down as the basal/parabasal layer,
whereas no penetration was seen in intact tissues not treated with
these proteins. We observed that all tat/gp120-disrupted epithelia
facilitate PsV penetration; however, approximately half of tat-
disrupted tissues did not allow PsV penetration. Lack of PsV
penetration in some of the disrupted epithelia could be due to
clearance or damage of PsVs by intraepithelial macrophages
and/or innate immune molecules, respectively (Buck et al., 2006;
Ishii, 2013). Efficient paracellular passage of HPV-16 PsVs through
HIV tat/gp120-disrupted TJs of mono-stratified epithelial cells is
consistent with our demonstration that PsV migration into basal/
parabasal cells of stratified mucosal epithelium occurred by TJ
disruption in the granulosum and spinosum layers. The detection
of RFP expression predominately in parabasal cells suggested
that initial PsV entry may occur in basal cells, which may later
become stratified into parabasal layers. Epithelial lesions arise

when basal/parabasal cells infected with HPV rise through the
epithelium, following a well-described sequence of coordinated
viral transcription and host cell differentiation.

The presence of HIV and HIV gene products are well described
in epithelium (Chou et al., 2000; Clemetson et al., 1993; Crowe and
Sonza, 2000; Goto et al., 1991; Henning et al., 2010; Kakizawa
et al., 1996; Liuzzi et al., 1996; Maticic et al., 2000; Nuovo et al.,
1993; Qureshi et al., 1995, 1997; Rodriguez-Inigo et al., 2005;
Sonza et al., 2001; Zuckerman et al., 2003), largely in circulating
HIV-infected immune cells (Crowe and Sonza, 2000; Henning
et al., 2010; Sonza et al., 2001). We detected immune cells
expressing tat and gp120 in the oral and anal mucosa of all HIV-
infected individuals, including those on ART. Similarly we showed
that HIV in anal tissues was replicating and infectious, including
tissues from ART-treated donors. Furthermore, tat and gp120 were
detected in the saliva, and salivary tat penetrated into mucosal
epithelium. HIV tat may penetrate into cells and tissues through its
protein transduction domain (PTD), based on the basic amino acids
arginine and lysine, which facilitates protein internalization into
cells and tissues by multiple mechanisms, including endocytosis
and macropinocytosis (Ferrari et al., 2003; Fittipaldi et al., 2003;
Kaplan et al., 2005; Mann and Frankel, 1991; Wadia et al., 2004).
Mucosal epithelium may therefore be exposed to tat and gp120
from multiple sources, including saliva and circulating immune
cells, even among individuals with HIV viral load suppression on
ART. Mucosal epithelium also serve as a viral reservoir (Henning
et al., 2010), and a source of proteins that reduce epithelial
integrity in the setting of HIV infection.

Detection of tat and gp120 in oral and anal tissues from HIV-
infected donors on ART is consistent with previous studies, in
which HIV RNA, DNA and virions in the oral and cervical tissues
have been demonstrated (Chou et al., 2000; Clemetson et al., 1993;
Crowe and Sonza, 2000; Goto et al., 1991; Henning et al., 2010;
Kakizawa et al., 1996; Liuzzi et al., 1996; Maticic et al., 2000; Nuovo
et al., 1993; Qureshi et al., 1995, 1997; Rodriguez-Inigo et al., 2005;
Sonza et al., 2001; Zuckerman et al., 2003). Secretion of HIV tat
into blood was first shown by Westendorp et al. (1995) and the
finding was confirmed by others (Poggi and Zocchi, 2006; Xiao
et al., 2000). Detection of gp120 in the blood and lymphoid tissues

Fig. 5. Distribution of HIV-tat- and gp120- expressing immune cells in oral and anal epithelia of HIV-infected individuals. (A) Oral and anal tissue sections from HIV-
uninfected and -infected individuals were co-immunostained for HIV-tat or gp120 (both in green) and CD68 (in red), a marker for macrophages. Yellow indicates
co-localization of viral proteins with cellular markers. Nuclei are in blue (A–C). EP, epithelium; LP, lamina propria. The dotted white line indicates the boundary between the
epithelium and the lamina propria. Original magnification was �400. Representative immunofluorescence images are shown. (B) For quantitative evaluation, we counted
CD3-, CD68-, and CD1a-positive cells expressing HIV-tat or gp120 in oral and anal tissue sections obtained from HIV-infected individuals on ART (six oral and six anal
biopsies) and not on ART (six oral and three anal biopsies). Cells expressing HIV tat and gp120 were counted in 10 microscopic fields, and results are represented as the
average number of cells per mm2. Error bars show the standard error of means. *P40.05, as compared with control group
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was also shown (Montagnier et al., 1985; Oh et al., 1992; Rychert
et al., 2010; Santosuosso et al., 2009). A recent report showed
that ART did not inhibit secretion of tat (Mediouni et al., 2012).

ART also did not eliminate gp120 expression in lymph nodes
(Crowe and Sonza, 2000; Hatano et al., 2010; Henning et al., 2010;
Schupbach et al., 2005; Zhang and Crumpacker, 2001). Low levels

Fig. 6. Mucosal epithelium of HIV-infected individuals contains infectious HIV, which express HIV tat and gp120 proteins with the mucosal environment. (A, upper panel) To
detect HIV in the mucosal epithelium, anal biopsies were homogenized, and supernatants were examined for HIV p24 by ELISA. The p24 value was expressed in ng of p24 per
mg of tissue. (A, lower panel) To examine the infectivity of intra-mucosal HIV, PBMCs were infected with homogenates, and p24 was quantified after 2 weeks. (B) HIV tat and
gp120 in saliva and plasma samples of HIV-infected patients were detected by immunoprecipitation and Western blot assays. IgG HC, IgG heavy chain. IgG LC, IgG light chain.
(C) Polarized oriented buccal explants were treated with GFP-labeled recombinant tat at 30 ng/explant for 1 and 3 h and sectioned and examined for tat penetration by
confocal microscopy. GR, granulosum; SP, spinosum; BL, basal; LP, lamina propria.
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of replicating HIV and viral p24 were detected in peripheral blood
mononuclear cells of ART-treated patients (Crowe and Sonza,
2000; Hatano et al., 2010; Henning et al., 2010; Schupbach et al.,
2005; Zhang and Crumpacker, 2001), which may migrate into
mucosal epithelium leading to spread of HIV (Crowe and Sonza,
2000; Henning et al., 2010; Sonza et al., 2001).

HIV tat- and/or gp120-mediated TJ disruption was detected only
after prolonged incubation of cells (4–5 days) and this effect was
not observed during shorter incubation periods (1–3 days). Earlier
studies have shown that these proteins may disrupt epithelial TJs
during a shorter time (24 h) incubation (Andras et al., 2005; Bai
et al., 2008; Nazli et al., 2010; Pu et al., 2005; Song et al., 2007;
Toschi et al., 2006; Zhong et al., 2008); however, in those studies,
the concentration of proteins was substantially higher than in our
experiments, which were performed at physiological concentra-
tions. Furthermore, in our studies, the development of TJs in
polarized cells was much stronger (TER reached up to 800 Ω/cm2)
than in the earlier studies (TER was about 200–300 Ω/cm2). These
factors may account for the differences of TJ disruption by HIV
proteins in our work compared with previously published work.

In summary, we have observed HPV entry into disrupted mucosal
epithelium facilitated by HIV tat and gp120 proteins, which may have
a synergistic and/or additive effect on TJ disruption. HIV-associated TJ
disruption is likely to play an important role in increasing the risk of
HPV infection. Combined with other factors such as attenuated
immune response to HPV antigen, this may increase the risk of
subsequent development of HPV-associated neoplasia. Topical inhi-
bitors of HIV tat- and gp120-activated signaling molecules including
MAPK, PI3K/AKT and JNK (Ali et al., 2009; Andras et al., 2005; Bai
et al., 2008; Cai et al., 1997; Kawakami et al., 2004; Lopez-Bergami
et al., 2005; Marshall, 1996; Preiss et al., 2007; Pu et al., 2005; Song
et al., 2007; Toschi et al., 2006; Wang et al., 2004; Zhong et al., 2008;
Zhou et al., 2003) that contribute to TJ disruption in HIV-infected
individuals may be useful for improving mucosal epithelial integrity
and reducing the risk of exposure to HPV and potentially other
infectious agents in the environment.

Materials and methods

Ethics statement

This study was conducted according to the principles expressed
in the Declaration of Helsinki. The study was approved by the
Committee on Human Research of the University of California San
Francisco (IRB approval #: H8597-30664-03). All subjects provided
written informed consent for the collection of samples and sub-
sequent analysis.

Collection of oral and anal tissues and establishment of polarized
oriented tissue explants

Buccal and anal biopsies containing stratified squamous mucosal
epithelium and lamina propria from HIV-uninfected and HIV-
infected individuals were collected from the UCSF Oral AIDS Center
and UCSF Anal Neoplasia Clinic. To establish polarized organ cultures,
biopsies were used approximately 1–2 h after biopsy procedures.
Explants were placed with the mucosal side facing up in the top
chamber of Millicell filter inserts of 12 mm diameter and 0.4-mm
pore size (Millipore). The lateral edges of the explants were sealed
with 3% agarose as described previously (Tugizov et al., 2012).

Establishment of polarized epithelial cells

Primary cervical keratinocytes from ectocervical tissues were
purchased from Lonza. Primary anal and tonsil keratinocytes were

established in our laboratory as described (Tugizov et al., 2011).
Polarized cells were established in 0.4-mm transwell two-chamber
filter inserts (Tugizov et al., 2003, 2011).

Treatment of polarized cells and tissue explants with HIV proteins
tat and gp120

Recombinant HIV-1 (Bal strain) wt tat and inactive mutant tat
proteins were purchased from Immunodiagnostic Inc. Mutant tat
was generated by substitution of the basic arginine-rich domain at
49–57 aa and the integrin-binding RGD motif in the C terminus
with alanines. HIV-1 (Bal strain) gp120 was provided by the NIH
AIDS Research reagent program. Gp120 was inactivated by incuba-
tion of protein at 85 1C for 30 min (Bai et al., 2008).

To examine penetration of GFP-labeled HIV tat into oral epithe-
lium, polarized oriented adult buccal explants were incubated at
their mucosal surfaces with 30 ng/ml of HIV tat-GFP fusion protein
(pEGFP/HXB-2 kindly provided by Dr. Ashok Chauhan, University of
South Carolina) in the presence of whole saliva for 1 and 3 h at
37 1C. Whole saliva was collected from five HIV-uninfected healthy
donors and pooled and then used for tat reconstitution.

Recombinant tat and gp120 were added to polarized cells or tissue
explants separately and in combination. Culture media were changed
every day with fresh virus or proteins. In polarized cells disruption of
tight junctions was monitored by measuring transepithelial electrical
resistance (TER) and paracellular permeability (Tugizov et al., 2003,
2011). Briefly, TER was measured with an epithelial Millicell-ERS
voltohmmeter (Millipore). Paracellular permeability was evaluated
by adding horseradish peroxidase-conjugated goat anti-donkey IgG
(Fab)2 (Jackson ImmunoResearch) to the upper filter compartment
and photometrically assaying the medium from the lower compart-
ment for horseradish peroxidase with o-phenylenediamine dihy-
drochloride as the substrate (Gulino et al., 1998). Detection of IgG in
the lower chamber indicated leakage of IgG from the upper chamber.
MTT assay was used to determine the viability of polarized cells
treated with proteins (Biotium Inc.). Disruption of polarized cells in
the tissue explants was examined by immunostaining of tissue
sections for ZO-1.

Preparation of HPV-16 pseudovirions (PsVs)

HPV-16 pseudovirions (PsV) consist of the major L1 and minor
L2 capsid proteins of the virion, with a plasmid expressing red
fluorescent protein (RFP) packaged inside. Plasmids encoding the
PsV components, as well as human sera positive and negative for
HPV-16 antibodies, were the kind gift of Dr. John Schiller, National
Cancer Institute. HPV-16 PsV were generated by co-transfection of
HPV-16 genes encoding major L1 and minor L2 capsid proteins
and RFP as described (Buck et al., 2004, 2005; Roberts et al., 2007).
Cells were exposed to PsVs, and RFP expression indicating PsV
entry into epithelial cells was detected after 3 days.

HPV paracellular passage assays

For HPV paracellular penetration assays, polarized epithelial
cells were exposed to HPV-16 PsV-RFP at 1 ng per insert or explant
at the apical surface of cells. To detect paracellular passage of PsVs,
COS-1 cells were seeded on cover glass placed in the basolateral
chambers of inserts containing polarized epithelial cells. After 2 h
the inserts were removed. COS-1 cells were grown for 3 days with
basolateral media from polarized culture. The cells were then fixed
and PsV infection was determined by detection of RFP-positive
cells using confocal microscopy. For quantitative analysis RFP-
positive COS-1 cells were counted and results are presented as a %
of RFP-positive cells. PsV penetration into tissue explants was
evaluated by detecting RFP signals after 3 days of incubation of
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tissue explants. Tissues were fixed, sectioned and analyzed by
confocal microscopy.

Confocal immunofluorescence

Immunostaining of tissue sections was performed as previously
described (Tugizov et al., 2007, 2012). Mouse anti-HIV-1 tat
(Immunodiagnostic Inc.) and goat anti-gp120 (Thermo Scientific)
were used for detection of HIV-1 proteins. To detect tight junction
proteins and immune cells, we used rabbit anti-ZO-1, anti-occlu-
din, and anti-claudin-1 (all from Zymed) and mouse anti-CD3,
anti-CD68 and anti-CD1a (all from BD Bioscience). Secondary
antibodies labeled with fluorescein isothiocyanate (FITC), tetra-
methyl rhodamine isothiocyanate (TRITC), or cyanine 5 (Cy5) were
purchased from Jackson Immunoresearch. The specificity of each
antibody was confirmed by negative staining with the correspond-
ing primary isotype control antibody. Cell nuclei were counter-
stained with TO-PRO-3 iodide (Molecular Probes) (blue). Cells and
tissue sections were analyzed using a Leica SP5 laser confocal
microscope.

For quantitative analysis of ZO-1-, occludin-, and claudin-1-
expressing epithelial cells, tissue sections were immunostained for
these proteins and we counted positive epithelial cells with a ring-
shaped staining pattern. The ring-shaped pattern of localization of
tight junction proteins indicates their association with intact tight
junctions. Cells with normal TJs were counted within the epithe-
lium in 10 microscopic fields (200� ) of each tissue section.
Results are represented as a percentage of cells with ring shaped
localization of TJ proteins.

For quantitative evaluation of HIV tat- and gp120-expressing
immune cells, sections were co-immunostained for viral proteins
with immune cell markers (CD68 for macrophages, CD1a for
Langerhans cells, CD3 for lymphocytes), and immune cells expres-
sing HIV proteins were counted. Cells were counted in 10 ran-
domly selected microscopic fields (200� ) per section in at least
three sections for each explant. Results were presented as the
average number of positive cells per mm2.

For quantitative analysis of HPV-16 PsV penetration into oral or
anal epithelia, sections of tissue explants exposed to PsVs were
immunostained with anti-ZO-1 or anti-occludin antibodies, and
the cells containing red signals were counted under various
experimental conditions. All cell quantification was performed
blindly by two investigators (ST, RH).

Western blot and immunoprecipitation assays

Matching saliva and plasma samples (2 ml of each) from
HIV-infected (UCSF Options Study, Owotade et al., 2008) and
HIV-uninfected individuals were subjected to immunoprecipita-
tion using sheep anti-tat (Abcam) and mouse monoclonal anti-
gp120 antibodies (ID6) (NH AIDS Reagents). These samples (con-
centrated by approximately 20 times) were then analyzed by
immunoblotting with mouse anti-tat monoclonal (Immunodiag-
nostics Inc) and mouse anti-gp120 antibodies (ID6) (NIH AIDS
Research reagent program). As positive controls, gp120 and tat
were used for HIV-133-infected PBMC extract and recombinant tat
(HIV-1BAL strain) (Immunodiagnostics Inc), respectively. Bands
were visualized using ECL-detection system (GE Healthcare).

Detection of infectious HIV from anal tissue biopsies

Anal biopsies from consenting HIV-uninfected and HIV-infected
donors at the UCSF Anal Neoplasia Clinic and were weighed
and homogenized using sterile glass powder in 1 ml phosphate-
buffered saline (pH, 7.2). Tissue homogenates were centrifuged for
10 min at 2000 RPM, and supernatants were divided into two parts.

One part was used for detection of HIV-1 p24. The other part was
used for infection of PBMCs. HIV infection in PBMCs were examined
after 2 weeks by p24 ELISA.

Statistical analysis

To determine the disruption of epithelial TJs and intraepithelial
immune cells expressing HIV tat and gp120 proteins, data were
obtained from HIV-uninfected donors, and HIV-infected individuals
not on ART or treated with ART. The results were compared using
the Student's t-test; p values o0.05 were considered significant.
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