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Figure 2 Western blot analysis of 0X40. OX40-expressing CEM
cells (CEM/OX40), in vitro activated PBMCs and MT-2 cells were
cell-surface labeled with biotin, lysed and immunoprecipitated with
anti-OX40 (B-785). The precipitates were subjected to 10% PAGE and
blotted onto nitrocellulose sheets. The sheets were then probed
with HRP-labeled anti-HIV-1 p24 (as a control), anti-OX40 (B-7B5) or
streptavidin. Mol. Wt. markers are shown on the right. Data shown
are representative of 3 independent experiments.
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addition of soluble rec-OX40L. This inhibition was me-
diated by OX40L-OX40 interaction since the addition of
the anti-OX40L blocking mAb (clone 5A8) and/or the
addition of a mixture of the anti-p-chemokine mAbs re-
versed the level of reduction. It is worthy to note that,
similar to data we have previously reported with the use
of recombinant OX40L [21], X4 HIV-1 infection was not
influenced by co-cultivation with PFA-fixed HTLV-1* T
cell line, suggesting the CCR5-specificity of this antiviral
effect.

Finally, we compared the potential of membrane
bound OX40L of the fixed HTLV-1" T cell lines with
that of soluble rec-OX40L to inhibit R5 HIV-1 infection
by the quantitation of p24 production in the culture su-
pernatants. As shown in Figure 6, whereas the inhibitory
effect of the rec-OX40L reached a plateau at levels >
1.25 pg/ml, the autologous HTLV-1* T cell line could in-
hibit more effectively at even an HTLV-1" T cell to
PBMCs ratio as low as 0.3. The maximum inhibition
reached with rec-OX40 was around 65% of the max-
imum inhibition reached with HTLV-1* T cell line, with
similar ICs,. Altogether, these data demonstrate that in-
deed, the OX40L expressed by HTLV-1* T cell lines is
biologically active.

Discussion
In the present study, we revealed that the cell surface
expressed OX40L on T cell lines immortalized by HTLV-1
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is biologically active in concert with the co-expression of
an inactive form of OX40. As far as we know, this is the
first study to report the polarized “OX40L-active/OX40
inactive” expression by HTLV-1" T cell lines. The expres-
sion of active forms of OX40L is not unique to HTLV-1"
T cell lines, since similar conditions have also been ob-
served in normal T cells when they are activated under
mild DNA damaging conditions or cultured for long-term
in IL-2 containing media with periodic stimulation
[11,24]. However, compared to these normal T cells,
HTLV-1" T cell lines are immortal and thus can provide
unlimited amounts of OX40L.

The precise mechanism for the inability of OX40 on
HTLV-1" T cell lines to bind OX40L remains to be clearly
defined. Based on our previous paper showing that func-
tional OX40L can be transferred to OX40 intercellularly
[25], we hypothesize that the cell surface OX40 may be
saturated with endogenously produced OX40L in cis
and/or trans mode. Indeed, the WB analysis showed that
the OX40-OX40L blocking mAb W4-54 that did not stain
living HTLV-1" T cells reacted to the p50 OX40 molecule
(Additional file 2: Figures S2 and Additional file 3: Figures
S3). In accordance with this assumption, we demonstrated
the presence of OX40-OX40L complexes in lysates of
HTLV-1" T cell lines by ELISA (Figure 4). It remains un-
clear why there were significant amounts of OX40L-free
0X40 molecules in the lysates from HTLV-1" T cells as
determined by ELISA. It will be highly likely that the de-
tergent treatment dissociates the OX40 and OX40L com-
plex due to perturbation of cytoplasmic membrane
structure including lipid rafts on which OX40 is supposed
to reside in association with the other TNFR member
such as 4-1BB [26,27]. In addition, our preliminary data
that supports the OX40 saturation hypothesis includes the
finding using the HUT 102 cell line that is another
HTLV-1" T cell line from which the original OX40 gene
was cloned [13]. This HUT102 cell line stained with
both B-7B5 and W4-54 mAbs, but not with anti-OX40L
(5A8 mADb), and was able to bind recombinant OX40L
but not OX40 (Additional file 3: Figure S$3). Although it
is not clear why HUT102 cell line was positive for Tax
antigen but negative for OX40L expression, these data
clearly showed that in the absence of OX40L, functional
0OX40 can be expressed on the cell surface. It will be of
interest to examine whether the inactive form of the
OX40 can be converted to an active form after silencing
the expression of OX40L in HTLV-1" T cell lines. Such
studies are currently in progress.

On the basis of the present and previous results on
OX40L [21], it can be hypothesized that OX40L may
have a therapeutic and prophylactic potential against R5
HIV-1 infection. However, at present, purified biologic-
ally active forms of human OX40L protein in large
quantities is not available. The alternative is to utilize
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Figure 3 Blocking (clone W4-54) versus non-blocking (clone B-7B5) mAb against 2 distinct epitopes of OX40 distinguish between
OX40L bound and unbound 0X40. (A) OX40-expressing CEM and activated PBMCs were stained with the two mAbs in the absence (mock) or
presence of 1 pg/ml of recombinant OX40L (rec-OX40L). (B) Various HTLV-1* T cell lines were stained with B-7B5 andW4-54 labeled with FITC and
Cy5, respectively. Data shown are representative of 3 independent experiments.

OX40L-fusion proteins [28], OX40L-expressing recom-
binant virus [20], OX40L mRNA-transfected cells [29],
lentivirus-transduced DCs [30], or autologous dying nor-
mal T cells [24]. The superiority of using cell membrane-
bound OX40L as compared with the use of a soluble form
was documented by data observed by the degree of inhib-
ition of R5 HIV-1 as seen in the present study (Figure 6).
These findings are in accord with a previous study that
showed that the membrane-immobilized form of OX40L
is highly active in the stimulation of an OX40-transfected
cell line to produce cytokines [31]. In addition to OX40L,
HTLV-1" cell lines may exert additional suppressing effect
on R5 HIV-1 infection via Tax protein, since Tax proteins
of HTLV-1 and HTLV-2 have been shown to play a role in
generating antiviral responses against HIV-1 via induction
of CCR5-binding chemokines in vitro [32]. This view is
supported by the finding that co-infection with HTLV in-
terferes with the progression of HIV-1 disease in vivo [33].

However, such Tax effects in the present study may be less
potent than OX40L since anti-OX40L mAb significantly
reversed the suppression of R5-HIV-1 induced by co-
culture with autologous HTLV-1" T cell lines (Figure 5).

Conclusions

The present results demonstrate that HTLV-1* T cell
line is a unique source of functional human OX40L, and
suggest that autologous HTLV-1l-immortalized T cell
lines can be utilized as a conventional source of natural
and functional OX40L in large quantities for various im-
munological studies.

Methods
Reagents
The medium used throughout the studies consisted of
RPMI 1640 medium (Sigma-Aldrich. Inc. St. Louis, MO),
supplemented with 10% fetal calf serum (FCS), 100 U/ml
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Figure 4 Presence of OX40-OX40L complexes in HTLV-1" T cell
lysates. The ILT-H2 cell line derived from an ATL patient were lysed

and the lysates incubated in microtiter wells that had been previously
coated with either anti-CD25, OX40 or OX40L. mAb for 1 hour.
Anti-CD25 mAb was used as a non-specific negative control. After
washing, the levels of OX40 or OX40L bound to the plates were assayed
using either HRP-labeled anti-OX40 or anti-OX40L mAb. Data shown are
representative of 3 independent experiments.

penicillin and 100 pg/ml streptomycin (hereinafter called
RPMI medium). Anti-human CD3 mAb (clone OKT-3)
and agonistic anti-CD28 mAb were purchased from the
American Type Culture Collection (Rockville, MD) and
Biolegend (San Diego, CA), respectively. Neutralizing
mAbs against human RANTES, MIP-1a, and MIP-1f
were purchased from R&D systems (Minneapolis, MN).
The mouse mAbs produced in our laboratory included
anti-OX40L (blocking clone 5A8 [34] and clone HD1, un-
published), anti-human OX40 (non-blocking clone B-7B5
and clone 17D8 [35]), anti-HIV-1 p24 (clones NP-24 and
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2C2 [21]) and anti-CD25 (clone H-8) [36]. The rat mAbs
included anti-human OX40 (blocking clone W4-54) and
anti-HCV (clone Mo-8) [25,37]). Some clones were la-
beled with HRP using a kit (Dojin, Kumamoto, Japan) and
used as the detector mAb in ELISA. These in-house mAbs
were isolated from ascites fluid prepared in Balb/c or
CB.17-SCID mice. The Igs were purified utilizing a
standard gel filtration method. Some of them were labeled
with FITC, HiLyte Fluor 647 or Cy5 using commercial
labeling kits (Dojin, GE Healthcare) according to the
manufacturer’s instructions. Biotinylated recombinant-
soluble human OX40 (sOX40 in a form of murine
IgG2a-Fc fusion protein) and OX40L (sOX40L in a form
of murine CD8-fusion protein) were purchased from
Ancell (Bayport, MN) and used with PE-streptavidin
(BioLegend) for staining. Unlabeled glycosylated recom-
binant human OX40L that consists of OX40L with a hu-
man CD33 signal peptide produced in NS1 cells was
purchased from R&D systems. Human recombinant IL-2
was obtained as a courtesy from the NIH-AIDS Reagent
and Repository program (Bethesda, MD).

Cell lines

The HTLV-1-producing T cell lines used included the
MT-2, HUT102 and the IL-2 dependent T cell lines
ILT-M1 and ILT-H2 that had been generated from a
HTLV-1-associated myelopathy (HAM) and an adult T
cell leukemia (ATL) patient, respectively. Additional cell
lines utilized included the CEM cell lines transfected
with either human OX40L or OX40 (CEM/OX40L and
CEM/0X40) [38]. T cells isolated from normal human
donors were immortalized by HTLV-1 as follows.
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Figure 5 PFA-inactivated HTLV-1* T cells inhibit infection of activated autologous PBMCs with R5 HIV-1, but not X4 HiV-1, via OX40L
and B-chemokines. In vitro activated PBMCs were infected with either R5 HIV-1 (JR-FL strain) or X4 HIV-1 (NL4-3 strain) and cultured in the presence or
absence of recombinant OX40L, PFA-inactivated autologous HTLV-1* T cells, anti-OX40L blocking mAb (5A8) or a mixture of anti-3-chemokine neutralizing
mAbs. After 4 days, the cells were examined for intracellular HIV-1 p24 by FCM. Data shown are representative of 3 independent experiments.

X4 HIV-1 infection

% p24” cells

- 398 —



Kasahara et al. Virology Journal 2013, 10:338
http://www.virologyj.com/content/10/1/338

100~ — HTLV+cells
90« --B- rec.OX40L
80~
70~
=
S 60-
ol e
3 o
= 50«
£
) 40«
30+ . e
204 &7
10+
0 r————— Y T
0.1 1 10
E:T ratio or dose (pg/mi)
Figure 6 HTLV-1" T cells are more potent in the inhibition of R5
HIV-1 infection than recombinant soluble OX40L. R5 HIV-1-infected
PBMCs prepared as in Figure 5 were cultured in the presence or
absence of a graded concentration of recombinant soluble OX40L or
PFA-fixed autologous HTLV-17 T cells. After 4 days, the levels of p24
produced in the culture supernatants were quantitated by ELISA. Data
shown are representative of 2 independent experiments.

PBMCs from healthy donors were obtained by density
gradient centrifugation of heparinized whole blood on
HistoPAQUE-1077 (Sigma-Aldrich), suspended at 2 x 10°
cells/ml in RPMI medium, dispensed into individual
wells of 24-well plates (BD) (1 ml/well) pre-coated with
5 pg/ml OKTS3 for 1 hour and cultured in the presence
of soluble 0.1 pug/ml anti-CD28 mAb. After 24 hours at
37°C in a 5% CO, humidified atmosphere, the activated
PBMCs were harvested and washed once. These activated
PBMCs (1 x 10° cells/ml) were mixed with an equal num-
ber of ILT-M1 cells that were pretreated with 50 pg/ml
MMC for 30 min at 37°C and cultured in RPMI media
supplemented with 20 U/ml IL-2 (culture media). The cul-
tures were performed in 24-well plates (BD) (2 ml/well)
and the culture media was replenished every 3-4 days.
After 1 ~2 months when HTLV-1 Tax" T cells appeared
and started to grow continuously, they were split every 3
to 5 days using the culture medium.

Flow Cytometry (FCM)

FCM analysis of live cells was carried out as described
previously. Briefly, cells to be analyzed were Fc-blocked
with 2 mg/ml normal human pooled IgG on ice for
15 min. Aliquots of these cells were then subjected to
staining using pre-determined optimum concentrations
of fluorescent dye-conjugated mAbs for 30 min on ice.
The cells were then washed using FACS buffer (PBS
containing 2% FCS and 0.1% sodium azide), fixed in 1%
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paraformaldehyde (PFA) containing FACS buffer and ana-
lyzed using a FACS Calibug, and the data obtained were
analyzed using the Cell Quest software (BD). In order to
determine whether cell surface OX40 or OX40L is func-
tional, aliquots of Fc-blocked cells were incubated with
either biotinylated recombinant-OX40L (rec-OX40L) or
rec-OX40 at a concentration of 2.5 pg/ml for 30 minutes
on ice, followed by staining with PE-labeled streptavidin
(Beckman Coulter) for 30 minutes on ice and then ana-
lyzed by FCM. For detection of HIV-1 infected cells,
PBMCs were fixed with PBS containing 4% PFA followed
by washing twice in FACS buffer containing 0.5% saponin.
These cells were Fc-blocked with 2 mg/ml normal hu-
man pooled IgG on ice for 15 min, and aliquots of these
cells were stained with FITC- or Cy5-conjugated anti-
HIV-1 p24 mAD (clone 2C2) for 30 min on ice. The cells
were then washed using FACS buffer and absolute cell
counts of p24” cells were performed by FCM using a
cell counting kit (BD) according to the manufacturer’s
protocol. For staining of Tax antigen, cells were fixed
with PBS containing 4% PFA followed by washing in
FACS buffer containing 0.5% saponin. Aliquots of these
cells were stained with Cy5-conjugated mouse anti-Tax
mADb (Lt-4) [39] for 30 min on ice.

ELISA and Western blot

For the quantitation of OX40L and OX40 by ELISA,
anti-OX40L capture mAb (clone HD1)/ HRP-labeled de-
tector mAb (clone 8F4) and anti-OX40 (clone B-7B5)/
HRP-labeled detector mAb (clone 17D8), respectively,
were used together with recombinant standard proteins
purchased from R&D systems. Immunoprecipitation
followed by Western blot analysis of OX40 was per-
formed as reported previously [40].

HIV-1 preparation and infection

HIV-1jg.pr and HIV-1yp4 3 viral stocks were produced as
described previously [21]. In vitro activated PBMCs were
prepared as described above, washed once and infected
with either R5 HIV-1jg g1, or X4 HIV-1Iyp4.3 at a multipli-
city of infection (m.o.i.) of 0.005 for 2 hours. After washing
3 times, PBMCs were re-suspended at 1 x 10° cells/ml in
20 U/ml IL-2-containing RPMI medium, dispensed into
individual wells of 48-well plates (BD) (0.5 ml/well) and
cultured in the presence or absence of 1 pg/ml of rec-
OX40L or graded numbers of autologous HTLV-1" T cells
(HTLV-1* T cells : PBMCs ratio of 10 to 0.15) that had
been previously inactivated with 4% paraformaldehyde
(PFA). Production of HIV-1 was determined by either the
measurement of HIV-1 core p24 levels produced in the
culture supernatants using our in-house formulated and
standardized kits or FCM using Cy5 labeled anti-HIV-1
p24 mAb [21].
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Statistical analysis
Data were tested for significance using the Student’s ¢
test by using Prism software (GraphPad Software).

Additional files

Additional file 1: Figure $1. Characterization of two anti-human OX40
mAbs. In the presence of B-7B5, W4-54 or isotype control mAbs, the
OX40 and OX40L co-expressing control CEM cells were singly stained
either with biotinylated recombinant OX40L (rec-OX40L) or rec-OX40,
respectively, followed by PE-streptavidin. Data shown are representative
profiles of 3 independent experirments.

Additional file 2: Figure S2. Detection of OX40 expressed by HTLY-1"
T cell line (YT/cM1) by Western Blot with B-7B5 and W4-54 mAbs. Cell
lysates of HTLV-1" T cell line, YT/cM1, were subjected to 10% PAGE and
blotted onto nitrocellulose sheets. The sheets were then probed with
anti-OX40 mAbs (B-7B5 or W4-54) or isotype controls followed by goat
anti-mouse IgG or anti-rat IgG. Mol. Wt. markers are shown on the right.
Data shown are representative of 2 independent experiments,

Additional file 3: Figure S3. Phenotype of HUT-102 cell line. Phenotype
of HUT-102 cells were examined by FCM using anti-OX40 mAbs (FITC-labeled
B-785 and Cy5-labeled W4-54), anti-OX40L (Cy5-labeled 5A8), biotinylated
OX40 (rec-OX40) and OX40L (rec-OX40L) followed by PE-streptavidin.
Intracellular Tax antigen was stained by mouse anti-Tax Lt-4 mAb,
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Abstract

The precise role of viral protein R (Vpr), an HIV-1-encoded protein, during. HIV-1 infection and its contribution to the
development of AIDS remain unclear. Previous reports have shown that Vpr has the-ability to cause G, cell cycle arrest and
apoptosis in HIV-1-infected cells in vitro. In addition, vpr is highly conserved in transmitted/founder HIV-1s and in all primate
lentiviruses, which are evolutionarily related to HIV-1. Although these findings suggest an important role of Vpr in HIV-1
pathogenesis, its direct evidence in vivo has not been shown. Here, by using a human hematopoietic stem cell-transplanted
humanized mouse model, we demonstrated that Vpr causes G, cell cycle arrest and apoptosis predominantly in
proliferating CCR5* CD4" T cells, which mainly consist of regulatory CD4" T cells (Tregs), resulting in Treg depletion and
enhanced virus production during acute infection. The Vpr-dependent enhancement of virus replication and Treg depletion
is observed in CCR5-tropic but not CXCR4-tropic HIV-1-infected mice, suggesting that these effects are dependent on the
coreceptor usage by HIV-1. Immune activation was observed in CCR5-tropic wild-type but not in vpr-deficient HIV-1-infected
humanized mice. When humanized mice were treated with denileukin- diftitox. (DD), to deplete Tregs, DD-treated
humanized mice showed massive activation/proliferation of memory T cells  compared to the untreated group. This
activation/proliferation enhanced CCR5 expression in memory CD4™ T cells'and rendered them more susceptible to CCR5-
tropic wild-type HIV-1 infection than to vpr-deficient virus. Taken together, these results suggest that Vpr takes advantage
of proliferating CCR5" CD4* T cells for enhancing viremia of CCR5-tropic HIV-1. Because Tregs exist in a higher cycling state
than other T cell subsets, Tregs appear to be more vulnerable to exploitation by Vpr during acute HIV-1 infection.
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Introduction modestly affects viral replication kinetics in tonsil histocultures in

which resting CD4" T cells dominantly reside [4]. In vivo, ypr-

Human immunodeficiency virus type 1 (HIV-1), the causative
agent of acquired immunodeficiency syndrome (AIDS), encodes
four viral accessory proteins: Vif, Vpu, Nef, and Vpr. Vpr is a
small (96 amino acids) but multipotent protein which is known to
induce Gy cell cycle arrest, apoptosis, and the enhancement of
HIV-1 long terminal repeat (LTR)-driven transcription in infected
cells [1]. Previous i witro studies have reported that pr-deficient
HIV-1 is less replicative in CD4" T cell lines [2] and cycling
primary CD4" T cells [3]. On the other hand, vpr deficiency
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deficient SIV is less replicative but induces AIDS in macaque
monkeys [5]. However, although the underlying molecular
mechanisms of Vpr function have been widely investigated, the
significance and the precise role(s) of Vpr i vivo remain unclear.

The main target of HIV-1 #n vivo is CD4™ T cells. Based on their
function and phenotype, primary CD4" T cells are classified into
three subsets: naive CD4" T cells (Tns), memory CD4" T cells
(Tms), and regulatory CD4™ T cells (Tregs). It is speculated that
such phenotypic and functional differences among these subsets
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; Author Summary

. HIV-1 encodes nine genes, fi t" ve of wh|ch (gag, pol env, tat;
and rev) are essential for v;ral rephcatlon and four, termed
accessory genes (vif, vpu, nef, and vpr), appear to aid virus -
infection: Of the four accessory proteins, Vpr is the most

- enigmatic. It is well known that Vpr has the potentlal to

:ﬂcauser cell cycle arrest and: apoptosis in vitro. Moreover,‘;

‘ been reported that Vpr-medlated G arrest increases

1 productlon in v:tro However, the role of Vpr in HIV-1

“p p gation in vivo. remains: unclear. Here, by using a
~humanized mouse model we demonstrate that Vpr

~ enhances CCR5- ~tropic but not CXCR4atropuc HIV-T. rephca- s
tion in vivo by exploiting Tregs during acute infection: In
CCR5-tropic ‘HIV-1-infected -humanized mice, Vpr~depen-
~dent G cell cycle arrest and apoptosis are predommantly
‘observed in infected Tregs, and wild- type ‘but not vpr--
deficient HIV-1-infected mice displayed acute Treg deple-
tion. This Vpr—dependent Treg depletion may lead to
“immune activation and provide a pool of activated/ -
prollferatmg CD4" T cells, which supports subsequent;,

- HIV-1 _expansion in vivo. This is the first report -demon- -
‘stratmg the role of Vpr in HIV-1 mfectlon in wvo

closely associates with the infectivitiy, productivity, and replica-
tivity of HIV-1 [6]. However, since cultured primary CD4* T cell
subsets do not retain all of their & vivo attributes, the dynamics of
cach subset on HIV-1 infection are poorly understood.

Among the CD4" T cell subsets, Tregs constitute 5-10% of all
CD4" T cells in human, monkey, and mouse species [7]. The
potential and phenotype of Tregs are under the control of a
transcription factor called forkhead box P3 (FOXP3), which is
exclusively expressed in Tregs [8]. Tregs are more actively
proliferating i vivo than the other CD4" T cell subsets [9-11]. It is
well known that Tregs play a central role in the maintenance of
self-tolerance and immune homeostasis [7]. In addition, it is
implicated that Tregs are closely associated with immunopatho-
logical events such as autoimmune diseases [7] and infectious
diseases [12-14]. In particular, there are lines of reports showing
that HIV-1/SIV infection decreases Tregs in HIV-l-infected
patients [15-17] and simian immunodeficiency virus (SIV)-
infected macaque monkeys [18-20].

In this study, we infect a human hematopoietic stem cell (HSC)-
transplanted humanized mouse model [21-25] with wild-type
(WT) and gpr-deficient HIV-1 and investigate the fundamental role
of Vpr in HIV-1 infection i vivo. Our findings suggest that Vpr
plays a crucial role in accelerating CCR5-tropic (R5) but not
CXCR4-tropic (X4) HIV-1 propagation during acute infection by
utilizing CCR5" proliferating CD4" T cells including Tregs.

Results

Tregs are depleted during the acute phase of R5 HIV-1
infection

We first characterized the profile of human CD4" T cell subsets,
including Tns, Tms, and Tregs, in human peripheral blood
mononuclear cells (PBMCs) isolated from HIV-1-negative healthy
donors and in the spleen of humanized mice [21-23]. As shown in
Figure 1A, we detected 6.3+0.2% FOXP3* CD4" T cells in
splenic human CD4" T cells of humanized mice, which was
comparable to those in human peripheral CD4" T cells
(5.4%0.6%; Figure 1B). Consistent with previous reports [26—
29], we also confirmed that the phenotypes of Tregs including the
expression levels of CD25, CD127, and cyototoxic T-lymphocyte
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Figure 1. Comparison of the profile of CD4" T cell subsets
between human and humanized mouse. Human CD4" T cells
isolated from the spleen of humanized mice (A and C, n=8) and the PB
of HIV seronegative humans (B and D, n=6) and were classified into Tn
(CD45% CD3* CD4" CD45RA™ FOXP3™ cells), Tm (CD45" CD3" CD4*
CD45RA™ FOXP3™ cells), and Treg (CD45" CD3* CD4* CD45RA™ FOXP3"
cells) by flow cytometry. Representative dot plots and histograms are
shown on the left panels. The percentage of each subset in CD4* T cells
(A and B, top) and the percentages of the cells positive for CD25,
CD127, CTLA4, CCRS5, and MKI67 in each subset are respectively shown
on the right panels. In the left panels, the numbers under the dot plots
(A and B, top) indicate the percentage of the cells in each quadrant, and
the numbers in each histogram indicate the positivity. Data represent
mean * SEM.

doi:10.1371/journal ppat.1003812.g001

associated protein 4 (CTLA4; also known as CDI152) in
humanized mice (Figure 1A) were similar to those in humans
(Figure 1B). Since the suppressive function of the Tregs
differentiated in humanized mouse models has been demonstrated
previously [26—29], our results strongly suggest that the majority of
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FOXP3" CD4* T cell population in our humanized mouse model
is Tregs. Moreover, the expression level of CCRS5, an HIV-1
coreceptor, was higher on Tregs than on Tms and Tns in both
humans and humanized mice (Figure 1C and 1D). Furthermore,
in line with previous studies reporting that Tregs actively
proliferate in vive [9-11], the percentage of the cells positive for
MKI67 antigen identified by monoclonal antibody Ki-67 (MKI67;
also known as Ki67) in Tregs of humans and humanized mice was
significantly higher than those in Tms and Tns (Figure 1CG and
ID). These results indicate that Tregs in humans and humanized
mice are more actively cycling than Tns and Tms. Altogether,
these results suggested that the profile and characteristics of CD4"
T cell subsets in humanized mice mirror those in healthy humans.

To investigate the dynamics of each CD4" T cell subset after
HIV-1 infection, 40 humanized mice were infected with a primary
R5 HIV-1 isolate, strain JR-CSI' [30]. As observed in HIV-1-
infected individuals [15-17] and SIV-infected monkeys [18-20],
we found that Tregs were preferentially and significantly
decreased in the peripheral blood (PB) (Figure 2A and 2B) and
the spleen (Figure 2C and 2D) of HIV-1-infected humanized mice
until 21 days postinfection (dpi). However, because we have
previously observed that surface CD4 molecules on HIV-1-infected

Role of Vpr for HIV-1 Replication In Vivo

cells in humanized mice are downregulated [21,23], we evaluated
whether this was the case in Tregs. Results showed that Tregs were
positive for surface CD4 (e, CD4™ FOXP3" cells were absent)
(Figure S1), indicating that the disappearance of Tregs during the
acute phase of infection was not due to surface CD4 down-
regulation, but rather to depletion by HIV-1 infection. Since CCR5
is highly expressed on Tregs (igure 1C and 1D), we further assessed
the level of COR5" CD4* T cells in R5 HIV-1-infected humanized
mice. As shown in Figure 2E, we observed zthat the percentage of
CCRS™ cells in the splenic CD4" T cells of R5 HIV-1-infected mice
was significantly lower than that of mock-infected mice (Figure 2E).
These findings suggest that RS HIV-1 infection induces severe
depletion of CCRS™ CD4" T cclls including Tregs during acute
infection.

It is well known that Tregs have the potential to suppress
immune activation i zivo, and that the depletion of Tregs induces
aberrant immune activation [7]. To address this possibility in
HIV-1-infected humanized mice, we assessed the immune
activation status at 21 dpi by staining with CGD38, an activation
marker {31,32]. As shown in Figure 2F, the expression level of
CD38 on memory CD8" T cells in the spleen of HIV-1-infected
mice was significantly higher than that of mock-infected mice.
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Figure 2. Dynamics of human CD4" T cell subsets in humanized mice infected with R5 WT and vpr-deficient HIV-1. (A and B)
Longitudinal analyses of the dynamics of human CD4" T cell subsets in the PB of infected humanized mice. The numbers of total CD4" T cells (CD45*
CD3* CD4" cells), Tns (CD45" CD3* CD4* CD45RA™ FOXP3™ cells), Tms (CD45" CD3* CD4" CD45RA™ FOXP3™ cells), and Tregs (CD45" CD3"* CD4*
CD45RA™ FOXP3™ cells) in the PB of R5 WT HIV-1-infected mice (n=8), R5 vpr-deficient HIV-1-infected mice (n =8), and mock-infected mice (n=12)
were routinely quantified by flow cytometry and hematocytometry. Summarized results (A) and representative dot plots at 21 dpi (B) are shown,
respectively. In panel B, the numbers in the histogram indicate the percentage of CD4" cells in CD45" cells, and the numbers under the dot plots
indicate the percentage of the cells in each quadrant. (C and D) Cytopathic effect of WT and vpr-deficient HIV-1 in the spleen of humanized mice. The
percentages of total CD4" T cells, Tns, Tms, and Tregs in the splenic MNCs of WT HIV-1-infected mice (7 dpi, n=19; 21 dpi, n=8), vpr-deficient HIV-1-
infected mice (7 dpi, n=10; 21 dpi, n=7), and mock-infected mice (n=12) were routinely quantified by flow cytometry. Representative dot plots (C)
and summarized results (D) are shown, respectively. In panel C, the numbers under the dot plots indicate the percentage of the cells in each
quadrant. (E) The level of CCR5-expressing CD4™ T cells in infected humanized mice. The percentage of CCR5" cells in the splenic CD4" T cells of WT
HIV-1-infected mice (7 dpi, n=8; 21 dpi, n=6), vpr-deficient HIV-1-infected mice (7 dpi, n=8; 21 dpi, n=6), and mock-infected mice (n=8) was
analyzed by flow cytometry. (F) The level of immune activation in infected humanized mice. The MFI of CD38 in memory CD8" T cells (CD45" CD3"*
CD8" CD45RA™ cells) in the spleen of WT HIV-T-infected mice (n=>5), vpr-deficient HIV-1-infected mice (n=5), and mock-infected mice (n=5) at
21 dpi was analyzed by flow cytometry. Representative histograms are shown on the right panel, and the numbers in the histogram indicate the MFI
values. Statistical difference was determined by Welch's t test, and statistically significant differences (P<<0.05) are shown as follows: mock versus WT
HIV-1, black asterisk; mock versus HIV-14vpr, blue asterisk; and WT HIV-1 versus HIV-14vpr, red asterisk. NS, no statistical significance. Data represent
mean * SEM.

doi:10.1371/journal.ppat.1003812.9002
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These results suggested that HIV-1 infection decreased Tregs in (MFT) of p24, which reflects the expression level of viral proteins in
humanized mice and resulted in immune activation. infected cells, was significantly higher in Tregs than in Tns and
Tms (Figure 3C, middle and right panels). Taken together, these

Vpr depletes Tregs and enhances HIV-1 propagation in a results suggested that Tregs were highly susceptible to HIV-1
coreceptor-dependent manner infection and produced large amounts of the virus with Vpr

As described in Introduction section, Vpr is pleiotropic and is ¥ esponsible f(fr augmenting this ‘pr‘o.duction. ]
known to induce cell cycle arrest at the Gy phase and apoptosis ) Th?se ﬁpdmgs raised the possibility .that‘the preferential HIV‘l
[1]. Since Tregs are highly proliferative in vivo (Figure 1), which is mf.‘ecuon in Tregs was due to their .hlgh CQRB expression
consistent with previous reports [9-11], we hypothesized that (Figure lCiand 1D). To demonstrate this possibility, we assesse‘d
Tregs are highly susceptible to Vpr-mediated Gy arrest. To test the expresilon level of CXCR4, another coreceptor for 'HIV-lf in
this hypothesis, 32 humanized mice were infected with R5 gpr- each CD4™ T cell subset. In both humans and humamzefl mice,
deficient HIV-1 (HIV-14ypr; strain JR-CSF) [33]. Although the we found that CXQR‘L was broadly expressed in all CD4™ T cell
infectivities of R5 WT HIV-1 and R5 HIV-14zpr were compa- subsets and was highly expressed on Tns ?han Tm.s and Trf?gs
rable in viro (Figure S2), the level of viral load in the plasma of (Figure 4A and 4B). Th§n, 13 humanized mice were lnfe.cted W?th
HIV-14ypr-infected mice at 4 and 7 dpi was significantly lower an X4 wT HIVTI (strain NL4-3) [34], whﬂe.ll humanized mice
than that of WT HIV-1-infected mice (Figure 3A). These results were '1r%f-ected with an X4 HIV-14gpr (strain NL4-3) [2]. The
suggested that HIV-14gpr is less replicative than WT HIV-1 infectivities f)f AX‘} .WT HIV-1 and X4 HIV'IA”/”. were
during initial stage of infection in humanized mice. We also comparablg in vitro (Figure .S?)). In_ contrast to the obse.rvatlons in
investigated the dynamics of CD4" T cells in HIV-14ypr-infected R5 HIV-l-infected humanized mice (Figure 3A), the viral loa<.:1 of
mice and found that the acute and severe depletion of Tregs after ¢ WT' HIV-1 and was comparable to that of X4 ypr-deficient
virus challenge was not observed in the PB (Figure 2A and 2B) and HIV-1 (Figure ‘_}C)' Ip add1t19n, the depleno‘n of Tregs du}rmg the
the spleen (Figure 2C and 2D). In addition, the level of CCR5" acute Rhase of infection, which was foupd in R5 HIV-I—mfected
CD4" T cells in the spleen of HIV-1duprinfected mice was ~ Mice (Figure 2A-2D), was not observed in the PB (Figure 4D) and
significantly higher than that of WT HIV-l-nfected mice  the spleen (Figure 4E and 4F) of X4 WT HIV-l-infected mice.
(Figure 2E). Morcover, the immune activation, which was Furthermore, we fhd not observe the immune activation in X4
observed in WT HIV-1-infected mice, was not detected in HIV- HIV-1-infected mice during acute infection (Figure 4G). Taken
1 dupr-infected mice (Figure 2F). These findings suggested that Vpr ~ together, these findings strongly suggest that the preferential HIV-
enhances virus dissemination and induces Treg depletion leading | infection and the Treg depletion leading to immune activation
to immune activation in humanized mice. during acute infection are dependent on the coreceptor usage of

To address the association of Vpr with the rapid HIV-1 HIV-1.
expansion iz viwo, we next assessed the distribution of HIV-1-
infected cells during acute infection (ie., 7 dpi). As shown in Vpr induces a significant level of G, cell cycle arrest in
Figure 3B, the percentage of the cells positive for p24, an HIV-1 infected Tregs

antigen, in splenic CD3* CD8™ cells of WT HIV-1-infected mice Extensive un vitro studies have reported that Vpr can cause cell
was comparable to that of HIV-14uprinfected mice. We then cycle arrest at the Go phase [1]. To investigate the cell cycle
examined the proportion of p24* cells in each CD4* T cell subset condition of R5 HIV-l-infected cells in humanized mice at

and found that Tregs were more positive for p24 than Tm and Tn 7 dpi, cellular DNA content was quantified by Hoechst staining.
in both WT HIV-l-infected and HIV-14gpr-infected mice Although the percentages of p24-negative cells at the GoM
(Figure 3C, left and right panels). In addition, we demonstrated phase in the spleen of WT HIV-l-infected and HIV-14gpr-
that the percentage of p24* Tregs in WT HIV-1-infected mice was infected cells were similar to those of mock-infected mice, a
significantly higher than that in HIV-14uprinfected mice significant level of p24-positive cells at the GoM phase in both
(Figure 3C, left and right panels). Moreover, in WT HIV-1 but WT HIV-1-infected and HIV-14ypr-infected mice were detect-
not in HIV-14uprinfected mice, the mean fluorescent intensity ed (Figure 5A). Moreover, we found that the percentage of p24”*
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Figure 3. Dynamics of R5 WT and vpr-deficient HIV-1 infection in humanized mice. (A) Viral load in infected humanized mice. The amounts
of viral RNA in the plasma of R5 WT HIV-1-infected mice (n=30) and R5 vpr-deficient HIV-1-infected mice (n=23) were routinely quantified. The
horizontal broken line indicates the detection limit of the assay (1,600 copies/ml). (B and C) Infected cells in humanized mice. HIV-1-infected cells in
the spleen of R5 WT HIV-1-infected mice (n=19), R5 vpr-deficient HIV-1-infected mice (n = 10), and mock-infected mice (n=10) at 7 dpi were analyzed
by flow cytometry using an anti-HIV-1 p24 antibody. The percentages of p24* cells in CD3* CD8™ cells (B) and in each CD4" T cell subset (C, left
panel), and the MFI of p24 in p24” cells of each CD4™ T cell subset (C, middle panel) are shown. Representative histograms are shown on the right
panel. In panel B, the numbers in the histogram indicate the positivity. In panel C, the numbers in the histogram indicate the percentage of positive
cells (left) and MFI values (right). Statistical difference was determined by Welch's t test, and statistically significant differences between WT HIV-1
versus HIV-14vpr (P<0.05) are shown with red asterisks. NS, no statistical significance. Data represent mean = SEM.
doi:10.1371/journal.ppat.1003812.g003
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Figure 4. Dynamics of X4 WT and vpr-deficient HIV-1 infection in humanized mice. (A and B) CXCR4 expression on CD4" T cell subsets in
human and humanized mouse. Human CD4" T cells isolated from the spleen of humanized mice (A, n=8) and the PB of HIV seronegative humans (B,
n=6) were classified into Tn, Tm, and Treg as described in the legend of Figure 1. Representative dot plots and histograms are shown on the left, and
the percentages of CXCR4" cells in each subset are shown on the right. In the left panels, the numbers in each histogram indicate the positivity. (C)
Viral load in infected humanized mice. The amounts of viral RNA in the plasma of X4 WT HIV-1-infected mice (n=13) and X4 vpr-deficient HIV-1-
infected mice (n=11) were routinely quantified. The horizontal broken line indicates the detection limit of the assay (1,600 copies/ml). (D)
Longitudinal analyses of the dynamics of human CD4" T cell subsets in the PB of infected humanized mice. The numbers of total CD4" T cells, Tns,
Tms, and Tregs in the PB of WT HIV-1-infected mice (n=9), vpr-deficient HIV-1-infected mice (n=9), and mock-infected mice (n=8) were routinely
quantified by flow cytometry and hematocytometry. (E and F) Cytopathic effect of WT and vpr-deficient HIV-1 in the spleen of humanized mice. The
percentages of total CD4" T cells, Tns, Tms, and Tregs in the splenic MNCs of WT HIV-1-infected mice (n = 8), vpr-deficient HIV-1-infected mice (n=8),
and mock-infected mice (n=8) at 21 dpi were routinely quantified by flow cytometry. Representative dot plots (E) and summarized results (F) are
shown, respectively. In panel E, the numbers on the right of the dot plots indicate the percentage of the cells in each quadrant. (G) The level of
immune activation in infected humanized mice. The MFl of CD38 in memory CD8" T cells in the spleen of WT HIV-1-infected mice (n =5), vpr-deficient
HIV-1-infected mice (n=5), and mock-infected mice (n=5) at 21 dpi was analyzed by flow cytometry. Representative histograms are shown on the
right panel, and the numbers in the histogram indicate the MFI values. NS, no statistical significance. Data represent mean * SEM.
doi:10.1371/journal.ppat.1003812.g004

cells at the GoM phase in WT HIV-l-infected mice was Vpr directly induces apoptosis in infected Tregs
significantly higher than that in HIV-1dgpr-infected mice associated with G, cell cycle arrest

(Figure 5A), suggesting that Vpr expressed in infected cells
induced Gy cell cycle arrest in vivo.

We next analyzed the level of Gy arrest in each GD4™ T cell
subset. Since p24* cells were faintly detected in the Tn subset
(Figure 3C; 0.33%20.1% for WT HIV-1, 0.35%0.1% for HIV-
1dupr), we focused on Tms and Tregs. In both subsets, the
percentages of GoM cells in p24 cells of WT HIV-1-infected and
HIV-14upr-infected mice were similar to those of mock-infected

In addition to the augmentation of viral replication by Vpr, we
also observed a severe depletion of Tregs in RS WT HIV-1-infected
humanized mice (Figure 2A-2D). It is known that Vpr can induce
apoptosis through a caspase 3/8 (CASP3/8)-dependent pathway
[1]. Therefore, we next analyzed the level of active CASP3, which is
a direct inducer of apoptosis, in infected humanized mice. In the
population of p24-negative cells, we found a significant increase of
mice (Figure 5B). In contrast, we detected a significant level of actve CASP 3* cells in WT HIV—I-mfected rice (Flgu‘re 6A).
p24* cells at the GoM phase in Tms and Tregs (Figure 5B). Of A§d1t10naﬂy, in both WT HIV—I-nlfcx?tcd arid HIV—lAz?[)r-.lImfected
note, the percentage of GuM cells in p24* Tregs of WT HIV-1- mice, the percentage of active CASP3 in p24™ cells was significantly
higher than that in p24~ cells, yet the percentage of active CASP3

infected mice reached a maximum of 37.1%£2.8% and was !
in p24* cells of WT HIV-l-infected cells was significanty higher

significantly higher than that of HIV-1dypr-infected mice ] - -

(Figure 5B). These results suggested that the level of Vpr-mediated than that of HIV-14upr-infected mice (Figure 6A).

G, arrest was the highest in HIV-1-infected Tregs. ) We then evaluated the magnitude of apoptosis in each CD4" T
Since it has been suggested that the G arrest in HIV-1-infected cell subset. As shown in Figure 6B, the percentage of active CASP3”

cells results in the augmentation of virus production [3,35], we C.CHS. in PQ‘%‘ Tms and Tregs of WT HIV-I-infCCtCQ mice
next focused on the relationship between the HIV-1 production significantly increased when compared with those ofmoclc—mfected
potential and cell cycle condition in Tms and Tregs. Figure 5C mice. On the other hand, the percentage of active GASP3” cells was

illustrated that GoM cells displayed higher percentages of p24- significantly increased in 1324Fr cells and was highest in ];)24+ Tregs of
positive cells than GG, cells in both Tm and Treg. Surprisingly, ~ WT HIV-l-infected mice (26.6:3.9%; Figure 6B), suggesting that
74.1+5.4% of Tregs at the GoM phase in WT HIV-l-infected ~ Tregs are highly sensitive to Vpr-mediated apoptosis.

mice were positive for p24 (Figure 5C, left and right panels), and In addition to the apoptosis directly induced by Vpr,
the p24 MFI in p24* Tregs at GoM phase was highest (Figure 5C, accumulating evidence has suggested a role for innate immune
middle and right panels). Taken together, these findings suggested activation, including NX cells, in the CD4" T cell depletion after
that the majority of Tregs were infected with HIV-1 and arrested primary HIV-1 infection in individuals [36,37]. Also, it has been
at the Gy phase by Vpr, resulting in the augmentation of HIV-1 recently reported that Vpr upregulates the surface expression of
production during acute infection. some NK receptor ligands, such as ULI6 binding protein 2
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Figure 5. Effect of Vpr on G, cell cycle arrest in infected humanized mice. Splenic MNCs of WT HiIV-1-infected mice (n=12), vpr-deficient
HIV-1-infected mice (n=11), and mock-infected mice (n=15) at 7 dpi were analyzed by flow cytometry using Hoechst33342 and an anti-HIV-1 p24
antibody. (A and B) The percentages of G,M cells in CD3" CD8™ cells (A) and in each population (B) are shown, respectively. Representative
histograms are shown on the right panel. The black arrowhead indicates the peak of GoG; cells, and the red arrowhead indicates the peak of G,M
cells. The numbers in the histogram indicate the percentage of G,M cells in each population. (C) The percentage of p24" cells in each population (left)
and the MFI of p24 in p24" cells of each population (middle). Representative histograms are respectively shown. The numbers in the histogram
indicate the percentage of positive cells {left) and MFI values (right). Statistical differences were determined by Welch's t test, and statistically
significant differences (P<<0.05) are shown as follows: mock versus WT HIV-1, black asterisk; mock versus HIV-14vpr, blue asterisk; and WT HIV-1 versus

HIV-14vpr, red asterisk. NS, no statistical significance. Data represent mean = SEM.

doi:10.1371/journal.ppat.1003812.9005

(ULBP2), which leads to NK cell-dependent cell death [38,39].
These reports led to the hypothesis that Vpr upregulates the
expression level of ULBP2 on HIV-1-infected Tregs and enhances
NK cell-dependent cell death. To address this possibility, we
assessed the expression level of ULBP2 in infected humanized
mice. However, the expression level of ULBP2 on the surface of
WT HIV-1-infected cells was comparable to those of HIV-14upr-
infected cells, uninfected cells, and the CD4% T cells in mock-
infected mice (Figure S4). Taken together, these results suggested
that the decrease of Tregs in R5 WT HIV-1-infected mice was not
dependent on the NK cell-dependent cell death but due to Vpr
expressed in infected cells.

In order to investigate the relationship between Gy cell cycle
arrest and apoptosis, both of which are mediated by Vpr, we
performed p24 staining in combination with Hoechst and active
CASPS3 staining. In each CD4" T cell subset positive for p24, the
percentage of active CASP3" cells at GoM was significantly higher
than that at the GoG; phase (Figure 6C). Moreover, the
percentage of active CASP3" cells was highest in p24" Tregs at
GoM in WT HIV-l-infected mice (35.9%5.4%; Figure 6C),
strongly suggesting that Vpr-mediated apoptosis was most
efficiently induced in infected Tregs arrested at the Gy phase.

Treg depletion can trigger immune activation and
augmented HIV-1 propagation in vivo

The aforementioned findings suggested that Vpr promotes R5
HIV-1 propagation during the acute phase of infection by
exploiting proliferating CCR5* CD4" T cells including Tregs in

PLOS Pathogens | www.plospathogens.org

vivo. In addition, Vpr is associated with the rapid decrease of
Tregs, leading to immune activation. Since it is known that HIV-1
replicates more efficiently in activated CD4" T cells than non-
activated CD4" T cells [40,41], our findings suggested that the
immune activation induced by Vpr-mediated Treg depletion led
to the augmented viral propagation i wuivo. To address this
possibility, denileukin diftitox (DD), which is known to specifically
target and deplete Tregs, was intraperitoneally treated into
humanized mice. As shown in Figure 7A and 7B, Tregs were
specifically and significantly depleted by treatment with DD for 3
days, while the cell numbers of the other populations such as
CD45" human white blood cells, total CD4™ T cells, Tns, and
Tms did not change significantly. We also found that the Treg
depletion by DD induced immune activation and proliferation of
splenic memory CD8" T cells (Figure 7C). Interestingly, the
percentage of MKI67" cells in the Tms of DD-treated humanized
mice was significantly higher than those in Tms and Tregs of
untreated humanized mice (Figure 7D). In addition, the levels of
CCR5 on Tms and Tns in DD-treated mice were significantly
higher than that in untreated mice (Figure 7E), suggesting that the
population size of proliferating CCR5* CD4" T cells in DD-
treated humanized mice is greater than that in untreated
humanized mice.

R5 WT and gpr-deficient HIV-1 (strain JR-CSF) were then
inoculated into 13 DD-treated humanized mice, respectively. As
shown in Figure 7F, the number of CD4" T cells, particularly
Tms, in the PB of DD-treated uninfected mice gradually
increased, while that those of DD-treated WT and upr-deficient
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Figure 6. Effect of Vpr on apoptosis and its relevance in G, cell cycle arrest in infected humanized mice. Splenic MNCs of WT HIV-1-
infected mice (n=7), vpr-deficient HIV-1-infected mice (n=7), and mock-infected mice (n=9) at 7 dpi were analyzed by flow cytometry using anti-
active CASP3 and anti-HIV-1 p24 antibodies without (A and B) or with (C) or Hoechst33342. (A and B) Effect of Vpr on apoptosis. The percentages of
active CASP3" cells in CD3" CD8™ cells (A) and in each population (B) are shown, respectively. Representative histograms are shown on the right
panel. The numbers in the histogram indicate the percentage of active CASP3" cells in each population. (C) Relevance between G, arrest and
apoptosis. The percentage of active CASP3" cells in each population is shown. Representative histograms are respectively shown. The numbers in the
histogram indicate the percentage of active CASP3" cells in each population. Statistical differences were determined by Welch’s t test, and statistically
significant differences (P<0.05) are shown as follows: mock versus WT HIV-1, black asterisk; mock versus HIV-14vpr, blue asterisk; and WT HIV-1 versus

HIV-14vpr, red asterisk. NS, no statistical significance. Data represent mean *= SEM.

doi:10.1371/journal.ppat.1003812.g006

HIV-1 infected mice severely decreased after 7 dpi. We also
observed a gradual increase of memory GD8" T cells in the PB of
DD-treated humanized mice regardless of HIV-1 infection (Figure
S5). It was of particular importance that rapid and massive HIV-1
replication in DD-treated mice compared with untreated mice
infected with either virus, and that the viral load in DD-treated
WT HIV-l-infected mice was significantly higher than that in
DD-treated HIV-1dgpr-infected mice at 4 and 7 dpi (Figure 7G).
Furthermore, the slope of virus growth in DD-treated WT HIV-1-
infected mice was significantly higher than those of DD-treated
HIV-1dypr-infected mice and untreated WT HIV-1-infected mice
(Figure 7H). Taken together, these findings suggest that R5 HIV-1
massively propagates under an activated condition, and that Vpr
enhances viral expansion in CCR5" proliferating CD4" T cell
population.

Discussion

The fact that ypr is conserved in transmitted/founder viruses in
infected individuals [42] may indicate its importance during the
acute phase of HIV-1 propagation. However, even though there is
abundant evidence of Vpr’s roles in G, arrest and apoptosis i vitro
[1,43,44], its impact on for HIV-1 replication i wziwe remains
unclear. In this study, we demonstrated that Vpr augments R5
HIV-1 propagation by exploiting proliferating CCR5" CD4" T
cells including Tregs during acute infection. We also observed

PLOS Pathogens | www.plospathogens.org

significant levels of Vpr-dependent Gy arrest and apoptosis in R5
HIV-1-infected Tregs, which may result in the Treg depletion and
subsequent immune activation. This is the first report to directly
demonstrate that Vpr positively affects HIV-1 replication by
taking advantage of Tregs in vivo.

A previous study has demonstrated that Tregs highly express
CCRS, correlating with their high susceptibility to R5 HIV-1
vitro [15]. Here, by using a humanized mouse model, we
demonstrated that Tregs express higher level of GCRS (Figure 1)
and arc highly susceptible to R5 HIV-1 infection  vive (Figure 3).
In addition, it is well known that HIV-1 replicates more
efficiently in activated/proliferating cells than in non-activated
cells [40,41]. Consistent with previous reports [9~11], we showed
that Tregs are highly proliferative in vivo when compared with
the other GD4" T cell subsets such as Tns and Tms (Figure 1).
Therefore, it is reasonable to assume that RS HIV-1 efficiently
replicates in Tregs of humanized mice because of their higher
CCR5 expression level and higher proliferating status. More-
over, in line with the previous observations that Vpr arrests the
cell cycle of HIV-1-infected cells at Gy phase where LTR-driven
HIV-1 transcription is most active [3,35], we found that the MFI
of p24, which reflects the expression level of viral proteins, in
Tregs of WT HIV-1-infected mice was ~2-fold higher than that
of HIV-14ypr-infected mice, while expression levels in Tns and
Tms were comparable between WT and ypr-deficient HIV-1
(Figure 3C). Furthermore, we revealed that Vpr-dependent Gy
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Figure 7. Augmentation of Vpr’s effect and HIV-1 propagation by Treg depletion. (A to D) Evaluation of Treg depletion by treatment with
DD. DD was administrated into humanized mice (n=14) as described in Materials and Methods. (A and B) Specific depletion of Tregs by treatment
with DD. The levels of human white blood cells (WBC; CD45" cells) and CD4™ T cell subsets in PB of humanized mice before and after the DD
treatment for 3 days were compared. Representatives (A) and the numbers of each human leukocytes in PB (B) are shown. In panel A, the numbers in
the histogram indicate the percentage of CD4" cells in CD45" CD3* cells, and the numbers on the right of the dot plots indicate the percentage of the
cells in each quadrant. (C and D) Immune activation by treatment with DD. The percentages of MKI67" cells in memory CD8" T cells (C) and in each
CD4" T cell subset (D) in the spleen of humanized mice treated with (n=5) or without (n=8) DD for 7 days are shown, respectively. (E) Up-regulation
of CCR5 expression by DD treatment. The percentage of CCR5* cells in each CD4* T cell subset in the spleen of humanized mice treated with (n=5) or
without (n=8) DD for 7 days is shown. In panels C to E, the numbers in the histogram indicate positivity. (F to H) Dynamics of HIV-1 infection in DD-
treated humanized mice. (F) The numbers of peripheral CD4* T cells, Tns, Tms, and Tregs (F) and the amounts of viral RNA in the plasma (G) of R5 WT
HIV-1-infected DD-treated mice (n=13), R5 vpr-deficient HIV-1-infected DD-treated mice (n=13), and mock-infected DD-treated mice (n=8) were
routinely quantified as described in the legends of Figure 2A and 3A, respectively. In panel G, the broken black and blue lines indicate the averages of
WT HIV-1-infected mice (n=30) and vpr-deficient HIV-1-infected mice (n=23) without DD treatment, which corresponds to the results shown in
Figure 3A. The horizontal broken line indicates the detection limit of the assay (1,600 copies/ml). (H) Kinetics of viral expansion. The slopes of the
amounts of viral RNA in the plasma of WT HIV-1-infected DD-treated mice (n= 13), vpr-deficient HIV-1-infected DD-treated mice (n=13), WT HIV-1-
infected mice (n=30) and vpr-deficient HIV-1-infected mice (n=23) until 7 dpi are shown. Statistical difference was determined by Welch's ¢ test. In
panels B to E, statistically significant differences (P<0.05) are indicated by red asterisks. In panels F and G, statistically significant differences (P<0.05)
are shown as follows: mock versus WT HIV-1, black asterisk; mock versus HIV-14vpr, blue asterisk; and WT HIV-1 versus HIV-14vpr, red asterisk. In
panel H, statistically significant differences (P<0.05) are shown as follows: with and without DD treatment, black asterisk; and WT HIV-1 versus HIV-
14vpr, red asterisk. NS, no statistical significance. Data represent mean = SEM. NA, not analyzed.

doi:10.1371/journal.ppat.1003812.g007

cell cycle arrest was efficiently occurred in infected Tregs
(Figure 5B), and that both the percentage p24™ cells and the p24
MFI was highest in WT HIV-l-infected Tregs at Gy phase
(Figure 5C). Taken together, these findings strongly suggest that
Vpr promotes R5 HIV-1 replication during acute infection by
increasing the viral production in Tregs.

In contrast to the findings in R5 HIV-l-infected humanized
mouse model, we observed neither the acceleration of virus
replication by Vpr during the acute phase of HIV-1 infection
(Figure 4C), nor the Treg depletion (Figure 4D—4F), nor
subsequent immune activation (Figure 4G) in X4 HIV-1-infected
humanized mice. In Tregs, GCR5 is predominantly expressed
(Figure 1C and ID), whereas CXCR4 is broadly expressed in all
CD4" T cell subsets (Figure 4A and 4B), which is consistent with
previous findings [15,28]. Therefore, these results suggest that the
Vpr-dependent augmentation of HIV-1 replication during acute
infection is dependent on viral tropism and is restricted to R5
HIV-1. Regarding HIV-1 tropism, it is of particular importance
that R5 HIV-1 is the major clinical isolates from patients, along
with transmitted/founder viruses [42,45,46], while X4 HIV-1
occasionally emerges during the onset of AIDS [47,48]. Therefore,
the findings in R5 HIV-1-infected humanized mice more properly
reflect those in patients than those in X4 HIV-1-infected mice, and
the role of Vpr in R5 HIV-l-infected humanized mice is
physiologically more relevant.

PLOS Pathogens | www.plospathogens.org

The concept that Vpr augments R5 HIV-1 replication by
utilizing proliferating CCR5" CD4" T cells is further supported by
the DD treatment experiments (Figure 7): the human leukocytes
including Tms in the mice treated with DD were highly
proliferative and the Tms in DD-treated mice expressed higher
level of CCR5. Moreover, R5 HIV-1 propagated more efficiently
when compared with the untreated mice. Interestingly, it has been
reported that Vpr enhances HIV-1 LTR-driven transcription in
cycling CD4" T cells but not in non-cycling cells [3]. Taken
together, these findings suggest that Vpr-dependent promotion of
R5 HIV-1 production during acute infection is attributed to the
target cell tropism of HIV-1 and the activated/proliferative status
of the target cells.

There is a longstanding dogma that the immune activation
caused by HIV-1/SIV infection closely associates with the disease
progression [49]. Regarding the triggering of immune activation,
previous studies have suggested that the immune activation in
HIV-l-infected individuals and SIV-infected monkeys can be
caused by (1) massive infection and loss of CD4" T cells [50,51];
(2) inflammatory cytokines [52,53]; and (3) microbial translocation
from the luminal intestinal tract [54]. In this study, Treg depletion
and immune activation were observed in R5 but not X4 HIV-1-
infected humanized mice (Figure 2 and 4). These findings are
consistent with previous observations in HIV-l-infected patients
[15-17], SIV-infected monkeys [18-20], and a CCR5/CXCR4
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dual-tropic HIV-1-infected humanized mouse model [28]. Partic-
ularly noteworthy is that gpr-deficient HIV-1-infected humanized
mice showed neither Treg depletion nor immune activation.
These findings raise a possibility that Vpr is associated with the
induction of immune activation by depleting Tregs. Since the
physiological role of Tregs in vivo 15 to suppress excessive immune
activation [7], it is conceivable that Vpr-mediated Treg depletion
can be one of the triggers for immune activation in HIV-1-infected
individuals. However, the mechanism of the immune activation by
HIV-1/51V infeetion stll remains unsolved for more than two
decades of intense rescarch, and there are lines of other
possibilities such as the activation of dendritic cells/macrophages
due to higher number of cell death [55-57] and the actual
depletion of myeloid-derived suppressor cells [58,59] by direct or
indirect virus infection. Although our results suggest that Vpr is
associated with the acute Treg depletion and subsequent immune
activation in RS HIV-I-infected humanized mice, further
investigations is necessary to elucidate the mechanisms of the
immune activation by HIV-1/51V infection,

In DD-treated humanized mice, we observed the activation/
proliferation (Figure 7C) and the expansion (Figure S5) of memory
CD8" T cells. As a previous report using R5 HIV-l-infected
humanized mice showed that the depletion of CD8" T cells
accelerates HIV-1 replication [60], these findings raise a possibility
that the expanded memory CD8" T cells restrict HIV-1
replication in DD-treated humanized mice. However, the previous
study [60] depleted CD8" T cells in R5 HIV-l-infected
humanized mice during chronic infection (ie, 5-7 weeks
postinfection) and observed the increase of virus growth 2 wecks
after CD8" T cell depletion. On the other hand, although the
increase of memory CD8" T cells was observed in DD-treated
humanized mice after 4 or 7 dpi (Figure S5), here we particularly
focused on the dynamics of HIV-1 infection during the acute
phase (.c., until 7 dpi) and observed a sharp mcrease of HIV-1
replication in DD-treated mice prior to the expansion of memory
CD8" T cells (Figure 7G). Morcover, the activation and expansion
of CD8" T cells were detected in DD-treated humanized mice
regardless of HIV-1 infection, strongly suggesting that this CD8* T
cell expansion is not triggered by HIV-1 infection but by the DD-
mediated Treg depletion. Furthermore, although the expansion of
memory CD8" T cells during chronic infection has been observed
in certain HIV-I-infected human HSC-transplanted humanized
mouse models [61-63] including ours [25], it is controversial
whether or not the human CD8* T cells differentiated in human
HSC-transplanted humanized mouse models possess the potential
to cfficiently clicit acquired immune responses against pathogens
including HIV-1 [64-66]. These findings suggest that the
expanded CD8" T cells in DD-treated humanized mice have
smaller effect on the virus growth during the acute phase of HIV-1
infection.

Soluble Vpr proteins are secreted from infected cells and can
be detected in patient sera [67,68]. In p24-negative cells of WT
HIV-l-infected mice, we found a significant level of apoptosis
(Figure 6A and 6B), while Gy arrest was not observed (Figure 5A
and 5B). These results suggest that soluble Vpr can trigger
apoptosis but not Gy arrest in bystander cells. In fact, it was
reported that the Vpr expressed in HIV-1-infected cells robustly
induce both Gy arrest and apoptosis, while soluble Vpr secreted
from HIV-1-infected cells can induce apoptosis but not Gy arrest
[69]. However, in addition to WT HIV-1-infected cells, Go arrest
was also partially observed in HIV-14upr-infected cells (Figure 5A
and 5B). In this regard, it has been reported that another
accessory protein of HIV-1, Vif, is also able to cause Go arrest in
a Vpr-independent manner [70-72], strongly suggesting that the
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Gy arrest in HIV-1dgpr-infected cells is induced by Vif. Although
the significance of functional redundancy of Vpr and Vif for Gy
arrest remains unclear, further studies using humanized mice will
reveal their impact.

In summary, we demonstrated for the first time that one of the
major roles of Vpr in HIV-1 infection and pathogenesis is to
cphance RS HIV-1 propagation by cxploiting proliferating
CCR5" CD4" T cells including Tregs during acute infection,
which can subsequently induce immune activation. Our findings
suggest that the action of Vpr in vive may provide HIV-1 with an
optical condition to replicate and facilitate HIV-1 expansion
vio.

Materials and Methods

Ethics statement

All procedures  including animal studies were conducted
following the guidelines for the Care and Use of Laboratory
Animals of the Ministry of Education, Culture, Sports, Science
and Technology, Japan. These studies were approved by the
Institutional Animal Care and Use Committees IACUC)/ ethics
committece of Kyoto University (protocol number D13-25). All
protocols involving human subjects were reviewed and approved
by the Kyoto University institutional review board. Informed
written consent from human subjects was obtained in this study.

Humanized mice

NOD.Cg-Prkde™ 11265/ Fic (NOD/SCID 121”7} mice
[73] were obtained from the Central Institute for Experimental
Animals (Kawasaki, Kanagawa, Japan). The mice were main-
tained under specific-pathogen-free conditions and were handled
in accordance with the regulations of the IACUC/cthics
committece of Kyoto University, Human CD34% HSCs were
isolated from human fetal liver as described previously [74]. The
humanized mouse (NOG-hCD34 mouse) was constructed as
previously described [21-24]. Briefly, 164 newborn (aged 0 to 2
days) NOG mice from 38 litters were irradiated with X-ray (10
¢Gy per mouse) by an RX-650 X-ray cabinet system (Faxitron X-
ray Corporation) and were then intrahepatically injected with the
obtained human fetal liver-derived CD34" cells (7.5%10% to
25%10" cells). A list of the humanized mice used in this study is
summarized in Table S1.

Virus preparation and infection

Virus solutions of RS WT HIV-ljr csr [30], RS spr-deficient
HIV- IJI%CSF [3 3], X4 WT HIV—lNL.r;Y_g [347], and X4 vjn’~deﬁcient
HIV-1n1.4-3 [2] were prepared and titrated as previously described
[23]. Virus solutions of 10° 50% tissue culture infectious doses
(TCID5g) were intraperitoneally inoculated into NOG-hCD34
mice. RPMI 1640 was used for mock infection.

HIV-1 RNA quantification, TZM-bl assay, and western
blotting

The amount of HIV-1 RNA in plasma was quantified by Bio
Medical Laboratories, Inc. TZM-bl assay and Western blotting
were performed as previously described [22,23]. For Western
blotting, mouse anti-Vpr antibody (clone 8D1) [68] and goat anti-
p24 antiserum (ViroStat) were used.

PB collection and isolation of splenic mononuclear cells

PB and plasma were routinely collected as previously described
[21-24]. Splenic human mononuclear cells (MNCs) were isolated
as previously described [22-24].
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Flow cytometry and hematocytometry

Flow cytometry was performed with FACSCanto (BD Bios-
ceiences) as previously described [21-24]. Hematocytometry was
performed with Celltac alpha MEK-6450 (Nihon Kohden Co) as
previously described [23,24]. Briefly, 10 ul of the PB of humanized
‘mice were used for hematometry, and the number of MNCs per
microliter was measured. The antibodies used in flow cytometry
analysis are listed in Table S2. For cell cycle analysis, cellular DNA
was stained with Hoechst33342 (Invitrogen) as previously
described [21], and DNA contents were analyzed by using
ModFit LT software (Verify software house) according to the
manufacture’s protocol and as previously reported [72]. For the
measurement of the level of apoptosis, anti-active CASP3 antibody
conjugated with PE (BD Biosciences; Table S2) was used
according to the manufacture’s procedure.

Denileukin diftitox treatment for Treg depletion

Denileukin diftitox (DD; IL-2 conjugated with diphtheria toxin)
were purchased from Ligand Pharma, Co. For Treg depletion in
humanized mice, DD (400 pg/200 pl in PBS) were intraperito-
neally treated once per day. For HIV-1 infection following DD
treatment, the humanized mice treated with DD for 3 days were
intraperitoneally inoculated with virus solutions of 10° TCIDj,.
RPMI 1640 was used as the mock infection. To maintain Treg
depletion following virus inoculation, DD was intraperitoneally
treated once per day.

Statistical analyses

Data were expressed as averages with SEMs. Significant
differences (P<<0.05) were determined by Welch’s ¢ test or
Student’s ¢ test.

Accession numbers

SwissProt (http://www.uniprot.org/) or GenBank (http://
www.ncbi.nlm.nih.gov/genbank) accession numbers for the pro-
teins mentioned in the text are as follows: CD3 (P07766); CD4
(P01730); CD8 (NP_001759.3); CD25 (NP_000408.1); CD38
(P28907); CD45 (NP_002829.3); CD45RA (P08575); CD127
(P16871); CASP3 (P42574); CCR5 (P51681); CXCR4 (P61073);
CTLA4 (P16410); FOXP3 (Q9BZS1); MKI67 (P46013); ULBP2
(QIBZMS5). These proteins were detected by flow cytometry using
the antibodies listed in Table S2. The accession numbers from
GenBank (http://www.ncbinlm.nih.gov/genbank) for the viruses
mentioned in the text are as follows: HIV-1 strain JR-CSF
(M38429.1); HIV-1 strain NL4-3 (M19921.2).

Supporting Information

Figure S1 Depletion of Treg by WT HIV-1 infection. The
percentage of FOXP3" CD4 ™ cells in splenic MNCs of WT HIV-
I-infected mice (n=>5) and mock-infected mice (n=>5) at 21 dpi
are shown. Representative dot plots are shown below. The
numbers under the dot plots correspond to the percentage in each
quadrant. NS, no statistical significance.

(TIF)

Figure $2 Infectivity of R5 WT and vpr-deficient HIV-1.
R5 WT and gpr-deficient HIV-1 (strain JR-CSF) were prepared as
described in Materials and Methods. (Top) Western blot analyses
of the virions. (Bottom) TZM-bl assay. Prepared virus solutions
were inoculated into TZM-bl indicator cells. The infectivities of
these viruses were quantified as described in Materials and
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Methods and were normalized to the amount of p24. The assay
was performed in triplicate. NS, no statistical significance.

(TTF)

Figure 83 Infectivity of X4 WT and vpr-deficient HIV-1.
X4 WT and gpr-deficient HIV-1 (strain NL4-3) were prepared as
described in Materials and Methods. (Top) Western blot analyses
of the virions. (Bottom) TZM-bl assay. Prepared virus solutions
were inoculated into TZM-bl indicator cells. The infectivities of
these viruses were quantified as described in Materials and
Methods and were normalized to the amount of p24. The assay
was performed in triplicate. NS, no statistical significance.

(TIF)

Figure S84 No association of ULBP2 with the Treg
depletion observed in WT HIV-l-infected mice. Splenic
MNCs of WT HIV-l-infected mice (n=7), vpr-deficient HIV-1-
infected mice (n = 7), and mock-infected mice (n=7) at 7 dpi were
analyzed by flow cytometry using an anti-ULBP2 and an anti-
HIV-1 p24 antibodies. The percentages of ULBP2* cells in CD3*
CD8" cells (A) and in each population (B) are respectively shown.
Representative histograms are shown on the right. The numbers
in histogram indicate the percentage of active CASP3" cells in
each population. Statistical difference was determined by Welch’s ¢
test. NS, no statistical significance.

(TIF)

Figure S5 Expansion of memory CD8" T cells in DD-
treated humanized mice. The numbers of total CD8" T cells
(CD45* CD3* CD8" cells), naive CD8™ T cells (CD45" CD3*
CD8" CD45RA" cells), and memory CD8" T cells (CD45* CD3*
CD8* CD45RA™ cells) in the PB of R5 WT HIV-1-infected DD-
treated mice (n= 13), R5 ypr-deficient HIV-1-infected DD-treated
mice (n=13), and mock-infected DD-treated mice (n=8) were
routinely quantified by flow cytometry and hematocytometry.

(TIE)
Table S1 Humanized mice used in this study. A full list of
the 132 humanized mice used in this study.

(PDF)

Table 82 Antibodies used in flow cytometry analyses. A
full list of antibodies used in this study.
(PDF)
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SUMMARY

Herpes simplex virus (HSV)-2 shedding is associated
with increased risk for sexually acquiring HIV.
Because Langerhans cells (LCs), the mucosal epithe-
lium resident dendritic cells, are suspected to be one
of the initial target cell types infected by HIV following
sexual exposure, we examined whether and how
HSV-2 affects HIV infection of LCs. Although rela-
tively few HSV-2/HIV-coinfected LCs were detected,
HSV-2 dramatically enhanced the HIV susceptibility
of L.Cs within skin explants. HSV-2 stimulated epithe-
lial cell production of antimicrobial peptides (AMPs),
including human B defensins and LL-37. LL-37
strongly upregulated the expression of HIV receptors
in monocyte-derived LCs (mLCs), thereby enhancing
their HIV susceptibility. Culture supernatants of
epithelial cells infected with HSV-2 enhanced HIV
susceptibility in mLCs, and this effect was abrogated
by blocking LL-37 production. These data suggest
that HSV-2 enhances sexual transmission of HIV by
increasing HIV susceptibility of LCs via epithelial
cell production of LL-37.

INTRODUCTION

Epidemiologic studies have indicated a strong association
between the acquisition of HIV and other sexually transmitted
diseases (STDs) (Galvin and Cohen, 2004). This link is especially
evident in cases of genital ulcer diseases (GUDs), witha 2-to 11-
fold increase in the rate of HIV acquisition in the presence of GUD
(Cameron et al., 1989; Fleming and Wasserheit, 1999). It is widely
recognized that herpes simplex virus type 2 (HSV-2) is a major
cause of GUDs, and more than 50 epidemiologic studies have
now indicated that HSV-2 shedding is associated with increased
risk for acquiring HIV (Wald and Link, 2002). The risk ratio of HIV
acquisition for a person with genital herpes is enhanced from 2 to

4 when compared with a person without genital herpes, and
potentially 50% of new HIV infections are considered to be attrib-
utable or worsened by HSV-2 infection (Wald and Link, 2002).

During sexual transmission of HIV, virus crosses mucosal
epithelium and is eventually transmitted to regional lymph nodes,
where it establishes permanent infection. Many studies have
shown that Langerhans cells (LCs) are one of the important initial
cellular targets for HIV, and that this particular type of dendritic
cell (DC) plays a crucial role in disseminating HIV (de Witte
et al., 2007; Kawamura et al., 2005; LLederman et al., 2006; Shat-
tock and Moore, 2003). LCs are present within genital skin (e.g.,
outer foreskin) and mucosal epithelium and, after contact with
pathogens, readily emigrate from tissue to draining lymph
nodes. Immature resident LCs express surface CD4 and
CCR5, but not surface CXCR4 (Zaitseva et al., 1997). These
LCs are readily infected ex vivo with R5 HIV, but not with X4
HIV (Kawamura et al., 2000, 2008; Reece et al., 1998; Zaitseva
et al., 1997). These findings are consistent with previous epide-
miologic observations, which have found that the majority of
HIV strains isolated from newly infected patients are R5 HIV
strains (Zhu et al.,, 1993). It has been reported that persons
with CCR5 homozygous defects are largely protected from
sexually acquiring HIV (Liu et al., 1996).

Clinical trials performed over the last several years have shown
that circumcision greatly reduces the probability of penile HIV
transmission, suggesting that the foreskin is an important portal
of HIV entry (Auvert et al., 2005; Bailey et al., 2007; Gray et al.,
2007). Although the mechanism leading to protection remains
undefined, several ex vivo experiments with foreskin explants
have indicated that CD4 T lymphocytes and LCs within foreskin
epidermis are initial target cells for HIV (Fahrbach et al., 2010;
Ganor et al., 2010; Grivel et al., 2011; Zhou et al., 2011).

In primate models of simian immunodeficiency virus (SIV)
infection, there is controversy regarding which cells in the genital
mucosa are initially infected by SIV. Studies have demonstrated
that the primary infected cells present in the lamina propria of the
cervicovaginal mucosa 48-72 hr after intravaginal exposure to
SIV are T cells or submucosal DCs, but not epithelial LCs (Spira
et al., 1996; Zhang et al., 1999). When vaginal tissue was exam-
ined within 1 hr foliowing vaginal inoculation, however, up to
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Figure 1. HSV-2-Infected Epithelial Cells Augment HIV Infection in LCs

(A-C) Epithelial sheets were preincubated with HSV-2 and then exposed to R5 HIV. Epithelial sheets were floated on culture medium to allow migration of LCs
from the explants. Emigrating cells from the epidermal sheets were collected 3 days following HIV exposure. HIV-infected |.Cs were assessed by HIV p24
intracellular staining in langerin® CD11c* LCs (A) and the results of 11 separate experiments with different donors are summarized (B). HSV— and/or HIV-infected
LCs were assessed by HIV p24 and HSV gD intracellular staining in CD11c* LCs, and the results from five different donors are summarized (C).

(D) mLCs were preincubated with the supernatants from NHEKSs treated with or without HSV-2, and then exposed to R5 HIV. HIV p24* cells were assessed in

langerin* CD11c* mLCs at day 7.

(A, C, and D) Representative flow cytometric analyses are shown. (A and D) Results are shown as means + SD (n = 3) (**p < 0.01). See also Figure S1.

90% of SIV-infected cells were found to be LCs (Hu et al., 2000).
Because only a single layer of columnar epithelium guards the
endocervix and the transformation zone, the mucosal barrier
can be easily breached by mechanisms such as the microtrauma
associated with sexual intercourse, which provides immediate
access to target cells, especially CD4* T cells, in the submucosa
(Haase, 2010). Indeed, it has been shown that following mucosal
exposure to high doses of SIV, virus can gain access through
breaks in the mucosal epithelial barrier and infect resting CD4*
T cells in the submucosa (Haase, 2010). Since molecules target-
ing CCR5 completely protected against mucosal transmission of
SHIV (Lederman et al., 2004), CD4/CCR5-mediated de novo
infection of LCs and/or CD4™ T cells is considered to be a major
pathway involved in sexual transmission of HIV.

Several mechanisms have been proposed to explain en-
hanced sexual transmission of HIV during active STD infection,
including breakdown of epithelial barriers (i.e., ulceration) with
direct inoculation of HIV into the blood (Cunningham et al.,
1985), presence of inflammatory leukocytes that act as targets
(Zhu et al., 2009), and coinfection of cells by HIV and STD path-
ogens. Biological mechanisms responsible for greater HIV trans-
mission rates in the presence of genital herpes infections,

however, are as of yet unknown. Recently, we and others have
suggested that HIV susceptibility of LCs could be directly
enhanced by pathogens and indirectly enhanced by inflamma-
tory factors during STD, thereby leading to more likely sexual
transmission of HIV (de Jong et al., 2008; Ogawa et al., 2009).
In this report, we found that HSV-2 primarily infected epithelial
cells and then markedly enhanced HIV infection in adjacent
LCs. Interestingly, mechanistic studies revealed that LL-37
produced by HSV-2-infected epithelial cells upregulated CD4
and CCR5 on the surface of bystander LCs, thereby enhancing
HIV infection in these cells. These findings may lead to new strat-
egies designed to block sexual transmission of HIV.

RESULTS

HSV-2 indirectly Enhances HIV Susceptibility in LCs via
Interaction with Epithelial Cells

We first examined whether HSV-2 modulates HIV susceptibility
of LCs by using an ex vivo skin explant model, whereby resident
LCs within epithelial tissue are exposed to HIV and then allowed
to emigrate from tissue, thus mimicking conditions that occur
following mucosal exposure to HIV (Kawamura et al., 2000).
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