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The immune correlates of protection in human immunodeficiency virus type 1 (HIV-1) infection remain
poorly defined, particularly the contribution of CD4� T cells. Here we explore the effector functions of
HIV-1-specific CD4� T cells. We demonstrate HIV-1 p24-specific CD4�-T-cell cytolytic activity in peripheral
blood mononuclear cells directly ex vivo and after enrichment by antigen-specific stimulation. We further show
that in a rare long-term nonprogressor, both an HIV-1-specific CD4�-T-cell clone and CD4� T cells directly
ex vivo exert potent suppression of HIV-1 replication. Suppression of viral replication was dependent on
cell-cell contact between the effector CD4� T cells and the target cells. While the antiviral effector activity of
CD8� T cells has been well documented, these results strongly suggest that HIV-1-specific CD4� T cells are
capable of directly contributing to antiviral immunity.

Despite extensive investigation, the immune correlates of
protection in human immunodeficiency virus type 1 (HIV-1)
infection remain undefined. Control of HIV-1 replication in
the absence of antiretroviral therapy is associated with vigor-
ous virus-specific immune responses in both the CD8�- and
CD4�-T-cell subsets in persons with undetectable viremia (19,
36). Virus-specific CD8� cytoxic T lymphocytes (CTL) are
typically thought to be the biggest contributors to the control
of HIV-1 replication. The fall in viral load after primary HIV-1
infection is temporally correlated with the appearance of major
histocompatibility complex class I-restricted CTL (7, 20). De-
pletion of CD8� CTL in simian immunodeficiency virus (SIV)
infection results in failure to control primary viremia or a rapid
increase in virus load in chronic infection (37). However, re-
cent comprehensive analyses of CD8�-T-cell responses reveal
no quantitative correlation with viremia (2, 4, 13). Further-
more, while CTL appear to play an important role in HIV-1
infection, they do not afford protection from progression of
disease in most individuals (10), and viremia usually persists in
spite of strong HIV-1-specific CD8� CTL responses (reviewed
in reference 25). These findings indicate that in most cases
CTL alone are not sufficient to control infection.

A growing body of evidence points to a pivotal role for
CD4�-T-cell responses in HIV-1 infection. Robust p24-spe-
cific proliferative responses are associated with transient con-
trol of HIV-1 viremia (36). However, data indicate that high
viral load interferes with Th-cell proliferation and that HIV-
1-specific proliferative responses prior to interruption of anti-
retroviral therapy are not predictive of virus control after dis-
continuation of antiretroviral therapy (26). It is believed that
the preferential infection of HIV-1-specific CD4� T cells (9)
contributes to a functional deletion or impairment of helper

activity needed to support CTL function, and CD4�-T-cell
proliferative responses have been correlated to CTL precursor
frequencies (19). Direct mechanistic evidence on the role of
virus-specific CD4� T cells has been lacking.

Effector functions mediated by CD4� Th cells have not been
widely explored in the control of viral infections. In vitro cy-
tolytic activity residing in the CD4�-T-cell subset is seen in a
number of viral infections in humans, including those caused
by HIV, Epstein-Barr virus, herpes simplex virus, measles vi-
rus, influenza virus, varicella-zoster virus, and dengue virus
(reviewed in reference 31). CD4� Th cells have also been
shown to secrete antiviral factors, such as gamma interferon
(IFN-�) and tumor necrosis factor alpha (42). Most work an-
alyzing effectiveness of CD4� CTLs has been performed with
the murine system. Adoptive transfer of tumor-specific CD4�

CTL into athymic or RAG2�/� mice results in tumor regres-
sion after initial growth (29, 45). CD4� CTL clones can me-
diate suppression of Friend virus in vitro (17) and influenza in
vivo (14). These studies all suggest a potential role for effector
functions mediated by Th cells in controlling viral infections.

The present study demonstrates ex vivo-mediated CD4�

cytolytic activity and explores the ability of HIV-1-specific
CD4�-T-cell clones to kill T cells expressing the HIV-1 p24
protein. We further demonstrate that CD4� cytolytic T-cell
clones and CD4� T cells directly ex vivo can suppress HIV-1
replication. These data support the concept that CD4� T cells
not only may provide indirect “help” for CTL but could have a
direct role in control of viral replication in vivo.

MATERIALS AND METHODS

Study subjects. CD4�-T-cell clones were previously derived from 4 individuals
(30), and 10 additional subjects were selected, spanning a range of viral loads
(Table 1). Long-term nonprogressors are defined as having been HIV-1 infected
for more than 10 years and maintaining a virus load of fewer than 2,000 RNA
copies/ml of plasma without antiretroviral therapy. Controllers fit the same
definition but are infected for less than 10 years. Acutes refer to individuals treat-
ed with antiretroviral therapy within six months of HIV-1 seroconversion, and
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many underwent structured therapy interruption after initial antiretroviral ther-
apy. Seronegative individuals were not HIV-1 infected, determined by HIV-1
antibody testing. All study samples were obtained with informed consent, and the
studies were approved by the Massachusetts General Hospital Institutional Re-
view Board.

Antigens and monoclonal antibodies. p24 and gp120 proteins and the bacu-
lovirus-derived control antigen mgs were from Protein Sciences (Meriden,
Conn.), reverse transcriptase protein was from Trinity Biotech (Carlsbad, Calif.),
and Nef protein was from ViroGen (Watertown, Mass.). Shorter p24 peptides
were generated with an Advanced ChemTech (Texas) 396� peptide synthesizer.

Generation of clones and lines. Clones were generated via limiting dilution
and maintained as previously described (32). CD4�-T-cell lines were generated
using Rosette-Sep (Stem Cell Technologies, Vancouver, Canada) for depletion
of CD8� cells from blood during Ficoll-hypaque separation, followed by stimu-
lation with p24 protein (5 �g/ml). CD8�- or CD4�-T-cell enrichment was per-
formed using Rosette-Sep to deplete cells bearing CD16, CD19, CD36, or CD56
and CD4� or CD8� cells, respectively. CD4�-T-cell enrichment typically re-
sulted in at least 85% CD4� T cells with up to 7% contamination with CD8� T
cells and 3% CD3� CD4� CD8� cells (data not shown).

Cytotoxicity assays. Cytolysis was measured as previously described (32). Pe-
ripheral blood mononuclear cell (PBMC) cytolytic activity was assessed in an
overnight assay, while clones and T-cell lines were assayed over 4 h. Spontaneous
lysis was less than 30% unless noted. Specific lysis of greater than 10% was con-
sidered significant.

IFN-� ELISPOT assays. Enzyme-linked immunosorbent spot (ELISPOT) as-
says were performed as previously described (32). Target MT-2 cells (5 � 104)
and antigen (5 �g/ml) were combined with T-cell clones (100 cells/well) in an
overnight assay. Background responses to no antigen ranged from 0.5 to 1.5
spots/well. Responses greater than five spots/well and five times the background
level were considered significant.

Flow cytometry. Intracellular cytokine staining (ICS) was performed using a
modification of published techniques (35). Briefly, 0.5 � 106 cells were incubated
with 5 �g of p24 protein/ml for 2 h and then treated with 10 �g of brefeldin A
(Sigma-Aldrich, St. Louis, Mo.)/ml for 4 h. Cells were surface stained with
anti-CD8-PE, anti-CD3-PerCP, and anti-CD4-APC (Becton Dickinson, San
Jose, Calif.) for 30 min, washed in phosphate-buffered saline, and then fixed and
permeabilized using Caltag reagents (Caltag Laboratories, Burlingame, Calif.).
Staining for IFN-� was performed using anti-IFN-�–fluorescein isothiocyanate
for 30 min. Intracellular p24 staining was performed in a similar fashion accord-
ing to the manufacturer’s instructions (Coulter, Miami, Fla.). In some experi-
ments, clones were first labeled with carboxyfluorescein diacetate succinimidyl
ester (CFSE) at 0.05 �M for 15 min, followed by two washes in phosphate-
buffered saline, according to the manufacturer’s instructions (Molecular Probes,
Inc., Eugene, Ore.). Clones were resuspended in RPMI without serum before
CFSE staining, since serum can quench the CFSE signal. Cells were acquired on
a FACSCalibur flow cytometer (Becton Dickinson). Control conditions included

staining of unstimulated aliquots for IFN-� and staining with isotype controls for
p24.

Virus stocks. Viruses were obtained as previously detailed (43). HIV-1 IIIB
was originally obtained from the laboratory of Robert Gallo. Virus stocks were
from the supernatant of freshly infected H9 cells and were stored at �80°C. The
titer of virus was determined on C8166 cells as previously described (18).

Virus suppression assays. MT-2 cells were centrifuged and infected with
HIV-1 at a multiplicity of infection (MOI) of 10�2 and incubated for 4 h at 37�C.
Target cells were plated in R10 with 50 U of interleukin 2 (IL-2) (R10-50)/ml in
24-well plates at 50,000 cells/well, and effector cells were added at various
effector-to-target (E:T) ratios, all in duplicate. In transwell experiments, effector
cells were in an upper chamber on Costar plates (0.4-�m-pore-size membrane;
Corning, Corning, N.Y.). Supernatants were harvested at 3, 7, and 10 days after
infection. For harvesting, 0.7 ml was removed and inactivated with 70 �l of 5%
Triton-100, and 0.7 ml R10-50 was replaced. Supernatants were assayed for p24
concentration by enzyme-linked immunosorbent assay (ELISA) according to the
manufacturer’s instructions (Perkin-Elmer Life Sciences, Boston, Mass.).

Analysis of supernatant from Th clones. Clones (106/ml) were stimulated with
5 � 105 B-lymphoblastoid cells (B-LCL) and cognate peptide (5 �g/ml). Super-
natants were collected at 24, 48, and 72 h and were analyzed by ELISA according
to the manufacturer’s instructions for RANTES, macrophage inflammatory pro-
tein 1� (Mip-1�), Mip-1	, IL-2, IL-4, IL-10, and IFN-� production (R&D
Systems, Minneapolis, Minn.) and �-defensins 1 to 3 (HyCult Biotechnology,
Norwood, Mass.). Cytokines were measured before and 24, 48, and 72 h after
stimulation. The highest of the four time points was reported.

Statistics. Two-tailed P values were calculated using GraphPad Prism (Graph-
Pad Software, Inc., San Diego, Calif.). Standard deviations were calculated in
Excel (Microsoft Corp., Redmond, Wash.), and the standard error was the
standard deviation divided by the square root of the number of replicate assays.

RESULTS

HIV-1-specific CD4�-T-cell cytolytic activity can be mea-
sured directly ex vivo. While multiple reports have described
HIV-specific CD4�-T-cell-mediated cytolytic activity, rela-
tively few have demonstrated cytolytic activity directly ex vivo
(21, 28). Most reports of CD4�-T-cell cytolytic activity have
shown killing by cells after weeks of in vitro culture (11),
including our previous report on p24-specific CD4�-T-cell
clones (32). We therefore assessed p24-specific CD4�-T-cell
cytolytic responses ex vivo in 14 HIV-1-infected subjects with
virus loads ranging from undetectable to more than 100,000
RNA copies/ml of plasma, including four individuals from

TABLE 1. Subject characteristicsa

Subject Status Diagnosis date CD4 count (cells/ml) Virus load (RNA copies/ml) ART

AC-01 Acute 1997 875 
400 Yes
AC-06 Acute 1997 466 109,000 Off 2 years
AC-14 Acute 1998 598 1,530 Off 3 years
AC-18 Acute 1998 311 985,000 Off 6 months
AC-25 Acute 1998 471 150 Yes
AC-42 Acute 1999 1,074 
50 Yes
CO-01 Controller 2000 798 601 Never
MGB Controller 1998 673 
50 1 year, 1998–1999
LT-02 LTNP 1991 597 738 2.3 years, 1998–2000
LT-04 LTNP 1992 729 
50 4 mos, in 1992
LT-06 LTNP 1987 703 384 3 mos 1988
LT-10 LTNP 1992 784 1,920 Never
161J LTNP Mid-1980s 842 
50 Never
CTS-01 LTNP Late 1980s 571 545 Never
SN-01 HIV�
SN-02 HIV�
SN-03 HIV�
SN-04 HIV�

a CD4 count and viral load are from the time of subject study. LTNP refers to long-term nonprogressor, and HIV� indicates that subjects were not HIV infected.
ART, antiretroviral therapy.
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whom we originally derived cytolytic clones, AC-01, AC-25,
CTS-01, and 161J (Table 2). Four HIV-1-seronegative individ-
uals were included as controls. One subject with long-term
nonprogressive infection, 161J, exhibited CD4�-T-cell cyto-
lytic activity ex vivo, directed against a pool of peptides span-
ning the p24 protein (Fig. 1a). The cytolytic activity was also
demonstrable when B-cell targets were incubated with whole,
soluble p24 protein and was enhanced with enrichment for
CD4� T cells and diminished with enrichment for CD8� T
cells (Fig. 1b). It is unlikely that natural killer cells played a
significant role in the cytotoxic activity, since lysis was in-
creased after CD4 enrichment, a process that depleted CD16-
and CD56-expressing cells. Of the subjects studied, 161J pos-
sessed the greatest proportion of CD4� T cells that recognized
p24 protein (Fig. 1c and Table 2). We hypothesized that the
low frequency of p24-specific Th cells might make ex vivo
Th-cell cytolytic activity difficult to detect. To address this
issue, we generated T-cell lines by using CD8�-depleted
PBMC stimulated with p24 protein from a number of the study
subjects and quantitated lytic ability at 2 and 4 weeks after
isolation (Table 2, right-hand columns). Data are shown from
the latest time point available for each T-cell line; many lines
did not survive to the 4-week time point. T-cell lines from
subjects AC-25 and LT-04 developed high levels of p24-specific
CD4� cells and possessed lytic ability. The T-cell line from
subject LT-02 generated low levels of p24-specific IFN-� se-
cretion and also possessed a low level of specific lytic ability.
CD8�-T-cell responses to p24 were negligible in the T-cell
lines (data not shown). After 5 weeks in culture, the AC-25
T-cell line responded to p24 stimulation with 6.47% of
CD4� T cells secreting IFN-� by ICS (Fig. 2). A cytolytic
assay performed at week 6 revealed more than 40% specific
lysis at an E:T ratio of 50:1 (Fig. 2). These data demonstrate

TABLE 2. Ex vivo lysis by CD4� T cells is seen only rarelya

Subject

Result

PBMC T-cell line

% Lysis % CD4�

IFN-��
TCL duration

(days) % Lysis %CD4�

IFN-��

AC-01 0 ND
AC-06 0.9 ND
AC-14 0 0
AC-18 2.3 ND 28 0 0
AC-25 0.6 0.24 43 49 6.47
AC-42 � 0 28 1.9 0.1
CO-01 � 0 14 0 0.06
MGB 0 0 30 0.7 ND
LT-02 4.8 0.04 15 10.1 0.09
LT-04 1 0.05 15 32.5 25.3
LT-06 0 ND
LT-10 0 ND 16 8.2 0.42
161J 22.2 3.74
CTS-01 0 ND
SN-01 0 ND
SN-02 0 0 14 0 0.1
SN-03 0 0
SN-04 � 0.05 27 0 0.2

a The percentage of CD4� T cells responding to stimulation with 5 �g of
p24ml, measured by intracellular cytokine staining, is listed in the third column.
The right three columns show the results of T-cell-line (TCL) testing, with
significant specific lysis of �10% shown in bold. ND, not done; �, spontaneous
lysis of �30%.

FIG. 1. Ex vivo CD4�-T-cell lysis. (a) The ability of freshly isolated
PBMC or CD8�-T-cell-depleted T cells to kill B-cell targets pulsed
with HIV-1 or control proteins (reverse transcriptase, Nef, gp160, and
mgs) or a peptide pool (p24) was tested in an overnight killing assay.
The only HIV-1 antigen to elicit significant lysis was the peptide pool
spanning p24, and depletion of CD8� cells increased lysis at a given
E:T ratio. The CD4�-T-cell-enriched population was 89.1% CD3�

CD4� cells and 6.5% CD3� CD8� cells (data not shown). E:T ratios
are noted in the legend of each figure. Spontaneous lysis was 33% for
the mgs-pulsed B-LCL and 41% for the p24-pulsed B-LCL. Of note,
spontaneous lysis of p24-pulsed B-LCL was 17% in the subsequent
experiment analyzed in panel b, and there was no change in the
outcome of the experiment. We confirmed the ex vivo cytolytic activity
in subject 161J on six separate occasions. (b) Enrichment for CD4� or
CD8� T cells and lysis of targets pulsed with whole p24 protein. CD4�

refers to PBMC enriched for CD4� T cells during isolation, and CD8�

refers to PBMC enriched for CD8� T cells. Enrichment for CD4� T
cells led to an increase in lysis, and enrichment for CD8� T cells led to
diminution of lysis. The CD8�-T-cell-enriched population was 88.8%
CD3� CD8� and 3.0% CD3� CD4�; the purity of the CD4�-T-cell-
enriched population was not tested. (c) Frequency of HIV-1-specific
cells ex vivo. Fresh PBMC were stimulated with the indicated whole
proteins at a concentration of 5 �g/ml except for p24, where a pool of
18-amino-acid peptides spanning p24 were used as the stimulus. Cells
were stained for production of IFN-� and quantitated by flow cytom-
etry. At least 50,000 live events/condition were recorded. Since whole
protein was used as a stimulus for each of the conditions except p24,
CD8�-T-cell responses would be expected to be low.
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that cytolytic CD4� T cells exist in vivo but are rarely de-
tectable, possibly due to the low frequency of p24-specific
CD4� T cells in most of the individuals studied.

Lysis of T-cell targets and recognition of infected CD4� T
cells. If cytolytic Th cells were to have an impact on control of
virus, lysis of CD4�-T-cell targets would be important. As a
target we utilized the MT-2 cell line, a type 1 human T-cell
leukemia virus-immortalized CD4�-T-cell line capable of rep-
licating CXCR4-tropic (X4) HIV-1 at high levels (15). We
demonstrated that an HLA-matched clone (from subject
161J), but not unmatched clones, could recognize cognate pep-
tide presented by MT-2 cells (Fig. 3a). Furthermore, we
showed that MT-2 cells were susceptible to lysis by the HLA-
matched Th cell clone (Fig. 3b). The degree of lysis seen at an
E:T ratio of 10:1 was comparable to that seen in lysis of B-cell
targets, implying effective recognition of the CD4�-T-cell tar-
get. We demonstrated recognition of infected MT-2 cells by
two methods, first by exposing 161J clone cells to infected
MT-2 cells overnight and measuring IFN-� secretion by ELIS-
POT (Fig. 3c). Infected cells were able to induce IFN-� secre-
tion, while uninfected cells were not. Exogenous antigen was
added to both infected and uninfected cells as a positive con-
trol. We also observed IFN-� production by intracellular cyto-
kine staining, and the 161J clone was activated by the presence
of infected but not uninfected MT-2 cells (74% IFN-�� cells
versus 0.6% IFN-�� cells; data not shown). In the second set of
experiments, we infected MT-2 cells with HIV-1 IIIB at an
MOI of 0.1 or 1 and tested the ability of the 161J clone to lyse
the infected targets at day 6 after infection. Intracellular p24
expression was higher in the MT-2 cells infected with the
higher dose of virus (Fig. 3d), and cytolytic ability correlated
with p24 expression (Fig. 3e). These experiments imply that
the 161J clone cells can recognize p24 antigen produced by
infected MT-2 cells and can lyse infected cells.

Inhibition of HIV-1 replication by HIV-1-specific CD4� T
cells. Fratricide committed by gp120-specific CD4� T cells has
been proposed as a possible method for the depletion of CD4�

T cells seen with progression to AIDS (40). We entertained an
alternative hypothesis, that CD4�-T-cell HIV-1-specific cyto-
lytic activity might lyse HIV-1-infected CD4� T cells and sup-

press viral replication. We tested this hypothesis by infecting
MT-2 cells and measuring p24 produced in the supernatant
with and without the addition of Th-cell clones (Fig. 4a). Ad-
dition of clone 161J resulted in profound suppression of p24
production (P � 0.006). To test whether cell-cell contact was
required, we activated the 161J clone with free antigen pre-
sented by autologous B-LCL and separated the clone from
infected MT-2 cells in a transwell experiment (Fig. 4a). In spite
of vigorous IFN-� secretion by the clone cells in the transwell
(data not shown), there was no significant suppression of virus
replication (P � 0.32). These results imply that cell-cell contact
is required for suppression of virus replication.

One explanation for the lack of p24 production in the pres-
ence of the Th clone would be the elimination of uninfected
MT-2 cells, depriving HIV-1 of a target in which to replicate.
We stained MT-2 cells for intracellular p24 before and after
HIV-1 infection and in the presence of 161J clone cells (Fig.
4b). Infected MT-2 cells were easily distinguished from unin-
fected cells by p24 staining. Addition of 161J clone cells to
infected MT-2 cells at day zero led to the disappearance of
MT-2 cells expressing high levels of p24 and the appearance of
MT-2 cells with levels of intracellular p24 comparable to those
in uninfected cells at day 11 (mean fluorescence intensity, 27.0
versus 32.3). These data show that lack of p24 production was
not due to an absence of MT-2 targets but rather to decreased
viral replication in the presence of the clone.

The ability of the 161J Th clone to suppress HIV-1 replica-
tion could be ascribed to effector functions obtained by the
clone after long-term in vitro culture. To address the issue we
isolated fresh PBMC from subject 161J and plated them di-
rectly with infected MT-2 cells (Fig. 4c). PBMC from 161J
were able to effect a five-log suppression of p24 production at
an E:T ratio of 10:1. The effect was abrogated if CD4� T cells
were depleted and was only partially diminished upon deple-
tion of CD8� T cells. These data do not indicate that CD8� T
cells lack HIV-1-suppressive effects, since the MT-2 cell line is
matched to 16 1J at only one class I C allele, while it is matched
at all DR and DQ alleles. The data do imply that CD4�-T-
cell-mediated suppressive activity can be measured directly ex
vivo and is not an artifact of long-term culture of the 161J
clone cells.

Examination of antiviral soluble factors secreted by p24-
specific CD4�-T-cell clones. The transwell experiments imply
that cell-cell contact is required between the Th clone and the
target cell for suppression of virus replication (Fig. 4a). How-
ever, it is possible that a soluble factor is still responsible for
virus suppression and that the factor can only act at close
range. We therefore characterized the secretion of cytokines
and antiviral compounds by the 161J clone. After stimulation,
the clone produced levels of IFN-� and IL-4 greater than 1,000
pg/ml (Fig. 4d). We quantitated secretion of 	-chemokines,
associated with suppression of CCR5-tropic (R5) virus repli-
cation, and stromal derived factor 1, shown to inhibit infection
with X4 virus (6, 33). We also tested whether or not the clones
secreted detectable quantities of �-defensins, possibly contrib-
uting to HIV-1 suppression though shown not to be secreted by
T cells (47). The only chemokines or defensins secreted in
significant quantities were the 	-chemokines (Fig. 4d). These
chemokines have activity against R5 and not X4 viruses, and
IFN-� has been shown to be inactive against HIV-1 in most

FIG. 2. Lysis by a T-cell line from patient AC-25. p24-specific lysis
was assayed directly ex vivo and at 42 days with a T-cell line. CD4� and
CD8� T cells producing IFN-� after stimulation with p24 are shown ex
vivo and at three subsequent time points. At least 15,000 and generally
more than 40,000 live events were collected/condition. Lysis was dem-
onstrated after the level of p24-specific CD4� T cells rose above 6%.
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systems (24), so it appears the antiviral effect of the Th clone
we observed against an X4 virus was mediated through direct
cytolysis or an unidentified soluble factor unable to act in
transwell assays.

DISCUSSION

HIV-1-specific Th cells are thought to contribute to control
of virus by providing help for HIV-1-specific CTL and B cells.
Here we demonstrate another role for Th cells, that of direct
inhibition of HIV-1 replication. Cytolytic activity mediated by
Th cells has long been recognized, though difficult to demon-
strate without prior in vitro expansion. We were able to dem-
onstrate such activity directly ex vivo for one subject with high
frequencies of HIV-1-specific Th cells. T-cell lines from other
subjects possessed HIV-1-specific cytolytic activity after short-
term in vitro culture (Fig. 2 and Table 2). CD4�-T-cell clones
not only were able to lyse B-cell targets but also could kill other
Th cells infected with HIV-1. While this could lead to deple-
tion of the Th subset in vivo, we also showed that a Th clone
possessed HIV-1-suppressive activity that was dependent on
cell-cell contact. The suppression was not likely an artifact of
prolonged in vitro culture, since CD4� T cells ex vivo also
possessed suppressive activity.

The presence of cytolytic CD4� T cells has been previously
demonstrated in HIV-1 infection in vitro. HIV-1-specific cyto-
lytic CD4�-T-cell clones can be isolated from the cerebrospi-
nal fluid (38), blood (22, 32), and cervical cells (27) of HIV-
1-infected individuals. Cytolytic activity mediated by CD4� T
cells directly ex vivo directed against Gag, Pol, or Env proteins
has only rarely been witnessed in HIV-1-infected persons (16,
21, 28), though characterization of HIV-1-specific Th-cell fre-
quency has not been simultaneously quantified. The only study
to examine the mechanism of action of ex vivo cytolytic CD4�

T cells found them to act using non-perforin-dependent path-
ways (16), in contrast to our findings (32; also data not shown).
CD4� T cells with a cytolytic phenotype have recently been
identified ex vivo in an HIV-1-infected long-term nonprogres-
sor and cytomegalovirus-infected healthy adults, implying that

FIG. 3. Recognition of HIV-1-infected MT-2 cells by an HLA-
matched Th-cell clone. (a) MT-2 cells were incubated with a mixture of
cognate epitopes for all five of the Th-cell clones. Only the HLA-
matched, DR4-restricted clone could recognize antigen presented by

the MT-2 cells. The � and � signs below each clone indicate whether
or not the clone was HLA matched to the target cell. Positive controls
included stimulation with autologous B-LCL pulsed with cognate an-
tigen, confirming each clone’s activity (data not shown). (b) 161J clone
can lyse MT-2 cells in an antigen-specific fashion. Only the HLA-
matched Th-cell clone could lyse MT-2 cells in a 4-h 51Cr release assay.
Clonal activity was confirmed in parallel with autologous B-LCL tar-
gets pulsed with cognate antigen for each clone (data not shown). (c)
Infected MT-2 cells process antigen for recognition by the Th-cell
clone 161J. Infected and uninfected cells were used as antigen-pre-
senting cells in an overnight ELISPOT assay for IFN-� secretion. Cells
were infected at an MOI of 1. The uninfected cells induced IFN-�
secretion only if exogenous cognate antigen was added, while the
infected cells needed no exogenous antigen to induce IFN-� secretion.
(d) Granular staining of infected MT-2 cells for intracellular p24. The
thin histogram represents uninfected cells, the dashed histogram rep-
resents cells infected at an MOI of 0.1, and the bold histogram repre-
sents cells infected at an MOI of 1. The mean fluorescence intensities
for each of the conditions, respectively, were 19.3, 825, and 1032.
(e) Lysis of infected MT-2 cells. The 161J clone was able to lyse
infected MT-2 cells in a 4-h 51Cr release assay, with greater lysis in
targets expressing higher levels of p24 as determined in Fig. 3d.
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cytolytic CD4� T cells may occur more frequently than previ-
ously appreciated (46). It has also been noted that about 20%
of CD4� T cells from HIV-1-infected patients express per-
forin, compared to 2% in seronegative controls, and that
CD4� T cells from HIV-1-infected individuals can lyse targets
in a redirected killing assay (3). We found only one HIV-1-
infected individual of 14 with detectable ex vivo cytolytic Th
cells. Of note, the frequency of HIV-1-specific CD4� T cells in
this subject was more than one order of magnitude higher than
that in the other subjects surveyed. Supporting the notion that
Th-cell effector frequency limited the ability to detect ex vivo
CD4� CTL was the fact that T-cell lines expanded in vitro
could mediate HIV-1-specific cytolysis, presumably through
expansion of antigen-specific Th cells. While we were able to
demonstrate ex vivo CD4�-T-cell lysis with one individual, the
experiments with T-cell lines from other subjects suggest but
do not prove the existence of in vivo cytolytic activity in these
individuals, since Th cells in even relatively short-term in vitro
culture have been shown to develop cytolytic activity (11).
Most HIV-1-infected individuals have relatively low frequen-
cies of HIV-1-specific Th cells (4), so we would expect that ex
vivo Th-cell cytolytic activity would be difficult to detect for
most subjects. Detecting significant proportions of antigen-
specific cytolytic Th cells ex vivo may require study of viruses
with higher frequencies of antigen-specific Th cells, such as
cytomegalovirus (5), or use of more-sensitive techniques to
detect cytolysis at the single-cell level (23, 39). The correlation
between frequency of antigen-specific Th cells and lytic activity
is likely not absolute, and we saw a low level of lysis in the
T-cell line from subject LT-02 with undetectable IFN-� secre-
tion (Table 2). It is also possible that individuals with high viral
load and detectable p24-specific IFN-� secretion would lack
cytolytic activity, a question not answered by the present study.

The ability of T cells to kill B-cell targets is interesting, but
to envision a role for Th-cell cytolytic activity in the direct

FIG. 4. Suppression of HIV-1 replication and secretion of antiviral
factors. (a) MT-2 cells were infected with HIV-1 IIIB, and the super-
natant was assayed for p24 production by ELISA at day 7. Each of the

clones was added at a 1:1 E:T ratio. Only the HLA-matched 161J clone
was able to suppress virus replication. Suppression depended on cell-
cell contact, since separation of the clone from the targets with a
semipermeable membrane (transwell [TW]) abrogated suppression.
Results are averages of at least two independent experiments, and
error bars represent the standard error. (b) Intracellular staining of
MT-2 cells for p24 at day 11 after infection. MT-2 cells were gated
based on their large size and granularity in the forward and side scatter
gates. The thin histogram represents uninfected cells, the thick histo-
gram represents infected cells, and the filled histogram represents
infected cells incubated with the 161J Th-cell clone at an E:T ratio of
1:1. The mean fluorescence intensities for each of the conditions,
respectively, were 27.0, 1670, and 32.3. More than 50,000 events/con-
dition were recorded, except for the infected cells alone, where 22,000
events were acquired due to lower viable cell numbers by day 11. (c)
Suppression of HIV-1 replication by 161J PBMC directly ex vivo.
Infected MT-2 cells were incubated with various E:T ratios of 161J
PBMC or PBMC depleted of CD4� or CD8� T cells, and p24 was
quantitated by ELISA at day 7. Virus was suppressed by PBMC and
the CD4�-T-cell subsets but not PBMC depleted of CD4� T cells. No
virus suppression was demonstrated after coincubation with PBMC
from a control HIV-1-seronegative individual. (d) Secretion of cyto-
kines and antiviral factors by 161J Th-cell clone. Clone cells were
stimulated with a cognate antigen at 5 �g/ml presented by an autolo-
gous B-cell line, and supernatants were harvested at 24, 48, and 72 h.
The highest value of the three for each cytokine is listed. IL-4, IFN-�,
and the CCR5 chemokines were secreted at the highest levels.
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control of HIV-1, CD4� T cells themselves would have to be
targets of lysis as well. Th cells can present endogenously
synthesized HIV-1 gp160 to CD4� CTL (34). Our studies
demonstrated that the MT-2 T-cell line can effectively process
and present an epitope within p24 Gag and sensitize itself for
lysis by an HLA-matched Th-cell clone. While HIV-1-specific
Th-cell lysis appears to be mediated via perforin in a fashion
similar to that of CD8�-CTL lysis (32), it is unlikely that CD4�

and CD8� CTL would have the same in vivo effects. CD4�

CTL would target cells that express major histocompatibility
complex class II molecules, primarily antigen-presenting cells
and other T cells. These cells can present peptides through the
exogenous pathway after endocytosis, without being produc-
tively infected (40). If these cells are preferential targets for
cytolytic CD4� T cells, elimination of bystander Th cells could
contribute to CD4�-T-cell depletion in HIV-1. It appears un-
likely that bystander lysis was the primary function of the Th
cells we studied, since only MT-2 cells with high levels of p24
were completely eliminated (Fig. 4b). Alternatively, CD4�

CTL could target the reservoirs of HIV-1 replication, poten-
tially contributing to control of the virus.

Mechanistically, CTL can inhibit HIV-1 replication in vitro
via cytolytic and noncytolytic pathways (8, 44). Suppression of
HIV-1 replication mediated by a Th clone appeared to rely on
cell-cell contact, since separation of the clone from the target
cells by a semipermeable membrane abolished the suppressive
effect. Modest reductions in HIV-1 replication have been
noted upon addition of p24-specific Th-cell clones to infected
human T lymphoblastoid CEM cells, and in those experiments
Th1 clones appeared to be more effective than Th0 clones (41).
The cytokine profile of the clone we studied was Th0, with both
IL-4 and IFN-� secretion. Additional recent work has docu-
mented the suppression of R5 and X4 viruses by naïve, non-
specifically activated CD4�-T-cell supernatants, and X4 sup-
pression was mediated by chemokine ligand 22 (1). We did not
examine CCL22, but the clone did not appear to secrete any
other soluble factors associated with suppression of X4 viruses,
including stromal derived factor 1 and �-defensins. Prior work
has demonstrated secretion of R5-blocking chemokines by Th
cells (12), consistent with the soluble factors we found in the
present study.

In summary, we propose that the Th-cell effector activity
demonstrated above may contribute to control of HIV-1 rep-
lication. Part of the reason Th cell effector functions have not
been typically documented is likely the relatively low frequency
of HIV-1-specific Th cells in natural infection. While Th cell
effector responses alone would be unlikely to eliminate the
virus, they could function as one more defense employed by
the immune system in its struggle to control HIV-1.
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