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ABSTRACT Mother-to-child transmission (MTCT) of human immunodeficiency virus
type 1 (HIV-1) and human cytomegalovirus (HCMV) may occur during pregnancy,
labor, or breastfeeding. These viruses from amniotic fluid, cervicovaginal secretions,
and breast milk may simultaneously interact with oropharyngeal and tonsil epithelia;
however, the molecular mechanism of HIV-1 and HCMV cotransmission through the
oral mucosa and its role in MTCT are poorly understood. To study the molecular
mechanism of HIV-1 and HCMV MTCT via oral epithelium, we established polarized
infant tonsil epithelial cells and polarized-oriented ex vivo tonsil tissue explants.
Using these models, we showed that cell-free HIV-1 and its proteins gp120 and tat
induce the disruption of tonsil epithelial tight junctions and increase paracellular
permeability, which facilitates HCMV spread within the tonsil mucosa. Inhibition of
HIV-1 gp120-induced upregulation of mitogen-activated protein kinase (MAPK) and
NF-kB signaling in tonsil epithelial cells, reduces HCMV infection, indicating that HIV-
1-activated MAPK and NF-«B signaling may play a critical role in HCMV infection of
tonsil epithelium. HCMV infection of tonsil epithelial cells also leads to the disruption
of tight junctions and increases paracellular permeability, facilitating HIV-1 paracellu-
lar spread into tonsil mucosa. HCMV-promoted paracellular spread of HIV-1 increases
its accessibility to tonsil CD4 T lymphocytes, macrophages, and dendritic cells. HIV-1-
enhanced HCMV paracellular spread and infection of epithelial cells subsequently
leads to the spread of HCMV to tonsil macrophages and dendritic cells. Our findings
revealed that HIV-1- and HCMV-induced disruption of infant tonsil epithelial tight
junctions promotes MTCT of these viruses through tonsil mucosal epithelium, and
therapeutic intervention for both HIV-1 and HCMV infection may substantially reduce
their MTCT.

IMPORTANCE Most HIV-1 and HCMV MTCT occurs in infancy, and the cotransmission
of these viruses may occur via infant oropharyngeal and tonsil epithelia, which are
the first biological barriers for viral pathogens. We have shown that HIV-1 and HCMV
disrupt epithelial junctions, reducing the barrier functions of epithelia and thus allowing
paracellular penetration of both viruses via mucosal epithelia. Subsequently, HCMV infects
epithelial cells, macrophages, and dendritic cells, and HIV-1 infects CD4* lymphocytes,
macrophages, and dendritic cells. Infection of these cells in HCMV- and HIV-1-coinfected
tonsil tissues is much higher than that by HCMV or HIV-1 infection alone, promoting their
MTCT at its initial stages via infant oropharyngeal and tonsil epithelia.

KEYWORDS HIV, breast milk, human cytomegalovirus, mother to child transmission,
tonsil mucosal epithelium
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other-to-child transmission (MTCT) is an important pathway for the spread of

human immunodeficiency virus-1 (HIV-1) during pregnancy, labor, delivery, and
breastfeeding (1-7). Approximately 200,000 infants acquire HIV-1 infection annually
despite antiretroviral therapy (ART), suggesting the need for alternative prevention
strategies (8, 9). In women not treated with ART, HIV MTCT occurs through the breast
milk in 30 to 45% of cases (10). Breast milk of HIV-infected mothers may contain cell-free
HIV-1 as well as HIV-infected CD4* T lymphocytes and macrophages, which may initiate
the mucosal transmission of virus (11-13). Infectious HIV-1 may persist in the breast milk
despite ART, which significantly reduces MTCT but does not eliminate the virus and its
reservoirs (14-16). The lining epithelia of oropharyngeal and gastrointestinal mucosae
have well-developed tight junctions, which prevent paracellular penetration of viral
pathogens, including HIV-1, and serve as a barrier to mucosal transmission of viruses
(17-21). To initiate systemic infection, HIV-1 must first be transmitted across oropharyn-
geal and/or intestinal mucosal epithelium and then infect susceptible immune cells (21).
HIV transmission across fetal/infant oropharyngeal mucosal epithelial cells occurs by
transcytosis; i.e., virions transmigrate across cells without infecting them (20). However,
cell-free HIV-1 transcytosis via mucosal epithelial cells is not highly efficient; only 0.01 to
0.05% of virions from the initial inoculum may translocate across epithelial cells (20,
22-24). More than 90% of internalized virions are sequestered in the endosomes of epi-
thelial cells, including multivesicular bodies and vacuoles (24, 25). These sequestered viri-
ons in the epithelium are infectious and are released by the interaction of activated pe-
ripheral blood mononuclear cells (PBMC) and CD4™ T lymphocytes with epithelial cells
containing the virus. Furthermore, HIV-1 interaction with mucosal epithelial cells may
lead to the disruption of epithelial tight junctions and facilitate paracellular transport of
virus, initiating infection of intramucosal and submucosal target cells (21, 26-29).

Human cytomegalovirus (HCMV) is an important human pathogen (30) that is asso-
ciated with opportunistic infection during HIV/AIDS disease. It manifests as oral muco-
sal lesions, esophagitis, retinitis, pneumonia, hepatitis, gastrointestinal inflammation,
or encephalopathy (31-35). HIV-infected individuals, including pregnant women, are
almost universally coinfected with HCMV (36, 37). HCMV MTCT occurs in utero via the
placenta and during labor by exposure to cervicovaginal secretions (38, 39). However,
most HCMV MTCT occurs postpartum through infected breast milk and oral mucosal
secretions (38-40). Almost all HCMV in HCMV-seropositive, HIV-uninfected women is
activated by lactation (41); virus is shed into breast milk for only 4 to 6 weeks postpar-
tum (42, 43). In contrast, in HIV-infected women, a high level of HCMV shedding into
breast milk may significantly increase for 6 or more months postpartum, facilitating
MTCT via infant oropharyngeal and gastrointestinal mucosal epithelia (44). Low CD4*
count and high HIV RNA in the breast milk are correlated with higher levels of HCMV
DNA in breast milk (44, 45). In HIV-infected women, the rate of HCMV perinatal and post-
natal transmission may increase to 90% of children who acquire a virus during early
childhood (32, 39, 46, 47). HCMV infection, or its reactivation in HIV-infected pregnant
women, may also play a critical role in HIV-1 MTCT. An increasing level of HCMV in breast
milk is associated with an increased risk of postpartum HIV-1 MTCT (44, 47-49).

We and others have shown that HIV-1 cell-free virions and viral tat and gp120 pro-
teins play an important role in the impairment of the mucosal barrier by disrupting epi-
thelial tight junctions (21, 26-29, 50, 51). HIV tat and gp120 are regulatory and enve-
lope proteins, respectively, that activate multiple signaling pathways, including
mitogen-activated protein kinase (MAPK) and NF-«B signaling. This may lead to disrup-
tion of tight and adherens junctions through induction of epithelial-mesenchymal tran-
sition, aberrant internalization of tight junction proteins, and their downregulation
and/or proteasome-mediated degradation (52-64). HCMV infection also disrupts tight
junctions of intestinal epithelial cells (65). Thus, disruption of mucosal epithelial tight
junctions by HIV-1 and HCMV may impair the barrier functions of oropharyngeal and
intestinal epithelia, allowing paracellular penetration of these viruses and the initiation
of MTCT.
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Although accumulated evidence indicates that both HIV and HCMV are simultane-
ously detected in breast milk and may serve as a synergistic risk factor for MTCT, the
mechanism of cotransmission of these viruses through infant oropharyngeal and tonsil
mucosal epithelia has been poorly investigated. We hypothesize that HIV-1 and HCMV
may synergistically impair the barrier function of oropharyngeal and tonsil mucosal
epithelia, facilitating their transmucosal transmission. To test this hypothesis, we inves-
tigated the joint role of HIV and HCMV in transmucosal transmission by using mono-
stratified polarized infant tonsil epithelial cells and ex vivo infant tonsil tissue explants.
We show here that both HIV-1 and HCMV may promote their transmucosal transmis-
sion through disruption of epithelial junctions, which initiates the spread of both
viruses within intramucosal and submucosal target cells. That is, the simultaneous
interaction of HIV-1 and HCMV with tonsil mucosa can synergistically increase the rate
of MTCT of both viruses in HIV-1- and HCMV-coinfected women.

RESULTS

HIV-1 tat- and gp120-mediated disruption of tight junctions leads to paracellular
spread of HCMV. HIV-induced disruption of epithelial junctions may promote paracellular
penetration of other viruses, including HCMV. To test this hypothesis, we established cul-
tures of monostratified polarized infant tonsil epithelial cells. Cells were treated separately
with recombinant HIV-1 proteins tat and gp120 and with a combination of tat and gp120 to
examine their effects on transepithelial resistance (TER), paracellular permeability, and tight
junction integrity of polarized cells. Control groups consisted of untreated cells and cells
treated with inactive mutant tat, which was generated by substitution of the basic arginine-
rich domain at amino acids (aa) 49 to 57 and the integrin-binding RGD moitif in the C termi-
nus with alanines (50, 51). Heat-inactivated gp120 was also used as a negative control (50,
51). Cells were treated with active and inactive tat and gp120 proteins, and culture medium
was changed every day to add fresh proteins (Fig. 1A). Treatment of tonsil epithelial cells
with active tat, gp120, and tat+gp120 for 5 days induced a rapid decrease (90%) in the TER
of epithelial monolayers and increased paracellular permeability by 40 to 60% compared
with untreated control cells and inactive tat+gp120-treated cells (Fig. 1A and B).

Expression of the tight junction proteins claudin-1, occludin, and zonula occludens-1
(ZO-1) in control cells by immunofluorescence assay was detected exclusively in a ring
shape, indicating their lateral membrane localization (Fig. 1C). In contrast, expression of clau-
din-1, occludin, and ZO-1 in epithelial cells treated with active tat and gp120 proteins was in
a discontinuous ring shape, cytoplasmic, or negative, showing disruption or a lack of tight
junctions (Fig. 1C). The decrease in TER and increased paracellular permeability in the cells
treated with active tat and gp120 were correlated with the disruption of tight junction pro-
teins claudin-1, occludin, and ZO-1. These experiments showed that HIV-1 tat and gp120
proteins impair the barrier function of polarized infant tonsil epithelial cells, as shown in our
previous work (18, 50, 51).

Next, we examined whether HIV-1-induced disruption of tight junctions of infant
tonsil epithelial cells leads to the paracellular spread of HCMV. After treating epithelial
monolayers with HIV-1 proteins for 5days, we added 3 x 10° infectious units (IU) of
HCMV AD169 to the apical membranes of epithelial cells for 2, 4, or 6 h. At each time
point, the basolateral culture medium from the lower chamber of Transwell inserts was
collected for an HCMV infectivity assay using human foreskin fibroblasts (HFF).

Immunofluorescence staining of HFF with monoclonal antibodies against HCMV
glycoprotein B (gB) did not detect infectious HCMV virions in the basolateral medium
of untreated control cells or inactive tat- and gp120-treated cells, indicating that intact
tight junctions of tonsil epithelia prevented paracellular spread of HCMV (Fig. 1D). In
contrast, infectious HCMV infection was detected in the basolateral medium of HIV-1
gp120- and tat-treated epithelial cells, showing paracellular spread of HCMV via disrupted
tight junctions by HIV-1 proteins. Quantitative analysis of HCMV-infected HFF showed that
paracellular spread from the apical to the basolateral compartment was time dependent:
initially detected after 2 h at a low level (1.8%) and reaching its highest level (8 to 10%) 6 h
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FIG 1 HIV-1 tat- and gp120-induced disruption of tight junctions facilitates HCMV paracellular spread via polarized tonsil
epithetical cells. (A) Polarized tonsil epithelial cells were treated with recombinant HIV-1,, tat and gp120 proteins (10 ng/ml of
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after incubation (Fig. 1E). HFF infected directly with 3 x 10°IU of HCMV, which was used
for the apical inoculum, showed 96% infection.

To confirm whether these findings were reproducible with the clinical isolate of HCMV,
we performed experiments with HCMV VR1814. Polarized tonsil epithelial cells from three in-
dependent donors were treated with HIV gp120. Untreated cells served as a control. After
5days of treatment, gp120 reduced TER in all epithelial cells by 70 to 90%, compared with
untreated control cells, indicating substantial disruption of epithelial junctions (Fig. 1G, bot-
tom). HCMV VR1814 (3 x 10°IU) was added to apical membranes of polarized epithelial cells,
and after 4 h of incubation, basolateral medium was collected to study HFF infection. HCMV
VR-1814 infection was detected in HFF by immunofluorescence assay using a monoclonal
antibody against immediate early (IE1/2) proteins of HCMV (Fig. 1F). Quantitative analysis of
HCMV VR1814-infected HFF showed that HIV-1 gp120-induced paracellular transport of
HCMV was detected in all three tonsil epithelial cell cultures and varied from 8% to 15%
(Fig. 1G, top). In contrast, no HCMV VR1814 infection was detected in the medium of
untreated control tonsil cells with intact tight junctions. HFF directly infected with 3 x 10°1U
of HCMV VR1814 led to 90% infection. These data show that HIV-1 tat- and gp120-induced
disruption of infant tonsil epithelial cells facilitates paracellular spread of HCMV.

Cell-free HIV virion-induced disruption of infant tonsil epithelial junctions
facilitates paracellular HCMV spread. The experiments described above showed that
HIV-1 envelope protein gp120 disrupts epithelial tight junctions and facilitates HCMV
paracellular spread. To determine if HIV cell-free virions, which contain gp120 on their
surface, also promote HCMV paracellular spread, we treated polarized infant tonsil epi-
thelial cells with dually tropic HIV-145; for 5days. Cell-free HIV virions gradually
reduced TER, and after 5 days, the reduction of TER was 95% compared with untreated
control cells (Fig. 2A). Immunofluorescence analysis of claudin-1, occludin, and ZO-1
expression in untreated and HIV-1.,;-treated cells at day 5 showed that expression of
all three tight junction proteins was lost in 80 to 95% of cells incubated with HIV com-
pared with control cells (Fig. 2B). This indicates that cell-free HIV-1 induces a severe dis-
ruption of tonsil epithelial tight junctions.

To determine if HIV-14;5-induced disruption of tonsil epithelial tight junctions facilitates
HCMV paracellular spread, we incubated polarized tonsil epithelial cells exposed to HIV-1¢;
with HCMV AD169 for 1, 2, 4, or 6 h. At each time point, the basolateral medium was col-
lected and examined in the HCMV infectivity assay using HFF. Cells not exposed to HIV-1;
served as a negative control. Immunostaining of HFF for HCMV gB showed that HCMV infec-
tion was not detected in control cells (Fig. 2C), indicating a lack of paracellular spread of
HCMV. In contrast, HCMV infection was detected in HFF incubated with basolateral medium
from epithelial cells exposed to HIV-14,;. Quantitative analysis showed that paracellular
transport of HCMV was time dependent starting with 2% at 2 h after apical inoculation of
HIV-1¢55 and reaching 11.5% at 6 h after inoculation (Fig. 2D).

We next examined the role of the dually tropic HIV-14; lab strain and the clinical
isolates of R5-tropic HIV-1¢,,, and X4-tropic HIV-14,,5026 Viruses in the paracellular transport

FIG 1 Legend (Continued)

each). Untreated cells or inactive tat- and gp120-treated cells served as a control. Culture medium was changed every day to
add fresh proteins, and TER was measured. (B) After 5days of protein treatment, the paracellular permeability of polarized cells
was measured by IgG leakage assay. (C) After 5days of protein treatment, one set of cells was fixed and immunostained for the
tight junction proteins claudin-1, occludin, and ZO-1 (all red). Cell nuclei were stained with Sytox green nucleic acid stain
(green). Cells were analyzed using fluorescence microscopy (Nikon Eclipse E400). Magnification, x630. (D and E) After 5days of
protein treatment, HCMV AD169 at an MOI of 1 was added to the apical surface of polarized cells. After 2, 4, or 6 h, basolateral
medium was collected and used to infect HFF; 48 h later, cells were immunostained with HCMV gB antibody (D). One set of HFF
was directly infected with input virus. HCMV gB-positive cells were counted and presented as a percentage of infection (E). (F
and G) After 5days of HIV-1 gp120 protein treatment or without treatment (control), tonsil epithelial cells were measured for
TER (G, lower chamber) and then incubated with clinical strain HCMV VR1814 at an MOI of 1 from apical membranes of
polarized cells. After 4 h, basolateral medium was collected and used to infect HFF. HCMV VR1814 infection of HFF was
examined by immunostaining of HCMV IE1/2 expression (green) (F). Cell nuclei were stained with propidium iodide solution
(red). Merged images are presented, and the yellow signal shows colocalization of IE1/2 with cell nuclei, which indicates HCMV
infection. Infected cells were quantitatively evaluated and presented as a percentage of infection (G, top). (A, B, E, and G) Data
are means and SD (n=3) and represent three independent experiments. *, P <0.05; **, P<0.01; ***, P<0.001; ****, P < 0.0001
(in comparison with the control groups). #, not detected.
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FIG 2 Cell-free HIV-1 virions induce tight junction disruption of tonsil epithelial cells and increase HCMV paracellular spread. (A) Polarized
tonsil epithelial cells were exposed to dually tropic HIV-14,, for 5days. Each day, the culture medium was changed to add fresh virus.
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of HCMV clinical strain VR-1814. Polarized tonsil epithelial cells from two independent
donors were exposed to HIV-1 virions for 5 days, and HCMV paracellular transport was eval-
uated by examining the infectivity of HFF in basolateral medium by detection of the IE pro-
tein of HCMV (Fig. 2E). All three HIV-1 strains reduced TER of epithelial cells by 80 to 90%
compared with tonsil cells not exposed to HIV-1, indicating that dually tropic, X4-tropic, and
R5-tropic viruses disrupt epithelial junctions (Fig. 2F and G, bottom). Paracellular transport of
HCMV showed that all three HIV strains facilitated HCMV VR1814 paracellular spread via dis-
rupted tonsil epithelial cells from independent donors (Fig. 2F and G, top). However, the par-
acellular spread of HCMV VR1814 was higher in cells from donor 2 (20%) than in cells from
donor 1 (8 to 9%). These findings indicate that the paracellular spread of the clinical strain of
HCMV via tonsil epithelium can be facilitated by dually tropic, X4-tropic, and R5-tropic HIV-1
strains by disruption of epithelial junctions.

HIV-1-induced disruption of tonsil epithelial tight junctions increased HCMV
infection of epithelial cells. We have shown that cell-free HIV-1 and the interaction of
gp120 and tat proteins with tonsil epithelial cells activate MAPK and NF-«B signaling path-
ways, which disrupt tight and adherens junctions and depolarize the epithelial cells (50-52).
To test the hypothesis that these events may modulate HCMV infection, we examined
HCMV infection in polarized cells exposed to cell-free HIV-1 and its proteins tat and gp120.

Polarized tonsil epithelial cells were exposed to active and inactive HIV-1 tat and
gp120 and cell-free HIV-1¢; for 5days, and then cells were infected with HCMV VR1814
from the apical surface. Cells without HIV proteins, HIV virions, and HCMV served as negative
controls. Three days after HCMV infection, cells were coimmunostained for occludin and
HCMV gB. Confocal microscopy showed that almost 100% of control cells had strong occlu-
din expression. In contrast, cells exposed to HIV-1¢; virions and its active proteins did not
express occludin or substantially reduce its expression, indicating severe disruption of tight
junctions (Fig. 3A). In cells treated with inactive tat and gp120, occludin expression was not
reduced and was similar to that of untreated control cells. Analysis of HCMV gB protein
expression in epithelial cells exposed to HIV proteins and virions showed that high-level gB
expression was detected in a majority of cells treated with active tat and gp120 and cell-free
HIV-1e55 virions (Fig. 3A). Expression of gB in tonsil cells treated with inactive HIV-1 tat and
gp120 was at a low level. This result was confirmed in a parallel experiment examining gB
expression by Western blotting. A substantial increase in gB expression was observed only
in tonsil epithelial cells treated with active tat and gp120 and HIV-1 virions, in contrast to
cells treated with inactive tat and gp120 (Fig. 3B).

Next, we quantified the effect of cell-free HIV-1 and its proteins tat and gp120 on the
level of HCMV infection in polarized tonsil epithelial cells. Polarized tonsil epithelial cells
were exposed to active and inactive HIV-1 tat and gp120 and cell-free HIV-14,. After 5 days,
TER showed a drastic reduction in cells exposed to active tat and gp120 and virions, com-
pared with untreated cells and cells treated with inactive HIV proteins (Fig. 3C, top). Then
these cells were infected with HCMV VR1814, and one set of cells was fixed and immuno-
stained for HCMV gB protein. Quantitative analysis of gB-expressing cells showed that 60 to
65% of cells treated with active HIV-1 tat and gp120 and HIV virions were infected with

FIG 2 Legend (Continued)

Untreated cells served as a control. TER was measured every day. (B) After 5days, one set of HIV-1.;,-treated or untreated cells were fixed
and immunostained for tight junction proteins claudin-1, occludin, and ZO-1 (all in red). Cell nuclei were stained with propidium iodide
solution (red). Cells were analyzed using fluorescence microscopy. Magnification, x400. (C and D) HCMV AD169 at an MOI of 1 was added to
the apical surface (upper chamber) of HIV-1.,.-treated or untreated polarized tonsil cells for 5days. After 1, 2, 4, or 6 h of HCMV AD169
inoculation, the culture medium from the basolateral chamber was collected and used to infect HFF. HCMV AD169 infection in HFF was
examined by immunostaining of HCMV gB (red). Cell nuclei were stained with Sytox green nucleic acid stains (green). Cells were analyzed
using fluorescence microscopy (C). Magnification, x400. HCMV gB-positive HFF were counted in 10 random microscopic fields, and the
percentage of cells positive for gB was determined (D). (E, F, and G) Polarized tonsil epithelial cells from two independent donors were
exposed to dually tropic HIV-1g,;, R5-tropic HIV-1,,0, or X4-tropic HIV-1g,,c0,, for 5days, and TER was measured (F and G, bottom). Cells
were then incubated for 4 h with HCMV VR1814 at an MOI of 1 from the apical surface. Culture medium from the basolateral chamber was
collected and used to infect HFF. HCMV VR1814 infection of HFF was detected by HCMV IE1/2 immunostaining (green) (E). Cell nuclei were
stained with propidium iodide solution (red). Cells were analyzed by fluorescence microscopy. Magnification, x600. Merged panes show the
yellow signal that indicates colocalization of IE1/2 with cell nuclei, indicating HCMV infection. Infected cells were quantitatively evaluated and
presented as a percentage of infection (F and G, top). (A, D, F, and G) Data are means and SD of triplicate values. **, P<0.01; ***, P < 0.001;
**** P <0.0001 (compared with the control cells). #, not detected.
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VR1814 at an MOI of 1. After 3 days, one set of cells was coimmunostained for HCMV gB (red) and tight junction protein occludin (green) (A). Cell nuclei
were counterstained with DAPI (blue). Cells were analyzed by fluorescence microscopy. Magnification, x630. The next set of cells was lysed, and HCMV
VR1814 infection was examined by Western blotting, which detected HCMV gB (B). Sample loading for the Western blot was controlled by detecting
B-actin. Immunoblots were performed at least twice, and representative results are shown. (C) Polarized tonsil epithelial cells were exposed for 5days to
cell-free HIV-1.,; and its active and inactive proteins tat and gp120, as described for Fig. 3A. TER of polarized cells was then measured (top), and cells
were infected with HCMV VR1814 at an MOI of 1. After 3 days, cells were immunostained for HCMV gB, and infected cells were quantitatively analyzed
(middle). Culture medium containing HCMV VR1814 released from apical and basolateral membranes was collected, combined, and used to infect HFF
(bottom). (D) Polarized tonsil epithelial cells were exposed for 5days to dually tropic HIV-1SF33, R5-tropic HIV-1SF170, or X4-tropic HIV-192UG029 viruses
and at day 5 the TER was measured (top). Cells were then infected with HCMV VR1814 at an MOI of 1 for 3 days. Cells were immunostained for HCMV gB,
and gB-expressing cells were quantitatively evaluated (bottom). (E) Polarized tonsil epithelial cells were infected with HCMV VR1814 with or without HIV-
1SF33. The next set of cells were treated with gp120 alone or gp120 with HCMV VR1814. After 5 days, the TER was measured. (C, D, and E) Data are means
and SD from one of two or three independent experiments, each in triplicate (n=3). **, P<0.01; ***, P<0.001; ****, P<0.0001 (compared with control
cells). #, not detected.

HCMV VR1814. HCMV infection in tonsil cells treated with inactive HIV-1 tat and gp120 was
10 to 12%, indicating a substantially lower level of HCMV VR1814 infection (Fig. 3C, middle)
compared with tonsil cells exposed to HIV proteins and cell-free virions.

To examine the release of HCMV VR1814 progeny from infected cells, we collected the api-
cal and basolateral medium of polarized cells and used it to infect HFF (Fig. 3C, bottom).
Quantitative analysis of HCMV IE expression in HFF showed that a higher number of released
infectious HCMV virions were detected in the media of cells treated with active tat and gp120
and cell-free HIV-145; (~30 to 35%) than in inactive tat- and gp120-treated tonsil cells (~12%).

To examine the role of X4-tropic and R5-tropic HIV-1 in HCMV infection of tonsil epithelial
cells, we exposed polarized tonsil epithelial cells to dually tropic HIV-1¢5;, R5-tropic HIV-1¢¢,5,
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and X4-tropic HIV-14,,c006 for 5days. All three HIV-1 strains reduced TER by ~60%, indicating
disruption of tight junctions (Fig. 3D, top). Cells were then infected with HCMV VR1814; after
3 days, cells were immunostained for HCMV gB. Quantitative analysis showed that pre-expo-
sure of tonsil epithelial cells to the dually tropic, X4-tropic, and R5-tropic HIV-1 strains led to an
increase in HCMV VR1814 of 2- to 3-fold, compared with control cells not exposed to HIV-1
(Fig. 3D, bottom).

Altogether, these data clearly demonstrate that HIV-induced disruption of tight
junctions of polarized infant tonsil epithelial cells substantially increases HCMV VR1814
infection and release of its progeny virions, indicating that disruption of epithelial tight
junctions increases productive HCMV infection.

Because HCMV infection can also disrupt epithelial junctions, we examined HIV- and
HCMV-induced disruption of tight junctions. Polarized tonsil epithelial cells were infected with
HCMV VR1814 and HIV-14,; both separately and together. In parallel experiments, cells were
treated with gp120 alone and gp120 with HCMV VR1814. After 5 days, the reduction of TER
was significantly higher in cells treated with HCMV VR1814 and HIV-14,; or with recombinant
gp120 than in cells treated with HCMV VR1814 and HIV-1¢; viruses and gp120 alone. This
indicates that the combination of HCMV and HIV-1 and the combination of HCMV and gp120
may synergistically disrupt tight junctions of tonsil epithelium (Fig. 3E).

HIV-1 envelope protein gp120 may play a key role in the promotion of HCMV
infection of infant tonsil epithelial cells. To better understand the role of HIV gp120
in HCMV infection, we inactivated cell-free HIV-1¢5; by UV irradiation, which prevents
expression of viral genes without changing the envelope structure. The purified
recombinant gp120 was inactivated by heat treatment. Polarized tonsil epithelial cells
were exposed to active and inactive HIV-1¢,; and gp120 for 5 days. Both active and
inactive HIV-14; reduced the TER of polarized cells by 90% compared with untreated
control cells (Fig. 4A, bottom). This indicates that noninfectious cell-free virus induces
TER reduction; i.e., disruption of junctions is mediated by envelope gp120. Inactive
gp120 did not reduce TER, unlike active gp120, which substantially reduced TER in
polarized epithelial cells, confirming the functional role of gp120. These cells were then
infected with HCMV VR1814 and, after 3days, cells were immunoassayed for HCMV gB
expression. Quantitative analysis showed that both UV-irradiated and active HIV-1g,5
increased HCMV VR1814 infection by 3- to 4-fold compared with control cells (Fig. 4A, top).
Treatment of cells with active gp120 also increased HCMV VR1814 infection compared with
inactive gp120. Thus, both purified recombinant gp120 and authentic gp120 from the virion
envelope can disrupt tight junctions and increase HCMV VR1814 infection.

To further confirm the role of gp120 in the promotion of HCMV infection in tonsil
epithelial cells, we treated polarized cells for 5 days with recombinant gp120 from the
following strains of HIV-1: HIV-1g,, HIV-1,5, HIV-1s,, and HIV-Tgezes. HIV-Tga, HIV-1,5, and
HIV-1462v65 reduced TER by 75 to 80% compared with gp120 of HIV-1¢s, which did not
reduce TER (Fig. 4B, bottom). Infection of these cells with HCMV VR1814 showed that disrup-
tion of epithelial tight junctions by gp120 of HIV-15,, HIV-1,5, and HIV-144,s Strains increased
HCMV infection by 3- to 5-fold compared with untreated control cells (Fig. 4B, top). HCMV
VR1814 infection was not increased in tonsil cells treated with gp120 from HIV-1ys,, Which
also did not reduce TER and therefore did not disrupt tight junctions. These findings indicate
that gp120 glycoprotein from three of four HIV-1 strains (75%) disrupts epithelial tight junc-
tions and increases HCMV infection.

To assess donor-to-donor variation, we used polarized tonsil epithelial cells isolated from
10 independent donors and treated them with gp120. All cells reduced TER compared with
untreated control cells (Fig. 4C, bottom). However, analysis of HCMV VR1814 infection in
these cells showed that six cultures (60%) increased HCMV infection by 2- to 6-fold com-
pared with untreated control cells (Fig. 4C, top). Two cultures (numbers 5 and 9) did not
show a significant increase in HCMV infection. Two other cultures (numbers 7 and 8) were
not infected by HCMV regardless of gp120 treatment or reduction of TER. These data indi-
cate that HIV-1 gp120 may play a key role in the disruption of tonsil epithelial tight junctions
and the promotion of HCMV infection in most (60%) tonsil epithelial cultures from inde-
pendent donors.
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FIG 4 HIV-1 gp120-induced disruption of tight junctions in tonsil epithelial cells may play a critical role in increasing HCMV infection through activation of
MAPK and NF-«B signaling. (A) Polarized tonsil epithelial cells were exposed to cell-free HIV-1,; and UV-inactivated HIV-1.,,. In parallel experiments, cells
were treated with recombinant gp120 and heat-inactivated gp120. After 5days, TER was measured (bottom), and cells were then infected with HCMV
VR1814 at an MOI of 1 for 3days. Cells were immunostained for HCMV gB and quantitatively evaluated (top). (B) Polarized tonsil epithelial cells were
treated for 5days with recombinant gp120 proteins from HIV-1;,,, HIV-1,5, HIV-15, and HIV-1,,,,.. Untreated cells served as a control. After 5 days, TER
was measured (bottom). Cells were then infected with HCMV VR1814 at an MOI of 1, and 3 days later, infection was examined by gB immunostaining, and
gB-positive cells were quantitatively analyzed and presented as a percentage of infected cells (top). (C) Tonsil polarized epithelial cells from 10
independent donors were treated with HIV-15, gp120 for 5days, and TER was measured. Cells were then infected with HCMV VR1814 at an MOI of 1, and
infection was quantified by counting gB-expressing cells (top). (D and E) Polarized tonsil epithelial cells were treated with gp120 and tat proteins in the
presence or absence of the chemical compounds U0126 and MG-132, which are inhibitors of MAPK and NF-«B, respectively. After 5days, TER was
measured (bottom), and cells were then infected with HCMV VR1814 at an MOI of 1. After 3 days, one set of cells was quantitatively evaluated for HCMV
infection by gB immunostaining (top) (D). The next set of cells was analyzed for expression of HCMV IE1/2, and total and phosphorylated ERK1/2, 1B, and
NF-«B were measured by Western blotting assay (E). (F) Polarized tonsil epithelial cells were treated with HIV-1 gp120 for 4days and then maintained
without gp120 for the next 4 days. Control cells were not treated with gp120. TER was measured every day (left). One set of cells treated with gp120 for
4 days and one set of cells untreated for the next 4 days were infected with HCMV VR1814. Untreated control cells were also infected with HCMV VR1814
at days 4 and 8. HCMV VR1814-infected cells were immunostained for gB, and gB-positive cells were counted (right). (A, B, C, D, and F) Data represent one
of three independent experiments and are means and SD of triplicate values. *, P < 0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001 (compared with control

cells).

Inhibition of HIV-1 gp120-induced MAPK and NF-xB signaling reduced HCMV
infection and disruption of tonsil epithelial junctions. Previously, we showed that
HIV-induced activation of MAPK and NF-«B signaling plays a critical role in the disrup-
tion of tight and adherens junctions (50-52). To examine the role of HIV-1 gp120-acti-
vated MAPK and NF-«B signaling in HCMV infection, we treated polarized tonsil epithe-
lial cells with HIV-1 gp120 for 5days in the presence or absence of a nontoxic
concentration of inhibitors of MAPK and NF-«B signaling, U0126 and MG-132, respec-
tively. Both MAPK and NF-«B inhibitors lessened gp120-induced TER reduction by
~70% (Fig. 4D, bottom). Cells were then infected with HCMV VR1814, and 24 h later,
were analyzed for IE1/2 protein expression by immunostaining. Quantitative analysis
showed that, in gp120-treated cells, both MAPK and NF-«B inhibitors reduced HCMV
VR1814 infection by ~35% and 45%, respectively, compared with gp120-treated control
cells (Fig. 4D, top).
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In parallel experiments, one set of these cells was collected and lysed to examine
MAPK and NF-«B activation and HCMV infection by Western blotting assay (Fig. 4E).
Exposure of polarized tonsil epithelial cells to HIV-1 gp120 led to the induction of
MAPK/ERK1/2, 1kBe, and NF-«B phosphorylation. It has been shown that MAPK-induced
NF-« B activation is initiated by phosphorylation and degradation of |«Ba protein. This leads
to NF-«B translocation to the nucleus, where it binds DNA and induces transcription of tar-
get genes (66, 67). In the presence of the MAPK inhibitor U0126 and the NF-«B inhibitor
MG-132, gp120-induced phosphorylation of MAPK/ERK1/2, IkBa, and NF-«B was abolished;
this was correlated with the reduction of IE1/2 expression, i.e., HCMV VR1814 infection
(Fig. 4E). These data indicate that HIV-1 gp120-induced activation of MAPK/ERK1/2 and
NF-«B signaling in tonsil epithelial cells is critical for the activation of HCMV infection.

It is well known that the development of epithelial cell polarity and the assembly of
epithelial cell junctions are regulated by multiple factors. Under various stimuli, the dis-
assembly of cell junctions and the depolarization of epithelial cells could be dynami-
cally changed to reassembly of their junctions and repolarization of epithelial cells
(68-71). To test whether HIV-1 gp120-initiated disruption of cell junctions and depola-
rization of epithelial cells is reversible in the absence of gp120, we treated polarized
cells with gp120 for 4 days; cells were then maintained without gp120 for the next
4 days (Fig. 4F). gp120 significantly reduced TER for 4 days of treatment compared with
untreated control cells (Fig. 4F, left). However, removal of gp120 from treated cells during
the next 4 days led to the gradual recovery of TER. This indicates that gp120-induced disrup-
tion of their junctions and depolarization of epithelial cells is reversible; i.e., in the absence of
gp120 these cells may become polarized with reassembled junctions.

To examine if this reversible process would change HIV-enhanced HCMV infection,
we infected one set of tonsil epithelial cells with HCMV VR1814 at day 4 of gp120 treat-
ment. Next, we infected the same set of cells with HCMV VR1814 after 4 days without
gp120 treatment (Fig. 4F, right). gp120-untreated control cells were also infected with
HCMV. HCMV infection was examined by quantitative analysis of gB expression, which
showed that HCMV infection was 2-fold higher in the gp120-disrupted epithelial cells
than in the recovered cells maintained without gp120 treatment. These findings sug-
gested that HIV-1-enhanced HCMV infection of tonsil epithelial cells depends on the
presence of HIV-1 gp120 for a few days in the tonsil mucosal environment. In the ab-
sence of HIV-1 gp120, the epithelial cells may recover and become polarized again,
with reassembled junctions, and thus become less prone to infection by HCMV.

HCMYV infection of ex vivo tonsil tissue explants. Although HIV-1 infection of ex
vivo tonsil tissue explants has been shown (29, 72), the ex vivo tonsil tissue model for
HCMV infection has not yet been established. To generate an ex vivo tonsil tissue explant for
HCMV infection, we propagated polarized-oriented tissue explants from palatine tonsil col-
lected from two HIV-uninfected children under 5 years of age, as described in our previous
work (18, 21). Tissue explants were maintained for 6 days; to examine the status of tight
junctions of tonsil epithelium, one set of explants each day was fixed and immunostained
for tight junction protein occludin from day 0 through day 6. After confocal microscopy
from day 0 to day 3, occludin was detected at the lateral membrane of the entire multistrati-
fied epithelium in a ring shape, indicating preservation of intact tight junctions (Fig. 5A).
However, starting at day 4, the pattern of occludin became discontinuous, and at day 5 and
6, occludin localization became diffusely cytoplasmic, showing the loss of tight junctions.
The stratified structure of mucosal epithelium was also dissociated in the same areas of ton-
sil explants; however, the necrosis and destruction of cells were not observed.

To examine HCMV infection of tonsil explants, we added HCMV VR1814 to the mucosal
surface; after 1 day, tissues were immunostained for HCMV IE protein, and after 3 and 5 days,
tissues were examined for gB protein. An immunofluorescence assay showed that IE protein
expression was detected in nuclei of the upper part of the squamous epithelium 1 day after
infection (Fig. 5B), and gB expression was detected in the cytoplasm of epithelial cells start-
ing at 3days after infection. At 5days, HCMV-infected cells showed virus-specific

September 2021 Volume 95 Issue 18 €00921-21

Journal of Virology

jvi.asm.org

1


https://jvi.asm.org

Sufiawati et al. Journal of Virology

A Day 3
Isotype control
B HCMV infection/Day 1
Nuclear marker HCMV IE1/2 Merged Merged/Isotype control
HCMYV infection/Day 3 HCMYV infection/Day 5
HCMV gB Isotype control HCMV gB HCMV gB
C D Tonsil tissues
T#1 T#2 T#3 T#1 T#2 T#3
160-
& T
2 105- gB
é ] 50_ — ;
S 20 —— Tonsil #1 o
E '
§ T TonsTI #2 HCMV control
3 104 —— Tonsil #3 -
T actin
] 35-
0
> © &)
OQ’* 0'2;x Q’Z’*

FIG 5 HCMV infection of ex vivo infant tonsil explants. (A) Explants were placed in Transwell inserts with the mucosal surface facing up to be
accessible for viral inoculation, and the lateral edges were sealed with 4% agarose. Tissues were maintained for 6 days, and culture medium was
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cytopathogenic changes, with large cytoplasm and round or oval masses in nuclei separated
by a halo from the nuclear membrane (Fig. 5B).

In the next experiments, we infected tonsil tissue explants from three independent
donors with HCMV VR1814; culture medium was collected at 3, 6, and 9 days after
infection and used to infect HFF. Culture medium from uninfected tissues was also col-
lected and used for HFF infection, and these cells served as a control. Immunostaining
of HFF showed that IE expression was detected in the medium of all three HCMV-
infected tonsil tissues (Fig. 5C). A quantitative assay of IE-positive HFF showed that
HCMYV infection gradually increased at 6 and 9 days after infection. None of the culture
medium from three uninfected tonsil explants showed HCMV infection in HFF, indicat-
ing a lack of endogenous HCMV infection of tonsil tissues.

Tonsil tissues at day 9 were collected, homogenized, lysed, and used in a Western blot
assay for detection of HCMV gB. HCMV gB protein was detected in all three HCMV-infected
tissues and was not detected in three uninfected control tissues (Fig. 5D).

These data indicate that ex vivo tonsil explants can be infected by HCMV and may
serve as a model for HCMV and HIV coinfection.

HIV-1 gp120- and tat-induced disruption of tight junctions of tonsil epithelial
tissues increases HCMV infection. To investigate the role of HIV proteins gp120 and
tat in HCMV infection of infant tonsil tissues, we established polarized-oriented ex vivo
tonsil tissue explants from two independent donors. The tissue explants were treated
with inactive HIV-1 gp120+tat or active gp120-+tat for 5days (Fig. 6A). The tissues
were then immunostained for occludin. Confocal microscopy showed that active
gp120+tat treatment substantially changed occludin expression 3 days after treatment
from a membrane pattern to a cytoplasmic pattern, indicating disruption of tight junctions.
In contrast, at day 3 posttreatment, inactive gp120+tat treatment did not change occludin
localization, i.e., the occludin staining pattern was in a ring shape, which indicates intact
tight junctions (Fig. 6A). At day 4 posttreatment, occludin expression in tissues treated with
active gp120+tat substantially decreased and become cytoplasmic compared to tissues
treated with inactive HIV-1 gp120+tat, which still showed intact tight junctions in approxi-
mately 50% of cells. However, at day 5 posttreatment, both active gp120+tat- and inactive
gp120+tat-treated tissues showed disruption of tight junctions (Fig. 6A).

In the next experiments, tonsil tissue explants were treated with active gp120 or tat
and inactive gp120+tat for 3 days. Then, these tissue explants were infected with HCMV
VR1814, and after 2 days, tissues were coimmunostained for HCMV gB and occludin (Fig.
6B). By confocal immunofluorescence microscopy, HCMV gB expression was detected in
the cytoplasm of epithelial cells within the upper layers of tonsil epithelium (Fig. 6B).
Quantitative analysis of cells expressing HCMV gB showed that the number of cells
expressing these proteins was 2- to 4-fold higher in the gp120- and tat-treated tissue
explants than in explants treated with inactive tat+gp120, indicating that active tat and
gp120 increased HCMV infection (Fig. 6C). Uninfected tissue did not show gB signals,
indicating a lack of endogenous HCMV infection of tonsil tissues.

To examine donor-to-donor variation in tonsil tissues from six independent donors, we
treated tissues with gp120 and tat and their inactive forms (Fig. 6D). Then, tissues were
infected with HCMV VR1814, and at day 3 after infection, tissues were homogenized and su-
pernatant was used to infect HFF. Quantitative analysis of HFF expressing HCMV IE protein
showed that a higher level of infection was detected in 4 of 6 tissues treated with active

FIG 5 Legend (Continued)

changed every 2 or 3days. At the end of each day, one set of explants was fixed, sectioned, and immunostained for the tight junction protein
occludin (red). Cell nuclei were stained for DAPI (blue). Cells were analyzed by fluorescence microscopy. Magnification, x400. EP, epithelium; LP,
lamina propria. (B) Polarized-oriented infant tonsil explants were infected with 3 x 10° IU of HCMV VR1814 from the mucosal (apical) surface of
tonsil epithelium. After 1day, one set of explants was immunostained for HCMV IE1/2, and after 3 and 5 days, one set of explants was
immunostained for HCMV gB (both green). Cell nuclei were counterstained with DAPI (blue). Cells were analyzed by fluorescence microscopy.
Magnification, x100 (two lower left panels) and x400 (all others). (C and D) Tonsil explants from three independent donors were infected with
HCMV VR1814. Uninfected explants served as a control. After 3, 6, and 9 days, culture medium was collected from the upper and lower chambers,
combined, and used to infect HFF with HCMV. Infection was quantified by IE immunostaining (C). Data are means and SD (n=3). At day 9, the
infected and control tissue explants were homogenized, lysed, and examined for HCMV gB and IE1/2 by Western blotting (D).
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FIG 6 HIV-1 tat and gp120 disrupt tonsil epithelial junctions and facilitate HCMV infection. (A) Tonsil tissue explants were treated with active or inactive
HIV-1 tat and gp120 proteins for 5 days; culture medium was changed daily to add fresh proteins. After each day, one set of explants was immunostained
for occludin (red). (B) One set of tonsil explants treated with active tat and gp120 for 3 days was infected with 3 x 10° IU of HCMV VR1814; after 2 days,
tissues were coimmunostained for HCMV gB (green) and occludin (red). Cell nuclei were stained with DAPI (blue), and cells were analyzed by fluorescence
microscopy. Magnification, x400. EP, epithelium; LP, lamina propria. (C) Tonsil explants from two independent donors were treated with active tat and
gp120. After 3 days, explants were infected with 3 x 10° IU of HCMV VR1814. After 2 more days, tissues were immunostained for HCMV gB; gB-expressing
cells were counted, and values are presented as a percentage of infection. (D) Tonsil tissues from six donors (#1 to #6) were treated with HIV-1 active or
inactive tat and gp120 for 3days. Untreated tissues served as a control. Tissues were then infected with HCMV VR1814 for 3days. Tissues were
immunostained for HCMV gB, and HCMV gB-expressing cells were quantitatively evaluated. (A and B) Data are means and SD of triplicate values. **,
P <0.01; ***, P<0.001; ****, P<0.0001 (compared with the controls treated with inactive tat+gp120).
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gp120 and tat proteins (64%) compared with explants treated with inactive HIV-1 proteins
(Fig. 6D). One of 6 tissues (16.6%) showed a similar level of HCMV infection in active and inac-
tive tat- and gp120-treated tissues. One of 6 tissues (16.6%) was negative for HCMV IE.

These data indicate that HCMV infection increased in 64% of tonsil tissues treated
with HIV-1 gp120 and tat, compared with tissues treated with inactive gp120+tat.

HCMV-induced disruption of tonsil epithelial tight junctions facilitates HIV-1
paracellular spread. Figure 3E shows that HCMV infection of polarized tonsil epithelial
cells reduces TER, indicating disruption of epithelial junctions, which could facilitate
HIV paracellular passage and increase HIV-1 transmucosal transmission. To test this possibil-
ity, we infected polarized tonsil epithelial cells with HCMV VR1814 at a multiplicity of infec-
tion (MOI) of 1, 2, and 3, and TER was measured after 3, 4, and 5 days of postinfection. TER
was reduced in accordance with HCMV VR1814 dose and duration of infection (Fig. 7A). A
more drastic reduction of TER (90%) was detected with higher MOI and longer time of infec-
tion. Coimmunostaining of HCMV gB and occludin in the HCMV-infected cells showed that
a higher expression of gB is correlated with a drastic reduction in membrane localization of
occludin or the downregulation of its expression (Fig. 7B), indicating disruption of tight junc-
tions by HCMV infection.

To examine the role of HCMV-induced disruption of tight junctions in paracellular
HIV-1 spread, we infected polarized tonsil epithelial cells from two independent donors
with HCMV VR1814 at 3 MOI. Five days later, TER was reduced by 70 to 80% in infected
cells compared with uninfected control cells (Fig. 7C, middle and bottom). Then, cell-free
HIV-1¢e55 at 3 ng/insert was added to the apical chamber of inserts. After 2 h, medium from
basolateral chambers was collected and examined for HIV-1 p24 by enzyme-linked immuno-
sorbent assay (ELISA). Approximately 300 pg/insert p 24 of HIV-1 5 was detected in the ba-
solateral chamber of HCMV-infected polarized cells from both donors, which is ~10% of api-
cally inoculated virions (Fig. 7C, top). In contrast, no HIV-14,; was detected in the basolateral
chamber of HCMV-uninfected control cells, indicating that polarized cells with intact tight
junctions do not allow paracellular HIV-1,; viral spread. Thus, the HCMV-induced disruption
of epithelial junctions facilitates HIV-1 paracellular spread. To examine the infectivity of trans-
migrated HIV-1, we added activated PBMC to the basolateral medium. Paracellular transport
of HIV-1 virions from HCMV-infected tonsil cells infected the PBMC (Fig. 7C, middle), indicat-
ing that HCMV-induced disruption of tonsil epithelial junctions may play a critical role in
HIV-1 transmucosal transmission.

HIV and HCMV coinfection of tonsil epithelium may jointly promote their
spread. The experiments described above clearly show that HIV-1- and HCMV-induced
disruption of tonsil epithelial junctions jointly promote their paracellular spread, sug-
gesting that in HIV-1- and HCMV-coinfected individuals, these two viruses may synerg-
istically promote their transmucosal transmission. To examine the role of HCMV and
HIV-1 in their spread and infection, we infected polarized-oriented tonsil tissue
explants with HCMV VR1814 and HIV-1,; independently or with two viruses from the
apical surface of tissue explants. Uninfected tissues served as a negative control. After
3 days, tissue sections were coimmunostained for HCMV gB and HIV-1 p24. Confocal
microscopy showed that the epithelial cells of HCMV-infected tissues were positive for
9B, and cells expressing gB were detected in the epithelium and lamina propria, suggesting
that HCMV may also infect nonepithelial cells in the lamina propria (Fig. 8A). HIV-1-infected tis-
sues were positive for p24 and had a lymphocyte phenotype. In the HCMV- and HIV-1-coin-
fected tissues, both HCMV gB and HIV-1 p24 were detected in the cells with epithelial and
lymphocyte morphology, respectively. HIV-1 and HCMV coinfected cells were not detected.

HCMV may infect macrophages and dendritic cells (DC) in vivo and in vitro (73-75);
thus, it is possible that HCMV may infect tonsil tissues macrophages and DC ex vivo. To
identify HCMV-infected macrophages and DC, we coimmunostained tissue sections
with HCMV gB and CD68 or CD1¢, which are markers for macrophages and DC, respec-
tively. Confocal microscopy revealed that HCMV gB was colocalized with CD68 and
CD1c markers, suggesting that these cells were infected with HCMV (Fig. 8B). It is possi-
ble that some of the HCMV gB-positive macrophages and DCs may have gB signals
due to phagocytosis of fragments from other infected cells.
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FIG 7 HCMV infection disrupts tonsil epithelial junctions and facilitates paracellular HIV-1 spread. (A
and B) Polarized tonsil epithelial cells were infected with 1, 2, or 3 MOI of HCMV VR1814, and TER
was measured after 3, 4 and 5days (A). One set of cells infected with HCMV VR1814 at an MOI of 3
was coimmunostained for occludin (red) and HCMV gB (green) after 3, 4, or 5days (B). Uninfected
polarized cells served as a control. Cell nuclei were stained with DAPI (blue), and cells were analyzed
by fluorescence microscopy. Magnification, x400. (C) Polarized tonsil epithelial cells from two
independent donors were infected with HCMV VR1814 for 5days. TER was measured (bottom), and
the apical surface of cells was exposed for 2 h to dually tropic HIV-1g,,, R5-tropic HIV-1¢,,, and X4-
tropic HIV-1g,46020 (3 Nng/insert). Culture medium from the basolateral surface was collected and
examined for p24 (top) using ELISA. Culture medium was also tested for HIV-1 infectivity in PBMC
(middle). (A and C) Data are means and SD. **, P<0.01; ***, P<0.001; ****, P<0.0001 (compared
with the control cells). #, not detected.

To examine HIV-1-infected immune cells, we coimmunostained tissue sections with
HIV-1 p24 with markers of CD4™ T lymphocytes, CD68 macrophages, or CD1c DC. HIV-1 p24
was colocalized with CD4, CD68, and CD1c markers, indicating that these cells were infected
with HIV-1 (Fig. 8C).

Quantitative analysis showed that the number of HCMV-infected CD68* macrophages
and CD1c* DC was 2- to 3-fold higher in HCMV- and HIV-coinfected tissues than in tissues
infected by HCMV alone (Fig. 8D). HCMV gB-positive epithelial cells were also counted, and
the number of HCMV-infected epithelial cells was increased two to three times in tissues
infected by both viruses compared to tissues infected only with HCMV. This indicates that
HIV-1 infection may promote HCMV infection of these tissues (Fig. 8D). Similarly, HCMV- and
HIV-1-coinfected tissues had more HIV-1-infected CD4* T lymphocytes, CD68* macro-
phages, and CD1c*™ DC than did tissues infected by HIV alone. This shows that HCMV and
HIV-1 coinfection may increase HIV-1 infection of these tissues (Fig. 8E).
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p24 (red). (B) HCMV VR1814 and HIV-14,; -coinfected tissues were costained for HCMV gB (green) and for markers of macrophages CD68 and DC CD1c
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To further investigate the role of HIV-1 and HCMV synergism in their infectivity, we
infected tonsil explants from four independent donors with HIV-1,; and/or HCMV
VR1814 in the presence or absence of the anti-HIV-1 drug lamivudine (3TC) or the anti-
HCMV drug ganciclovir (GCV) for 9 days. Untreated tissues served as a control. Culture
medium was collected at 3, 6, and 9days after infection and examined for HIV-1 by
ELISA p24 assay and for HCMV by infection of HFF. Results from tissues of two donors
showed that both HIV-1 and HCMV infection were significantly increased in the HIV-
HCMV-coinfected tissues compared with tissues infected separately (Fig. 9A and B).
Treatment of coinfected tissues with anti-HIV-1 lamivudine significantly reduced HCMV
infection, and anti-HCMV GCV significantly reduced HIV-1 infection (Fig. 9A and B).

However, HIV-1,; infection in the explant of the third donor was not detected after
days 3 and 6; only by day 9 was infection detected. HCMV VR1814 infection was also not
highly detectable after days 3 and 6, but some infection was observed at day 9.
Nevertheless, the trend of a higher level of HIV-1 and HCMV infection was observed in the
coinfected explants, which was reduced by anti-HIV or anti-HCMV drug treatments. In the
fourth donor’s tissues explants, the peak of HIV-14; infection was detected after day 6,
and at day 9 it was reduced. In the HCMV-HIV-1; -coinfected explants, HIV-145 infection
was significantly increased compared with tissues infected only with HIV-14;;. However, a
significant increase of HCMV VR1814 infection in the HCMV- and HIV-14;;-coinfected
explants was not detected.

These data revealed that coinfection of tissue explants with HIV-1 and HCMV may
synergistically increase the infectibility of each virus in 75% of tonsil tissues.

To examine the role of HCMV infection in dually tropic, R5-tropic, and X4-tropic HIV-1
strains, tonsil explants from two independent donors were coinfected with HCMV VR1814 and
dually tropic HIV-1g5, R5-tropic HIV-1¢¢;,, or X4-tropic HIV-14,c006- As @ control, explants were
infected with only HIV-1 strains. At 3, 6, and 9days after infection, culture medium was col-
lected and examined for HIV-1 p24. ELISA p24 data showed that HIV-1 infection from all three
HIV-1 strains was 3- to 6-fold higher in HIV-1- and HCMV-coinfected explants than in explants
infected with HIV-1 alone (Fig. 9C). These data indicate that HCMV infection of tonsil tissues
promotes the infectious activity of dually tropic, R5-tropic, and X4-tropic HIV-1 strains.

DISCUSSION

We have shown here that HIV-1 and HCMV synergistically promote each other’s
infection and spread in polarized tonsil epithelial cells and infant tonsil mucosal epithe-
lial tissues. This finding may partially explain the mechanisms of these viruses' synergis-
tic roles in MTCT at its initial stage.

In HIV- and HCMV-coinfected women, both viruses are present in the breast milk
(11,12, 76), which may interact with the oropharyngeal and gut mucosal epithelium of
the child. Our findings show that cell-free HIV-1- and recombinant gp120-induced disruption
of tight junctions opens the paracellular space between tonsil epithelial cells, leading to the
paraepithelial spread of HCMV. Thus, cell-free HIV-1 may disrupt the tight junctions of tonsil
epithelium and facilitate HCMV paracellular transport from breast milk; i.e, the primary
HCMV MTCT transmission would be initiated. It is also possible that, during systemic HIV/
AIDS disease in infants, the HIV-1 gp120 and tat proteins may be secreted into blood and sa-
liva (18, 77-80), which may disrupt oral mucosal epithelial junctions (18, 21, 27-29, 50, 51),
again promoting HCMV MTCT. Paracellular transmigrated HCMV via infant tonsil epithelium
is infectious in the human fibroblast, indicating that HIV-promoted spread of HCMV MTCT
via tonsil epithelium can initiate systemic HCMV infection in the child.

FIG 8 Legend (Continued)
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lamina propria. (D and E) Tonsil explants from two independent donors were infected with HCMV VR1814 or HIV-1,, or coinfected with both. After 5 days,
tissue sections were costained for HCMV gB (green) and for markers of macrophages and DC (red). In parallel experiments, tissue sections were
immunostained for HIV-1 p24 (green) and for markers of CD4 T lymphocytes, macrophages, and DC (red). HCMV-infected macrophages and DC (D), and
HIV-1-infected CD4 T lymphocytes, macrophages, and DC (E) were quantitatively evaluated and are presented as number of cells per mm?2. Similarly, HCMV-
infected epithelial cells also were quantitatively evaluated. Data are means and SD. *, P<0.05; **, P<<0.01 and ***, P<0.001; ****, P<0.0001 (explants

coinfected with both viruses were compared with explants infected with only HIV-1 or HCMV).
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FIG 9 HCMV and HIV-1 coinfection of tonsil tissues synergistically promotes infection of both viruses. (A) Tonsil tissue explants from four independent
donors were infected with HIV-14,,, and tissues were cultured with or without GCV or lamivudine for 9 days. The next set of tissue explants from the same
donors were coinfected with HIV-1¢.,; and HCMV VR1814 in the presence or absence of GCV. After 3, 6, and 9 days, culture medium was collected and
examined for HIV-1 p24 using ELISA. p24 values were normalized per 50 mg of tissue. (B) Tonsil explants from three independent donors were infected
with HCMV VR1814, and tissues were cultured with or without GCV or lamivudine for 9 days. The next set of tonsil explants was coinfected with HCMV

(Continued on next page)
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The HIV tat- and gp120-induced increase of HCMV infection in infant tonsil epithe-
lial cells indicates that the depolarized epithelial cells with disrupted junctions are
more susceptible to HCMV infection. We showed that HIV tat and gp120 induce the
activation of MAPK and NF-«B signaling in tonsil epithelial cells (50-52). It is well docu-
mented that NF-«B activation is required for transactivation of the major IE promoter
of HCMV and expression of viral |IE proteins (81-83). Furthermore, the activation of
MAPK is required for HCMV replication and production of viral progeny (84). Indeed, in
our studies, inhibition of MAPK and NF-«B in HIV-1 gp120-treated tonsil epithelial cells
substantially reduced HCMV infection, confirming that HIV-induced activation of these
signaling pathways is critical for the increase in HCMV infection of tonsil epithelium.

Lack of tight junction disruption and activation of HCMV infection by one of the
gp120 proteins from the HIV-1 CN54 strain suggested that mutation and alteration of
HIV-1 gp120 may lead to reduction of viral binding to heparan sulfate proteoglycan
(HSPG) and galactosylceramide (GalCer) of epithelial cells via the V3 domain or other
domains of gp120 (85-89), which is critical for activation of MAPK and NF-«B signaling
(90-92). This may reduce the role of gp120 in the activation of HCMV infection.

We have shown that HIV tat- and gp120-induced disruption of tight and adherens
junctions initiated the development of the epithelial-mesenchymal transition, which
leads to depolarization of epithelial cells and acquisition of a fibroblast-like phenotype
(52). This may lead to redistribution of HCMV receptors from polarized epithelial mem-
brane domains into nonpolarized fibroblast-like membranes, which may allow more acces-
sibility of HCMV receptors to the virus. It is known that infectivity of HCMV in fibroblasts is
significantly higher than that in epithelial cells (93, 94). Multiple cell surface receptors are
involved in HCMV infection, including epidermal growth factor receptor (EGFR), platelet-
derived growth factor receptor alpha (PDGFRa), integrins, and neuropilin-2 (95-102); some
of these receptors could be expressed predominantly in epithelial cells or in fibroblasts.
Because epithelial-mesenchymal transition cells may have a hybrid phenotype from epi-
thelial cells and fibroblasts, these cells may express both epithelial cell- and fibroblast-spe-
cific receptors, allowing a higher level of HCMV infection.

The increase of HCMV-infected macrophages and DC in HIV-1- and HCMV-coin-
fected tonsil tissues suggests that HIV-1 infection can also enhance HCMYV infection of
intraepithelial and subepithelial macrophages and DC. It was reported that HIV-1 pro-
teins gp120 and tat may activate monocytes/macrophages and DC (103-105). It is pos-
sible that in the HIV-1-infected tonsil tissue environment, secreted and shed tat and
gp120 proteins may activate monocytes/macrophages and DC, respectively, in a para-
crine manner. Activation of these cells is critical for productive HCMV infection
(106-109). Thus, HIV-1 infection can promote HCMV infection of tonsil epithelial cells
as well as intraepithelial/subepithelial monocytes/macrophages and DC, thus playing a
critical role in HCMV spread and dissemination within the tonsil tissues.

The increase of HIV-1 paracellular spread via disrupted tonsil epithelial cells by HCMV
indicates that HCMV infection of tonsil mucosal epithelium can initiate HIV-1 transmucosal
transmission. It has been shown that HCMV induces disruption of tight junctions in intestinal
epithelial cells through activation of interleukin-18 (IL-18), IL-6, and tumor necrosis factor
alpha (TNF-«) by productive viral infection (65). It is possible that these molecules could also
be involved in the disruption of tight junctions of tonsil epithelial cells by HCMV infection,
which facilitates HIV paracellular transmission.

Furthermore, the increase of HIV-1 infection in HIV- and HCMV-coinfected ex vivo tonsil
tissues showed that HCMV-initiated paracellular penetration of HIV-1 via tonsil epithelium
facilitates viral spread to intraepithelial and subepithelial CD4* T lymphocytes, monocytes/

FIG 9 Legend (Continued)
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VR1814 and HIV-1¢,; with or without GCV. Tissue culture medium was collected after 3, 6, and 9days and tested for HCMV infection of HFF. HCMV IE-
positive HFF were quantitatively evaluated and are presented as a percentage of HCMV-infected cells (normalized per 50 mg of tissue). (C) Tonsil tissue
explants from two independent donors were infected with only HCMV VR1814 or coinfected with HCMV VR1814 and dually tropic HIV-14,,, R5-tropic HIV-
Tspr70r OF X4-tropic HIV-1g,6000 at 3 ng/tissue. At 3, 6, and 9days of culture, the medium was collected and tested for HIV-1 p24 by ELISA. All data are
means and SD of triplicate values. *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001 (compared with coinfected explants and explants infected with

only HIV-1 or HCMV). #, not detected.
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macrophages, and DC. In addition, HCMV-infected epithelial cells, macrophages, and DC cells
in the mucosal environment may express and secrete multiple bioactive molecules, including
chemokines/cytokines and chemoattractants such as IL-8, IL-6, and TNF-c, monocyte chemo-
attractant protein-1 (MCP-1), regulated on activation normal T cell expressed and secreted
(RANTES), macrophage inflammatory protein 1a (MIP-1a), MIP-13, and stromal cell-derived
factor 1 (SDF1) (110-116), which can activate bystander intraepithelial and subepithelial CD4™
T lymphocytes, monocytes/macrophages, and DC, thus priming them for HIV-1 infection.

HCMV expresses its own chemokine-cytokine and cytokine receptor homologs,
including UL33, UL78, UL146, UL147, and US27 (112, 117-119), which could create an
inflammation-like response in the infection site. This may lead to the activation of HIV-
susceptible cells in the HCMV-infected tonsil mucosal/submucosal environment and an
increase in migration of HIV target cells to the epithelial site. This can contribute to an
increase in HIV-1 infection of its target cells in HCMV-coinfected tonsil tissues.

We have observed some donor variability of HIV-1 and HCMV infection of tonsil cells
and tissues, which could be due to multiple factors, including lack or different level of
expression of viral receptors, chemokine/cytokines, and antiviral innate proteins in tonsil
epithelial and immune cells.

In our previous work, we have shown that tight and adherens junctions of oral and geni-
tal epithelia of HIV-infected individuals were disrupted, and this correlated with the presence
of HIV-1-infected CD4* T lymphocytes, macrophages, and dendritic cells expressing gp120
and tat proteins within the mucosal environment (18, 52). It is also well known that reactiva-
tion of HCMV is associated with opportunistic infections during HIV/AIDS disease (30). In
HIV-infected individuals, HCMV replicates and spreads in the epithelial cells of the oral mu-
cosa, lung, liver, and gut (31-35). Thus, it is possible that HIV and HCMV may interact in
vivo within the various tissue environments, promoting each other’s infection and spread.

In summary, we have shown that HIV-1 and HCMV coinfection of infant tonsil muco-
sal epithelium synergistically promotes their transmission via tonsil mucosa (Fig. 10),
which is a critical step for initiation of systemic HIV-1 and HCMV infection. The interac-
tion of cell-free HIV-1 and its proteins gp120 and tat with the tonsil mucosal epithelium
disrupts the tight junctions of epithelial cells, facilitating HCMV paracellular transport.
HIV-induced depolarization of epithelial cells and activation of MAPK and NF-«B signal-
ing increase HCMV infection of epithelial cells. HCMV infection of tonsil epithelial cells
initiates the spread of virus to the intramucosal and submucosal macrophages and DC.

HCMV infection of tonsil mucosal epithelium facilitates HIV-1 paracellular transmission by
disruption of tonsil epithelial tight junctions (Fig. 10). HCMV infection also promotes HIV-1
infection of intraepithelial and submucosal CD4* T lymphocytes, monocytes/macrophages,
and DC. HCMV-promoted HIV-1 infection could be initiated by activation of HIV-1-suscepti-
ble cells via a direct or indirect effect of HCMV infection, resulting in the expression and
secretion of chemokines and cytokines in the tonsil tissue environment.

The development of therapeutic approaches to inhibit MAPK and NF-«B signaling of
tonsil and/or intestinal epithelia of an HIV-1- and HCMV-coinfected mother may prevent
HIV-1- and HCMV-induced disruption of tonsil epithelial junctions. This can preserve or
restore the barrier function of the epithelial mucosal lining of the child and reduce paracellu-
lar spread of HIV-1 and HCMV from cervicovaginal secretions and breast milk. This could
lead to a reduction of subsequent infection and spread of both viruses within the epithelial
and subepithelial environment and may reduce HIV-1 and HCMV MTCT via oropharyngeal
and tonsil mucosal epithelium.

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 number H8597-30664-03). All subjects provided written informed consent for the col-
lection of samples and subsequent analysis.

Viruses, viral proteins, and cells. Laboratory-adapted dually (X4-R5) tropic HIV-1,, and the primary iso-
lates R5-tropic HIV-1¢,,, and X4-tropic HIV-14,,c,0 Were grown in PBMC activated with 2.5 ug/ml phytohemag-
glutinin (Sigma) and 1 g/ml IL-2 (BD Biosciences) for 3 days. Viral stocks were titrated by p24 concentration
using HIV-1 p24 ELISA (PerkinElmer) according to the manufacturer’s instructions.
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FIG 10 Model showing how HIV-1 and HCMV coinfection of tonsil tissues may synergistically
enhance both viral infections. (A) Well-developed tight and adherens junctions of oropharyngeal and
tonsil epithelia play a critical role in the establishment of barrier function, which prevents the
paracellular spread of viral pathogens, including HIV-1 and HCMV. (B) Most MTCT of HIV-1 and HCMV
may occur during labor and breastfeeding, when these viruses may simultaneously interact with
mucosal epithelial cells, leading to disruption of their integrity. Cell-free HIV-1 from cervicovaginal
secretions and breast milk may induce the disruption of oropharyngeal and tonsil mucosal epithelium
junctions by gp120 on the viral surface. Furthermore, in HIV-1-infected infants, the secreted tat may
also disrupt mucosal tight junctions. Thus, HIV-1-induced disruption of oropharyngeal mucosal
epithelia may enhance HCMV paracellular spread, initiating HCMV MTCT. HCMV infection of
oropharyngeal mucosal epithelium also disrupts oropharyngeal and tonsil mucosal epithelia and
enhances HIV-1 paracellular spread, which may initiate HIV-1 MTCT. (C) HIV-1- and HCMV-induced
disruption of mucosal epithelium integrity may promote the paracellular spread of HIV-1, increasing
its accessibility to intramucosal and submucosal CD4 T lymphocytes, macrophages, and DC. HIV-1-
and HCMV-induced disruption of mucosal epithelium also enhances HCMV paracellular spread and
infection of epithelial cells, which subsequently spread HCMV to intraepithelial and submucosal
macrophages and DC. Thus, HIV-1 and HCMV viruses may synergistically promote MTCT through
infant tonsil mucosal epithelium.

Recombinant HIV-1 (Bal strain) wild-type tat and inactive mutant tat proteins were purchased from
ImmunoDX (Woburn, MA). Mutant tat was generated by substitution of the basic arginine-rich domain at aa
49 to 57 and the integrin-binding RGD motif in the C terminus with alanines. Recombinant gp120 proteins
from HIV-15,, HIV-1,5, HIV-1 s, @and HIV-14,65; Strains were provided by the NIH AIDS Reagent Program.

Primary tonsil epithelial keratinocytes were established from palatine tonsil tissue from HIV-negative
children <5 years of age after routine tonsillectomy at the clinic of the Department of Otolaryngology,
University of California—San Francisco. The keratinocytes were grown in keratinocyte growth medium
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(KGM Gold) (Lonza). Keratinocytes were used at early passages and frozen in liquid nitrogen.
Keratinocyte culture from each donor was verified for the absence of HIV-1 and HCMV infection.

HFF (Lonza) were maintained in fibroblast growth medium (Lonza). Human umbilical vein endothelial cells
(HUVEQ) (Lonza) were maintained in endothelial cell growth medium (Lonza).

HCMV strain AD169 and clinical strain VR1814 were kindly provided by Lenore Pereira, University of
California—San Francisco. HCMV AD169 viral stock was propagated and titrated in HFF. HCMV VR1814
was propagated in primary HUVEC (Lonza) and titrated in HFF.

Establishment of polarized tonsil epithelial cells. To establish polarized cells from primary tonsil
epithelial cells, we propagated primary keratinocytes from tonsil tissue samples, as described in our pre-
vious work (19, 120). Tonsil polarized epithelial cells were established in 3-um Transwell two-chamber
filter inserts (12 well), as described previously (17, 19, 20, 24, 25). The polarity of epithelial cells was con-
firmed by immunodetection of tight junction proteins occludin, claudin-1, and ZO-1 and measurement
of TER and paracellular permeability (19). TER was measured with a Millicell ERS epithelial volt-ohm me-
ter (Millipore Corp., Billerica, MA). Paracellular permeability was evaluated by adding horseradish peroxi-
dase-conjugated goat anti-donkey IgG F(ab’), (Jackson ImmunoResearch Laboratories, Inc., West Grove,
PA) to the upper chamber and photometrically assaying the medium from the lower chamber for horse-
radish peroxidase with o-phenylenediamine dihydrochloride as the substrate (19, 121). Detection of IgG
in the lower chamber indicated leakage of IgG from the upper chamber.

Establishment of polarized-oriented tonsil tissue explants. Tonsil tissues without visible inflam-
mation were collected from HIV-negative children under 5years of age who had obstructive sleep
apnea. In this condition, breathing is difficult owing partly or completely to blockage of the upper airway
during sleep. This makes diaphragm and chest muscles work harder to open the obstructed airway and
pull air into the lungs. About 50 to 70% of these patients lack inflammation in tonsil tissues (122-125).

Palatine tonsil tissues were collected from the clinic of the Department of Otolaryngology, University
of California—San Francisco 1 to 2 h after routine tonsillectomy surgery. Explants, ~5 by 5 mm, dis-
sected from tonsil epithelium containing lamina propria without the lymphoid part of tonsil tissue were
placed with the mucosal side facing up in the upper chamber of Millicell filter inserts (12-mm diameter
and 3-um pore size) (Millipore). The lateral edges of the explants were sealed with 3% agarose, as
described in our previous work (18, 21). Tonsil tissues from each donor were verified for absence of HIV-
1 infection by p24 ELISA. Similarly, tonsil tissues were verified for absence of HCMV infection by immu-
nofluorescence of tissue sections for HCMV gB and IE1/2 proteins and by detection of HCMV infection in
HFF. Also, each tonsil tissue after each experiment was examined for the integrity of tight junctions by
immunostaining for occludin. Tissues with disrupted junctions were excluded from further study.

Treatment of polarized cells with cell-free HIV virions and HIV proteins tat and gp120. Cell-free
HIV-1 virions were purified by using Amicon Ultra-15 columns as described elsewhere (26, 52). Infectious
or UV-inactivated HIV-1 was added to the apical surface of polarized epithelial cells or tissues at 10 ng/
ml of p24 antigen. HIV-1 was inactivated by UV irradiation at 100 mJ/cm? (26). gp120 was inactivated by
incubation at 85°C for 30 min (50). Inactive tat was generated by substitution of the basic arginine-rich
domain at aa 49 to 57 and the integrin-binding RGD motif in the C terminus with alanines (ImmunoDX).
Active and inactive recombinant tat and/or gp120 (10 ng/ml of each) were added to polarized tonsil cells
from apical surfaces. Culture medium was changed daily to add fresh virus or proteins. Disruption of
tight junctions was examined by immunostaining their marker proteins, ZO-1, occludin, and claudin-1.
Expression and localization of tight junction proteins as a ring shape was considered an intact junction.
Diffuse, dot-like patterns in the cytoplasm were considered disrupted junctions (18). Disruption of epi-
thelial junctions was also monitored by measuring TER and paracellular permeability (17, 20).

Assay for HIV-1 and HCMV spread via the paracellular route of polarized tonsil epithelial cells.
Cell-free HIV-1 or HCMV virion were added to the apical surface of polarized tonsil epithelial cell mono-
layers in 12-well plates with a 3-um pore size. At each time point, the basolateral medium was collected
and examined for viruses, which migrated via the paracellular route. HIV-1 detection in basolateral me-
dium was determined by ELISA p24 assay. The infectivity of HIV-1 was examined via infection of acti-
vated PBMC in basolateral medium. To examine HIV-1 paracellular spread via HCMV-infected cells, the
PBMC were treated with 20 uM GCV, which inhibits the possible infection of PBMC with HCMV.

Detection of HCMV in basolateral medium was examined by virus infectivity assay in HFF. Forty-eight
or 24 h after infection, HFF were immunostained for HCMV gB or IE1 proteins, respectively. For HCMV gB
and IE1/2 immunostaining, we used mouse monoclonal antibodies CH177 and CH160 (126, 127), respec-
tively (both provided by Lenore Pereira, University of California—San Francisco).

Infection of polarized tonsil epithelial cells and ex vivo tonsil tissue explants with HCMV and
HIV-1. All stock viruses of HIV-1 and HCMV were purified by using Amicon Ultra-15 columns as described
elsewhere (26, 52). Polarized tonsil epithelial cells were infected with HCMV AD169 or VR1814 strains at
an MOI of 1 from the apical surface of polarized cells as described in our previous work (128). Polarized-
oriented tonsil tissue explants were infected with HCMV VR1814 at 3 x 10° IU per explant from the api-
cal/mucosal surface of tonsil epithelium. Tonsil tissue explants were infected with HIV-1 at 1ng/p24/
explant from the mucosal surface of tonsil epithelium. After 2 h, cells or tissues were washed 3 times
and maintained with culture medium. To inhibit HCMV infection, we treated tissue explants for 9 days
with 20 uM GCV (InvivoGen) (65). To inhibit HIV-1 infection, we treated tissue explants with 10 M lami-
vudine (Sigma-Aldrich) for 1day before infection and for 9days after infection (72). For inhibition of
MAPK and NF-«B signaling, cells were treated with a 10 uM concentration of the MAPK inhibitor U0126
or with a 10 uM concentration of the NF-«B inhibitor MG-132 (both from Sigma-Aldrich). The absence of
a toxic effect by GCV, lamivudine, U0126, or SB431542 was confirmed in tonsil keratinocytes by the MTT
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[3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide] cell viability assay (Biotium). For each
experimental condition, used duplicated tissue explants were used.

Immunofluorescence assay. Polarized epithelial cells were fixed with 4% paraformaldehyde in

phosphate-buffered saline for 15 min, permeabilized with 0.01% Triton X-100 in 4% paraformaldehyde
for 5min, and infiltrated with 2% sucrose. Tonsil explants were fixed in 3% paraformaldehyde, infiltrated
with 5 to 15% sucrose, embedded in optimal cutting temperature compound, and frozen in liquid nitro-
gen, as described in our previous work. The following antibodies were used for detection of HIV-1 and
cellular proteins: (i) mouse anti-HIV-1 p24 (5ug/ml) (NIH AIDS Reagent Program), goat anti-HIV-1 p24
(5 wg/ml) (ViroStat), and goat anti-HIV-1 (5 wg/ml) (US Biological); (i) mouse antibodies to CD4, CD68, and CD3
(1 wg/ml of each) (all from BD Biosciences); (iii) rabbit anti-CD68 (Abcam) and CD1c (LS BioPath); and (iv) mouse
anti-ZO-1 (1 wg/ml), anti-occludin (1 xg/ml), and anti-claudin-1 (5 wg/ml) (all from Invitrogen). For detection of
HCMV IE1/2 and gB proteins, we used mouse monoclonal antibodies CH160 and CH177, respectively (126,
127) (provided by Lenore Pereira, University of California—San Francisco).

Secondary antibodies labeled with DyLight 488, DyLight 594, and Alexa Fluor were purchased from

Jackson ImmunoResearch. Cell nuclei were counterstained with TO-PRO-3 iodide or DAPI (4',6-diami-
dino-2-phenylindole; blue) (Molecular Probes). The specificity of each antibody was confirmed by negative
staining with the corresponding primary isotype control antibody. Cells were analyzed by using a Leica SP5
confocal laser microscope (Leica Microsystems) or Nikon Eclipse E400 fluorescence microscope (Nikon).

For quantitative evaluation of HIV p24- and HCMV gB-expressing immune cells, sections were coim-

munostained for viral proteins with immune cell markers (CD68 for macrophages, CD1c for DC, and CD4
for lymphocytes), and immune cells expressing HIV-1 proteins were counted in the epithelium and lam-
ina propria. Cells were counted in 10 randomly selected microscopic fields (x200) per section in at least
three sections for each explant. Results are presented as the average number of positive cells per square
millimeter. All cell counts were performed in a blind fashion by two investigators (I.S. and R.H.).

Western blot assay. Cells were extracted with 1% Triton X-100 buffer (150 mM NaCl, 10 mM Tris/

HCI, pH 8.0) and a cocktail of protease inhibitors (Roche). Tissue explants were homogenized by using
motor-driven grinders connected with disposable pellet pestles (Kimble Kontes pellet pestle cordless
motor) and then extracted with 1% Triton X-100 buffer. Proteins were separated on an SDS-polyacryl-
amide gel with a 4-to-20% gradient. HCMV gB and IE1/2 were detected by using mouse monoclonal
antibodies (provided by Lenore Pereira, University of California—San Francisco). For detection of gB, we
used a pool of CH28, CH45, CH86, CH386, and CH44. HCMV IE1/2 was detected by CH160. An equal pro-
tein load was confirmed by the use of anti-B-actin mouse monoclonal antibody (MAb) (Ambion). MAPK
activity was measured by detection of phosphorylated and total ERK1/2 protein using anti-phospho-p42/
44 MAPK (Erk1/2) (Cell Signaling Technology) and total p42/44 MAPK (Erk1/2) antibodies (Cell Signaling
Technology). To determine NF-«B activity, we used anti-phospho-lkBa (Ser32) (14D4) (Cell Signaling
Technology), total anti-lkBa (44D4) rabbit MAb (Cell Signaling Technology), anti-phospho-NF-«xB p65
(Se536) (93H1) rabbit MAb (Cell Signaling Technology), and anti-NF-«B p65 (C22B4) rabbit MAb (Cell
Signaling Technology).

Statistical analysis. Statistical comparisons were made by a two-tailed Student's t test. A P value of

<0.05 was considered significant. Results are expressed as means and standard deviations (SD).
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