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ABSTRACT

As expression of Cxs in cells of the immune system in-
creases upon cellular activation, we investigated
whether Cxs and especially CxHcs play a major role
during T cell-mediated responses. In particular, we
studied the expression of Cx43Hc following CD4* T cell
stimulation using flow cytometry, real-time PCR, and
Western blot analysis. We showed that expression of
Cx43 and its phosphorylated isoforms increased in re-
sponse to the engagement of CD3 and CD28. Cx43Hcs
were found to be involved in sustaining proliferation of T
cells, as assessed by cell cycle staining, thymidine in-
corporation assays, and CFSE analysis of cells exposed
to mimetic peptide inhibitors of the plasma membrane
Cx channels and antibodies generated to an extracellu-
lar region of Cx. The reduction of T cell proliferation me-
diated by Cx channel inhibitors suppressed cysteine up-
take but not cytokine production. We conclude that upon
antigen recognition, T cells require CxHc to sustain their
clonal expansion. J. Leukoc. Biol. 88: 79-86; 2010.

Introduction

Cxs have emerged as important components of the cell com-
munication technology. They function as hexameric Hcs at
unopposed regions of the cell surface or as dodecameric “dou-
ble” channels that comprise gap junction plaques. Over 20 Cxs
are found in human and mouse genomes, and as cells often
express more than one Cx type, channels may be homomeric
or heteromeric [1].

Gap junction channels and CxHcs differ: Gap junction chan-
nels are open, whereas CxHcs are unattached, single channels
but may open under conditions of stress (e.g., osmotic, me-
chanical, ischemic). Gap junctions are strongly adhesive dou-
ble channels, whereas CxHcs are unattached channels. Lastly,
gap junctions connect the cytoplasms of adjacent cells directly,
whereas CxHcs, in open configuration, link the cytoplasm with
the outside milieu. Both structures can allow intercellular sig-

Abbreviations: Cx=connexin, CxHc=connexin hemichannel, DC=dendritic
cell, EL-1=first extracellular loop, Hc=hemichannel, LAT=linker for activa-
tion of T cell, TT=tetanus toxoid
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naling. Molecular/ionic trafficking through CxHc has been
easier to analyze and includes ATP, Ca®", cAMP, NAD, glu-
cose, glutathione, and glutamate [2].

Gating of Cx channels is poorly understood but may involve
interaction of the cytoplasmic loop with the carboxyl tail [3].
Although the precise mechanism by which CxHcs are regu-
lated is unclear, one possibility is that phosphorylation of
amino acids in the cytoplasmic tail may play a key role [4-6].

Cx40 and Cx43 are widely expressed by cells of the immune
system with monocytes, DCs, and NK, B, and T cells expressing
these Cxs on their plasma membrane [7, 8]. Up-regulation of
Cx expression by proinflammatory molecules such as LPS or
IFN-y has been reported [9]. Cx-based gap junction communi-
cation is involved in peptide antigen transport between DCs, a
mechanism that is likely to participate in antigen cross-presen-
tation [10]. Gap junctions are also implicated in leukocyte
transmigration across the endothelium, in secretion of cyto-
kines and Igs, and in cross-talk between macrophages and lym-
phocytes [11-13].

The purpose of this study was to investigate the role of
CxHc in CD4" T cells following cell stimulation. Our results
show that a reorganization of CxHc expression occurred upon
T cell activation. This is possibly related to a role that CxHcs
play in sustaining T cell proliferation.

MATERIALS AND METHODS

Cell culture and flow cytometry

PBMC from healthy donors were prepared by Ficoll-Hypaque density gradi-
ent centrifugation. RPMI 1640 supplemented with L-glutamine, antibiotics,
20 mM Hepes, and 10% FCS was used in all in vitro assays. CD4"CD25~ T
cells were sorted prior to analysis with mouse anti-human CD4-PerCy5 (BD
Bioscience, San Jose, CA, USA) and CD25™ allophycocyanin (BD Bio-
science) antibodies. For intracellular staining of Cx43, CD47CD25™ T cells
were treated with Cytofix/Cytoperm (BD Bioscience) prior to staining and
analysis by flow cytometry. Mouse anti-human CD3 antibody (clone
UCHTTI; BD PharMingen, San Diego, CA, USA) and mouse anti-human
CD28 antibody (BD PharMingen) were used to stimulate lymphocytes in
vitro. Immunoprecipitation was performed using a rabbit anti-Cx43 anti-
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body (clone C6219; Sigma Chemical Co., St. Louis, MO, USA). We used
BD Imag"™ anti-human CD8 particles (BD Bioscience) to isolate CD8" T
cells.

The following antibodies were used: rabbit anti-human phospho-Cx43
(Ser368; Cell Signaling, Beverly, MA, USA), anti-phosphotyrosine 4G10
(Millipore, Bedford, MA, USA), mouse anti-Cx43 (clone CX-1B1; Zymed,
San Francisco, CA, USA), rabbit anti-Cx43 (Zymed), rabbit anti-Cx43
(Sigma Chemical Co.), and rabbit Gap7M, a polyclonal antibody that rec-
ognizes the EL-1 of several Cxs [14, 15]. We used the following secondary
antibodies: Fab goat anti-rabbit Alexa Fluor® 633 or Alexa Fluor® 488 and
Fab goat anti-mouse Alexa Fluor® 633 or Alexa Fluor® 488 (Molecular
Probes, Eugene, OR, USA). For all of the experiments, we used isotype
controls or 1% of a commercially available rabbit serum.

Immunogold labeling of ultrathin cryosections

CD4" T cells were fixed in a mixture of 2% paraformaldehyde in phos-
phate buffer 0.2 M, pH 7.4, at 4°C. Fixed cells were processed for ultrathin
cryosectioning as described previously [16]. Immunogold labeling was per-
formed using a rabbit anti-Cx43 (Zymed) in combination with Protein A
coupled to 10 nm or 15 nm gold particles. Contrast was obtained with a
mixture of 2% methylcellulose (Sigma Chemical Co.) and 0.4% uranyl ace-
tate pH 4 (EMS, Hatfield, PA, USA). Samples were viewed under a CM10/
CMI12 Philips electron microscope (Eindhoven, The Netherlands).

Real-time RT-PCR

Cells were stimulated for 1 h with an anti-CD3 antibody-coated plate and
soluble anti-CD28 antibody. RNA from unstimulated or stimulated CD4* T
cells was prepared using a RNAeazy (Qiagen, Valencia, CA, USA) and RT
carried out using a QuantiTect RT kit (Qiagen). The resulting cDNAs were
submitted to quantitative real-time PCR analysis. We used a human
KIAA1432 gene (Qiagen) to amplify the Cx43 and human RRN18S (18S
rRNA; Qiagen) as a control gene. SYBR Green PCR master mix (Qiagen)
was used in PCR reactions. We used an ABI PRISM® 7700 sequence detec-
tion system programmed as follows: an initial step of 2 min at 50°C and 10
min at 95°C, followed by 40 cycles of 10 s at 95°C and 1 min at 60°C. Each
reaction was performed in duplicate. Amplification of Cx43 was calculated
using the spreadsheet for the Pfaffl equation [17], available on line
(http://pathmicro.med.sc.edu/pcr/per-pfaffl.htm).

Stimulation of T cells for Western blot analysis and
ELISA

Purified CD4"CD25 cells were stimulated overnight with anti-CD3 anti-
body and soluble anti-CD28 antibody as described. Untreated T cells were
analyzed in parallel with stimulated T cells. For Western blot analysis of
plasma membrane-associated Cx43, cell-surface biotinylation was performed
using EZ-link sulfo-NHS-SS-biotin (Pierce, Rockford, IL, USA). Biotinylated
cells were lysed at room temperature in 0.2% of SDS-TBS buffer (pH 8.0)
containing a mixture of protease inhibitors (Roche Applied Science, India-
napolis, IN, USA). After protein extraction and quantification, samples
were diluted tenfold and 30 mg-immunoprecipitated and captured on pro-
tein G-Sepharose (Sigma Chemical Co.). Samples were washed with 1%
Triton X-100/TBS and resuspended in 800 ul TBS. Four hundred microli-
tres were incubated with alkaline phosphatase for 1 h at 37°C as described
previously [18], diluted in Laemmli sample buffer, and resolved by SDS-
PAGE in nonreducing conditions. Streptavidin-HRP (BD Pharmingen) was
used as a detection method, and ECL, using West Pico chemiluminescent
substrate (Pierce), was used to visualize the reaction. Otherwise, cells were
lysed and added to an ELISA plate coated previously with rabbit anti-Cx43
(Sigma Chemical Co.). The analysis was done in triplicate using a JASCO
CD (Easton, MD, USA) spectrometer for densitometric analysis.

T cell proliferation assay

Polyclonal activation of CD4"CD25 T cells (5X10°) was performed using 1
pg/ml soluble CD3 antibody and 0.5 ug/ml soluble CD28 antibody. Irradi-
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ated PBMC were used as feeder cells (2X10°), which were cultured for 5
days with or without Gap27 (amino acid sequence SRPTEKTIFII) mimetic
peptide designed from the EL-2 of Cx43. Cells were cultured in parallel
with the scrambled Gap27 peptide (SITIRFTPEKI) used as a control. T cell
proliferation was assessed by *H-thymidine incorporation during the last
16-18 h of culture. We used 100 ug/ml TT (Aventis Pasteur, Lyon,
France) to assess antigen-specific T cell responses. Autologous PBMC
(2.5X10°) were prepulsed with TT for 12 h and then irradiated and incu-
bated for 5 days with TT-specific CD4™ T cells (in-house-generated cell line
from a healthy donor; 5X10°). Proliferation was assessed by *H-thymidine
incorporation during the last 16-18 h of culture. In related experiments,
isolated CD4" or CD8 T cells were stimulated with magnetic beads coated
with anti-CD3/CD28 antibodies (Dynabeads, Invitrogen, Carlsbad, CA,
USA) and cultured for 5 days in the presence or absence of 10 ug/ml
Gap7M. We also used 100 uM oleamide (donated by Prof. Paolo Meda,
University of Geneva, Switzerland) as a chemical inhibitor of CxHc [19].
Proliferation was also assessed by CFSE staining (Molecular Probes, Invitro-
gen). Cells were CFSE-stained prior to stimulation with anti-CD3/CD28-
coated magnetic beads. Gap7M was used as described above, and cells were
analyzed by flow cytometry after 5 days in culture. Rabbit serum was used
as control.

Cell cycle analysis

Cells were activated in vitro for 72 h as described above and cell pellets
collected by centrifugation and fixed in ethanol for 1 h at 4°C. Samples
were incubated with RNase, 2 mg/ml, and propidium iodide, 5 ug/ml
(Sigma Chemical Co.), for 15 min at 4°C. DNA content was measured us-
ing FACScan flow cytometer (Becton Dickinson, San Diego, CA, USA). His-
tograms of cell numbers versus linear-integrated red fluorescence were re-
corded. Cell cycle analysis was obtained by a FlowJo program.

Statistical analysis

Unless otherwise stated, all experiments were carried out in triplicate. Val-
ues are expressed as mean * sp. A paired Student’s ~test analysis between
samples and controls was performed using GraphPad Prism (Version 5.01).
Values of P < 0.05 were considered significant.

Cytokine analysis

Cytokine synthesis was measured by flow cytometry as described previously
[20]. Briefly, CD4"CD25™ T cells were incubated overnight with 1 ug/ml
GolgiPlug reagent (BD Bioscience) in the presence of anti-CD3/CD28-
coated magnetic beads (Invitrogen). Cells were then fixed and permeabil-
ized with BD Cytofix/Cytoperm solutions (BD Bioscience). Intracellular
staining of IFN-y and IL-2 was performed using anti-human IFN-y-allophy-
cocyanin- and IL-2-PE-abeled antibodies (BD Pharmingen). Alternatively,
cells were cultured for 2 days and supernatants collected for analysis of cy-
tokine synthesis using a semiquantitative human cytokine array kit (R&D
Systems, Minneapolis, MN, USA).

Cysteine transport assay

T cells (1X10° cells) were stimulated using magnetic beads coated with
CD3/CD28 antibodies (Dynabeads, Invitrogen) or with 10 ug/ml Gap7M
antibody. Untreated and stimulated CD4" T cells were collected and
washed with PBS/2 mM EDTA, pH 8.0, after 12 and 48 h, and cell pellets
were transferred into a reducing, cysteine-free cell culture medium (Gibco,
Grand Island, NY, USA) containing 10% dialyzed FCS and 0.02% B2-ME.
Amino acid transport activity was measured by incubating the samples with
0.5 uCi/ml cysteine-[S*] for 20 min at 37°C. Gap7M was added a few min-
utes before cysteine [S*]. T cells were washed four times in Hanks’ saline
buffer (Gibco) and protein extracts quantified using a spectrophotometer.
Equal amounts of proteins were transferred onto a 96-well microplate (Mil-
lipore) and radioactivity uptake measured in a MicroBeta microplate scin-
tillation counter (PerkinElmer Life Science, Boston, MA, USA).
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RESULTS AND DISCUSSION

Cxs are expressed mainly at the surface of most animal cells,
as hexameric Hes that migrate laterally for recruitment into
edges of gap junctions. Murine T lymphocytes up-regulate
Cx31.1, Cx32, Cx43, and Cx46 upon activation [21].

Cx43 is expressed at the plasma membrane of resting T lym-
phocytes (Fig. 1A). In CD4" T cells, the expression of Cx43
increases after treatment with PHA-L [22], but functional as-
pects during immune responses remain to be established. To
address this question, we investigated whether the expression
of Cx43 was linked directly to the activation of the TCR.

CD4 CD25™ T cells were sorted and then stimulated using anti-
CD3 and anti-CD28 antibodies. We used real-time PCR to ana-
lyze the expression of Cx43 mRNA in resting and stimulated
CD4™" T cells using 18S RNA as a control. The increased ex-
pression of Cx43 in stimulated CD4™ T cells was calculated
applying the Pfaffl method [17], which allowed us to deter-
mine the relative expression ratio between the sample (Cx43
mRNA) and the calibrator (18S mRNA) in stimulated versus
unstimulated CD4" T cells (Fig. 1B). The expression of Cx43
was found to be 2400 times higher in stimulated CD4" T cells
than in unstimulated cells. An increase in the number of cells
expressing Cx43 correlated with an up-regulation of the ex-
pression of CD69, a classic activation marker of T cells. After
48 h of T cell stimulation with CD3/CD28 antibodies, only
CD47CD69" T cells up-regulated Cx43 (Fig. 1C).

With the exception of Cx26, there is strong evidence that
the activity of the CxHc is controlled by protein kinase-in-
duced phosphorylation events [23]. We therefore studied the
effects of CD3/CD28 stimulation on the phosphorylation sta-
tus of Cx43. Phosphorylation of Cxs occurs mainly on serine
residues on the protein cytoplasmic tail [24], although ty-

B Equation 1: Deviation of target gene
(Eqar)=1.930X43 (Unt=stim) CD4_4 9313.03 5474 g4

Equation 2: Deviation of reference gene
(Eref)=1 .93183 (unt - stim) CD4 _ 1_931.23= 2.26

Equation 3: Time fold increase in Cx43 gene expression
Ratio= (Ear) / (Erer) = 2418.6
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rosine phosphorylation has also been reported [25]. We stud-
ied Cx43 phosphorylation by flow cytometry with a mAb that
recognizes the Ser368-phosporylated residue using permeabil-
ized, unstimulated, and stimulated CD4" T cells. Activated
CD4" T cells showed increased Ser368 phosphorylation com-
pared with resting T cells. Rabbit serum was used as a negative
control (Fig. 2A). An increase in Cx phosphorylation was also
observed in stimulated CD4" T cells by ELISA when a poly-
clonal antibody specific to Cx43 was used as capture antibody
(Fig. 2B). The phosphorylated Cx43 component was analyzed
using an antibody 4G10, specific for phosphotyrosines. Finally,
phosphorylation of Cx43 expressed at the cell surface of stimu-
lated and unstimulated CD4" T lymphocytes was analyzed by
Western blotting. Cell surface-exposed proteins were biotinyl-
ated and Cx43-immunoprecipitated with a polyclonal antibody
to a sequence in the cytoplasmic tail of Cx43. Identical
amounts of protein extracted from cell pellets were subjected
to affinity chromatography, and the entire protein yield was
run on a gel. Two Cx43 isoforms were observed by SDS-PAGE
(Fig. 2C, lanes 1 and 2). Alkaline phosphatase treatment re-
moved the slower migrating isoform that corresponded to the
phosphorylated form of Cx43 (Fig. 2C, lane 3).

Taken together, these data demonstrate that Cx43 expres-
sion is up-regulated in response to the CD3/CD28 engage-
ment and that T cell activation also results in increased phos-
phorylation of Cx43. Channel permeability or stringency to
different solutes may be decreased or increased by phosphory-
lation of Cx43 [23]. The effect of the phosphorylation in con-
trolling the gating system of the Hcs is residue-specific. It was
not possible to discern a specific function associated with the
Cx43 phosphorylation during T cell activation, as there are
phosphorylation sites.
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Figure 1. Expression of Cx43 by CD4* T lymphocytes. (A) Ultra-
structural analysis of CD4" T cells showing cell surface expression
of Cx43, 15 nm gold particles (white arrows), and CD3, 10 nm gold
particles. (B) Analysis of the expression of Cx43 mRNA [target gene
(E..r.)] and 18S RNA subunit [reference gene (E..)] in stimulated

and unstimulated CD4" T cells using the Pfaffl mathematical formula. (C) Characterization of the expression of CD69 and Cx43 by stimulated
CD4™ T cells (upper right panel) and unstimulated CD4™ T cells (lower right panel). Nonimmune rabbit serum was used as control (upper and

lower left panels). MFI, Mean fluorescence intensity.
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Figure 2. Effect of CD3/CD28 stimulation on Cx43 phosphorylation status in CD4" T cells. Lymphocytes were stimulated in vitro by magnetic
beads coated with CD3 and CD28 antibodies. (A) Flow cytometry analysis using phosphotyrosine Cx43 Ser368 antibody. The histogram shows the
effect of stimulation on CD4" T cells (black curve) versus unstimulated cells (open white curve) and negative control (gray curve). (B) Semiquan-
titative ELISA analysis of Cx43 expressed by unstimulated and stimulated CD4" T cells. Detection of Cx43-phosphorylated isoforms used mAb
4G10; total Cx43 proteins expressed used CX-1B1 antibody (see Materials and Methods). Absorbance was measured at 450 nm, and values are ex-
pressed as absorbance units. The panel shows a representative experiment. (C) Assessment of immunoprecipitated (IP) Cx43 by Western blot
(WB) analysis. Lymphocyte plasma membranes were biotinylated and 30 mg of a total protein extract loaded onto a Cx43 affinity column. The
protein yield was analyzed by SDS-PAGE gel: lane 1, unstimulated CD4"CD25™ T cells; lanes 2 and 3, stimulated CD4"CD25™ T cells. Lane 3 treat-
ment was with alkaline phosphatase (AP). Streptavidin (Strept)-HRP was used for detection.

Cx43-Hcs play a role in T cell proliferation

Cell growth requires the uptake of nutrients acquired from the
extracellular environment. These, in turn, control the prolifer-
ation of T cells [26]. In extracellular oxidizing environments,
free cysteine is converted rapidly into the disulfide-bonded
form. T cells require a reducing environment to proliferate, as
their cysteine uptake is limited to the thiolic forms [27, 28].
Macrophages and DCs control T cell-mediated responses ac-
cording to the availability of cysteine and tryptophan for T cell
proliferation [29]. Thus, changes in cell membrane permeabil-
ity implicating Cx channels might influence the proliferation
of T lymphocytes. We examined the effects of CxHc inhibitors
during T cell proliferation. As expected, CD4"CD25™ T cells
responded with a high rate of T cell proliferation when cul-
tured in the presence of feeder cells along with soluble CD3
and CD28 antibodies (Fig. 3A). However, in the presence of
Gap27, a Cx mimetic peptide that blocks CxHc [30] prolifera-
tion of CD4" T cells was reduced in a dose-dependent manner
(Fig. 3A). This mimetic peptide is likely to interact with the
second extracellular domain of membrane-associated Cxs [30]
and blocks ATP release and Ca®* entry [12]. A scrambled con-
trol mimetic peptide had little effect on CD4" T cell prolifera-
tion (Fig. 3A). Similarly, Gap27 but not the scramble peptide
inhibited T cell proliferation following antigen-specific stimula-
tion with TT (Fig. 3B). In this experiment, autogenic PBMC
were pulsed with the TT for 12 h prior to irradiation and
coculturing with TT-specific CD4™ T cells. As expected, anti-
gen-specific CD4" T cells did not proliferate without the addi-
tion of the TT when cocultured with the autogenic, irradiated
PBL (Fig. 3B). Thus, in both systems, polyclonal and antigen-
specific stimulation, the proliferation of the CD4" T cells was
inhibited by Cx channel inhibitors. To address the question of
whether the mimetic peptide was interfering with the forma-
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tion of gap junctions between T cells and APC, the experi-
ments were repeated in the absence of feeder cells and stimu-
lating the CD4" T cells with magnetic beads coated with anti-
CD3 and anti-CD28 antibodies (Fig. 3, C and D). We used two
different inhibitors: Gap7M, which is a generic polyclonal anti-
body that binds to the second extracellular loop of CxHc but
not to gap junctions [14], and the oleamide, a generic inhibi-
tor of gap junction communication [31]. The inhibitory effect
of the polyclonal antibody was studied by flow cytometry (Fig.
3C). CFSE-labeled CD4" T cells were stimulated and the pro-
liferation rate determined by CFSE dilution after 5 days in cul-
ture (Fig. 3C). Unstimulated CD4" T cells were analyzed in
parallel (Fig. 3C). T cell proliferation was inhibited by Gap7M
(Fig. 3C). Cell viability was found to be approximately 98%,
showing that inhibitory effects on T cell proliferation were not
a result of cell death. Furthermore, when proliferation was an-
alyzed at 72 h, the proliferation rate in stimulated CD4" T
cells was 40-50%, whereas the proliferation of T cells incu-
bated with Gap7M was ~2% (data not shown). We conclude
that Gap7M does not cause production of death signals and
that cells exposed to this antibody progress into cell cycle ar-
rest.

Next, we analyzed the effect of oleamide on T cell prolif-
eration. CD4" and CD8" T cells (Fig. 3D) were stimulated
for 5 days with magnetic beads coated with anti-CD3 and
anti-CD28 antibodies and cultured in the presence of
Gap7M, oleamide, and 0.5% of DMSO (Fig. 3D). Oleamide
and Gap7M antibody inhibited CD4" and CD8" T cell pro-
liferation (*, P<0.05). Our results indicate that gap junc-
tion inhibitors can abrogate the proliferation of the T cells
by interfering with the activity of CxHc on the cell surface
and not by altering gap junction communication between T
cells and APC.
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of Gap27, a Cx mimetic peptide (black bars), plus in-
creasing concentrations of control scramble (CNT) peptide (gray bars). Cells were cultured for 5 days, and *H incorporation was measured after
16 h. Each bar corresponds to the average values obtained from three independent experiments (*, P<0.05). (B) Proliferation assay of TT-specific
CD4" T cells stimulated with 100 pg/ml TT and autogenic feeder cells (white bar), plus 100 uM Gap27 (black bar), plus 100 uM control scram-
ble peptide (gray bar) or without the addition of the TT (hatched bar). Cells were cultured for 5 days and *H incorporation measured after 16 h.
Each bar corresponds to the average values obtained from three independent experiments (*, P<0.05). (C) Representative flow cytometry dot blot
analysis showing the inhibitory effect of Gap7M antibody on CD4"CD25™ T cell proliferation in the absence of feeder cells. CFSE-labeled cells
were stimulated using magnetic beads coated with CD3/CD28 antibodies and cultured for 5 days. Upper left panel shows control, unstimulated T
cells; upper right panel shows T cells stimulated with anti-CD3/CD28; lower left panel shows stimulated T cells incubated in the presence of
Gap7M; and lower right panel shows stimulated T cells plus 1% rabbit nonimmune serum. (D) Effect of antibody Gap7M on the proliferation of
CD4" and CD8" T cells, which were cultured with magnetic beads coated with CD3/CD28 antibodies in the presence of 10 ug/ml Gap7M or 100
uM oleamide. In a separate reaction, 0.5% of DMSO was used as control. Cells were cultured for 5 days, and *H incorporation was measured after

16 h. Each bar corresponds to the average values obtained from three independent experiments (*, P<0.05).

Cell cycle kinetics was monitored by flow cytometry. After
72 h, CD4™" T cells stimulated with magnetic beads coated
with anti-CD3/CD28 antibodies showed a progression into
the S and G2/M phases (Fig. 4A), as reported previously by
others [32, 33]. The percentage of cells found in the
G0/G1 phase was significantly higher when CD4" T cells
were stimulated in the presence of Gap7M (Fig. 4A). The
percentage of stimulated CD4" T cells found in GO/GI1, S,
and G2/M was taken as a reference and the values com-
pared with those obtained from cultures containing Gap7M.
We estimated the number of apoptotic cells by evaluating
the pre-G0/G1 peak component between stimulated T cells
and stimulated T cells incubated with Gap7M. After 48 h
and 72 h in culture, there were no significant differences in
the percentages of apoptotic cells between the groups. We
then investigated the effect of Gap7M on IL-2 and IFN-y
production. IL-2- and IFN-y-producing CD4" T cells were
measured after overnight stimulation with anti-CD3/CD28-
coated magnetic beads (Fig. 4B). Interestingly, Gap7M did
not inhibit the production of IL-2 and IFN-y from CD3/
CD28-stimulated CD4™" T cells, probably as after short-term
stimulation, IL-2 and IFN-vy are likely to be derived from
pre-formed stores rather than by ex novo synthesis. There-
fore, we analyzed the production of other cytokines using a
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human cytokine array kit (see Materials and Methods). The
addition of Gap7M did not affect the secretion of inflamma-
tory cytokines, as it showed a similar profile to that of stim-
ulated CD4™ T cells, except for IL-17 secretion, which in-
creased in cells incubated with Gap7M (Fig. 4C). We con-
clude that Gap7M inhibits the proliferation of T cells
selectively but has little effect on the secretion of lympho-
kines. A similar mechanism has been described in cell-cell con-
tact between alveolar macrophages, which are also able to inhibit
the proliferation of activated T cells without interfering with Ca®"
flux, I1-2, and IFN-y secretion [34].

Cysteine uptake in activated CD4" T cells is
compromised by Gap7M extracellular loop antibody
Resting and stimulated T cell clones and T cell-derived tu-
mors are known to have strong cysteine, alanine, and argi-
nine transport activities but little or no transport activity for
cystine and glutamate [35]. Moreover, DNA synthesis, mea-
sured by H*thymidine incorporation, correlates positively
with the levels of extracellular cysteine [35]. We therefore
analyzed the extracellular uptake of cysteine in stimulated
CD4"CD25™ T cells incubated in the presence of Gap7M.
Cells were stimulated by anti-CD3/CD28 beads for 12 h
(Fig. 5A) and 48 h (Fig. 5A), and intracellular accumulation
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of [S*]-labeled cysteine in unstimulated (Fig. 5A) and stim-
ulated CD4" T cells (Fig. 5A) was compared after a 20-min
incubation in media containing the radiolabeled amino acid
under reducing conditions. A significant inhibition of up-
take of [535]—cysteine (*, P<0.05) was observed in the CD4™"
T cell after stimulation for 48 h with Gap7M (Fig. 5A).
When the antibody was added at the end of the assay, prior
to the addition of [S?":’]-cysteine, the inhibitory effect of
Gap7M on unstimulated CD4" T cells (Fig. 5B) continued
but not in stimulated CD4™ T cells (Fig. 5C). These experi-
ments allow two conclusions: 1) As unstimulated CD4% T
cells are nonproliferating, the inhibitory effect of Gap7M
on the accumulation of cysteine is likely to be a result of
the interaction of the antibody with the externally exposed
epitope; 2) in stimulated T cells, the epitope to which
Gap7M binds becomes less accessible. We examined the sec-
ond conclusion further by staining unstimulated and stimu-
lated CD4™ T cells with Gap7M. Cell surface staining
showed a reduction in Cx expression after CD3/CD28 T
cell stimulation, whereas increased staining was observed
with permeabilized cells (Fig. 5D). Thus, Cxs were retained
intracellularly in response to the CD3/CD28-mediated acti-
vation, or the extracellular loop recognized by the antibody
had become hidden upon T cell activation. Gap7M binds to
an epitope in the first extracellular loop spanning residues
43-59. This Cx43 domain contains Cys’*, which forms an
intramolecular disulfide bond with Cys'“?, positioned in the
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Figure 4. Effect of Cx Gap7M on the cell cycle progression and on
secretion of cytokines in CD4™ T cells. (A) A cytofluorimetric cell
cycle analysis was performed to detect the proportion of stimulated
CD4" T cells (open bars) versus stimulated CD4™ T cells cultured
with Gap7M (black bars). The results of this analysis are given in the
table, and the values correspond with the mean values of three inde-
pendent experiments. (B) Flow cytometry profiles of the secretion of
IL-2 and IFN-y in unstimulated, stimulated, and stimulated Ch4" T
cells in the presence of 10 ug/ml Gap7M. Rabbit nonimmune serum
was used as a negative control. (C) Detection of cytokine profile se-
creted by CD4" T cells cultured in the presence or in the absence of
10 pg/ml Gap7M after 48 h incubation. Cytokine secretion was as-
sessed using R&D Human Cytokine Proteome Profiler™ array. MIF,
Migration inhibitory factor.

second extracellular loop [36]. We speculate that binding
of Gap7M precludes the interaction Cys®*~Cys'??, thus inter-
fering with Hc operation.

The studies using Gap7M point to a connection between
the Hc function and cysteine movement across the plasma
membrane of T cells. Whether Cxs are involved directly in
cysteine uptake, or its inhibition is a secondary effect
caused by the inhibition of the movement of other mole-
cules is an open question. Nevertheless, it is important to
highlight the possibility that Cxs and other plasma mem-
brane Hcs, such as those formed by pannexins, may also
play in lymphocyte T cell proliferation.

Finally, we examined the effects of Gap7M on amino acid
transporters. Amino acids are transported across the lym-
phocyte’s plasma membrane by the transport system L,
formed by a common heavy chain CD98, bound to different
light chains. Cysteine uses the light chain LAT2. CD98 was
described first as one of the lymphocyte activation markers
[37] and is expressed in different cell types [38]. We stud-
ied the expression of CD98 by flow cytometry in activated
CD4" T cells in the presence of Gap7M and found that
Cx43 was still highly expressed in the presence of Gap7M
(Fig. 5E). Thus, the inhibitory effect of Gap7M is likely to
be a result of interaction with its epitope in the first extra-
cellular loop and not a result of the lack of Lats at the cell
surface. A similar effect of Gap7M was reported recently in
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Figure 5. Inhibition of Cys-[SS5] uptake in cells treated with Gap7M antibody. (A) CD4"CD25™ T cells were stimulated for 12 h (bars 1, 3, 5, 7) or
48 h (bars 2, 4, 6, 8) with magnetic beads coated with CD3/CD28 antibodies. Accumulation of Cys-[S*®] is reported as cpm/10 ug proteins. Bars 5
and 6 represent data collected from cells stimulated for 48 h in the presence of Gap7M (¥, P<0.05). (B and C) The results gathered from un-
stimulated and stimulated CD4" T cells cultured for 48 h, respectively (¥, P<0.05). Bars 1 and 4 show the Cys—[S‘%] uptake levels by unstimulated
and stimulated CD4" T cells. Bars 2 and 5 show Cys-[S*®] uptake in unstimulated and stimulated CD4" T cells plus Gap7M antibody, and bars 3
and 6 show results obtained from unstimulated and stimulated CD4" T cells incubated with nonimmune rabbit serum. (D) Flow cytometry analysis
of the effects of Gap7M on the cell surface (left panel) or intracellular expression (right panel) of Cxs. Untreated CD4" T cells (dashed lines)
were compared with stimulated cells (continuous lines). Rabbit serum was used as control (gray curves). (E) Flow cytometry analysis of the expres-
sion of CD98 in unstimulated (dashed line) and stimulated CD4" T cells with (continuous line) or without (black curve) Gap7M. An isotype anti-
body was used as negative control (gray curve).
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which this antibody inhibited Ca** oscillations and Ca**
uptake by cardiac cells [39].

In conclusion, our results show that by modulating the expres-
sion of CxHc, T cells regulate the exchange of nutrients and
other molecules. During T cell-mediated responses, the CxHcs

are required to sustain the proliferation and therefore, the clonal
expansion of activated T cells. This is particularly relevant in sce-
narios where viral proteins of the herpes virus HSV-2 and the hu-
man papilloma virus HPV-16 are able to close gap junctions of
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