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ABSTRACT

HIV is a major public health issue, and infection of CD4"
T lymphocytes is one of its key features. Whereas sev-
eral cellular proteins have been identified that facilitate
viral infection and replication, the role of hemichannels
in these processes has not been fully characterized.
We now show that the HIV isolates, R5 and X4, induced
a transient-early (5-30 min) and a later, persistent
(48-120 h) opening of Panx1 hemichannels, which
was dependent on the binding of HIV to CD4 and
CCR5/CXCR4 receptors. Blocking Panx1 hemichan-
nels by reducing their opening or protein expression
inhibited HIV replication in CD4" T lymphocytes. Thus,
our findings demonstrate that Panx1 hemichannels
play an essential role in HIV infection. J. Leukoc. Biol.
94: 399-407; 2013.

Introduction

HIV infects mostly immune cells by binding the viral env pro-
tein gp120 to the host cellular proteins, CD4 and CCR5
and/or CXCR4, resulting in fusion of the viral env with the
cellular membrane. To date, in addition to CD4, CCRb5,
and/or CXCR4, no other plasma membrane proteins have
been identified to participate directly in the process of viral
entry [1]. However, a few studies indicated that upon binding
of the virus to its cellular receptors, intracellular-free Ca** lev-
els rise [2—-4], and opening of nonselective cation channels, as
well as Ca®"-activated K* channels, occurs [5], suggesting that

Abbreviations: AU=arbitrary unit(s), Cr=comparative threshold, Cx=connexin,
env=envelope, Etd=ethidium, F1=flucrescence intensity in each cell,
FB=background fluorescence-intensity measurement, La®* =lanthanum ion,
NIAID=National Institute of Allergy and Infectious Diseases, NIMH=National
Institute of Mental Health, Panx1=pannexint, Prob=probenecid, gRT-PCR=
quantitative RT-PCR, scr=scrambled, SDF-Ta=stroma cell-derived factor-1a,
siRNA=small interfering RNA

The online version of this paper, found at www.jleukbio.org, includes
supplemental information.

0741-5400/13/0094-399 © Society for Leukocyte Biology

signaling and activation of other proteins may be required for
infection and replication. Recently, studies in cell lines,
PBMGs, and human macrophages indicated that ATP release
through pannexin-1 (Panxl) hemichannels is required for
HIV replication [6, 7], supporting the hypothesis that addi-
tional host proteins are required for infection/replication.
Hemichannels are plasma membrane channels that can be
opened at the unapposed cell surface, forming aqueous con-
duits permeable to ions and small molecules (e.g., ATP, gluta-
mate, NAD ", and PGE,). They allow diffusional exchange be-
tween the intra- and extracellular compartments, constituting
a route for autocrine/paracrine cellular communication [8].
Hemichannels are constituted by the oligomerization of six
protein subunits, termed Cxs or Panxs, both highly conserved
protein families encoded by 21 or three genes in humans, re-
spectively [9, 10]. Panx1 hemichannels, in concert with puri-
nergic receptors, have been described to be important in dif-
ferent immune functions, including cellular activation [11-
13], apoptosis [14], stress signals [15], secretion of
inflammatory cytokines [16], and HIV replication [7]. How-
ever, how HIV infection changes the opening of these chan-
nels in primary human CD4" T lymphocytes—one of the
main targets of HIV—remains to be elucidated. Here, we show
that depending on the HIV isolate, the interaction of CD4 and
CCRb5 and/or CXCR4 is crucial for the biphasic Panx1 hemi-
channel opening induced by HIV in human primary CD4" T
lymphocytes. We also found that chemokines that bind CCR5
and CXCR4 increase Panx1 hemichannel activity, but only
early, and more transiently, as compared with the biphasic
opening of Panxl hemichannels in response to HIV infection.
Down-regulation or pharmacological blockade of Panx1 hemi-
channels inhibited HIV replication in CD4" T lymphocytes,
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demonstrating that the opening of these channels is essential
for HIV replication.

MATERIALS AND METHODS

Materials

RPMI medium, FBS, penicillin/streptomycin, and trypsin-EDTA were pur-
chased from Gibco-BRL/Invitrogen (Carlsbad, CA, USA). The HIV isolates,
CXCR4 and CCRb blockers, and blocking antibodies were obtained from
NIH AIDS Research and Reference Reagent Program, Division of AIDS,
NIAID (Germantown, MD, USA). All other reagents were purchased from
Sigma-Aldrich (St. Louis, MO, USA), unless otherwise designated. Cx43%2,
an antibody that blocks Cx43 hemichannels, was kindly provided by Dr.
Jean Jiang (Department of Biochemistry, University of Texas Health Sci-
ence Center at San Antonio, TX, USA).

Isolation of human PBMCs and CD4" T lymphocytes

Anticoagulated blood was obtained from leukopacks obtained from the
New York and New Jersey Blood Centers, as described previously [17].
PBMCs were isolated by underlayering with Ficoll-Paque (Amersham Biosci-
ence, Uppsala, Sweden), according to the procedure described by the man-
ufacturer. Purified PBMCs used in these studies were ~10% monocytes and
~90% lymphocytes and other hematopoietic cells, as determined by incu-
bation with premixed human CD45 and CD14 mAb conjugated to FITC
and PE, respectively (1:50; Caltag Laboratories, Burlingame, CA, USA), fol-
lowed by FACS, as we described previously [18]. To obtain a pure popula-
tion of CD4™ T lymphocytes (92-99% CD4* T lymphocytes), monocytes
were removed from PBMCs by using CD14-coupled magnetic beads, and
subsequently, CD4" T lymphocytes were isolated with CD4-coupled mag-
netic beads (Stemcell Technologies, Vancouver, BC, Canada, or Miltenyi
Biotec, Germany). We also isolated CD4 cells by negative selection and
CD3 cells by positive selection to discount any effects of the isolation pro-
cess on infectivity or viral replication. No differences were found as com-
pared with positive selection.

HIV infection and quantification of replication

Cell-free viral inocula were obtained from NIH AIDS Research and Refer-
ence Reagent Program. Three isolates were used: HIV,,, and HIVy, two
R5 isolates, and HIV, ,;, an X4 isolate. PBMCs and purified CD4" T lym-
phocytes were isolated and activated with PHA (5 ug/ml) plus IL (IL-2; 10
U/ml) in RPMI 1640 for 48 h in polypropylene tubes at a density of 2 X
10° cells/ml. PBMCs and CD4" T lymphocytes were then infected by incu-
bation for 2 or 24 h with viral stocks of HIV,;,, (20 ng p24/ml/1x10°
cells), HIV ,; (20 ng p24/m1/1><106 cells), HIVy,, (12 ng/ml p24/ml/
1x10° cells) or pseudotyped with env protein from R5 JRFL (20 ng p24/
ml/1X10° cells), washed thoroughly, resuspended in fresh medium, and
maintained in polypropylene tubes. No differences in the Panx1 hemichan-
nel opening induced by the virus were detected when infection was per-
formed for 2 or 24 h (data not shown). Uninfected control cells were acti-
vated with PHA plus IL-2 for 48 h, washed, and maintained in polypropyl-
ene tubes in fresh media without any virus. Experiments using chemokines
did not show any differences in the Panx-1 hemichannel opening in the
presence or absence of PHA or IL-2 (data not shown). To determine the
levels of HIV infection, the amount of HIV-p24 released into the medium
was determined by ELISA (PerkinElmer, Boston, MA, USA).

Dye uptake and time-lapse fluorescence imaging

To characterize the functional state of Panx1 hemichannels, dye-uptake
experiments using ethidium (Etd) bromide were performed as described
previously [19, 20]. Cells were washed twice in HBSS and then exposed to
Locke’s solution (containing 154 mM NaCl, 5.4 mM KCl, 2.3 mM CaCl,,

5 mM HEPES, and pH 7.4) with 5 uM Etd, and time-lapse microscopy was
performed. Phase-contrast and fluorescence microscopy with time-lapse im-
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aging were used to record cell appearance and fluorescence-intensity
changes in each condition. Fluorescence was recorded every 30 s. The NIH
Image] program was used for off-line image analysis and fluorescence
quantification. For data representation and calculation of Etd uptake
slopes, the average of two independent FBs (expressed as AU) was sub-
tracted from F1. Results of this calculation (F1—FB), for at least 20 cells,
were averaged and plotted against time (expressed in minutes). Slopes
were calculated using Microsoft Excel software and expressed as AU/min.
Microscope and camera settings remained the same in all experiments.
Dead cells or cells with a damaged plasma membrane were clearly identi-
fied during the time-lapse microscopy as a result of their nonspecific Etd
uptake, determined by lack of time dependency and stability in dye uptake
(not inhibited by hemichannel blockers), and were not quantified.

Flow cytometry

To measure Etd uptake in CD4™ T cell populations, FACS analysis was per-
formed in cells under control conditions or after HIV exposure at several
time-points. Etd uptake experiments were performed in CD4" lymphocytes
(3-5X10°), and after the respective time of Etd uptake, cells were fixed
with 2% paraformaldehyde for 30 min at room temperature, incubated
with 1% BSA in PBS for 30 min, and stained with CD4 antibody for 30 min
at 4°C. For analyses of Etd-positive populations, 10,000 events were ac-
quired on a FACSCanto II or Accuri C6 flow cytometer (BD Biosciences,
San Jose, CA, USA) and analyzed using FlowJo (TreeStar, Ashland, OR,
USA) software, as we described previously [18, 21].

siRNA and peptides

Three unique 27mer siRNA duplexes against human Panx1 were prede-
signed and obtained from Origene (Rockville, MD, USA). siRNA (10 nM)
transfection was performed with Oligofectamine (Invitrogen, Life Technol-
ogies, Carlsbad, CA, USA), according to the Origene application guide for
Trilencer-27 siRNA, and minimal cell death was detected after transfection.
Experiments were carried out 2 days post-transfection. In addition, we used
a siRNA to Cx43 that targeted an irrelevant protein not involved in HIV
infection of immune cells. siRNA to Cx43 did not change HIV infection or
replication (data not shown). The sequences of the siRNA are from Ori-
gene. The Panx1 mimetic blocking peptide '"Panx1 (WRQAAFVDSY) and
the scramble peptide (FADRYWAQVS) were synthesized by PeproTech
(Rocky Hill, NJ, USA).

qRT-PCR

Cultured CD4" T lymphocytes (2X10° cells/ml in 5 ml) were transfected
with oligofectamine (Invitrogen, Life Technologies) containing siRNA A, B,
and C (Origene) for 2 days, as described above. Total RNA was extracted
using TRIzol (Invitrogen, Life Technologies) and the phase-lock system
(Eppendorf, Hauppauge, NY, USA), following the manufacturer’s instruc-
tions. cDNA synthesis was performed using 2 ug total RNA using the iSript
c¢DNA synthesis kit (Bio-Rad, Hercules, CA, USA), according to the manu-
facturer’s instructions. The amplified cDNA was used to amplify and quan-
tify GAPDH and Panx1l mRNA expression by qPCR using ABsolute Blue
qPCR SYBR low ROX mix in a StepOnePlus thermocycler (Applied Biosys-
tems, Life Technologies, Carlsbad, CA, USA). The primers used corre-
spond to GAPDH forward: 5'-GAGAAGTATGACAACAGCCTCAA-3',
GAPDH reverse: 5'-AGTCCTTCCACGATACCAAAG-3'; Panx1 forward: 5'-
AGAAGAATGCCCGACAGAGA-3', Panx 1 reverse: 5'-TTGCAAACCAGCT-
GTGAAAC-3'. The program used was denaturation for 15 min at 95°C and
40 cycles of denaturation, 15 s at 95°C; anneal, 30 s at 60°C; and amplifica-
tion, 30 s at 72°C. Expression was determined using the AAC; method (Ap-
plied Biosystems, Life Technologies), according to the C; values.

Statistical analysis

Student’s two-tailed, paired ttest was used to compare the different groups.
A value of P < 0.005 was considered significant.
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RESULTS

HIV infection of primary human PBMCs and CD4" T
lymphocytes induces opening of Panxl hemichannels
but not of Cx43 hemichannels

To identify the HIV-induced hemichannel opening in PBMCs
and CD4" T lymphocytes, we evaluated the effect of two R5
viruses—HIV . and HIVy,,, 20 ng/ml and 12 ng/ml, re-
spectively—and one X4 virus—HIV ,;, 20 ng/ml—by mea-
suring the rate of uptake of Etd (5 uM). Etd only crosses
the plasma membrane in healthy cells by passing through
specific large channels, such as Cx and Panx hemichannels,

and its intracellular fluorescence is reflective of channel
opening [22-24]. Our results indicated that HIV,,, in-
duced an early and transient (5-30 min) increase in the Etd
uptake rate that returned to near-baseline levels at ~30 min
and remained at that level for the following 24 h in PBMCs
and CD4" T lymphocytes (Fig. 1A and B). At 48 h, the Etd
uptake rate increased, reaching maximal values at 72 h,
which was subsequently maintained or gradually decreased
to control values up to 120 h, the last time-point assayed,
depending on the viral isolate used (Fig. 1A and B). In ad-
dition, HIVy,, and HIV| ,; induced similar responses of Etd
uptake in response to HIV infection in PBMCs, CD3" (not
shown), and CD4" T lymphocytes (Fig. 1C and D). HIVy,,
is a purified virus that lacks cytokines and other factors re-
leased that may be present in HIV stock-culture superna-
tants. We also purified the LAI virus, an X4-dependent vi-
rus, by ultracentrifugation and had similar results in Etd
uptake compared with the unpurified virus (data not
shown). Thus, our data indicated that HIV and no contami-
nant from the virus isolation process induced the hemichan-
nel opening. No significant changes in Etd uptake were de-
tected in uninfected cells (Fig. 1A-D). Representative exam-
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ples of Etd uptake in single experiments at 5 min (Fig. 1E)
or after 72 h (Fig. 1F) of HIV,,, exposure are shown. We
detected a minimal opening of the Panxl hemichannel in
untreated conditions, but the mechanisms involved in this
basal opening require further examination.

To identify whether Panx1 hemichannels were involved in
the HIV-induced Etd uptake in PBMCs and CD4" T lym-
phocytes, we down-regulated Panx1 protein expression us-
ing siRNA. Three siRNAs (siRNA A, B, and C) to Panxl
were tested by transfection of CD4™ T lymphocytes, as de-
scribed in Materials and Methods. Each siRNA reduced
Panx1 protein expression, as determined by Western blot
(Fig. 2A). The siRNA B and C to Panxl were the most effec-
tive in reducing Panx1 protein expression in CD4" T lym-
phocytes (Fig. 2A). Thus, siRNA B or C to Panxl was used
in the subsequent experiments. qRT-PCR experiments con-
firmed that transfection of siRNA C into CD4" T lympho-
cytes reduced Panxl mRNA expression from a Cy value of
12.3 = 0.7 cycles in control conditions to a Cp of 23.5 * 2.5
cycles after transfection of siRNA C (Fig. 2B). Amplification
of GAPDH as a loading control did not show any significant
alterations in C. values, as values for control conditions
were 16.7 * 0.2 and after Panx1 siRNA transfection, were
16.9 = 0.2 (Fig. 2B; n=3). Based on the kinetics of the
Panx1 hemichannel opening in response to HIV, we se-
lected two representative time-points of the early and late
events of opening to perform blocking experiments (5 min
and 72 h). Knockdown of Panx1 using siRNA in PBMCs and
CD4" T lymphocytes reduced the Etd uptake rate induced
by HIV 4 (Fig. 2C and D), HIVy,, (Fig. 2E), and HIV| 5,
(Fig. 2F) to almost undetectable control levels (uninfected
cells) at the two representative time-points: 5 min and 72 h
(Fig. 2C-F). *"Panx1 siRNA or siRNA to Cx43 (data not

Figure 1. HIV increases Etd uptake in
a biphasic manner in human primary
PBMCs and CD4" T lymphocytes.
(A-D) Time course of Etd uptake
rate obtained from PBMCs or CD4™"
T lymphocytes under control condi-
tions (squares) or after infection
with HIV (circles), 0-120 h. PBMCs
infected with HIV,p,, (A) and CD4"
T lymphocytes infected with HIV 5
(B), HIVyy, (C), or HIV, ; (D). (E
and F) Representative time-lapse
measurements of Etd uptake in
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shown), a protein not involved in HIV infection or replica-
tion, did not alter the HIV-induced increase in Etd uptake
rate (Fig. 2C-F; siRNA*"). To support further the involve-
ment of Panx1 hemichannels in the HIV-induced Etd up-
take rate, specific blockers against these channels were
used. Two Panxl hemichannel blockers—the mimetic pep-
tide 'Panx1 (200 uM) and Prob (500 uM) [25, 26]—com-
pletely reduced the HIV, -induced Etd uptake rate in
PBMCs (Fig. 2C) and CD4" T lymphocytes (Fig. 2D). Simi-
lar results were obtained when these blockers were used to
inhibit the Etd uptake rate induced by HIVy,, and HIV| 4,
in CD4" T lymphocytes (Fig. 2E and F). No toxic or non-
specific effects of these blockers alone were detected at all
time-points, as determined by trypan blue and TUNEL stain-
ing (data not shown). All of these results indicate that
Panx1 hemichannels are responsible for the HIV-induced
Etd uptake in PBMCs and CD4" T lymphocytes. In contrast,
La®", a general Cx hemichannel blocker, or Cx43%2, an an-
tibody that blocks Cx43 hemichannels at several concentra-
tions, as described previously [23, 27, 28], did not affect the
HIV-induced Etd uptake rate (Fig. 2C-F), suggesting that
Cx43 hemichannels do not participate in this process.

We also used FACS analyses to demonstrate that HIV induces
Panx1 hemichannel activity in CD4" T lymphocytes. FACS analy-
ses were performed on CD4" T lymphocytes used for Etd uptake
and live cell imaging for 5 min and 72 h postHIV,,, exposure.

A B

The first column of Fig. 3A and B corresponds to dot plots repre-
senting the purity and populations of cells analyzed at both time-
points (Fig. 3A and B). The second column represents the CD4
and Etd staining at both time-points. HIV,y,, infection of CD4*
T lymphocytes showed a prominent Etd uptake in all cells at 5
min (Fig. 3A; HIV,,,) and 72 h (Fig. 3B; HIV,,,) compared
with uninfected cells (Fig. 3A and B; control cells) or non-Etd-
treated cells (Fig. 3A and B; negative control). Moreover, the in-
crease in Etd uptake induced by the exposure to HIV,,,, (Fig.
3A and B; HIV,,,) was blocked by Panx1 siRNA (Fig. 3A and B).
Histogram analyses after 5 min (Fig. 3C) and 72 h (Fig. 3D)
postinfection summarize the data showed in the dot plots. Figure
3E summarizes all of the data obtained using Etd uptake ana-
lyzed by FACS. HIV infection increased Etd uptake (representa-
tive time-points are shown, 5 min and 72 h) in a Panx1 hemi-
channel-dependent manner in CD4" T lymphocytes. Blockers of
Panx1 hemichannels, including Prob, %Panx1, and siRNA, re-
duced to control conditions (100%) Etd uptake induced by the
virus at both time-points (Fig. 3E).

Binding of HIV to its cellular receptors—CD4 and
CCR5 or CXCR4 —results in opening of Panx1
hemichannels in CD4" T lymphocytes

HIV entry into immune cells is dependent on viral tropism
mediated by interaction of the viral envelope with CD4 and
CCR5 and/or CXCR4. To evaluate whether binding of the vi-
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Figure 2. HIV increases the activity of Panx] hemichannels in human
primary CD4* T lymphocytes. (A) Total levels of Panx1 in CD4" T
lymphocytes under control conditions (Ctrl) or after transfection for
48 h with three different siRNAs (siRNA A, B, and C) to Panxl hemi-
channels were analyzed by Western blot. HeLa cells transfected with
Panx1 were used as a positive control of Panx] protein expression
[(+)]. Loading controls, analyzed by probing for GAPDH, are also
shown. (B) Representative example of qRT-PCR curves of Panxl
mRNA expression in control (cyan line) and after transfection of
siRNA to Panx1 (light green line). GAPDH was used as a control (yel-
low and red lines). The negative control without enzyme did not show
any amplification (dark red line). (C and D) Etd uptake rate for
PBMCs exposed to HIV,,, (C); CD4" T lymphocytes exposed to
HIV,p, (D), HIVy, (E), or HIV, ,; (F) after 5 min (black bars) or 72
h (gray bars). (C-F) Control (Con), uninfected conditions are shown.

Addition of Cx43 hemichannel blockers, Cx43"2 (1:500 dilution) and La®*" (200 uM), did not affect the Etd uptake rate induced by the virus. In con-
trast, Panx1 hemichannel blockers, Prob (500 uM) and '°Panx1 (200 uM), completely blocked Etd uptake rate induced by the virus. The negative con-
trol using a *“"Panx1 peptide (200 uM) did not affect Etd uptake rate induced by the virus. Cells were transfected with siRNA C for Panx1 or with the
appropriate siRNA*" (both 10 nM), and Etd uptake rate was analyzed. siRNA for Panxl, but not scramble control, reduced Etd uptake rate induced by
the virus. Each value corresponds to the mean * sp of the Etd intracellular intensity present in at least 20 cells/time-point (n=4; *P<0.005).
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Figure 3. HIV exposure/infection of CD4* T lymphocytes results in opening of Panx1 hemichannels as quantified by FACS. (A and B) FACS analy-
sis showing Etd uptake in CD4" T lymphocytes after 5 min (A) or 72 h (B) of HIV exposure. (A and B, left) Sidescatter (SSC) versus forward-scatter (FSC) of
the cells to demonstrate the purity and selection of the CD4" population of lymphocytes; (right) CD4 staining versus Etd uptake for each condition. Unstained
Etd conditions (Negative Control) showed no staining for Etd, whereas untreated cells (Control) showed minimal Etd uptake compared with HIV,p, -treated
cultures (HIV,p,,) for 5 min (A) or 72 h (B). Cells transfected with siRNA for Panx1 abolished the Etd-uptake increase induced by the virus at both time-
points (A and B; siRNAP*™!+HIV,;,). (C and D) Representative histograms of FACS staining using unstained cells (Negative Control, red lines), con-
trol conditions with Etd (blue lines), after exposure to HIV,,, (orange lines), after siRNA*" + HIV,p,, (light green lines), or after siRNA™™! + HI-
Vapa (dark green lines). MFI, Mean fluorescence intensity. (E) Quantification of data from five independent experiments using FACS analysis showed
that blocking of Panx1 hemichannels with Prob, '°Panx1, or siRNA"***! reduced Etd uptake induced by HIV,;,, in CD4" T lymphocytes. Fach value
corresponds to the mean * sp of the Etd intracellular intensity, present in at least 20 cells/time-point (=4 independent CD4™ T lymphocyte isolations;
*P<0.005).
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rus to its receptors was required for opening of Panx1 hemi-
channels, Etd uptake experiments were performed in human
CD4" T lymphocytes exposed to HIV,;,, (CCR5-dependent),
HIVy,, (CCR5-dependent), or HIV| ,; (CXCR4-dependent) in
the presence or absence of CD4 or CCRb receptor blockers.
Trimeris/T-20 (Roche, Basel, Switzerland; obtained from the
AIDS NIH Repository; 1 wg/ml), a blocker of viral fusion me-
diated by CD4 receptors in CD4" T lymphocytes, inhibited the
Etd uptake induced by all three viruses tested at 5 min and 72
h postinfection (Fig. 4A and B). TAK-779 (100 ng/ml; [29]), a
potent inhibitor of the binding of HIV to its coreceptor CCR5
[30], or AMD3100 [31], a potent inhibitor of the binding of
HIV to its coreceptor CXCR4 (300 ng/ml; [29]), reduced the
Etd uptake, according to the viral isolate used (Fig. 4A and B).
In addition, experiments using a pseudotyped virus with env
protein from R5 JRFL only recapitulated the early events of
the Panx1 hemichannel opening and not the latter events
(Supplemental Fig. 1C). These results demonstrate that the
HIV-induced Panx1 hemichannel activity requires binding of
the virus to CD4, as well as to its corresponding chemokine
receptor.

Binding of chemokines to the receptor CCR5 or
CXCR4 results in a transient Panx]1 hemichannel
opening

To examine whether chemokines that bind CCR5 or CXCR4
also induced opening of Panx1 hemichannels, a time course
of Etd uptake, as described in Fig. 1, was performed. Addition
of RANTES/CCL5 (100 ng/ml), a physiological ligand for
CCRb, resulted in a fast and extremely transient increase (only
5 min) of Etd uptake in CD4" T lymphocytes (Fig. 4C) com-
pared with HIV exposure. However, HIV maintained the open-
ing of the Panxl hemichannel for a longer time, up to 30

Figure 4. The HIV-induced Panx1
hemichannel opening occurs by a
CD4 and a CCR5/CXCR4-bind-
ing/fusion-dependent mechanism.
A fusion inhibitor (T-20), CCR5
blocker (TAK-779), or CXCR4
blocker (AMD3100) on Etd up-
take, induced by HIV,,, (black
bars), HIVy,, (white bars), and
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min, compared with the chemokines (compare with Fig. 1),
suggesting a different mechanism of opening. Similar results
were obtained for MIP-1a/CCL3 (100 ng/ml) and MIP-18/
CCL4 (100 ng/ml), both ligands for CCR5 (data not shown).
In addition, the chemokine ligand for CXCR4, SDF-1a/
CXCL12 (100 ng/ml), induced a similar transient increase in
Etd uptake (Fig. 4D), as occurred with RANTES (Fig. 4C).
However, no chemokine treatment reproduced the later stages
of Etd uptake induced by HIV infection (Fig. 4C and D; com-
pared with Fig. 1). The increase in Etd uptake induced by
chemokines in CD4" T lymphocytes was reduced by Panx1
hemichannel blockers, but not by Cx43 hemichannel block-
ers, in a similar manner as seen for HIV infection (Fig. 4E
and F). Negative controls using scrambled peptides or
siRNA*“" did not alter the Etd uptake induced by these
chemokines (Fig. 4E and F). In addition, we found that the
purified viral env protein gp120 (1 wg/ml) also induced a
transient Etd uptake at 5 min (Fig. 1A and Supplemental
Fig. 1). The gp120-induced Etd uptake was inhibited by using
Prob, '°Panx1 and siRNA"™™', demonstrating that Panx1 he-
michannels are opened in response to gpl20s binding (Fig. 1B
and Supplemental Fig. 1A and B). No effects of scramble pep-
tides (*"Panxl) or siRNA*" were detected (Fig. 1B and Sup-
plemental Fig. 1A and B). These data indicate that all known
physiological ligands for CCR5 and CXCR4, as well as a viral
env protein, increase the Panx1 hemichannel opening in
CD4" T lymphocytes. However, our results using functional
virus, and the fusion blocker T-20 indicated that there are at
least three mechanisms by which Panx1 hemichannels can be
open. The first mechanism is dependent of Panxl channel
opening mediated by binding chemokines to their receptors.
A second mechanism mediated by binding gp120 to CD4 and
to the respective chemokine receptor. Lastly, the Panx1 hemi-
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channel opening mediated by the virus in a long-lasting and
biphasic manner, suggesting that other stages of the viral life
cycle, such as fusion, are also required for opening of these
channels.

Opening of Panx] hemichannels in response to HIV
infection is required for efficient HIV replication in
CD4" T lymphocytes

To examine whether opening of Panxl hemichannels induced
by HIV was required for viral replication in CD4" T lympho-
cytes, we used the mimetic peptides '°Panx1 and siRNA to
Panx1. These treated cells were then infected with HIV 44,
and viral replication was determined by HIV-p24 ELISA of su-
pernatants collected each day for 7 days, as we described previ-
ously [18, 21, 32, 33]. 1%Panx1 (200 M) and the Panx1 siRNA
dramatically reduced HIV replication in CD4" T lymphocytes at
all times tested (Fig. 5A—C). Negative controls using *“"Panx1,
siRNA to Cx43, or siRNA*" did not alter HIV replication (Fig.
5C, and data not shown). Thus, activation of Panx1 hemichan-
nels in CD4" T lymphocytes is essential for HIV infection and
replication.

DISCUSSION

Our results demonstrate that HIV causes opening of Panx1
hemichannels in a biphasic manner during infection of
PBMCs and CD4" T lymphocytes. The mechanism of the
Panx1 hemichannel opening in response to HIV involved
binding/fusion of the virus to its receptors CD4 and CCR5/
CXCR4. However, opening of Panx] hemichannels was not
dependent on differences in viruses using X4 and R5 viral
strains. T cells express higher amounts of CXCR4; thus, other

A B
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proteins, including CD4, may also be playing a role in promot-
ing opening of Panxl hemichannels. In addition, we found
that chemokines that bind CCR5 and CXCR4, as well as the
recombinant viral env protein gpl20, resulted in a more tran-
sient opening of Panxl hemichannels (only 5 min) compared
with the early opening of the channels in response to HIV in-
fection (5-30 min). Chemokines, recombinant viral env pro-
tein gp120, or a single round-replication virus did not mimic
the later events of Panx1l hemichannel opening (48-120 h).
We also demonstrated that the Panx1 hemichannel opening
was required for HIV replication in CD4" T lymphocytes.
Thus, we propose that Panx1 hemichannels are critical host
proteins required for HIV infection and replication in CD4" T
lymphocytes.

HIV infects immune cells by binding its env protein gp120
to host CD4 and then CCR5 and/or CXCR4 receptors, de-
pending on the viral tropism [34-37]. In addition to the well-
described binding of HIV to its receptors and viral fusion, sig-
naling in response to binding of gp120 occurs, such as in-
creased intracellular-free Ca**
and opening of nonselective cation channels and Ca®"-acti-
vated K" channels [5]. The identity of these nonselective cat-
ion channels remained unknown. We now propose that the
Panx1 hemichannel is one of these channels.

and G-protein signaling [2-4]

It was estimated that four to six CCR5 receptors and several
CD4 receptors need to cluster together to bind several HIV
env proteins to form a fusion pore [38, 39]. The probability of
several CD4 and CCR5 and/or CXCR4 molecules coming to-
gether naturally in the membrane is low, so there must be a
cellular response that facilitates the formation of this fusion
pore [40], likely by a mechanism that involves lipid rafts and
actin rearrangements [41-43]. We propose that some of these
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Figure 5. Blockade of Panx1 hemichannels abolishes HIV replication in CD4* T lymphocytes. (A and B) ELISA for HIV-p24 release in uninfected
(squares) or HIVp-infected (circles) CD4" T lymphocytes. (A) Blockade of Panx1 hemichannels by using mimetic peptides (**Panx1, 200 uM,
upright triangles) or (B) knockdown of Panxl by using siRNA (upright triangles, 10 nM) abolished HIV replication to almost control, undetect-
able levels (squares). Scrambled peptides and siRNA*" (downward triangles) did not alter viral replication. (C) Summary of three independent
experiments after 7 days postinfection of CD4" T lymphocytes. HIV-p24 release into the media in the presence or absence of the Cx43 hemichan-
nel blocker Cx43%% (1:500 dilution), Panx1 hemichannel blocker, '“Panx1 (200 uM), and **"Panx1 (200 uM) are shown (*P<0.005). No differ-
ences in viability were observed among the different conditions. Each value corresponds to the mean * sp of the Etd uptake intensity of at least

20 cells/time-point (n=4 for all experiments).
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functions are controlled by opening of Panx1 hemichannels in
response to HIV exposure. Opening of Panx1 hemichannels
results in changes in ionic gradients, as well as release of sev-
eral factors, including ATP [12-14, 19, 44], which is a regula-
tor of the channel but also is a signaling molecule that can
activate purinergic and adenosine receptors in an autocrine
and paracrine manner [11, 24, 45, 46]. In agreement, P2Y,
receptors have been implicated recently in HIV replication in
T cell lines and PBMCs [7]. Our results in human macro-
phages demonstrated that ATP and purinergic receptors are
essential for HIV infection and replication [6, 47]. All chemo-
kines that bind CCR5 or CXCR4 opened Panx1 hemichannels
transiently (only 5 min), whereas the time course of opening
induced by the virus was longer, suggesting key differences in
signaling and regulation of Panx1 hemichannel gating acti-
vated by HIV and chemokines. In agreement, calcium imaging
studies demonstrated that HIV gp120 protein as well as
chemokines that bind CCR5 and CXCR4 elicit different cal-
cium signaling, which likely depends on binding characteristics
to the respective chemokine receptors [5]. The later events of
activation of Panx1 hemichannels and the molecules that in-
duce this constant opening from 24 h to 72 h postinfection
are unknown. These differences in signaling are unknown and
warrant further investigation to dissect both mechanisms. How-
ever, we propose that part of this Panx1l hemichannel opening is
mediated by the synthesis of new viral particles and subsequent
infection of new and superinfection of previously infected cells.
In agreement, infection of CD4" lymphocytes with a single-round
replicating virus only recapitulated the initial opening of Panx1
hemichannels but not the second, later events.

Our proposed mechanism of how and when Panx] hemi-
channels participate in HIV infection and replication in CD4"
T lymphocytes is that upon binding/fusion of the virus to its
host cellular receptors, signaling occurs, allowing the virus to
infect the target cell. These signals result in opening of Panxl
hemichannels, resulting in changes in ionic gradients and re-
lease of second messengers, including ATP and its subproducts
that activate extracellular ATP, ADP, and adenosine receptors,
which ultimately signal to facilitate HIV infection of CD4" T
lymphocytes. However, we cannot rule out, as described above,
that Panx1 hemichannels, also participate in recruitment of
cellular receptors to areas of viral fusion, especially based on
our results obtained using the fusion inhibitor, T-20, which
inhibits viral-cell fusion and still can affect other stages of the
viral fusion process.

Thus, we propose that Panxl hemichannels are additional
host proteins required for HIV infection and replication. Fur-
ther studies on the mechanisms that control the opening, clos-
ing, and potential changes in expression of Panx1l hemichan-
nels during infection could provide a valuable basis for the
design of new, therapeutic interventions to reduce HIV infec-
tion of immune cells.
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