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Abstract

Recently, we showed that HIV-1 is sequestered, i.e., trapped, in the intracellular vesicles

of oral and genital epithelial cells. Here, we investigated the mechanisms of HIV-1

sequestration in vesicles of polarized tonsil, foreskin and cervical epithelial cells. HIV-1
internalization into epithelial cells is initiated by multiple entry pathways, including

clathrin-, caveolin/lipid raft-associated endocytosis and macropinocytosis. Inhibition of HIV-1
attachment to galactosylceramide and heparan sulfate proteoglycans, and virus endocytosis and
macropinocytosis reduced HIV-1 sequestration by 30-40%. T-cell immunoglobulin and mucin
domain 1 (TIM-1) were expressed on the apical surface of polarized tonsil, cervical and foreskin
epithelial cells. However, TIM-1-associated HIV-1 macropinocytosis and sequestration were
detected mostly in tonsil epithelial cells. Sequestered HIV-1 was resistant to trypsin, pronase,
and soluble CD4, indicating that the sequestered virus was intracellular. Inhibition of HIV-1
intraepithelial sequestration and elimination of vesicles containing virus in the mucosal epithelium
may help in the prevention of HIV-1 mucosal transmission.
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1. Introduction

Mucosal epithelia are the first sites of contact between HIV-1 and the human body during
the course of infection, and they play a critical role in determining the success of HIV-1
in establishing systemic infection. It has been shown in primate models that application
of HIV-1 to the surfaces of intact oropharyngeal (Joag et al., 1997), anal/rectal (Bosch et
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Statistical analysis

Statistical comparisons were made by a two-tailed Student’s #test. A p value < 0.05 was considered significant.
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al., 1997), cervicovaginal and foreskin/penile (Carias et al., 2013; Dinh et al., 2015; Girard
et al., 1998; Joag et al., 1997) epithelia can lead to systemic infection of HIV-susceptible
immune cells. Application of simian immunodeficiency virus to undamaged oral and vaginal
mucosal epithelia also results in the transmigration of simian immunodeficiency virus across
these epithelia (Miller et al., 2005; Milush et al., 2004; Stahl-Hennig et al., 1999). Similarly,
application of HIV-1 to human foreskin, vaginal and cervical tissue explants ex vivo leads

to the transmission of HIV-1 across these epithelia (Carias et al., 2013; Dinh et al., 2015;
Ganor et al.; Hladik et al., 2007; Maher et al., 2005; Stoddard et al., 2009; Zhou et al.,
2011). Furthermore, interaction of HIV-1 with the mucosal surface of oropharyngeal tissue
explants of the fetus or infant leads to infection of CD4+ T lymphocytes, Langerhans/
dendritic cells and macrophages, which is critical for HIV-1 mother-to-child transmission
(MTCT) (Tugizov et al., 2012). None of these studies showed epithelial infection with
HIV-1, indicating that the virus can migrate across intact mucosal epithelia without infecting
them.

Recently, we showed that the majority of infectious virions internalized in tonsil, cervical
and foreskin epithelial cells do not cross the epithelium but rather are sequestered in their
vesicular/endosomal compartments for several days (Yasen et al., 2017). The interaction of
activated lymphocytes with epithelial cells containing HIV-1 facilitates the release of virus
and its spread from epithelia into lymphocytes. In the present study we investigated the
mechanism of HIV-1 sequestration in endosomes of mucosal epithelial cells.

Mucosal epithelial cell surface proteins, including galactosylceramide (GalCer) and heparan
sulfate proteoglycans (HSPG), facilitate HIV-1 internalization into epithelial cells (Bobardt
et al., 2007; Bomsel and Alfsen, 2003; Fantini et al., 1997; Herrera et al., 2016; Tugizov et
al., 2011). HIV-1 internalization into epithelial cells can occur by endocytosis (Bobardt et
al., 2007; Daecke et al., 2005; Herrera et al., 2016; Miyauchi et al., 2009; Tugizov et al.,
2012; van den Berg et al., 2014; Vidricaire and Tremblay, 2007). HIV-1 internalization in
endothelial cells is mediated by macropinocytosis (Liu et al., 2002). Endocytosis could

be due to clathrin-, caveolin- and/or lipid raft-associated mechanisms (Mercer et al.).
Macropinocytosis is an actin-dependent process induced by membrane ruffling and the
formation of large vacuoles, i.e., macropinosomes (Mercer and Helenius, 2009; Tugizov et
al., 2013b).

Macropinocytosis plays a critical role in the uptake of viruses belonging to various families,
including poxvirus, adeno, and picorna (Mercer and Helenius, 2008, 2009; Mercer et al.,
2010; Schelhaas, 2010). Binding of viral envelope-associated phosphatidylserine (PS) to
its receptor T-cell immunoglobulin and mucin domain 1 (TIM-1) triggers macropinocytosis
(Mercer and Helenius, 2008; Mercer et al., 2010; Shiratsuchi et al., 2000). The outer
leaflet of the HIV-1 envelope contains PS (Aloia et al., 1988, 1993b; Callahan et al.,

2003; Gekonge et al., 2006), and HIV-1-associated PS facilitates the viral infection of
macrophages (Callahan et al., 2003). TIM-1 also promotes HIV-1 entry into CD4+ T
lymphocytes (Li et al., 2014). However, the interaction of TIM-1 with HIV-PS during the
release of progeny virions inhibits virus release, retaining viral particles to the cell surface
(Li et al., 2014). Expression of TIM-1 has been shown in epithelia of oral, lung, cornea,
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conjunctiva, and kidney (Freeman et al., 2010; Ichimura et al., 2008, 1998; Kondratowicz et
al., 2011; Setty and Betal, 2008).

Virus internalized by endocytosis and macropinocytosis may follow intracellular trafficking
pathways via early and late endosomes (Mercer and Helenius, 2009; Mercer et al.).
Macropinosomes may also fuse with each other and form large vacuoles, which may exist
independently from the early and late endosomes (Araki et al., 2006; Falcone et al., 2006;
Hamasaki et al., 2004; Hewlett et al., 1994; Racoosin and Swanson, 1993). Early endosomes
may serve as sorting compartments, regulating the delivery of internalized virus to various
destinations by transcytosis and/or recycling (Jovic et al., 2010; Tuma and Hubbard,

2003). Early endosomal compartments have tubular and vacuolar domains, and the vacuolar
domains mature into late endosomes (Huotari and Helenius, 2011), leading to formation of
multivesicular bodies (MVB) and lysosomes (Dobrowolski and De Robertis, 2012; Hanson
and Cashikar, 2012). MVBs contain a network of intraluminal vesicles. The main function
of MVB is delivering cargo into lysosomes, where it is degraded (Fader and Colombo,
2009; Piper and Katzmann, 2007). However, MVB compartments can also serve as storage
for internalized and recycled proteins, including cell surface receptors and ligands (Cullen
and Korswagen, 2012; Kerr et al., 2006; Piper and Katzmann, 2007; Uchil and Mothes,
2005; Vieira et al., 2014). MVB can fuse with plasma membranes, releasing cargo into the
extracellular environment (Nickerson et al., 2006; Piper et al., 2014; Piper and Luzio, 2007).
The formation of MVB is initiated by fission of early endosomal compartments from their
cytoplasmic face, generating a new compartment with intraluminal vesicles (McCullough et
al., 2013; Schmidt and Teis, 2012). The establishment and maturation of MV B are mediated
by the coordinated effort of more than 30 proteins, which together are called the “endosomal
sorting complexes required for transport” (ESCRT) (Schmidt and Teis, 2012). The ESCRT
consist of ESCRT-0, ESCRT-I, and ESCRT-II, which are involved in cargo sorting and
membrane invagination (McCullough et al., 2013), and ESCRT-III, which cleaves the bud
neck from its cytosolic face (Adell and Teis, 2011; Wollert et al., 2009).

We investigated the role of initial HIV-1 internalization in subsequent viral sequestration

in the vesicular compartments of polarized tonsil, cervical and foreskin epithelial

cells. Monostratified polarized epithelial cells may serve as a model for one of the

sheets of stratified mucosal epithelium that are attached to one another by lateral

junctions (McCaffrey and Macara, 2011; Muroyama and Lechler, 2012; St Johnston and
Sanson, 2011; Tugizov et al., 2003, 2013b, 2011, 2012). Polarized epithelial cells have
highly organized and functional vesicular/endosomal compartments (Rodriguez-Boulan
and Macara, 2014) and are therefore suitable for modeling HIV-1 transmission via the
mucosal epithelium. Our findings show that HIV endocytosis and macropinocytosis lead

to sequestration of virions into late endosomes, including MVB and vacuoles. As we
showed recently (Yasen et al., 2017), the interaction of activated lymphocytes with epithelia
sequestering HIV-1 initiates the spread of virus from epithelial cells into lymphocytes. Thus,
intravesicular HIV-1 sequestration may contribute to the molecular pathogenesis of viral
spread from mucosal epithelial cells to virus-susceptible immune cells.
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2. Results

2.1. HIV-1 internalization into epithelial cells is facilitated by multiple endocytic pathways

To identify the pathways of HIV-1 internalization into epithelial cells, we examined viral
penetration in epithelial cells using pharmacologic inhibitors of clathrin- and caveolin/

lipid raft-mediated endocytosis and macropinocytosis, which are major entry pathways

of multiple viruses. Polarized tonsil epithelial cells were pretreated with increasing
concentrations of chlorpromazine and nystatin, which are inhibitors of clathrin- and
caveolin/lipid raft -mediated endocytosis, respectively (Ivanov, 20083, b). Cells were also
treated with amiloride, which inhibits macropinocytosis (Ivanov, 2008a; Saeed et al., 2010).
These drugs are widely used for blocking endocytosis and macropinocytosis by many
viruses, including HIV (Carter et al., 2011, 2009; Daecke et al., 2005; Dorosko and
Connor, 2010; Ferreira et al., 2015; Grigorov et al., 2006; Kinlock et al., 2014; Liu et

al., 2002; Mikulak et al., 2009; Miyauchi et al., 2009; Platt et al., 2014; Sloan et al.,

2013). After 1 h of treatment, dual-tropic HIV-1gg33 internalization was examined from the
apical (AP) surface of epithelium by p24 ELISA. Data showed that all three drugs reduced
viral internalization in a dose-dependent manner (Fig. 1A). The highest concentrations of
chlorpromazine (20 pM), nystatin (12 pug/ml) and amiloride (100 puM) were used to examine
transepithelial resistance (TER) and the viability of polarized cells. None of the drugs
reduced TER or viability (Fig. S1A and B, upper panels), i.e., drug treatment did not alter
cell polarity. These concentrations of drugs were used in the rest of the study.

In the next experiments we examined the role of chlorpromazine, nystatin and amiloride

in the attachment, internalization and transcytosis of HIV-1gg33 from the AP surface of
epithelium. Virus attachment to the cell surface was measured at 4 °C, and intracellular

and transcytosed virions were evaluated at 37 °C by p24 ELISA. Data showed that ~

20% of initially inoculated virions were attached to the cell surface (Fig. 1B); none of

the drugs significantly changed virus attachment to the AP surface (Fig. 1B, upper panel).
Approximately 4% of initially added virions were internalized into cells, and all three drugs
reduced viral internalization; inhibitors reduced clathrin- and caveolin/lipid raft-mediated
HIV endocytosis by ~ 50%, and the inhibitor of macropinocytosis, amiloride, led to ~

60% reduction of viral internalization (Fig. 1B, middle panel). HIV-1gg33 transcytosis was
approximately ~0.06% of the initial inoculum, indicating that more than 95% of internalized
virions were trapped in the cells. Nystatin or chlorpromazine reduced viral transcytosis by ~
45%, and amiloride reduced it by ~ 80% (Fig. 1B, lower panel).

Analysis of the internalization of HIV-1gg33 in cervical and foreskin epithelial cells

showed that virus internalization was significantly (~ 30-40%) reduced by inhibitors of
clathrin- and caveolin/lipid raft-mediated endocytosis (Fig. 1C). However, the inhibitor of
macropinocytosis, amiloride, had less of an effect on virus internalization in cervical cells (~
15%). Amiloride did not reduce virus internalization into foreskin epithelial cells.

To verify the functional effect of drugs for endocytosis and macropinocytosis, tonsil TK#15
cells were treated or not treated with nystatin, chlorpromazine or amiloride. After 1 h,
nystatin- or chlorpromazine-treated cells were washed and incubated with the endocytosis
marker rhodamine-labeled dextran (10 kDa) (Li et al., 2015) (Fig. 1D). Amiloride-treated
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cells were incubated with Texas Red-labeled dextran (70 kD), which is a macropinocytosis
marker (Commisso et al., 2014; Falcone et al., 2006; Li et al., 2015). Flow cytometry
analysis showed that both nystatin and chlorpromazine reduced dextran-10 penetration by ~
50%. Amiloride reduced the penetration of dextran-70 by ~ 45%.

The effect of drugs on HIV-1 internalization was validated in tonsil, cervical and

foreskin epithelial cells derived from additional donors. These data showed that all three
internalization pathways, i.e., clathrin-and caveolin/lipid raft-mediated endocytosis and
macropinocytosis, are involved in HIV-1gg33 penetration into tonsil epithelial cells (Fig. 1E).
However, macropinocytosis was not highly relevant for virus internalization in cervical and
foreskin epithelial cells. A combination of all three drugs did not lead to complete inhibition
of viral penetration in tonsil, cervical or foreskin cells, suggesting that HIV internalization
may also occur by unidentified penetration pathway(s).

2.2. HSPG, GalCer and TIM-1 on the epithelial surface play arole in HIV internalization

To study the role of HIV-1 interaction with the epithelial surface in virus attachment,
internalization and transcytosis, we preincubated cells with antibodies against HSPG and
GalCer, which are well-known epithelial attachment molecules for HIV-1 (Bobardt et al.,
2007; Bomsel and Alfsen, 2003; Fantini et al., 1997; Herrera et al., 2016; Tugizov et al.,
2011). Since amiloride, the inhibitor of macropinocytosis, inhibits HIV-1 internalization
(Fig. 1), we also preincubated cells with antibodies to TIM-1, which facilitates entry of
various viruses by macropinocytosis. HSPG and GalCer are expressed on the AP surface of
oral and genital mucosal epithelium and facilitate HIV-1 attachment and internalization in
epithelial cells (Bobardt et al., 2007; Fantini et al., 1997; Herrera et al., 2016; Kumar et al.,
2006; Tugizov et al., 2012). Western blot analysis of TIM-1 expression in tonsil epithelial
cells showed that TIM-1 was detected in tonsil epithelium of all 12 independent donors
(Fig. 2A). In the domain-specific surface biotinylation assay, TIM-1 expression was detected
exclusively in AP membranes of polarized tonsil, cervical and foreskin epithelial cells (Fig.
2B).

Analysis of HIV-1gg33 binding to tonsil epithelial cells showed that antibodies against HSPG
and GalCer significantly reduced virus binding to the AP surface of polarized epithelial

cells (Fig. 2C, upper panel). In contrast, anti-TIM-1 antibodies did not affect virus binding.
The pool of antibodies to HSPG, GalCer and TIM-1 did not lead to complete inhibition of
HIV-1 attachment. Examination of HIV-1gg33 internalization and transcytosis showed that
all three antibodies to HSPG, GalCer and TIM-1 significantly reduced viral internalization
and transcytosis (Fig. 2C, middle and lower panels, respectively). However, complete
inhibition of virus internalization and transcytosis was not detected by a combination of
these antibodies. Inhibition of attachment and internalization of HIV-1 by anti-HSPG and
anti-GalCer antibodies showed that both antibodies reduced attachment and internalization
of X4- and R5-tropic viruses, similar to the inhibition of dual-tropic virus internalization and
attachment (Fig. 2D). TIM-1 antibodies did not lead to significant reduction of attachment of
these viruses to the tonsil epithelial cells.

Analysis of internalization of HIV-1gg33 in cervical and foreskin epithelial cells by
antibodies showed that virus internalization was significantly (~ 30-40%) reduced by anti-
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HSPG and anti-GalCer antibodies (Fig. 2E). However, the reduction of virus internalization
by TIM-1 antibodies and amiloride was less significant (~ 7-15%). These effects were
validated in tonsil, cervical and foreskin epithelial cells isolated from additional donors (Fig.
2F), which showed similar data to that in Fig. 2C, D and E.

In parallel experiments we examined TER and cell viability of antibody-treated and
untreated (control) polarized tonsil epithelial cells. Data showed that antibody treatment
did not reduce TER (Fig. S1A, lower panel) and did not show a toxic effect on cells (Fig.
S1B, lower panels).

These findings showed that HIV-1 internalization into tonsil epithelial cells may occur
by multiple pathways, including clathrin- and caveolin/lipid raft-mediated endocytosis
and macropinocytosis, which may be facilitated by HSPG, GalCer and TIM-1. Virus
internalization in cervical and foreskin epithelial cells mainly occurs by clathrin- and
caveolin/lipid raft-mediated endocytosis. The role of TIM-1-associated macropinocytosis
in HIV-1 internalization in cervical and foreskin epithelial cells is less relevant.

2.3. TIM-1 of tonsil epithelial cells promotes HIV-1 internalization by macropinocytosis

To better understand TIM-1-associated HIV-1 macropinocytosis into tonsil epithelial

cells, we examined HIV-1gg33 internalization in amiloride-pretreated tonsil cells from 9
independent donors. Data showed that amiloride significantly reduced virus internalization
in 7 of 9 (75%) donor cell lines (Fig. 3A). Amiloride treatment of tonsil epithelial cells
from 2 donors did not reduce HIV internalization despite our confirmation of apical TIM-1
expression (Fig. 3B).

To further examine the role of TIM-1 in HIV-1 macropinocytosis, TIM-1 expression in 3
tonsil cells was inhibited by TIM-1-specific siRNA transfection (Fig. 3C), which reduced
TIM-1 expression by 60-70% compared to control siRNA (Fig. 3C). Analysis of dual-tropic
HIV-1gr33 and, X4- and R5-tropic strains of HIV-1 in tonsil cells transfected with TIM-1
siRNA showed that viral internalization was reduced by ~ 35-45% (Fig. 3D).

To study the role of TIM-1 in HIV-1 macropinocytosis in cervical and foreskin epithelial
cells, we inhibited TIM-1 expression by siRNA transfection (Fig. 3E) and then examined
HIV-1gg33 internalization (Fig. 3F). Inhibition of expression of TIM-1 by siRNA in
cervical epithelial cells did not show a reduction in HIV-1 internalization (Fig. 3F). The
lower expression of TIM-1 was associated with a slight reduction (~ 15%) in HIV-1gg33
internalization into foreskin epithelial cells.

To confirm HIV-1 penetration by macropinocytosis, we added the HIV-1 and
macropinocytosis marker Texas Red-labeled dextran-70 (Commisso et al., 2014; Falcone
et al., 2006; Li et al., 2015) to AP membranes of polarized tonsil epithelial cells for

30 min, and cells were then analyzed by fluorescence microscopy. Analysis showed that
HIV-1 was colocalized with dextran-70 (Fig. 3G), consistent with virus internalization by
macropinocytosis.
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2.4. HIV-1 sequestration in epithelial cells initiated by viral interaction with HSPG,
GalCer and TIM-1 of the epithelial surface, and virus internalization via endocytosis and
macropinocytosis

In our recent work, we have shown that HIV-1 may sequester in the vesicular compartments
of epithelial cells without release, i.e., virions are trapped in the endosomes, including
MVBs and vacuoles (Yasen et al., 2017). To determine if HIV-1 interaction with the
epithelial surface is able to initiate the subsequent sequestration of virus in the vesicles,

we studied the role of HSPG, GalCer and TIM-1 in HIV-1 sequestration in tonsil epithelial
cells. Cells were preincubated with antibodies against HSPG, GalCer and TIM-1 or a pool
of their isotype controls. The dual-tropic HIV-1gr33 and X4- and R5-tropic isolates of HIV-1
were added to the AP surface of polarized cells. Analysis of viral sequestration after 6 days
showed that all 3 antibodies reduced sequestration of 3 strains of HIV-1 by ~ 40-60% (Fig.
4A).

We also examined the role of HSPG, GalCer and TIM-1 (Fig. 4B), and clathrin- and
caveolin/lipid raft-mediated endocytosis and macropinocytosis (Fig. 4C) in HIV-1gp33
sequestration in cervical and foreskin epithelial cells. The data showed that inhibition of
HIV-1gg33 interaction with HSPG reduced subsequent viral sequestration by ~ 50% (Fig.
4B). HIV-1gg33 interaction with GalCer and TIM-1 reduced viral sequestration by ~ 7—
15%. Inhibitors of clathrin- and caveolin/lipid raft-mediated endocytosis of HIV-1gg33 in
cervical and foreskin cells reduced viral sequestration by ~ 50-60% (Fig. 4C). Inhibition of
macropinocytosis reduced HIV-1gg33 sequestration by 20% in cervical epithelial cells and
5% in foreskin epithelial cells.

To confirm the role of clathrin- and caveolin/lipid raft-mediated HIV internalization in

viral sequestration, we inhibited expression of clathrin and caveolin by transfection of
tonsil epithelial cells with siRNAs against clathrin heavy chain and caveolin-1, respectively.
Western blotting of transfected cells after 3 days showed that siRNA reduced clathrin and
caveolin expression by ~ 60% and ~ 50%, respectively (Fig. 4D). Then, we examined
HIV-1gg33 internalization after 2 h and sequestration after 3 days. Data showed that
silencing clathrin gene expression reduced viral internalization and sequestration by ~ 35%
and ~ 50%, respectively (Fig. 4E). Inhibition of caveolin expression leads to reduction of
HIV internalization and sequestration by ~ 60% and ~ 45%, respectively.

Together, these data suggest that the initial internalization of HIV-1 by clathrin- and
caveolin/lipid raft-mediated endocytosis and TIM-1-associated macropinocytosis could be
relevant for subsequent viral sequestration in the vesicles.

We have shown that HIV-1 sequestration mostly occurs in MVB and vacuoles of epithelial
cells (Yasen et al., 2017). To identify the role of initial internalization pathways of virus in
its subsequent sequestration in MVB and vacuoles, we silenced expression of the critical
proteins of MVB—the hepatocyte growth factor-regulated tyrosine kinase substrate (Hrs)—
and of vacuoles—rabankyrin—by siRNA transfection, respectively. Western blotting showed
that siRNA-mediated inhibition of Hrs and rabankyrin was ~ 70-90% (Fig. 5A). Then,

cells were pretreated with nystatin, chlorpromazine or amiloride. Analysis of HIV-1gg33
sequestration in tonsil cells showed that virus sequestration in Hrs-siRNA-transfected cells
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was reduced by nystatin (~ 27%) and amiloride (~ 35%), indicating that inhibition of

initial caveolin/lipid raft-mediated endocytosis and macropinocytosis of virus also led to the
subsequent reduction of viral sequestration in cells lacking Hrs expression (Fig. 5B, upper
panel). However, chlorpromazine did not change viral sequestration in these cells. Inhibition
of all 3 pathways of viral internalization reduced subsequent virus sequestration (~ 40—
65%) in cells lacking rabankyrin expression, suggesting that clathrin- and caveolin/lipid raft-
mediated endocytosis and macropinocytosis may lead to HIV-1 sequestration into vacuoles
(Fig. 5B, lower panel). A similar trend of reduction of viral sequestration was observed in
Hrs- and rabankyrin-siRNA-transfected cervical and foreskin epithelial cells by nystatin and
chlorpromazine (Fig. 5C). However, amiloride did not reduce HIV-1 sequestration in either
Hrs- and rabankyrin-siRNA-transfected cervical cells or Hrs-siRNA-transfected foreskin
cells. Amiloride reduced viral sequestration in rabankyrin-siRNA-transfected foreskin cells
by ~ 25%. These data suggest that after HIV internalization by clathrin- and caveolin/

lipid raft, the Hrs and rabankyrin may play an important role in the regulation of HIV
sequestration in MVB and vacuoles, respectively.

2.5. Inhibition of MVB formation reduced HIV-1 sequestration, and acidification of vesicles
increased viral sequestration

For confirmation of the role of MVB in HIV-1 sequestration HIV-1, we pretreated polarized
tonsil epithelial cells with LY294002 (10 uM), an inhibitor of phosphatidylinositol-4,5-
bisphosphate 3-kinase (PI3K) that is critical for MVB formation (Fernandez-Borja et

al., 1999). In parallel experiments, we pretreated cells with GW4869 (10 uM), a
sphingomyelinase inhibitor, which inhibits ceramide-mediated formation of MVB (Wang
etal., 2014). One set of cells were treated with a combination of LY294002 and GW4869
(5 UM each). After 24 h, HIV-1ge33 was added to the AP surface for viral sequestration

for 2 days in the presence of LY294002 and GW4869 at lower concentrations (1 uM each).
Analysis of intracellular HIV-1 showed that both treatments reduced intraepithelial viral
sequestration by ~ 60% (Fig. 6A). The decrease in HIV-1 sequestration was higher (~
70%) with the combined drugs than with the individual treatments. Together, data from
siRNAs (Fig. 5B and C) and inhibitors (Fig. 6A) indicated that the biogenesis of MVB and
macropinosomes/vacuoles is important for HIV-1 in-traepithelial sequestration.

We have shown that HIV-1 sequestration is gradually reduced at later time points (Yasen et
al., 2017). This suggests the possible fusion of vesicles containing HIV-1, including MVB
and vacuoles, with highly acidic lysosomes, which may inactivate the virus. To test this
hypothesis, we pretreated polarized tonsil epithelial cells with various concentrations of
ammonium chloride (NH4CI), which inhibits acidification of vesicular pH (Fredericksen

et al., 2002). After 2 h, cells were exposed to HIV-1gr33 and cultured with NH,4CI

for 2 days. Intracellular virions were then examined by ELISA p24, which showed that
NH4CI treatment increased intracellular HIV-1 in a dose-dependent manner, unlike untreated
control cells (Fig. 6B). These results indicate that a gradual reduction of sequestered HIV-1
concentrations may be due to fusion of MVB/vacuoles containing HIV-1 with lysosomes.

Analysis of TER and cell viability of polarized cells treated with LY 294002, GW4869 and
NH4CI, as described in the above experiments, showed that none of the drugs showed a
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significant toxic effect on the cells or reduced their TER (Fig. 6A and B, middle and lower
panels), indicating that cell polarity was intact.

2.6. HIV sequestration is not associated with membrane invagination

We have shown that HIV-1 is sequestered in endosomes of polarized mucosal epithelial cells
(Yasen et al., 2017). Macrophages and dendritic cells may sequester HIV-1 in the surface-
accessible intracellular compartments and within the extracellular membrane invaginations
(Cavrois et al., 2007; Yu et al., 2008). To confirm the intracellular nature of HIV-1
sequestration in mucosal epithelial cells, we first examined if we could remove sequestered
virions by pronase, which removes extracellular virions (Cavrois et al., 2007). Polarized
tonsil epithelial cells were incubated with HI\/-1gr33 for 2 h at 4 °C to determine viral
attachment or for 6 days at 37 °C to determine virus sequestration. Cells with attached or
sequestered HIV-1 were treated with pronase. P24 ELISA showed that pronase treatment
removed attached virions from the cell surface (Fig. 7A, upper panel). However, on day 6
of viral sequestration, pronase did not reduce viral concentration, indicating the absence of
virions on the cell surface (Fig. 7A, lower panel). These data show that the sequestered
virions were resistant to enzyme, indicating that virions are localized in the vesicular
compartments.

We also confirmed HIV sequestration in the vesicular compartments by using soluble
sCD4, which neutralizes extracellular virions in the membrane and in the surface-accessible
intracellular compartments, but not in the intracellular vesicles (Cavrois et al., 2007).

As a control, polarized cells were incubated with HIV-1gr33 for 1 h at 4 °C and then
incubated with sCD4 for 1 h at 4 °C (Fig. 7B, left panel). In parallel experiments, cells

with sequestered virions for 6 days were exposed to sCD4 from AP and BL surfaces and
were incubated at 4 °C for 1 h (Fig. 7B, right panel). Cells were washed, and activated
PBMC were added to the AP surface of cells with viral attachment and to the AP and BL
surfaces of cells containing sequestered virions. In vivo, with inflammation, the interaction
of HIV-susceptible cells with epithelial cells may occur from both AP and BL surfaces

of mucosal epithelia. Thus, these experiments may model HIV spread from epithelia into
lymphocytes, as shown in our recent work (Yasen et al., 2017). After 4 h PBMC were
collected and grown for 7 days. HIV infectivity was examined by ELISA p24, which showed
that sCD4 neutralized virus in attachment experiments, i.e., HIV-1 spread was inhibited by
~ 95-98%. In contrast, in sequestration experiments sCD4 did not inhibit HIV spread from
epithelia to lymphocytes, confirming sequestration of virions in the intracellular vesicles/
endosomes, which are not surface accessible.

2.7. HIV-1 sequestration in epithelial cells is not associated with productive viral infection

We examined the possible role of HIV-1 infection in tonsil epithelial cells with viral
sequestration by using azidothymidine (AZT), which inhibits viral replication. Polarized
tonsil epithelial cells were treated with 10 uM AZT one day and exposed to HIV-1gg33

the next. Untreated cells served as a control. Cells were cultured for 6 days, during which
medium was refreshed with AZT. Analysis of intracellular virions in AZT-treated and
untreated cells incubated for 6 days showed that a decrease in HIV-1 sequestration was not
detected by AZT, indicating that viral sequestration is not due to viral replication (Fig. 7C).
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To confirm the lack of HIV-1 replication in tonsil epithelial cells, we examined integrated
HIV-1 DNA and nonspliced and multispliced viral RNA in polarized tonsil cells (TK#2 and
TK#5) with HIV-1 sequestration by using real-time quantitative PCR (qPCR) (Fig. 7D and
E). The CD4* T lymphocyte line 8E5, chronically infected with HIV-1, served as a positive
control (Serpente et al., 1993). To determine integration of HIV-1 DNA, we pretreated one
set of cells with AZT and left another set untreated. Untreated and AZT-treated cells were
exposed to HIV-1, and after 2 h or 6 days of incubation, cells were trypsinized and integrated
HIV-1 DNA was determined. HIV-1-infected 8E5 lymphocytes were not treated with AZT,
as they already contain integrated HIV-1 DNA (Vandegraaff et al., 2001). Tonsil epithelial
cells with or without AZT treatment did not contain integrated HIV-1 DNA, in contrast to
the positive control cells (Fig. 7D). Integration of HIV-1 DNA was also not detected in
cervical and foreskin epithelial cells.

Next, we examined nonspliced and multispliced viral RNA in po-larized tonsil cells (TK#2
and TK#5) with HIV-1 sequestration after 2 h or 6 days by real-time gPCR. Both tonsil
epithelial cell lines contain nonspliced HIV-1 RNA but not multispliced HIV-1 RNA

(Fig. 7E). Similar data were obtained from cervical and foreskin cell lines. Thus, HIV-1

in polarized tonsil, cervical and foreskin epithelial cells did not replicate, confirming

that intraepithelial viral sequestration is due to entry of virions into vesicular/endosomal
compartments and not the result of productive HIV-1 infection.

3. Discussion

Recently, we showed that HIV-1 penetrates polarized tonsil, cervical and foreskin epithelial
cells and is sequestered in the vesicles (Yasen et al., 2017). The interaction of activated
CD4+ T lymphocytes with epithelial cells induces the spread of sequestered intraepithelial
virions into lymphocytes, which may play a critical role in initial HIV-1 transmucosal
transmission. In the present study, we have shown that the interaction of HIV-1 with
epithelial surface proteins HSPG, GalCer and TIM-1, and internalization of virus by
clathrin- and caveolin/lipid raft-associated endocytosis and macropinocytosis, leads to viral
sequestration in the vesicles (Fig. 8).

It is well documented that HIV gp120 binds to HSPG through the V3 extracellular domain
of gp120 (Batinic and Robey, 1992; Connell and Lortat-Jacob, 2013; Harrop and Rider,
1998; Rider et al., 1994; Roderiquez et al., 1995; Vives et al., 2005), leading to viral
endocytosis and transcytosis in genital epithelial cells (Bobardt et al., 2007; Bomsel, 1997;
Kinlock et al., 2014). We have shown that HIV-1 gp120 binding to HSPG mediates virus
endocytosis in infant tonsil epithelial cells (Herrera et al., 2016). HSPG interaction with
many viruses, including retroviruses and papillomaviruses, facilitates viral entry by using
clathrin- and caveolin/lipid raft-dependent and independent pathways and macropinocytosis
(Bobardt et al., 2007; Christianson and Belting, 2014; Connell and Lortat-Jacob, 2013;
Grassel et al., 2016; Jones et al., 2005; Letian and Tianyu, 2010; Payne et al., 2007;
Schelhaas et al., 2012). Human papillomavirus (HPV) types 16, 18 and 31 interaction with
syndecan-1/HSPG and tetraspanin CD63 facilitate delivery of virus into MVB (Grassel et
al., 2016). Post-endocytic interaction of the HPVV/HSPG/CD63 complex with ESCRT protein
Alix is critical for delivery of internalized virions to MVB (Grassel et al., 2016). HIV-1
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interaction with HSPG is important for viral attachment, internalization and sequestration in
tonsil, cervical and foreskin epithelial cells, suggesting that HSPG may play a major role in
virus sequestration in oral and genital mucosal epithelium.

HIV gp120 V3 interaction with the glycolipid GalCer is critical for GalCer- mediated viral
internalization (Campbell et al., 2001; Chazal and Gerlier, 2003; Ewers and Helenius, 2011;
Fantini et al., 1997), which could be associated with caveolin/lipid raft-mediated virus
endocytosis. Inhibition of HIV-1 internalization and sequestration by nystatin from the AP
surface of polarized cells suggests that caveolin/lipid raft-associated endocytosis may play
arole in delivery of virus to MVB. Lipid raft membrane domains have been detected in
purified MVB, including their limiting membranes and intraluminal vesicles, suggesting
that GalCer-associated HIV-1 endocytosis may lead to delivery of virions into MVB (Sobo
et al., 2007). Nystatin also inhibits caveolae-associated endocytosis; however, in polarized
epithelial cells, including tonsil epithelia, caveolae/caveosomes are localized to basolateral
membranes (Vogel et al., 1998) and caveolae-mediated endocytosis occurs mostly from
basolateral membranes (Tugizov et al., 2013b).

Accumulating evidence indicates that TIM-1 and TIM-1 family proteins facilitate the

entry of multiple viruses, including arenavirus, alphavirus, filovirus and flavivirus, through
envelope-associated PS (Jemielity et al., 2013; Moller-Tank et al., 2013). Surface exposure
of PS in the viral envelope mimics virions as apoptotic bodies, and TIM-1 binding to virion-
associated PS initiates viral entry by macropinocytosis (Jemielity et al., 2013; Moller-Tank
et al., 2013), which resembles engulfing of apoptotic cells by macrophages (Kobayashi

et al., 2007). In activated CD4+ T lymphocytes, TIM-1 promotes HIV-1 entry; however,
upon viral egress, TIM-1 binding to virion-associated PS retains HIV-1 on the cell surface
(Li et al., 2014). We found that, in polarized tonsil, cervical and foreskin epithelial cells,
TIM-1 expression is restricted only on the apical surface. However, TIM-1-facilitated HIV
internalization by macropinocytosis was detected mostly in tonsil epithelial cells. TIM-1-
associated virus internalization could be less relevant in cervical and foreskin epithelial cells
than in tonsil cells. Such cell type-specific function of TIM-1 in HIV-1 macropinocytosis
could be due to the differential expression of partner and/or signaling protein(s) for TIM-1,
which may be abundantly expressed in tonsil epithelium but not in cervical and foreskin
epithelia. HIV-1 release from BL of tonsil epithelial cells due to viral transcytosis was

not affected (Yasen et al., 2017). Normal BL HIV release could be due to a lack of

TIM-1 in BL membranes of epithelial cells; i.e., released virions were not retained by
TIM-1 in the BL membranes. TIM-1 was detected in early and late endosomes (Echbarthi
et al., 2015), suggesting that TIM-1-induced HIV-1 macropinocytosis may lead to viral
sequestration in MVB and vacuoles. The level of PS enrichment on the virion envelope may
determine TIM-1-mediated viral macropinocytosis and the virus’s subsequent sequestration
into vesicles. The association of PS with the virus envelope depends on multiple factors,
including the lipid composition of virus-replicating CD4+ T lymphocytes, macrophages,
and dendritic/Langerhans cell membranes (Aloia et al., 1993a; Callahan et al., 2003; Gu et
al., 2017), i.e., the origin of the virus may also play a role in viral macropinocytosis and
sequestration.
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HIV-1 has been detected in the endosomes, MVB, and vacuoles of epithelial cells (Daecke
et al., 2005; Dorosko and Connor, 2010; Ferreira et al., 2015; Grigorov et al., 2006;
Kinlock et al., 2014; Mikulak et al., 2009; Orenstein, 2007; Tugizov et al., 2011; Yasen

et al., 2017). However, critical extra- and intraepithelial molecules regulating vesicular
trafficking of virions are still poorly investigated. Here we showed that initial HIV-1
interaction with mucosal epithelia occurs through HSPG, GalCer and TIM-1, which may
trigger viral internalization by clathrin- and caveolin/lipid raft-associated endocytosis and
macropinocytosis. HIV-1 internalized by endocytosis and macropinocytosis may reach the
early endosomes, which mature into MVB. Macropinosomes may also fuse with each other
to form large vacuoles, which may exist independently from the early and late endosomes
(Falcone et al., 2006; Hewlett et al., 1994; Racoosin and Swanson, 1993). Such vacuoles
may also be formed by clathrin-coated endocytic vesicles (Araki et al., 2006; Hamasaki et
al., 2004; Sachse et al., 2002; Schnatwinkel et al., 2004). Reduction of virus sequestration
by antibody-mediated inhibition of viral interaction with GalCer, HSPG and TIM-1, and by
drug-mediated inhibition of viral endocytosis and macropinocytosis, indicates that HIV-1
penetration into early endosomes and macropinosomes determines the subsequent viral
sequestration in MVB and vacuoles.

The lack of difference in penetration and sequestration of dual-tropic and R5- and X4-tropic
HIV-1 in epithelial cells could be due to initial viral interaction with GalCer, HSPG and/or
TIM-1, which do not play a role in selective entry of R5- or X4-tropic viruses (Baleux et

al., 2009). Oral and genital mucosal epithelia may express HIV-1 coreceptors CCR5 and
CXCR4; however, they lack expression of CD4 (Bobardt et al., 2007; Bomsel, 1997; Herrera
et al., 2016; Hocini et al., 2001; Hocini and Bomsel, 1999; Saidi et al., 2007; Tugizov

etal., 2011). CD4 plays a critical role in the interaction of viral glycoproteins gp120/41

with CCR5 and/or CXCR4, which determine selective viral tropism in lymphocytes,
macrophages and dendritic cells (Wilen et al., 2012). However, the lack of CD4 expression
in epithelial cells suggests that mucosal epithelia may not play a specific role in the selective
sequestration/transmission of R5-tropic over X4-tropic HIV-1.

An increase in HIV-1 sequestration by NH,4Cl-induced prevention of endosomal
acidification showed that fusion of MVB that contain virus with lysosomes may lead to
the degradation of virus. However, sequestration of infectious virions in MVB indicates
that not all MVB that contain HIV-1 fuse with lysosomes; rather, many of them serve

as storage for internalized virions. Mechanisms of storage and degradation functions of
MVB may be determined by precursors of MVB, which may be formed as a consequence
of lipid composition that regulates subsequent fusion of MVB with lysosomes or plasma
membranes (Piper and Katzmann, 2007). Indeed, the reduction of HIV-1 sequestration by
P13K and sphingomyelinase inhibitors suggests that precursors of MVB that contain HIV-1
might have diverse lipid compositions. This is consistent with the various internalization
pathways of HIV-1 into tonsil, cervical and foreskin epithelial cells. HIV-1 clathrin-

and caveolin/lipid raft-associated endocytosis and macropinocytosis may generate distinct
early endosome populations that contain virus, which may contribute to the generation of
heterogeneous MVB with storage or degradation functions. HIV-1 macropinocytosis and
clathrin-associated endocytosis may also generate macropinosomes/vacuoles that contain
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virus, which may not associate with early endosomes and MVB and thus form independent
vesicular compartments that sequester virions.

Several lines of evidence—including reduction of viral sequestration by inhibition of viral
attachment and internalization, resistance of sequestered virus to trypsin, pronase and
soluble CD4, and independence of viral sequestration from productive infection—indicate
that HIV-1 sequestration in mucosal epithelial cells is not associated with surface-accessible
membrane invagination, as seen in dendritic cells and macrophages (Cavrois et al., 2007; Yu
et al., 2008).

In summary, we have shown that HIV-1 internalization into mucosal epithelia is a complex
process that uses multiple cell surface receptors and internalization pathways (Fig. 8).
Initial interaction of virus with HSPG, GalCer and TIM-1 and virus entry by endocytosis
and macropinocytosis may determine subsequent sequestration of virions in the vesicles,
including MVB and vacuoles. Such intraepithelial reservoirs may play a critical role in
HIV mucosal transmission. Development of anti-viral compounds to eliminate vesicles
containing HIV-1 and/or to inactivate intravesicular virions in mucosal epithelium may help
to prevent HIV-1 mucosal transmission.

4. Materials and methods

4.1. Ethics statement

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

4.2. Viruses and cells

Laboratory-adapted dual (X4-R5)-tropic HIV-1gg33 and the primary isolates R5-tropic
HIV-1SF170 and X4-tropic HIV-192UG029 were grown in activated PBMC, which
were obtained from HIV-1-negative donors. PBMC were activated with 2.5 pg/ml
phytohemagglutinin (Sigma) and 1 pg/ml interleukin-2 (BD Biosciences) for 3 days. All
viral stocks were titered by p24 concentration using HIV-1 p24 ELISA (ELISA p24)
(PerkinElmer) according to the manufacturer’s instructions.

Primary tonsil epithelial keratinocytes were established from tonsil tissue from 17 HIV-1-
negative children < 5 years of age after routine tonsillectomy. Primary cervical keratinocytes
were established from ectocervical tissue specimens from 8 HIV-1-negative donors. Tonsil
and cervical tissues were placed in a Dispase solution (50 U/ml) (BD Bioscience) overnight
at 4 °C. Mucosal epithelial layers were separated from subepithelial connective tissues,

and epithelial cells were dissociated with trypsin (0.25%). Foreskin keratinocytes from

three independent donors were purchased from Lonza. The keratinocytes were grown in
keratinocyte growth medium (KGM Gold) (Lonza) with 1.3 mM calcium, and the purity of
the epithelial cells was confirmed by detection of pan keratin using a cocktail of anti-keratin
antibodies (Thermo Fisher Scientific). Only those epithelial cell populations that were 100%
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positive for keratin were used. Keratinocytes from each tissue were propagated at early
passages and frozen in liquid nitrogen.

Polarized cells were established in 12-well Transwell two-chamber permeable filter inserts
with 3-um pore size, as described in our previous work (Tugizov et al., 2003, 2013a, 2013b,
2011; Yasen et al., 2017). The polarity of epithelial cells was verified by immunodetection
of the tight junction protein ZO-1 and measurement of TER using a Millicell-ERS
voltohmmeter, as described (Tugizov et al., 2003, 2013a, b, 2011).

4.3. HIV-1 attachment, internalization and transcytosis assays

The AP surface of polarized cells was pretreated with mouse antibodies against HSPG
(U.S. Biological), GalCer (Millipore) or rabbit antibody to TIM-1 (LSBio) (25 ug/ml of
each). One set of cells was treated with a pool of isotype control antibodies (25 pg/ml

of each). Cells were washed with PBS, pH 7.0. Dual (X4-R5)-tropic HIV-1gg33, R5-tropic
HIV-1SF170 or X4-tropic HIV-192UG029 virions at 20 ng/ml of p24 or 10 ng of p24 per
insert containing ~ 3 x 10° cells were added to the AP surface of the cells. Cells were
incubated at 4 °C for 2 h and then washed 3 times with cold PBS (pH 7.2) and lysed

with 1.0% Triton X-100 buffer (150 mM NaCl, 10 mM Tris/HCI, pH 8.0, and a cocktail

of protease inhibitors [Roche]). Surface-bound HIV-1 was measured by p24 ELISA and
expressed as a percentage of the initial viral inoculum. To remove attached virions from
the cell surface by pronase, cells were washed with cold PBS and incubated with pronase
(100 pg/ml) (Roche) for 10 min at 4 °C (Marechal et al., 2001; Nobile et al., 2003). Cells
were washed 3 times with cold KGM medium containing 10% fetal calf serum and 0.2 mM
phenylmethylsulfonyl fluoride (PMSF) to inactivate pronase (Marechal et al., 2001; Nobile
et al., 2003). Cells were then lysed with 1% Triton X-100.

For the HIV-1 internalization assay, polarized cells were incubated with 10 ng/insert

of HIV-1 p24 on the AP surface for 2 h at 37 °C in CO,. Cells were washed with
phosphate-buffered saline (PBS), pH 7.2, and trypsinized with 0.25% trypsin, which
removes uninternalized extracellular virions (Herrera et al., 2016; Marechal et al., 2001).
Cells were lysed with 1.0% Triton X-100, and intracellular virus was detected by HIV-1 p24
ELISA. Virus entry was expressed as a percentage of the initial inoculum.

HIV-1 transcytosis assays were performed as described previously (Tugizov et al., 2011).
Before each experiment and after the transcytosis assay, we confirmed the polarization of
cells by measuring TER. For the transcytosis assay, 10 ng/insert of HIV-1 p24 from cell-free
virions was added to AP surfaces. Cells were incubated at 37 °C in CO, for 4 h, and culture
medium from the lower chamber was collected for detection of HIV-1 p24 using ELISA.
HIV-1 transcytosis was expressed as a percentage of the initial inoculum.

4.4. Assessing HIV-1 sequestration in polarized epithelial cells

Polarized epithelial cells were incubated with 10 ng/insert of HIV-1 p24 on the AP surface,
and cells were incubated at 37 °C in CO, for 4 h. After 4 h uninternalized virions were
removed for HIV-1 sequestration analysis using mild 0.05% trypsin for 4-5 min at room
temperature (Kinlock et al., 2014; Tugizov et al., 2012). The integrity of cell polarity

after trypsin treatment was confirmed by measuring TER of polarized cells throughout the

Virology. Author manuscript; available in PMC 2018 February 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yasen et al.

Page 15

experiment. Cells were cultured for 3 or 6 days, and culture medium was changed every

3 days. For examination of intracellular virions, cells were trypsinized with 0.25% trypsin.
Intracellular virus was determined by ELISA p24 and expressed as a percentage of the initial
viral inoculum. Each experiment was performed 2-5 times using cells from independent
donors with at least triplicate Transwell inserts for each experimental condition.

4.5. Immunofluorescence assay

For immunofluorescence assays, cells or tissue sections were fixed with 4%
paraformaldehyde and 2% sucrose in PBS for 5 min, and then permeabilized with 0.01%
Triton X-100 in 4% paraformaldehyde for 5 min. For detection of EEAL and rabankyrin,
rabbit antibodies were used (both from Abcam) (1 pg/ml). LAMP1 and LBPA were detected
using mouse monoclonal antibodies (Santa Cruz Biotechnology and Millipore, respectively)
(1 pg/ml). For detection of HIV-1 p24, we used mouse anti-p24 antibodies (NIH AIDS
Research and Reference Reagent Program) (5 pg/ml). 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 (blue) (Molecular Probes).
The specificity of each antibody was confirmed by negative staining with the corresponding
primary isotype control antibody. HIV-1 coentry with dextran-70 was examined by staining
of HIV-1 p24 and colocalization with Texas Red-labeled dextran-70 (Thermo Fisher
Scientific). Cells were analyzed by using a Leica SP5 laser confocal microscope (Leica
Microsystems) or Nikon Eclipse E400 fluorescence microscope (Nikon).

4.6. Western blot assay

Cells were extracted with 1.0% Triton X-100 buffer (150 mM NaCl, 10 mM Tris/HCI, pH
8.0, and a cocktail of protease inhibitors). Proteins were separated on a 4-20% gradient
SDS-polyacrylamide gel. For detection of TIM-1, Hrs, rabankyrin, clathrin and caveolin
(LSBio, Santa Cruz Biotechnology and Abcam, respectively) were used rabbit and mouse
antibodies (5 pg/ml). An equal protein load was confirmed by detection of §-actin (Ambio)
(0.5 pg/ml).

4.7. Treatment of cells with pharmacologic agents

First, we determined the nontoxic concentrations of the pharmacologic agents used in this
study in polarized epithelial cells using an MTT assay (Biotium). For inhibition of HIV-1
entry, polarized cells were pretreated for 1 h with nontoxic concentrations of chlorpromazine
(10 uM), nystatin (12 pg/ml) and 5 (N-ethyl-N-isopropyl) amiloride (100 uM) (all from
Sigma). Cells were then washed, and HIV-1gr33 was added to the AP surface of epithelial
cells.

For inhibition of HIV-1 replication, cells were treated with 10 uM AZT for 24 h. Cells were
exposed to HIV-1 and maintained with AZT for 6 days. For inhibition of MVB formation,
cells were treated with LY294002 and/or GW4869 at 5 uM for 24 h and at 1 pM for the
next 48 h. For inhibition of acidification of intravesicular compartments, cells were treated
with 10, 20 or 30 mM NH4CI for 2 h, and then cells were washed and HIV-1gg33 was
added to the AP surface. Cells were cultured for 2 days with 10, 20 or 30 mM NH4CI,
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and intracellular HIV-1 was examined by ELISA p24. The absence of a toxic effect was
confirmed for all treatments by using an MTT assay (Biotium).

4.8. Flow cytometry

To examine internalization of rhodamine-labeled dextran-10 or Texas Red-labeled
dextran-70 (both from Molecular Probes), cells were treated with dextran for 1 h. Cells were
washed and trypsinized, and intercellular dextran was analyzed using flow cytometry on

a Becton-Dickenson FACScan flow cytometer. Data were analyzed using FlowJo software
(Treestar).

4.9. Domain-selective surface labeling assay

Polarized cells were incubated with 200 pg/ml sulfo-NHS-LC-biotin (Thermo Fisher
Scientific) from AP or BL membranes for 30 min as described previously (Sufiawati and
Tugizov, 2014; Tugizov et al., 2003; Xiao et al., 2009). Cells were washed with Tris saline
(10 mM Tris-HCI, pH 7.4, 120 mM NaCl) and extracted in 1% Triton X-100 lysis buffer
containing protease inhibitors. Biotinylated proteins were precipitated with streptavidin—
agarose beads in lysis buffer (Thermo Fisher Scientific). Proteins were separated on a 4—
20% Tris-glycine SDS-polyacrylamide gel and transferred to nitrocellulose membranes (GE
Healthcare). TIM-1 was detected by using mouse monoclonal antibody (Abcam). B-Actin
was detected in biotinylated cell extracts, which was used for precipitation of streptavidin—
agarose beads. Bands were visualized by using the ECL detection system (GE Healthcare).

4.10. Transfection of cells with small interfering RNAs (siRNAs)

The siRNAs for TIM-1 (sc-61691), Hrs (sc-41232), rabankyrin (sc-93654), caveolin-1
(sc-29241) and clathrin heavy chain (sc-35057), were purchased from Santa Cruz
Biotechnology. Unrelated (scrambled) siRNAs (sc-37007) were used as controls. Polarized
cells were transfected with siRNAs using lipid-based transfection reagents as described
(Kamioka et al., 2010; Tugizov et al., 2011). The efficiency of siRNA transfection was
confirmed by using FITC-labeled control siRNA; after 24 h, 70-80% of cells were positive
for sSiRNA-FITC. Silencing of genes of interest by siRNAs at 48 or 72 h after transfection
was confirmed by using a Western blot assay with antibodies to TIM-1, Hrs, rabankyrin,
clathrin and caveolin. Protein expression was quantified by measuring the intensity of pixels
(mean density) in protein bands using Image J software.

4.11. HIV-1 spread assay from epithelial cells to lymphocytes

PBMC were isolated from heparinized blood using a Ficoll-Paque Plus density gradient
(Sigma). CD4+ T lymphocytes were then isolated by positive selection using anti-CD4
microbeads (Miltenyi Biotec) (Tugizov et al., 2012). PBMC were activated with 2.5 pg/ml
phytohemagglutinin (Sigma) and 1 ug/ml interleukin-2 (BD Biosciences) for 3 days. For
cocultivation of activated PBMC with polarized epithelial cells containing HIV, ~ 10°
lymphocytes were washed twice and added to AP or BL surfaces of epithelial cells as
described in our recent work. The ratio of lymphocytes to epithelial cells was ~ 2:1. After 4
h, medium and lymphocytes were collected by pipeting and centrifuged for 10 min at 1200
rpm. PBMC were grown for 3-12 days and analyzed for HIV-1 infection by ELISA p24.
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4.12. Determination of integrated HIV-1 DNA and nonspliced or multispliced viral RNA
using quantitative real-time PCR (QPCR)

Polarized epithelial cells containing intracellular HIV-1 were trypsinized to remove
extracellular virus. Cell nuclei were isolated using the Nuclei EZ Prep Nuclei Isolation

Kit (Sigma). DNA was then extracted from the nuclei using the ArcHIV-1ePure DNA Kit as
described by the manufacturer (5 PRIME). Total cellular DNA was quantified by NanoDrop
1000 (Thermo Fisher Scientific); 100 ng of DNA was used for all samples isolated from
individual cell lines. In the first reaction, Tag DNA polymerase (Applied Biosystems) was
used, and primers (Ferreira et al.) were as follows: Alu-specific sense primer (5'-TCC CAG
CTA CTC GGG AGG CTG AGG-3") and antisense HIV-1-specific primer (M661) (5'-CCT
GCG TCG AGA GAT CTC CTC TG-3’, 673-695). Cycling conditions included an initial
denaturation step (94 °C for 3 min), followed by 22 cycles of denaturation (94 °C for 30 s),
annealing (66 °C for 30 s), and extension (70 °C for 10 min) followed by a final extension
(72 °C for 10 min).

To quantify the integrated viral DNA, we used real-time gPCR as described by Suzuki et

al. (Ferreira et al., 2015). The first PCR product was subsequently diluted fourfold and
subjected to gPCR using the HIV-1 R/U5 region. The Power SYBR PCR Master Mix (total
20 pl) was used, and primers were as follows: R/U5 DNA sense primer (M667) (5'-GGC
TAA CTA GGG AAC CCA CTG C-3’, 496-517) and the antisense primer (AA55) (5’-
CTG CTA GAG ATT TTC CAC ACT GAC-3’, 612-635). qPCR was performed using the
QuantStudio 6 Flex Real-Time PCR System (Thermo Fisher Scientific). The lymphoblastoid
cell line 8E5/LAV (NIH AIDS Research and Reference Reagent Program) containing a
single integrated copy of proviral DNA per cell served as a positive control (Liszewski et al.,
2009).

To detect nonspliced and multispliced HIV-1, we collected total RNA from polarized
epithelial cells containing HIV-1. RNA was isolated by using the RNeasy Mini Kit (Qiagen)
and quantified by NanoDrop 1000 (Thermo Fisher Scientific). Samples were treated with
DNase using Turbo DNA-Free (Ambion). Total RNA (500 ng) was transcribed to cDNA
using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). In separate
reactions the cDNA was incubated with primers specific for nonspliced (5'-GAC GCT CTC
GCA CCC ATC TC-3” and 5"-CTG AAG CGC GCA CGG CAA-3") and multispliced
(5"-GAC TCA TCA AGT TTC TCT ATC AAA-3" and 5"-AGT CTC TCA AGC GGT
GGT-3") HIV-1 RNAs.

PCR products were compared to RNA of the housekeeping gene p-actin, which

was amplified using the following primers: 5’ ATGGCCACGGCTGCTTCCAGC3’ and
5'CATGGTGGTGCCGCCAGACAG3’. The relative expression of RNA was calculated
using the delta delta Ct method by relative quantification with QuantStudio 6 Flex software
(Thermo Fisher Scientific). Chronically infected 8E5/LAV cells were used as a positive
control for all PCR assays.
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Fig. 1.

HIV-1 internalization into polarized tonsil, cervical and foreskin epithelial cells is facilitated
by multiple pathways. (A) Polarized tonsil epithelial cells (TK#3) were pretreated with
increasing concentrations of chlorpromazine, nystatin, or amiloride for 1 h. Dimethyl
sulfoxide-treated cells served as a control. For virus internalization, HIV-1gg33 at 10 ng/
insert of p24 was added to cells and incubated for 2 h at 37 °C. Cells were washed,
trypsinized, and lysed, and intracellular virions were detected by p24 ELISA. Amount of
internalized virions was expressed as a percentage of the initial viral inoculum. (B) Polarized

Virology. Author manuscript; available in PMC 2018 February 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yasen et al.

Page 26

tonsil TK#3 cells were pretreated with 12 pg/ml nystatin, 20 uM chlorpromazine or 100 uM
amiloride for 1 h. For HIV-1gg33 attachment, cells were incubated with virus (10 ng/insert
of p24) for 2 h at 4 °C, washed, detached and lysed. For virus internalization, virions were
added to cells and incubated for 2 h at 37 °C. Viral transcytosis was measured from the
lower chambers of Transwell inserts after 4 h of virus incubation from the AP surface of
cells. HIV-1 attachment, internalization and transcytosis were measured by p24 ELISA. (C)
Internalization of HIV-1gp33 was examined in polarized cervical CK#5 and foreskin FK#2
cells pretreated with nystatin, chlorpromazine or amiloride. (D) Tonsil TK#15 cells were
pretreated with nystatin, chlorpromazine or amiloride or left untreated as control. After 1

h, nystatin- or chlorpromazine-treated cells were washed and incubated with 1 mg/ml of
rhodamine-labeled dextran-10 for 1 h. Amiloride-treated cells were incubated with Texas
Red-labeled dextran-70 for 1 h. Penetration of dextran was measured by flow cytometry.
MN, mean of fluorescence intensity. (E) Tonsil TK#15 and TK#11, cervical CK#6 and
foreskin FK#3 cells were pretreated with nystatin, chlorpromazine or amiloride, and their
combinations, and were then used for internalization of HIV-1gr33. (A, B, D and E). Data
are shown as mean + SEM of three independent experiments (n=3). *~< 0.01, **P< 0.001,
***P< 0.0001 and **** P< 0.00001 compared with controls.
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Fig. 2.

HgPG, GalCer and TIM-1 on the epithelial surface play a role in HIV internalization via
endocytosis and macropinocytosis. (A and B) TIM-1 expression in tonsil, cervical and
foreskin epithelial cells was detected by Western blot (A) and domain-specific biotinylation
assays (B). (C) Tonsil cells TK#8 were pretreated with antibodies to GalCer, HSPG and
TIM-1 or their combinations for 1 h. Cells treated with isotype antibodies served as

a control. HIV-1gg33 attachment, internalization and transcytosis in antibody-treated and
control cells were measured by p24 ELISA. (D) Polarized tonsil TK#8 cells were pretreated
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with antibodies to GalCer, HSPG and TIM-1, and attachment and internalization of X4- and
R5-tropic strains of HIV-1 were examined. (E) Cervical CK#5 and foreskin FK#2 cells were
incubated with antibodies to GalCer, HSPG and TIM-1, and HIV-1gg33 internalization was
examined. (F) Polarized tonsil TK#15 and TK#11, cervical CK#6, and foreskin FK#3 were
treated with antibodies to GalCer, HSPG and TIM-1 and their combinations. These cells
then were used for HIV-1gg33 internalization. (A, D, E and F). Data are shown as mean *
SEM of three independent experiments (n=3). *£< 0.01, **P< 0.001, ***P < 0.0001 and
**** P<0.00001 compared with controls.
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Fig. 3.

TI?VI—l—associated HIV-1 macropinocytosis in tonsil epithelial cells. (A) Polarized tonsil
epithelial cells from 9 independent donors were pretreated with amiloride and then
HIV-1gg33 internalization was examined. Data are shown as mean + SEM (bars) of triplicate
values. *P<0.01, **£<0.001, ***P< 0.0001 and ****P< 0.00001. (B) Cell surface
expression of TIM-1 was detected in 3 polarized tonsil epithelial cells by domain-specific
surface biotinylation. (C) Tonsil epithelial cells TK#13, TK#14 and TK#15 were transfected
with TIM-1 siRNA and control siRNA. After 3 days, TIM-1 expression was examined by
Western blot. The mean density of TIM-1 protein bands is shown under the blot. B-Actin
was detected, confirming equal loading. (D) Dual-tropic HIV-1gr33, R5-tropic HIV-1SF170
and X4-tropic HIV-192UG029 viruses were added to the apical surface of tonsil epithelial
cells transfected with TIM-1 siRNA or control siRNA. After 2 h, cells were trypsinized

and virus internalization was examined by ELISA p24. (E) Cervical CK#5 and foreskin
FK#2 cells were transfected with TIM-1 siRNA and control siRNA, and 3 days later TIM-1
expression was detected by Western blot. The density of protein bands was measured; the
mean density is shown under the blot. B-Actin was examined in cell lysates and used as
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a loading control. (F) Cervical and foreskin epithelial cells were transfected with TIM-1
SiRNA, and control siRNA was used for HIV-1gg33 internalization. (G) HIV-1gr33 and Texas
Red-labeled dextran-70 were added simultaneously to the AP surface of polarized tonsil
epithelial cells (TK#3) for 30 min at 37 °C, and cells were fixed and immunostained for
HIV-1 p24 (green). Similar data were obtained in three independent experiments. (D and

F) Data represent one of two independent experiments and are shown as mean + SEM of
triplicate values. *£< 0.01, **P< 0.001 and ***P< 0.0001.
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Fig. 4.
HIV-1 endocytosis and macropinocytosis in tonsil epithelial cells and virus endocytosis in

cervical and foreskin epithelial cells play a role in the sequestration of virions in the vesicles.
(A) Polarized tonsil epithelial cells were pretreated with antibodies to HSPG, GalCer and
TIM-1 for 1 h. Cells treated with isotype antibodies served as a control. Cells were washed
and incubated with HIV-1gg33, HIV-1SF170 and HIV-192UG029 viruses for 2 h, washed
again, and cultured for 6 days. Cells were collected by trypsinization, and intracellular
virions were examined by p24 ELISA. (B) Polarized cervical and foreskin epithelial cells
were preincubated with antibodies to HSPG, GalCer and TIM-1. Cells were incubated with
HIV-1gg33 and after 6 days were examined for intracellular virus. (C) Cervical and foreskin
epithelial cells were treated with chlorpromazine, nystatin, or amiloride for 1 h. Cells were
incubated with HIV-1gp33 for 2 h, washed, and after 6 days were examined for intracellular
virus. (A-C) Data represent one of two independent experiments and are shown as mean

+ SEM of triplicate values. **P< 0.001 and ***£< 0.0001 compared with controls. (D)
Tonsil epithelial cells were transfected with clathrin or caveolin siRNA, or control siRNA.
After 3 days, clathrin or caveolin expression was examined by Western blot. The mean
density of protein bands is shown under the blot. f-Actin was detected in the samples,
confirming equal loading. (E) HIV internalization after 2 h and viral sequestration after 3
days were examined in tonsil epithelial cells transfected with clathrin or caveolin SiRNA, or
control siRNA. Data represent one of two independent experiments and are shown as mean
+ SEM of triplicate values. **P < 0.007 and ***P < 0.001 compared with controls.
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Initial internalization pathways of HIV-1 determine subsequent sequestration of virus in
MVB and vacuoles. (A) Tonsil, cervical and foreskin epithelial cells were transfected with
Hrs or rabankyrin siRNA, or control siRNA. After 3 days, Hrs and rabankyrin expression
was examined by Western blot. The mean density of protein bands is shown under the

blot. B-Actin was detected in the cell lysates, confirming equal loading. (B and C) Tonsil
(B), cervical and foreskin (C) epithelial cells were transfected with Hrs or rabankyrin
siRNA, or control siRNA. After 3 days, cells were treated with chlorpromazine, nystatin,
or amiloride for 1 h. HIV-1gg33 was added to the apical surface for 2 h, washed, and after

3 days intracellular virus was examined. (B and C) Data represent one of two independent
experiments and are shown as mean + SEM of triplicate values. *£< 0.01, **P< 0.001 and
*** P < 0.0001 compared with controls.
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Fig. 6.
HIV-1 sequestration in MVB and macropinosomes/vacuoles. (A) Polarized tonsil epithelial

cells were treated with LY294002 and/or GW4869; after 24 h, HIV-15g33 was added to the
AP surface for 2 days in the presence of the drugs. Cells were examined for intracellular
virions (upper pane), TER (middle panel) and cell viability (lower panel). (B) Polarized
tonsil cells were treated with various concentrations of NH,4CI for 1 h and then exposed

to HIV-1gp33. Cells were cultured for 48 h in the presence of NH4Cl and examined for
intracellular virus (upper pane), TER (middle panel) and viability (lower panel). Data
represent one of two independent experiments and are shown as mean + SEM of triplicate
values. *P< 0.01, **P< 0.001 and ***P < 0.0001 compared with controls.
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Fig. 7.

HIV-1 sequestration in polarized epithelial cells is not associated with membrane
invagination and productive viral infection. (A) HIV-1gg33 was added to the AP surface

of polarized tonsil epithelial cells for 1 h at 4 °C to determine viral attachment (upper
panel). Another set of cells was used to determine sequestration of HIV-1gp33 for 6 days
(lower panel). Cells with attached HIV-1 or sequestered HIV-1 were washed and treated with
pronase. Untreated cells served as a control. Cells were collected and used for detection

of attached and sequestered virions using ELISA p24. (B) HIV-1gr33 was added to the AP
surface of tonsil cells and incubated at 4 °C for 1 h to allow virus attachment. SCD4 was
added for 1 h at 4 °C (left panel). In parallel experiments, tonsil cells containing intracellular
HIV for 6 days were exposed to sSCD4 from AP and BL membranes for 1 h at 4 °C (right
panel). Cells without sCD4 served as a control. Cells were washed and cocultivated with
activated PBMC from AP membranes in cells with attached HIV and from AP or BL
membranes in cells with sequestered virions for 4 h at 37 °C. PBMC were collected and
cultured for 7 days and HIV infection was examined by ELISA p24. Data represent one

of four independent experiments and are shown as mean + SEM of triplicate values. (C)
Polarized tonsil cells were pretreated with 10 uM AZT for 24 h, and HIV-1gp33 was added
to the AP surface of cells for 4 h. Cells were washed, uninternalized virus was removed,

and cells were cultured for 6 days with AZT. One set of cells with virus were untreated and
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served as a control. At day 6 cells were collected and examined for intracellular virus by
ELISA p24. (D) Polarized tonsil TK#2 and TK#5 cells were treated with AZT for 24 h and
exposed to HIV-1gr33. One set of cells were cultured for 2 h, and one set were cultured for 6
days. Polarized cervical CK#4 and foreskin FK#2 cells were exposed to HIV-1 and cultured
for 6 days. As a positive control, we used an HIV-1-infected 8E5 T lymphocytic cell line.
Cells were collected by trypsinization, and integration of HIV-1 DNA was examined using
gPCR. (E) Polarized TK#2, TK#5, CK#4 and FK#2 cells were exposed to HIV-1gg33, and at
2 h or 6 days later, cells were collected and used for detection of unspliced and multispliced
HIV-1 RNA by gPCR. Data represent one of three independent experiments and are shown
as mean + SEM of triplicate values.
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Fig. 8.

M?:)del of HIV sequestration in mucosal epithelial cells. HIV-1 binding to HSPG and GalCer
on the epithelial surface may initiate endocytosis of virions via clathrin- and caveolin/

lipid raft — associated endocytosis, respectively. HIV interaction with TIM-1 may induce
macropinocytosis of virions. HIV endocytosis and macropinocytosis deliver virions into

the early endosomal compartment. Some virus containing vesicles and macropinosomes
may not fuse with early endosomes and exist as independent vacuoles, establishing
sequestration of virions. Maturation of early endosomes containing virions into MVBs leads
to sequestration of virions in these endosomes. Fusion of MVBs and vacuoles containing
HIV with lysosomes may lead to degradation of virus. However, lack of fusion of MVBs
and vacuoles with lysosomes may generate intraepithelial viral reservoirs. HIV sequestration
in MVBs and vacuoles of mucosal epithelial cells may play an important role in HIV
transmission and development of HIV/AIDS.
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