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Human CD4� T cells are major targets for human immunodeficiency virus (HIV) infection. Resting T cells
are resistant to HIV infection unless activated through the T-cell receptor (TCR) or by cytokine signals. How
T-cell signaling promotes susceptibility of T cells to HIV infection remains poorly understood. Here we
demonstrate that the VacA toxin produced by Helicobacter pylori can inhibit HIV infection of primary T cells,
stimulated through the TCR or by cytokines alone. This activity of VacA was dependent on its ability to form
membrane channels. VacA suppressed HIV infection of T cells at a stage after viral entry, post-reverse
transcription and pre-two-long-terminal-repeat circle formation, similar to the cytokine signaling inhibitor
rapamycin. Mechanistically, neither VacA nor rapamycin inhibited the activation of cytokine signal transduc-
tion components (STAT5, p42/44 mitogen-activated protein kinase, or p38), but both blocked activation of key
regulatory proteins required for G1 cell cycle transition. In contrast to rapamycin, VacA did not suppress
phosphorylation of p70 S6 kinase but caused mitochondrial depolarization and ATP depletion within primary
T cells. These results suggest that VacA inhibits T-cell activation and HIV infection via a novel mechanism.
Identifying the host cell targets of VacA could be useful for elucidating the HIV life cycle within primary T cells.

Human CD4� T cells serve as the primary targets for human
immunodeficiency virus (HIV) replication in vivo (40). Resting
T cells are resistant to HIV infection unless activated via the
T-cell receptor (TCR) or cytokines (11, 18, 32, 39, 42, 47, 52,
53). The stimulation of human T cells through TCR signals in
combination with costimulatory signals results in changes in
gene expression, increased metabolic activity, and entry into
the cell cycle. Following TCR activation, the proliferation and
differentiation of T cells are subsequently driven by sustained
cytokine signals, such as those from interleukin-2 (IL-2). Ac-
tivation of T cells through cytokine pathways in the absence of
TCR signals is thought to mediate homeostatic proliferation
and survival of T cells in vivo (21, 36, 46, 48, 49). Both TCR
and cytokine signals can render resting T cells highly suscep-
tible to HIV infection (9, 11, 32, 33, 41, 47). How T-cell
activation promotes susceptibility of T cells to HIV infection
remains poorly understood.

Several immunosuppressive drugs have been shown to inter-
fere with HIV infection of primary human T cells (11, 13, 29).
These agents include cyclosporine (CsA) and FK506, which
block activation of calcineurin and thereby prevent activation

of nuclear factor of activated T cells (NFAT), a key transcrip-
tion factor required for the expression of IL-2 and the IL-2
high-affinity receptor (CD25) (37, 45), and rapamycin, which
inhibits cytokine-induced activation of p70 S6 kinase and
causes a G1-stage cell cycle arrest (1, 2, 20). These inhibitors
block HIV infection of TCR- or cytokine-stimulated primary
human T cells but do not block HIV infection of transformed
T-cell lines, which are susceptible to infection in the absence of
any external stimuli (29). Both cyclosporine and FK506 are
effective in reducing HIV infection of primary T cells at the
time of TCR activation, but these agents have little or no
inhibitory effect on infection of cytokine-stimulated primary T
cells (29). In contrast, rapamycin suppresses HIV infection of
both TCR- and cytokine-stimulated primary T cells (29).

Helicobacter pylori is a gram-negative bacterium that persis-
tently colonizes the human stomach and contributes to the
development of peptic ulcer disease and gastric cancer (43). A
secreted cytotoxin (VacA) produced by H. pylori facilitates
colonization of the human stomach by this bacterium and has
an important role in the pathogenesis of peptic ulcer disease
and gastric cancer (7). VacA was recently shown to inhibit
human T-cell activation and proliferation (3, 7, 15, 44). Inhi-
bition of T-cell activation and proliferation by VacA may con-
tribute to the ability of H. pylori to resist immune clearance and
establish a lifelong persistent infection (3, 7, 15, 44). Studies of
transformed Jurkat T cells indicate that VacA blocks the acti-
vation of NFAT (3, 15). The process by which VacA inhibits
NFAT activation in Jurkat T cells (3, 15) is reportedly similar
to the actions of the immunosuppressive drugs cyclosporine
and FK506 (37, 45). However, VacA inhibits the activation-
induced proliferation of primary human T cells by a mecha-
nism independent of its effects on NFAT activation and IL-2
secretion (44). Inhibition of primary human T-cell activation
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by VacA may be due to disruption of cytokine signaling path-
ways, which results in cell cycle arrest (44).

Because TCR or cytokine signals are critical for rendering
human T cells susceptible to infection by HIV, we hypothe-
sized that VacA might inhibit HIV infection of primary human
CD4� T cells. We report here that VacA blocks HIV infection
of activated T cells at a stage after viral entry, post-reverse
transcription and pre-two-long-terminal-repeat (2-LTR) circle
formation. This same stage of HIV infection is blocked by the
immunosuppressive drug rapamycin, but we show that there
are multiple distinguishable differences between the effects of
VacA and rapamycin on T cells. These findings provide im-
portant new insights into the signaling pathways and host fac-
tors required for HIV infection of primary T cells and also help
to elucidate the mechanisms by which VacA may alter the
function of human T cells during H. pylori infection.

MATERIALS AND METHODS

Purification of VacA. H. pylori strain 60190 is a wild-type strain, and AV452 is
an isogenic mutant H. pylori strain that produces a dominant-negative form of
VacA, VacA�6–27 (50). H. pylori strains were cultured in broth, and oligomeric
forms of VacA were purified from broth culture supernatants of H. pylori as
described previously (8). All experiments were performed by using acid-activated
preparations of VacA (24) or acidified buffer control (phosphate-buffered saline
[PBS]), unless stated otherwise. VacA was acid activated by addition of 250 mM
HCl, thereby lowering the pH of VacA preparations to pH 3 (10, 24). The final
VacA concentration was 10 �g/ml for all experiments, unless stated otherwise.
For the dominant-negative assays, wild-type VacA was mixed with an equimolar
concentration of VacA�6–27, and the mixture was acid activated before addition
to cells (50).

Cell isolation and culture. Resting CD4� T cells were purified from peripheral
blood mononuclear cells obtained from healthy adult donors by using magnetic
bead purification as described previously (26, 47). Purified CD4� T cells were
typically 99% pure, as determined by postpurification flow cytometry analysis.
The culture medium used in all experiments was as described previously (26, 47).
Purified resting T cells were activated by cross-linking with plate-bound anti-CD3
antibody (OKT-3; American Type Culture Collection) and soluble anti-CD28
antibody (BD Biosciences, Franklin Lakes, NJ) (hereafter termed TCR/CD28
stimulation). Cells were removed from the activation signals after 48 h and
expanded and maintained in culture medium supplemented with 200 U/ml re-
combinant human IL-2 (Chiron Corporation). When indicated, cells were cul-
tured in the presence of 10 �M zidovudine (AZT; Sigma) to inhibit HIV reverse
transcription. To inhibit TCR/CD28 stimulation or IL-2-driven stimulation, T
cells were treated with cyclosporine (50 nM; Alexis Biochemicals, Lausen, Swit-
zerland) or rapamycin (200 ng/ml; Alexis Biochemicals), respectively. To inhibit
ATP production, T cells were treated with 2,4-dinitrophenol (100 �M; Aldrich)
or sodium azide (2 mM; Sigma).

Virus production and infections. Replication-incompetent HIV pseudotyped
with vesicular stomatitis virus G protein (VSV-G) and replication-competent
R5-tropic viruses, each containing the green fluorescent protein (GFP) gene as
a marker gene, were generated as previously described (26, 47). Supernatants
were either used immediately for infections or frozen in aliquots at �80°C. The
viral titers were determined by infection of a Hut 78 T-cell line that expresses
CCR5 (provided by V. KewalRamani) with serially diluted virus supernatant and
typically ranged from 2 � 106 to 5 � 106 infectious units per ml for replication-
competent viruses and 10 � 106 to 30 � 106 infectious units/ml for VSV-G-
pseudotyped HIV. T cells were infected at a multiplicity of infection of 5 to 10
in 96-well plates. In some experiments, cells inoculated with virus were centri-
fuged for 1 h at 2,000 rpm to enhance infectivity, as described previously (28).
Infection was assessed by GFP expression using flow cytometry at 72 h postin-
fection.

Quantitative analysis of HIV reverse transcription and 2-LTR circle forma-
tion in target cells. Viral DNA was quantified by real-time PCR using an ABI
7700 instrument (PE Biosystems) with SYBR green chemistry (PE Biosystems).
The reaction was amplified and analyzed as previously described (29). The
sequences of primers for amplification of the late reverse transcription product
(R and 5NC) were 5�-TGTGTGCCCGTCTGTTGTGT (forward) and 5�-GAG
TCCTGCGTCGAGAGAGC (reverse), as previously described (5). For the

quantification of 2-LTR circles, the primer sequences were 5�-GTGCCCGTCT
GTTGTGTGACT-3� (forward) and 5�-CTTGTCTTCTTTGGGAGAGAATTA
GC-3� (reverse), and the probe sequence was 5�-(6-carboxyfluorescein)-TCC
ACACTGACTAAAAGGGTCTGAGGGATCTCT-(6-carboxytetramethylrho-
damine)-3�. The 2-LTR circle reaction was performed exactly as described pre-
viously (5).

Cell cycle, mitochondrial membrane depolarization, ATP, and FACS analyses.
For these assays, primary human T cells were activated via TCR/CD28 stimula-
tion and then expanded in the presence of IL-2 for a total of 7 days. At this point,
cells are totally dependent on IL-2 for their survival and proliferation. These
activated T cells were removed from IL-2 for 17 h and then pretreated with the
different additives (i.e., VacA, buffer, or rapamycin) for 8 h. Cells were then
restimulated with IL-2, cultured for the indicated time intervals, harvested, and
stained with propidium iodide (PI) to assess cell cycle progression and cell
viability. Mito Flow reagent (Cell Technology) and Cell Glow reagent (Promega)
were used to analyze mitochondrial membrane polarization and cellular ATP
levels, respectively. PI staining was performed as described previously (44), and
Mito Flow and Cell Glow staining were performed according to the manufac-
turers’ instructions. For the PI and Mito Flow assays 1 � 105 activated T cells
were used and for assays of ATP 5 � 104 cells. The PI and Mito Tracker data
were collected by fluorescence-activated cell sorting (FACS) and analyzed using
flow cytometry (FACSCalibur; BD Biosciences). Live cells were gated based on
forward and side scatter profiles and analyzed using the FlowJo (Treestar)
program. Measurements of ATP levels in the Cell Glow assay were done using
a microplate fluorescence reader.

Immunoblot analysis. For immunoblotting experiments to investigate the ex-
pression of proteins involved in cell cycle progression, resting T cells were
pretreated with PBS, rapamycin, or VacA for 1 h, and then were TCR/CD28-
stimulated and incubated for the indicated times. Alternatively, TCR/CD28-
activated T cells were expanded in the presence of IL-2 for 7 days and washed
and maintained in IL-2-free medium for 24 h. During this period, cells were
treated with PBS, rapamycin, or VacA. Cells were then stimulated with IL-2 for
the indicated times and were lysed with 4� lysis buffer (0.25 M Trizma base, pH
6.8, 8% sodium dodecyl sulfate [SDS], and 0.1% �-mercaptoethanol). Protein
extracts were mixed with 6� SDS loading buffer, electrophoresed on a 4 to 20%
gradient precast-acrylamide gel (Bio-Rad), and transferred to polyvinylidene
difluoride membranes. Membranes were immunoblotted with antibodies against
Rb, cyclin D3, and p19 (BD Transduction Laboratories), followed by horseradish
peroxidase-conjugated secondary antibodies (Bio-Rad). Immune complexes
were revealed by the SuperSignal West Pico chemiluminescent substrate
(Pierce).

For immunoblotting experiments to investigate the activation of IL-2/IL-2
receptor signaling pathways, primary human T cells were activated via TCR/
CD28 stimulation and then expanded in the presence of IL-2 for a total of 7 days.
At this point, these cells are totally dependent on IL-2 for their survival and
proliferation. These IL-2-stimulated primary T cells were then removed from
IL-2 for 17 h. The cells (1 � 106 activated T cells per condition) were then
pretreated with the different additives (i.e., VacA, buffer, or rapamycin) for 8 h,
followed by restimulation of the cells with IL-2 for 5 or 20 min. Cells were then
spun down, washed, and lysed in 4% SDS in 0.25 M Trizma base in the presence
of protease inhibitors, NaF (10 mM) and NaOV3 (2 mM). Samples were boiled
for 10 min and stored at �70°C. Protein extracts were mixed with 6� SDS
loading buffer, electrophoresed on a 4 to 20% gradient precast-acrylamide gel
(Bio-Rad), and transferred to polyvinylidene difluoride membranes. Membranes
were then blotted according to the manufacturer’s instructions using specific
antibodies to phosphorylated Stat5 and Stat3 (P-Stat5 and P-Stat3, respectively;
Cell Signaling), total Stat5 and Stat3 (T-Stat5 and T-Stat3, respectively; Cell
Signaling), phosphorylated p38 (Thr180/Tyr182; Cell Signaling), phosphorylated
p44/42 (Thr202/Tyr204; Cell Signaling), phosphorylated AKT (Ser 473; Cell
Signaling), and actin (Santa Cruz Biotechnology). Following incubation with the
primary antibodies, membranes were then immunoblotted with horseradish per-
oxidase-conjugated secondary antibodies (Bio-Rad). The immune complexes
were revealed by the SuperSignal West Pico chemiluminescent substrate (Pierce)
and X-ray film.

RESULTS

VacA inhibits HIV infection of TCR/CD28-activated pri-
mary human T cells. Based on our previous findings that VacA
can interfere with proliferation of primary human T cells (44),
we hypothesized that VacA might also block HIV infection of
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activated T cells. To test this hypothesis, CD4� T cells were
purified from healthy adult donor blood and activated using
anti-CD3 and anti-CD28 antibodies (TCR/CD28 stimulation).
The T cells were treated at the time of activation with PBS,
AZT, CsA, or wild-type VacA and were concurrently infected
with VSV-G-pseudotyped HIV (HIV.VSVG; Fig. 1A). As ex-
pected, AZT, an inhibitor of HIV reverse transcription, and
CsA inhibited HIV infection of TCR-activated T cells (Fig.
1A). VacA also inhibited HIV infection (Fig. 1A) in a dose-
dependent manner (Fig. 1B). Consistent with previous results
(44), VacA treatment did not have any detrimental effects on
the viability of T cells, as determined by flow cytometric anal-
yses (data not shown). Furthermore, purified oligomeric VacA
required acid activation to inhibit HIV infection (Fig. 1A),
similar to the requirement of acid activation in order for VacA
to interfere with activation of primary T cells (44). These
results demonstrate that VacA inhibits HIV infection of TCR/
CD28-activated primary human T cells.

In contrast to acid-activated wild-type VacA, an acid-acti-
vated VacA mutant toxin (VacA�6–27) did not inhibit HIV
infection (Fig. 1A). VacA�6–27 has previously been shown to

lack detectable activity when tested in epithelial cell assays and
is defective in the capacity to form membrane channels (50).
VacA�6–27 is also able to block several activities of wild-type
VacA in a dominant-negative fashion (50), via a process de-
pendent on the formation of inactive mixed oligomeric com-
plexes (23). Therefore, we hypothesized that VacA�6–27
would neutralize the ability of wild-type VacA to inhibit HIV
infection. To test this hypothesis, VacA and VacA�6–27 were
mixed in an equimolar ratio and added to CD4� T cells at the
time of activation and infection. Indeed, VacA�6–27 blocked
the ability of wild-type VacA to inhibit HIV infection, suggest-
ing that functional oligomeric forms of VacA are required for
this activity (Fig. 1A).

VacA does not block HIV infection of a transformed T-cell
line. Our results (Fig. 1) demonstrated that VacA effectively
inhibits HIV infection of activated human T cells. However,
these data do not exclude the possibility that the inhibition of
HIV infection might be due to VacA-mediated inactivation of
the virus. To address this possibility, we determined whether
VacA could inhibit HIV infection of Hut 78 cells, a trans-
formed T-cell line that is highly susceptible to HIV infection
and does not require any activation signals (such as TCR/CD28
or IL-2 receptor-mediated signaling). For this experiment, Hut
78 cells were treated with either VacA or other additives for
8 h and then washed and infected with HIV.VSVG or repli-
cation-competent CCR5-tropic HIV (HIV.R5) in the presence
of VacA or other additives (data not shown). VacA, similarly
to rapamycin, had no effect on HIV infection of Hut 78 cells,
whereas HIV infection was inhibited by AZT, as expected
(data not shown) (29). This finding strongly suggests that VacA
does not have a direct effect on HIV.

VacA inhibits HIV infection of cytokine-stimulated primary
human T cells. We next evaluated whether VacA could inhibit
HIV infection of T cells that are dependent on IL-2 for pro-
liferation and survival. For this experiment, primary CD4� T
cells were TCR/CD28 stimulated and expanded for 5 days in
IL-2 (Fig. 2A). At this stage, primary T cells are completely
dependent on IL-2 signals for proliferation and survival. T cells
were then removed from IL-2 and pretreated with VacA or
other additives for 8 h, washed to remove additives, and in-
fected with HIV.VSVG (Fig. 2A) or HIV.R5 (Fig. 2B) in the
presence of IL-2 and the indicated additives. VacA, but not
VacA�6–27, inhibited both HIV.VSVG and HIV.R5 infection
of these cells (Fig. 2A and 2B). VacA-mediated inhibition was
observed not only if T cells were treated with VacA prior to
HIV infection but also if VacA was added to cells at the time
of infection with HIV.VSVG or HIV.R5 (data not shown).
HIV infection of IL-2-stimulated T cells was also suppressed
by rapamycin but not CsA (Fig. 2A and 2B), as we have
previously shown (29).

We and others have shown that resting T cells can be ren-
dered susceptible to productive HIV infection by stimulation
with the IL-2 family of cytokines (IL-2, IL-4, IL-7, and IL-15)
in the absence of any prior TCR signals (9, 41, 47). Therefore,
we investigated whether VacA could inhibit HIV infection of
human T cells stimulated only with cytokines. For these exper-
iments, purified CD4� T cells were stimulated with IL-2 for 7
days to render them susceptible to infection, as previously
described (47). The IL-2-stimulated T cells were pretreated
with VacA or other additives for 8 h, washed, and then infected

FIG. 1. VacA inhibits HIV infection of primary human T cells.
(A) Resting primary human CD4� T cells were activated using anti-
bodies against CD3 and CD28 and concurrently infected with HIV.
VSVG in the presence of AZT, CsA, acid-activated wild-type VacA,
acid-activated mutant VacA protein (VacA�6–27), acid-treated PBS,
or nonactivated wild-type VacA (VacA no acid). Concentrations of
these agents are described in Materials and Methods. Cells were also
incubated with an equimolar mixture of acid-activated wild-type VacA
and VacA�6–27 (WT: �6–27). After 72 h, the percentage of infected
cells was determined by flow cytometry, based on detection of GFP
expression. (B) Cells treated in similar fashion were incubated with
various concentrations of acid-activated wild-type VacA. Results are
representative of three experiments with T cells isolated from different
donors. The asterisks indicate P � 0.05 compared to PBS-treated cells
at the same time point. Statistical significance between groups was
determined by a two-tailed t test.
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with HIV.VSVG (Fig. 2C) or HIV.R5 (Fig. 2D) in the pres-
ence of the indicated additives. We found that VacA inhibited
HIV infection of IL-2-stimulated T cells (Fig. 2C and 2D),
similar to the effects of rapamycin. In contrast to VacA and
rapamycin, CsA treatment of T cells had no detectable effect
on HIV infection of these cytokine-stimulated T cells. Taken
together, these results indicate that VacA can block HIV in-
fection of T cells, either after TCR stimulation when the cells
are dependent on cytokine signals for their proliferation and
survival or when T cells are rendered susceptible to infection
with cytokines alone.

VacA interferes with cell cycle machinery in primary T cells.
We have previously shown that VacA inhibits the proliferation
of TCR/CD28-activated primary human T cells (44). The
mechanism by which VacA inhibits T-cell proliferation may be
relevant for understanding how VacA inhibits HIV infection of
T cells (44). To investigate effects of VacA on cell cycle pro-
gression, primary human T cells were pretreated with VacA,
rapamycin, or PBS for 1 h prior to TCR/CD28 stimulation. The
activated T cells were cultured for 3 days and were then ana-
lyzed by propidium iodide staining and flow cytometry to assess
cell cycle distribution or were lysed for immunoblot analyses.
In comparison to treatment of cells with PBS, treatment of
cells with either VacA or rapamycin resulted in an increased
proportion of cells in G1 and a decreased proportion of cells in
S and G2/M, indicative of a cell cycle arrest at the G1 stage
(Fig. 3A). Expression and activation of two cell cycle regula-
tors, retinoblastoma protein (Rb) and cyclin D3, were analyzed

in VacA-treated and untreated cells. These proteins are acti-
vated in resting T cells upon TCR/CD28 stimulation and are
required for cell cycle progression and proliferation (12, 34).
Both VacA and rapamycin inhibited TCR/CD28-induced ex-
pression and hyperphosphorylation of Rb (the hyperphosphor-
ylated form migrates as a higher-molecular-weight band) and
inhibited the expression of cyclin D3 (Fig. 3B). Similar results
were obtained in experiments using IL-2-dependent activated
T cells (data not shown). These results indicate that VacA, like
rapamycin, inhibits TCR/CD28- and IL-2-mediated cell cycle
progression by blocking the activation of key regulatory pro-
teins important in the G1 transition, resulting in the impair-
ment of cell proliferation.

Effects of VacA on IL-2-induced signaling pathways. VacA
can inhibit IL-2-induced proliferation of T cells (44) and can
render IL-2-stimulated T cells resistant to HIV infection.
Therefore, we assessed the effects of VacA on activation of
several molecules that are important in the IL-2 signaling path-
way. We first investigated whether VacA blocks membrane-
proximal signaling events mediated by IL-2-dependent activa-
tion of signal transducer and activator of transcription 3 and 5
(Stat3 and Stat5, respectively). In control cells, removal of IL-2
from activated CD4� T resulted in the dephosphorylation of
both Stat3 and Stat5, and readdition of IL-2 was associated
with rapid Stat activation (Fig. 4A). Neither VacA nor rapa-
mycin treatment inhibited IL-2-dependent phosphorylation of
Stat3 or Stat5 (Fig. 4A). A second signaling pathway that can
be activated by binding of IL-2 to the IL-2R is the extracellular

FIG. 2. VacA inhibits HIV infection of IL-2-dependent TCR-activated and cytokine-stimulated primary T cells. (A) Resting primary human
CD4� T cells were TCR/CD28 activated, and cells were then expanded in the presence of IL-2 (yielding “preactivated” cells). After 7 days, cells
were removed from IL-2 and treated with VacA, AZT, rapamycin (Rap), CsA, or VacA�6–27 for 8 h. Concentrations of these agents were as
described in Materials and Methods. Cells were then washed, restimulated with IL-2, and infected with HIV.VSVG (A) or HIV.R5 (B) in the
presence of the indicated additives. (C and D) Cytokine-stimulated CD4� T cells (cultured in IL-2-containing medium for 7 days in the absence
of TCR stimulation) were pretreated with the indicated additives for 8 h and then washed and infected with either HIV.VSVG (C) or HIV.R5
(D) in the presence of the indicated additives. Infection was assessed by analyzing GFP expression using flow cytometry at 72 h. Results are
representative of three experiments performed in triplicate with T cells isolated from different donors. Asterisks indicate P � 0.05 compared to
PBS-treated cells at the same time point. Statistical significance between groups was determined by a two-tailed t test.
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signal-regulated protein kinase 1/2 mitogen-activated protein
kinase pathway (p42/44 MAPK), which plays a role in T-cell
proliferation (12). We investigated whether VacA had any
effect on IL-2-induced activation of p42/p44 MAPK. As ex-
pected, p42/44MAPK was not activated in control cells that
were removed from IL-2 but was rapidly activated when cells
were restimulated with IL-2 (Fig. 4B). The activation of p42/
44MAPK was not perturbed by VacA intoxication (Fig. 4B).
VacA stimulated phosphorylation of p38, a result consistent
with a previous study (3). These data indicate that VacA in-
hibits IL-2-mediated proliferation and IL-2-dependent HIV
infection of human T cells without affecting the activation of
Stat5 or p42/44 MAPK pathways.

IL-2 signals also activate the phosphatidylinositol 3-kinase
signal transduction pathway. Phosphatidylinositol 3-kinase ac-
tivation, in turn, leads to the activation of AKT and p70 S6
kinase. The activity of p70 S6 kinase is controlled by phosphor-
ylation at multiple sites throughout the protein, but phosphor-
ylation of Thr389 is tightly linked to p70 S6 kinase activity in
vivo (12, 29, 38). Phosphorylation of this site is induced by

growth factors including IL-2 and can be blocked by rapamycin
(6). Rapamycin-dependent inhibition of p70 S6 kinase activa-
tion is mediated by the interaction of rapamycin with FRAP/
mTOR, which operates upstream of p70 S6 kinase (29). Since
there are several similarities in the effects of VacA and rapa-
mycin on T cells, we investigated whether VacA inhibits IL-2-
induced phosphorylation of Akt or IL-2-induced phosphoryla-
tion of Thr389 in p70 S6 kinase. Neither VacA nor rapamycin
treatment blocked IL-2-induced activation of AKT (Fig. 4C).
Rapamycin inhibited the phosphorylation of p70 S6 kinase,
whereas VacA had no effect (Fig. 4D). Neither rapamycin nor
VacA had any effect on the activation of p85 S6 kinase, which
was used as a loading control. These data indicate that there
are distinguishable differences between the effects of rapamycin
and VacA on T cells.

Effects of VacA on mitochondria and ATP levels in primary
human T cells. Since the results presented above did not iden-
tify a specific stage in the IL-2 signaling pathway that was
blocked by VacA, we hypothesized that VacA might affect
IL-2/IL-2 receptor-induced activation of energy production,
which is required for cell cycle progression, cell proliferation,
and HIV infection of activated T cells (12, 29, 38). Therefore,
we analyzed ATP levels in VacA-treated human T cells. In
control cells, removal of IL-2 from activated CD4� T cells
resulted in a decrease in ATP levels (Fig. 5A), indicating a role
of IL-2/IL-2 receptor signals for the production of energy.
Additionally, treatment of cells with inhibitors of ATP synthe-
sis (dinitrophenol and sodium azide) resulted in a decrease in
ATP levels (Fig. 5A). Treatment of T cells with wild-type VacA
resulted in a statistically significant reduction of ATP levels
(Fig. 5A). In contrast, treatment with VacA�6–27 did not
result in reduced ATP levels (data not shown).

To elucidate the potential mechanism by which VacA causes
ATP depletion, we analyzed the mitochondrial membrane po-
tential of VacA-treated cells. T cells treated with control
buffer, VacA�6–27, or rapamycin all exhibited similar levels of
mitochondrial membrane polarization. In contrast, treatment
with wild-type VacA markedly decreased the mitochondrial
membrane potential of T cells (Fig. 5C). The ability of VacA to
decrease the mitochondrial membrane potential of primary
human T cells was not due to toxin-induced cell death, since
the viability of VacA-intoxicated cells (measured by both for-
ward and side scatter properties of the cells as well as PI
staining) was similar to the viability of cells treated with the
other additives (Fig. 5B and data not shown). Together these
data suggest that VacA inhibits the proliferation of primary
human T cells by interfering with energy production, without
altering cell viability.

Dissecting the stage of HIV infection that is inhibited by
VacA. We next sought to determine the stage in the HIV life
cycle that is affected by VacA. We first analyzed the production
of HIV late reverse transcription products formed in TCR-
stimulated T cells by real-time PCR analyses. We found that
VacA, similarly to rapamycin, did not block the production of
second-strand HIV reverse transcripts (Fig. 6A). Inhibitors of
ATP synthesis (dinitrophenol and sodium azide) also did not
significantly block the production of second-strand HIV tran-
scripts (Fig. 6A). Thus, VacA does not have a direct effect on
HIV virion integrity or early steps in the HIV life cycle, such as
HIV binding to cells or the synthesis of viral cDNA.

FIG. 3. VacA inhibits G1-to-S cell cycle progression. (A) Primary
human CD4� T cells were activated with CD3/CD28 antibodies in the
presence of the indicated additives. Cells were then harvested 24, 48,
and 72 h postactivation, and cell cycle analysis was performed using
propidium iodide staining as described in Materials and Methods. The
combined percentages of cells in S and G2/M are indicated. (B) Cells
from panel A were harvested at 48 h postactivation for immunoblot
analysis as described in Materials and Methods. Protein lysates were
generated and immunoblotted with the indicated antibodies. Immu-
noblotting with antibody against total p19 was used as a loading con-
trol. Results are representative of three independent experiments.
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We next investigated whether VacA inhibits the formation
of circularized HIV DNA between 2-LTR circles, which are
associated with the completion of reverse transcription and
nuclear translocation of the HIV preintegration complex (19).
We found that 2-LTR circle formation was greatly diminished
in both VacA- and rapamycin-treated cells (Fig. 6B). Because
it has been suggested that import of viral preintegration com-
plexes into the nucleus is energy dependent (42), we investi-
gated the effects of ATP synthesis inhibitors on this stage of the
viral life cycle. Treatment of activated primary T cells with
ATP synthesis inhibitors resulted in a highly significant reduc-
tion of 2-LTR circle formation, similar to that which was ob-
served in VacA- or rapamycin-treated cells. Finally, to deter-
mine whether VacA was able to inhibit transcription of the
integrated HIV provirus, we used destabilized GFP expressing
HIV to monitor HIV-LTR-mediated transcription in infected
T cells (30). VacA did not have any effect on GFP expression,
which indicated that the inhibition of infection by VacA is
likely to be at a step before provirus integration and transcrip-
tion of HIV genes (data not shown). Collectively, these data
indicate that VacA interferes with HIV infection of primary
human T cells at a stage following viral reverse transcription
but prior to viral integration into host DNA.

DISCUSSION

In this study we demonstrate that the H. pylori VacA toxin
can inhibit HIV infection of primary human T cells. A previous
study reported that another channel-forming bacterial toxin,
aerolysin produced by Aeromonas hydrophila, can inhibit HIV

infection by disrupting the viral envelope (27). In contrast, our
results show that VacA does not directly affect virion integrity,
since it did not inhibit the infection of a transformed T-cell line
and did not block HIV reverse transcription in primary T cells.

After HIV enters a susceptible target cell, reverse transcrip-
tase converts the viral genome RNA into linear double-
stranded cDNA, which is imported into the nucleus, where it
either integrates into the host cell genome or is circularized by
host cell factors. To achieve a productive infection, the reverse-
transcribed cDNA of HIV must integrate into the host cell
genome. It has also been shown that T cells must be in the G1b
phase of the cell cycle for optimal completion of HIV reverse
transcription (19). The circularization of retroviral cDNA con-
taining 1- or 2-LTR circles is presumed to represent an abor-
tive pathway of infection (6). Because the machinery required
for the creation of circular retroviral cDNA is nuclear, the
circles provide an important surrogate to detect nuclear mi-
gration of the viral genome (6). We found that VacA does not
appear to interfere with reverse transcription but does block
2-LTR circle formation. Moreover, VacA does not block tran-
scription of HIV once the provirus is integrated into the chro-
mosome. These results suggest that VacA blocks HIV at a
post-reverse transcription and preintegration stage of the viral
life cycle.

Several possible mechanisms can be suggested to explain
how VacA inhibits HIV infection of primary human T cells.
We provide experimental evidence indicating that VacA
causes mitochondrial membrane depolarization and a reduc-
tion in cellular ATP levels in T cells. Previously, VacA has
been reported to localize to the mitochondria in HeLa and

FIG. 4. Analysis of VacA effects on IL-2 signaling. Preactivated CD4� T cells (7 days post-CD3/CD28 activation) were removed from IL-2 and
treated with the indicated additives for 8 h. Cells were then stimulated with IL-2 for 5 min (A and right panel of D) or for 20 min (B and C).
Alternatively (left panel of D), cells were pretreated with the indicated additives and then TCR/CD28 activated and cultured for 2 days prior to
harvesting. Cells were then lysed, and samples were immunoblotted with indicated antibodies as described in Materials and Methods. Reactivity
with phosphorylated (P) or total (T) proteins is indicated. Results are representative of three independent experiments.
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HEp-2 cells and causes mitochondrial depolarization and a
reduction in ATP levels in these cells (14, 17, 51). A reduction
of ATP levels in T cells is expected to affect the translocation
of HIV preintegration complexes into the nucleus, since this
has been shown to be an energy-dependent process (4, 25).
Other mechanisms also may be operative. For example, if
VacA disrupts intracellular trafficking in T cells, similarly to
what is observed in epithelial cels (22, 35), this might in turn
affect the localization of host factors required for the nuclear
translocation of HIV DNA (16). Studies using HeLa cells
indicate that VacA can insert into the plasma membrane of
cells to form anion-selective channels, can be internalized by
cells, and can cause alterations in endocytic compartments and
mitochondria (14, 22, 31, 51). It is possible that VacA might
have effects on other cell compartments, including the nuclear
membrane, which could result in alteration of the nuclear pore
complex-mediated transport of DNAs, RNAs, transcription
factors, and other large molecules. Therefore, if VacA perturbs
nuclear pore complex formation, this would be expected to
cause cell cycle arrest and inhibit translocation of HIV prein-
tegration complexes to the nucleus.

FIG. 5. Effects of VacA on ATP levels and mitochondrial membrane
polarization. Primary human CD4� T cells were activated with CD3/
CD28 and cultured in the presence of IL-2 for 7 days as described in
Materials and Methods. Cells were then incubated for 16 h without IL-2
and then treated with the indicated additives for 8 h without IL-2. (A) Af-
ter treatment, cells were stimulated with IL-2 for 24 or 48 h and then the
total ATP levels were analyzed using Cell Glow reagent as described in
Materials and Methods. (B) Cell viability analysis for panel A. Cells were
treated as stated for panel A, and then at 24 and 48 h cells were analyzed
for viability based on forward and side scatter analysis with flow cytom-
etry. (C) For analysis of mitochondrial membrane potential and cell via-
bility, cells were stimulated with IL-2 for 24 h and stained using Mito Flow
reagent as described in Materials and Methods. Cell viability was deter-
mined based on forward and side scatter analysis and PI staining (data not
shown), and mitochondrial membrane potential was determined as de-
scribed in Materials and Methods. Asterisks indicate P � 0.05 compared
to PBS-treated cells at the same time point. Statistical significance between
groups was determined by a two-tailed t test. Results are representative of
three experiments performed in triplicate with T cells isolated from different
donors. DNP, dinitrophenol; NaN3, sodium azide; Rap, rapamycin.

FIG. 6. VacA blocks HIV infection post-reverse transcription. Preac-
tivated CD4� T cells (7 days post-CD3/CD28 activation) were infected
with HIV.VSVG in the presence of VacA, AZT, rapamycin, dinitrophe-
nol, sodium azide, or PBS. Cells were then lysed at the indicated time
points postinfection and processed for real-time PCR using primers for
late HIV reverse transcript products (A) or primers that detect 2-LTR
formation of reverse-transcribed viral DNA (B). Results are representa-
tive of three experiments performed in triplicate with T cells isolated from
different donors.
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The results of the current study indicate that there are sev-
eral interesting similarities between the inhibitory effect of
VacA on HIV infection and the inhibitory effect of the immu-
nosuppressive drug rapamycin. Both agents (i) inhibit HIV
infection and inhibit proliferation of either TCR/CD28- or
IL-2-stimulated T cells, (ii) block a post-reverse transcription
stage of HIV infection, and (iii) inhibit the activity of cell cycle
regulatory proteins and result in a G1 cell cycle arrest. Both
VacA and rapamycin blocked the expression of Rb and cyclin
D3, resulting in the impairment of cell proliferation upon
TCR/IL-2 stimulation of T cells. Rapamycin inhibits a mito-
gen-activated Ser/Thr protein kinase (p70 S6 kinase) that is
required for G1-to-S cell cycle progression upon IL-2 signaling
(1, 2, 20). However, VacA did not inhibit p70 S6 kinase phos-
phorylation. Our results also clearly indicate that VacA does
not have inhibitory effects on several steps in the proximal IL-2
signaling pathway. As discussed above, VacA caused mito-
chondrial depolarization in T cells whereas rapamycin did not,
and this could be one potential mechanism by which it slows
cell progression in primary T cells. The results of this study
highlight several important differences between primary hu-
man T cells and transformed T-cell lines in permissiveness to
HIV infection and activation states. The inhibitory effects of
VacA and rapamycin on HIV infection and T-cell proliferation
were observed with primary human T cells but not with a
transformed T-cell line (Hut 78). We speculate that VacA may
modulate the activity of host factors that are turned on during
activation of primary T cells.

In summary, our results indicate that VacA inhibits HIV
infection of primary human T cells. This activity of VacA might
serve as a very useful tool for further dissecting T-cell signaling
pathways required for HIV infection and for identifying host
factors that regulate HIV infection of T cells. This knowledge
in turn could result in the development of novel therapeutic
agents that inhibit HIV infection by targeting host factors, an
approach that may circumvent the ability of HIV to develop
escape mutations.
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