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The ability of interleukin-7 (IL-7) and IL-15 to expand and/or augment effector cell functions may be of
therapeutic benefit to human immunodeficiency virus (HIV)-infected patients. The functional effects of these
cytokines on innate HIV-specific immunity and their impact on cells harboring HIV are unknown. We
demonstrate that both IL-7 and IL-15 augment natural killer (NK) function by using cells (CD3� CD16�

CD56�) from both HIV-positive and -negative donors. Whereas IL-7 enhances NK function through upregu-
lation of Fas ligand, the effect of IL-15 is mediated through upregulation of tumor necrosis factor-related
apoptosis-inducing ligand. The difference in these effector mechanisms is reflected by the ability of IL-15-
treated but not IL-7-treated NK cells to reduce the burden of replication-competent HIV in autologous
peripheral blood mononuclear cells (PBMC) (infectious units per million for control NK cells, 6.79; for
IL-7-treated NK cells, 236.17; for IL-15-treated cells, 1.01; P � 0.01 versus control). In addition, the treatment
of PBMC with IL-15-treated but not IL-7-treated NK cells causes undetectable HIV p24 (five of five cases), HIV
RNA (five of five cases), or HIV DNA (three of five cases). These results support the concept of adjuvant
immunotherapy of HIV infection with either IL-7 or IL-15 but suggest that the NK-mediated antiviral effect of
IL-15 may be superior.

The successes of present antiretroviral therapies (ART) are
underscored by the apparent inability of such therapies to
augment either innate or acquired human immunodeficiency
virus (HIV)-specific immunity or to effect viral eradication
(70). Accordingly, adjuvant approaches have been added to
standard antiretroviral agents in attempts to enhance the ac-
quisition of innate or acquired HIV-specific immunity and/or
to enhance viral clearance. Two such approaches that have
been widely tested include scheduled therapeutic interruptions
(STI) and interleukin-2 (IL-2). The effectiveness of STI has
been proven in patients with acute HIV disease where inter-
mittent pharmacologic control of viral replication results in
enhanced anti-HIV cytolytic T-cell (CTL) activity and partial
control of viral replication (61). However, although STI in
patients with chronic HIV infection may impact HIV-specific
CTL activity, such changes do not meaningfully impact viral
replication (3). IL-2 coadministered with ART causes nearly
universal increases in CD4 T-cell and natural killer (NK) cell
numbers (38). Yet despite increased T-cell numbers, vaccina-
tion responses were unchanged in a cohort of patients treated
with ART and IL-2 compared to results with ART alone (71),
suggesting that acquired immunity is not enhanced by IL-2
cotherapy. Furthermore, despite initial optimism that IL-2
would activate HIV from its latent reservoir and thereby en-

hance the ability of ART to cause a decline in the size of the
HIV latent pool (15), this effect has not translated to viral
eradication, even after 2 years of intense ART plus IL-2 ther-
apy (59, 66, 78). Other approaches towards enhancing HIV-
specific immunity and enhancing viral clearance are therefore
needed, especially for patients with chronic HIV infection.

IL-7 and IL-15 have both been suggested as potential im-
munomodulators for use in HIV infection. Experimental dis-
ruption of either IL-7 (74) or IL-7 receptor (IL-7R) (58) re-
sults in severe leukopenia and impaired thymopoesis,
indicating a necessary role for this cytokine in T-cell develop-
ment. However, unlike IL-7R gamma chain deficiency, NK cell
numbers and function were preserved in IL-7R alpha chain
mutants (60), suggesting that perturbations in IL-7 and IL-7R
signaling may have more important effects on T-cell survival
than on NK cell biology when compared to the loss of the
IL-15 cytokine signaling pathway. While it is clear that IL-7 has
a strong positive effect on T cells, less is known about its effect
on NK cell survival and function.

Exogenous administration of IL-7 enhances T-cell reconsti-
tution following myeloablation in murine models (9, 48) and
stimulates the proliferation and maturation of peripheral T
cells (13). In patients with HIV infection, IL-7 levels are in-
versely correlated with CD4 T-cell lymphopenia, raising the
possibility that IL-7 is a naturally occurring homeostatic re-
sponse (52), a suggestion which is supported by a similar in-
verse correlation between IL-7 levels and CD4 T-cell numbers
in patients with idiopathic CD4 lymphopenia and chemother-
apy-induced myeloablation (26). IL-7 augments T-cell num-
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bers by two distinct means: the expansion of existing T cells (2)
and enhanced de novo T-cell synthesis, as indicated by in-
creased T-cell receptor excision circle frequency (53).

IL-15-deficient mice demonstrate impaired CD8 and NK
cell function (36, 68), suggesting a necessary role of IL-15 in
the generation of both innate and acquired effector arms of
immunity. Consistent with this suggestion, IL-15 administra-
tion in murine models enhances CD8 T-cell number and sur-
vival (79), and the presence of IL-15 is absolutely required for
the generation of antigen-specific CD8 T cells (62). On a mo-
lecular level this requirement may be explained by the ability of
IL-15 to enhance the expression of perforin, granzymes A and
B, and gamma interferon (IFN-�) in human CD8 T cells
treated in vitro (39). IL-15 also directly activates and enhances
the survival of NK cells (75). In patients with HIV infection,
the diminished peripheral blood mononuclear cell (PBMC)
production of IL-15 correlates with uncontrolled levels of viral
replication (21), and in vitro treatment of PBMCs with IL-15
enhances neutrophil chemotaxis and fungicidal activity (46),
enhances NK cell survival and proliferation (51), and enhances
survival, activation, and IFN-� production of HIV-specific
CD8 T cells (50).

NK cell function is impaired in untreated HIV-infected pa-
tients, and consequently NK cells are unable to lyse or suppress
viral replication in autologous HIV-infected T lymphocytes
(10, 37). Given the failure of NK cell function in HIV-infected
patients and the proposed use of IL-7 and IL-15 as immuno-
therapeutic approaches to HIV infection, we have evaluated
the effect of IL-7 and IL-15 on NK cell function by using cells
from both HIV-infected and non-HIV-infected donors. While
both IL-7 and IL-15 augment NK function, they do so through
distinct pathways, which in turn impacts the ability of NK cells
stimulated with these cytokines to kill autologous targets which
harbor latent HIV.

MATERIALS AND METHODS

Cell lines, cultures, and cytokines. All cell lines were purchased from Amer-
ican Type Culture Collection (Rockville, Md.) and maintained in complete
medium, RPMI 1640 medium supplemented with 10% heat-inactivated fetal
bovine serum, 100 U of penicillin per ml, and 100 mg of streptomycin (Canadian
Life Technologies Products, Montreal, Quebec, Canada) per ml. IL-2, IL-7, and
IL-15 were purchased from R&D Systems (Minneapolis, Minn.), reconstituted in
phosphate-buffered saline (PBS), and frozen at �20°C until use.

Detection of TRAIL and TRAIL receptors by RT-PCR and flow cytometry.
Total RNA was extracted (QIAGEN, Mississauga, Ontario, Canada) from NK
cells and quantitated by spectrophotometry (Becton Dickinson). Fifty nanograms
of template RNA was used in each reverse transcription (RT)-PCR. Semiquan-
titative RT-PCR for tumor necrosis factor (TNF)-related apoptosis-inducing
ligand (TRAIL) and TRAIL receptor, Fas ligand (FasL), and �-actin was per-
formed by using previously described conditions and primers (45, 64). RT-PCR
products were visualized by 1.5% ethidium bromide-stained agarose gels. The
levels of TRAIL and TRAIL receptor and of FasL expression were quantitated
by using phosphorimaging, and expression was normalized to the amount of
�-actin message. For detection of the surface expression of FasL (NOK-1;
Research Diagnostics Inc., Flanders, N.J.) and TRAIL and TRAIL receptors
(Immunex Corp., Seattle, Wash.), 5 � 105 cells were stained with monoclonal
primary antibodies, as previously described (45). For receptor detection on
resting memory cells, peripheral blood lymphocytes (PBL) were isolated from
non-HIV-infected donors and sorted by magnetic antibody cell sorting by using
CD4, CD45RO, and HLA-DR antibodies. Cells were subsequently stained for
TRAIL receptors as described above.

Isolation of primary human NK cells. PBMCs were isolated by Ficoll-
Hypaque (Amersham, Uppsala, Sweden) from HIV-infected or non-HIV-in-
fected donors following informed consent. Monocyte-depleted PBLs (plastic

adherence for 3 h) were incubated with anti-CD3-labeled beads (Miltenyi Biotec,
Auburn, Calif.) to remove T cells, followed by positive NK cell selection by using
anti-CD16 and anti-CD56 beads (Miltenyi Biotec) according to the manufactur-
er’s instructions. NK cell purity (CD3� CD16� CD56�) was consistently �90%
as determined by flow cytometry (data not shown).

Cytotoxicity and cell death assay. Apoptotic assays on PBLs were performed
by treatment with control protein or 1 �g of recombinant TRAIL (Immunex) for
16 to 18 h, followed by detection with Hoechst 33482 staining. PBLs were gated
by forward and side light scatter. Four-color flow cytometry was used to analyze
CD4� CD45RO HLA-DR� cells (CD4, Texas red; CD45RO, allophycocyanin;
and HLA-DR, phycoerythrin) combined with Hoechst staining for apoptotic
cells. A determination of cell-mediated cytotoxicity was performed in triplicate
by using a flow cytometry-based assay (31). Only if variation between triplicate
samples was �10% were the results accepted. NK effector cells (106) were
stimulated for 72 h with 10 ng of IL-2, IL-7, or IL-15 (R&D Systems) per ml in
complete medium and washed extensively with PBS to ensure that no residual
cytokine was present at the time of coculture. K562 target cells were grown as
described above, collected, and washed twice in PBS. Cells were resuspended in
phenol red-free RPMI medium to a final density of 106 cells/ml. K562 target cells
were labeled with 10 mM 3,3-dioctadecyloxacarbocyanine (DiO; Molecular
Probes, Eugene, Ore.) for 20 min at 37°C and washed three times with PBS.
Target and effector cells were mixed together at effector/target ratios of 50:1,
25:1, 12.5:1 and 6.25:1 (12) or with the indicated effector/target ratios. Cells were
coincubated for 3 h. Propidium iodide (PI; 1 �g/ml) (Sigma, St. Louis, Mo.) was
added to the cells and incubated for an additional 20 min. To block ligand- and
receptor-induced cell death, 1 �g of antibodies specific for TRAIL (M181;
Immunex Corp.) or FasL (NOK-1; Research Diagnostics, Inc.) per ml was added
prior to adding the targets cells. Percent specific cytotoxicity was determined by
the following formula: (the number of PI� plus DiO� cells/total number of
DiO� cells) � 100%. Prior to the assays, both effector and target cell viabilities
were determined by PI staining to be less than 10% PI�.

Isolation of HIV by limiting-dilution quantitative micrococulture in PBL from
infected patients. NK cells were isolated from HIV-infected donors by using
magnetic bead separation as described above. NK cells were stimulated with
IL-2, IL-7, or IL-15 for 72 h, washed extensively, and cocultured with autologous
PBL for 16 h at an effector/target ratio of 5:1. After the coculture, NK cells were
depleted from the coculture by positive selection by using CD16 and CD56
magnetic beads. The remaining PBL were then subjected to quantitative micro-
coculture (16, 23, 45) to determine the frequency of replication-competent HIV
within the PBMCs. The amount of viral replication was quantitated by using (i)
p24 enzyme-linked immunosorbent assay (Perkin-Elmer, Boston, Mass.), (ii)
viral RNA (Bayer Diagnostics, Markham, Ontario, Canada), and (iii) proviral
DNA by semiquantitative PCR, as previously described (45), and maximum
likelihood analysis calculated to estimate infectious units per million (IUPM)
cells.

Statistical analysis. Assays of NK cell cytotoxicity were all compared by using
a paired t test. Maximum likelihood analysis was used to determine the frequency
of replication-competent HIV cells within the PBMC population, as described
previously (16, 23, 45). Student’s t tests were used in cytotoxicity assays on control
versus cytokine treatments in both HIV-infected and non-HIV-infected groups,
with a Bonferroni correction for multiple comparisons.

RESULTS

NK cell activity in patients with suppressed viremia is en-
hanced by in vitro treatment with IL-7 and IL-15. Recent data
have suggested two distinct populations of NK cells, CD56�

(bright) and CD56� (dim), that appear to differ functionally as
well as developmentally (19, 22). Since we were interested in
the activity of the entire NK cell pool, we chose to study all
CD56� CD16� CD3� cells. Henceforth, we will define total
NK cells as CD56� CD16� CD3�. To assess what effect HIV
infection has on NK cell function, we assayed NK cell activity
in cells from patients with detectable levels of plasma viremia.
In NK cells from infected patients with unsuppressed viral
replication, NK cell activity was reduced compared to levels of
activity in cells from noninfected controls (Fig. 1A), which is
consistent with previous reports that untreated HIV infection
perturbs NK cell activity (56). When we performed a similar
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FIG. 1. (A) NK cells from HIV patients with detectable viremia have decreased NK cell killing activity against target cells. CD3� CD16�

CD56� NK cells from patients with unsuppressed viral replication (solid lines) or from noninfected donors (dashed lines) were isolated and
subjected to cytolytic assay using K562 target cells in triplicate (P � 0.05 for noninfected versus infected donors). Each symbol represents a different
patient sample. (B) IL-7 and IL-15 enhance cytolytic activity of NK cells from HIV-infected patients with suppressed viral loads. CD3� CD16�

CD56� NK cells from noninfected donors (upper panel) or HIV-infected patients with suppressed viral replication (lower panel) were either
untreated (control, �) or stimulated with 10 ng each of IL-2 (�), IL-7 (Œ), or IL-15 (E) per ml for 72 h. NK cell cytolytic activity was assayed
for 3 h in the presence or absence of 1.0 �g of neutralizing TRAIL or FasL Abs per ml, as indicated, in triplicate. Results are representative of
four independent experiments.
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analysis on NK cells from HIV-infected patients with sup-
pressed levels of plasma viremia, we observed no significant
difference in the cytolytic activity of K562 target cells com-
pared to activity in noninfected controls, confirming our prior
observation that suppression of viremia by effective highly ac-
tive antiretroviral therapy leads to normalization of NK cell
activity (56) (Fig. 1B).

Next, we determined whether IL-7 or IL-15 could further
enhance NK cell cytolytic activity in purified NK cells from
HIV-infected patients with suppressed viremia or in non-HIV-
infected donors. Isolated NK cells were left untreated or
treated for 72 h with 10 ng of IL-7, IL-15, or IL-2 per ml and
used as effectors in our K562 cytotoxicity assay. Following 72-h
culture in the absence of stimulation, control cells had minimal
cytotoxicity against the K562 target cells. As expected, treat-
ment with low-dose IL-2 increased NK cell cytotoxicity against
K562, particularly at the higher effector/target ratios. Treat-
ment of purified NK cells from HIV-infected (Fig. 1B, lower
panels) or non-HIV-infected donors (Fig. 1B, upper panels)
with IL-7 significantly enhanced NK cell-mediated K562 target
cell killing (P � 0.04 for noninfected donors, and P � 0.04 for
infected donors). IL-7-treated NK cell-mediated killing of
K562 target cells was reduced by neutralizing FasL antibodies
(Abs) in cells from both HIV-infected (P � 0.03) and non-
HIV-infected (P � 0.04) patients but not by neutralizing
TRAIL Abs. IL-15 treatment of NK cells from HIV-infected
or non-HIV-infected individuals had significantly enhanced
levels of K562 target cell killing (for noninfected donors, P �
0.03; for infected donors, P � 0.01). The enhanced killing by
IL-15-treated NK cells was inhibited by TRAIL-neutralizing
Abs (for noninfected donors, P � 0.04; for infected donors, P
� 0.03). In contrast, FasL-neutralizing Abs had no effect on
the cytolytic activity of IL-15-treated NK cells.

IL-7 and IL-15 differentially modulate TRAIL and FasL
expression in CD3� CD16� CD56� human NK cells. In light
of the effects of IL-7 and IL-15 on NK cell function, we as-
sessed whether IL-2-, IL-7-, or IL-15-treated CD3� CD16�

CD56� human NK cells alter the expression of death-inducing
ligands as assessed by semiquantitative PCR for TRAIL and
TRAIL receptors and for FasL. Compared to untreated cul-
tures, treatment with IL-2, IL-7, and IL-15 caused no change in
TRAIL receptors 1, 2, 3, or 4 mRNA in NK cells from healthy
subjects or HIV-infected individuals (data not shown). IL-15
treatment of NK cells did, however, increase TRAIL tran-
scripts by 4.9-fold in NK cells from healthy subjects and by
4.5-fold in NK cells from infected patients (data not shown).
No changes in FasL mRNA expression were detected in IL-
15-treated cultures. FasL mRNA was increased 2-fold by IL-7
in cells from healthy individuals and 3.2-fold in cells from
HIV-infected patients (data not shown), yet IL-7 had no effect
on TRAIL mRNA expression. Consistent with RT-PCR data,
IL-2, IL-7, and IL-15 did not affect surface expression of
TRAIL receptor 1, 2, 3, or 4 (data not shown), while TRAIL
was upregulated 1.5-fold by IL-15 in HIV-negative patients
(mean fluorescence intensity of control was 9.4 versus 14.1 for
IL-15-treated patients; P � 0.03) and 2.8-fold in cells from
HIV-positive patients (mean fluorescence intensity of control
was 7.4 versus 20.4 for IL-15-treated patients; P � 0.03) (Fig.
2). IL-7 increased FasL expression 3.4-fold in NK cells from
HIV-negative patients (mean fluorescence intensity of control

was 10.2 versus 35.1 for IL-7-treated patients; P � 0.03) and
2-fold in HIV-positive patients (mean fluorescence intensity of
control was 7.7 versus 15 for IL-7-treated patients; P � 0.04).
These data suggest that IL-7 and IL-15 have distinct effects on
the regulation of death-inducing ligands, and this differential
effect on ligand expression provides a potential mechanism for
the differential NK cell cytolytic activity following IL-7 or IL-15
treatment.

PBL and resting memory cells from HIV-infected patients
are sensitive to killing by TRAIL. To determine whether cells
from HIV-infected patients are sensitive to TRAIL-mediated
killing, we treated cells from individual patients with a vehicle
control or TRAIL for 16 h. In all cases and in agreement with
other previously published studies, PBL from HIV-infected
patients with suppressed viral replication underwent apoptosis
as determined by Hoechst staining (data not shown) (29, 33,
45). We further examined whether the resting memory subset
within these PBL was also sensitive to TRAIL-mediated kill-
ing. PBL were stained and analyzed by flow cytometry, focus-
ing specifically on the CD4� CD45RO� HLA-DR� popula-
tion which contains the latently infected resting memory T-cell
pool. TRAIL treatment induces apoptosis of this resting mem-
ory subset of cells within the total PBL population (Fig. 3B).
When we analyzed the expression of TRAIL receptors in the
same resting memory cells, we found high levels of the death
receptors TRAIL-R1 and TRAIL-R2 compared to low levels
of TRAIL-R3 and TRAIL-R4 (Fig. 3B) (45). Collectively, this
finding indicates that PBL as well as the resting memory cell
subset from HIV-infected patients express TRAIL death re-
ceptors and are sensitive to TRAIL-induced apoptosis.

IL-7- and IL-15-stimulated NK cells from HIV-infected pa-
tients demonstrate enhanced killing of autologous peripheral
blood reservoirs of HIV. We have recently described that in
vitro treatment of resting memory CD4 T cells and/or PBMCs
with recombinant TRAIL can reduce the burden of replica-
tion-competent HIV within these cell populations (45). There-
fore, we assessed whether NK cells treated with IL-7 or IL-15
could impact the viral burden of cells from HIV-infected pa-
tients. NK effector cells from HIV-positive patients were stim-
ulated with IL-2, IL-7, or IL-15 for 72 h and subsequently used
in a cytotoxicity assay against fresh autologous PBL. Following
a 16-h coculture of NK effector cells and PBL targets, the NK
cells were depleted, and the remaining PBL were analyzed for
residual burden by limiting-dilution quantitative micrococul-
ture (16, 23). In all five subjects, PBL treated with IL-15-
stimulated NK cells had undetectable HIV p24 antigen and
viral RNA (Fig. 4A and Table 1). Neutralizing anti-TRAIL
Abs but not anti-FasL Abs eliminated the ability of IL-15-
stimulated NK cells to reduce measurable HIV production
from microculture. NK cells stimulated with IL-7 also reduced
the level of virus present in cocultures, although not to unde-
tectable levels (Fig. 4A and Table 1; P � 0.01 by t test). The
addition of anti-FasL Abs but not anti-TRAIL Abs blocked the
ability of IL-7-stimulated NK cells to reduce HIV p24 and
RNA production from microcultures. Results obtained with
p24 antigen and RNA were confirmed by IUPM estimates. In
control cultures, the average IUPM estimates in our five pa-
tients was 5.06, while IL-15-stimulated NK cells resulted in an
average IUPM of 2.48 (Table 1; P � 0.01). The addition of
anti-TRAIL but not anti-FasL to IL-15-stimulated NK cell
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cocultures negated the reduction in IUPM (P value was not
significant versus control). By contrast, the IUPM of IL-7-
stimulated NK cell cocultures was consistently higher (P �
0.001) than that of controls.

To further assess the impact of the IL-7 and IL-15 stimula-
tion of NK cells, we directly assessed the viral DNA content of
treated PBL by using a nested PCR assay with a sensitivity limit
of one copy of DNA provirus (25, 28). In these experiments,
three of five IL-15 cultures contained undetectable levels of
HIV DNA (Fig. 4B; Table 1, values marked with asterisks). As
with our results obtained by using p24, RNA, and IUPM esti-
mates, coadministration of anti-TRAIL but not anti-FasL Abs
eliminated the antiviral effects of IL-15-stimulated NK cells. In
contrast, in IL-7-treated cultures, all samples contained HIV
DNA (Table 1).

IL-15-treated NK cells are nontoxic to cells from HIV-neg-
ative patients. The ability of NK cells stimulated by IL-15 to
affect viral clearance from infected cell populations suggests a
potential therapeutic strategy. However, in order for such an
approach to be clinically applicable, it is necessary that such
IL-15-stimulated NK cells do not exert nonspecific cytotoxicity

against noninfected targets. Since recombinant TRAIL and/or
selective TRAIL agonists are sufficiently nontoxic in preclinical
models that phase 1 studies in patients with cancer are under
way, such nonspecific toxicity is unlikely. Nonetheless, NK cells
were incubated with control vehicle, IL-2, or IL-15 and used as
effectors against PBL from noninfected donors. Over a range
of effector/target ratios, NK cell killing was similar between
groups; at an effector/target ratio of 2:1, control NK cell killing
was 6.2%, IL-2-stimulated NK cell killing was 6.5%, and IL-
15-stimulated NK cell killing was 7.1% (P value was not sig-
nificant). Similar differences were seen at effector/target ratios
of 5:1 and 10:1, indicating that IL-15-stimulated NK cells do
not exert nonspecific target cell killing above and beyond that
of control cells.

DISCUSSION

In HIV-infected patients, anti-HIV NK cell responses are
inadequate to eliminate reservoirs, and global NK cell func-
tions are impaired in patients with unsuppressed viral replica-
tion. In the present report, we describe augmentation of NK

FIG. 2. IL-7 and IL-15 treatments of NK cells from both HIV-infected and non-HIV-infected individuals have differential enhancement of the
death receptor FasL and TRAIL. CD3� CD16� CD56� NK cells from non-HIV-infected donors (top panels) or HIV-infected donors (bottom
panels) were treated with control or 10 ng of IL-2, IL-7, or IL-15 per ml and analyzed by flow cytometry for TRAIL or FasL/CD95L expression.
All histograms are representative of four independent analyses (n � 4), and background mean fluorescence intensity was normalized by using
isotype control Abs.
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cell function by in vitro therapy with either IL-7 or IL-15, yet
IL-15 therapy but not IL-7 augments NK cell activity against
HIV reservoirs.

NK cells are effectors of the innate immune response that,
once activated, can exert antiviral (4, 7, 8, 24, 55) and antitu-
mor (20, 67) host defenses. Target cell death mediated by NK
cells is mediated by two predominant mechanisms: the Ca2�-
dependent release of perforin and granzymes (77) and produc-
tion of members of the TNF family of death-inducing ligands,
such as FasL (42, 57), TNF alpha (77), and TRAIL. Recently,
it has been shown that TRAIL contributes to both human (30,
32, 77) and mouse (20, 32, 35, 65, 67) NK cell protection from
tumor metastasis and provides evidence for the central role of
death receptor-mediated apoptosis in tumor rejection. More-
over, the expression of death-inducing ligands on other im-
mune-relevant cells (e.g., CTL or activated monocytes/macro-

phages) represents the principal effector mechanisms of
defense against transformed and virally infected cells (40).

During HIV infection the loss of NK cell function may
contribute to the loss of immune-mediated viral control and
progression to AIDS (43, 47). A significantly lower proportion
of CD3� CD16� CD56� NK cells are found in HIV-infected
patients with uncontrolled HIV replication (6), in comparison
to patients with therapeutically suppressed HIV viremia.
Moreover, NK cell activity is impaired by both a reduction of
NK cell number and a reduction in NK cell cytolytic function
(27, 44, 69). Data in our present report confirm that NK cell
function in patients with uncontrolled HIV replication have
impaired cytolytic activity. Mechanisms for reduced NK cell
function are obscure; however, one intriguing possibility is that
CD56� CD3� NK cells are capable of expressing both CD4
and CCR5/CXCR4, which renders them susceptible to HIV
infection, resulting in both quantitative and qualitative impair-
ments in NK cell function (49, 72). It has alternatively been
proposed that modifications in target cells can alter their sus-
ceptibility to immune clearance; for example, downregulation
of HLA-A and HLA-B on HIV-infected target cells may pro-
vide a means of escape from CTL-mediated killing, and high
expression of HLA-C and HLA-E stimulates NK cell inhibitory
signals which prevent NK cell-mediated lysis (10, 18, 69). In ad-
dition, NK cells from HIV-infected patients have decreased
IFN-� production and impaired killing of the NK target cell
K562 (14). More recently, NK cell production of CC-chemo-
kines has been documented and shown to exert anti-HIV ef-
fects (37). Whatever the mechanism, the NK cell effector arm
of the innate immune response may contribute to the ability of
HIV to escape immune clearance and allow for the establish-
ment of viral reservoirs.

Our analysis found that both TRAIL and TRAIL receptors
were expressed on the surface of NK cells, yet these cells do
not appear to undergo spontaneous forms of death. PBL from
noninfected individuals as well as murine T cells, macrophages,
and NK cells exhibit similar levels of TRAIL and TRAIL
receptors but also do not self-destruct (32, 67). This may be the
result of a threshold switch between the redundant death re-
ceptors and decoy receptors. Indeed, NK cells from nonin-
fected individuals express high levels of TRAIL-R1 and lower
levels of TRAIL-R2 compared to levels in NK cells from in-
fected patients. However, TRAIL-R2 levels increase while
TRAIL-R1 levels decrease in NK cells from infected donors
compared to levels in noninfected donors. Clearly, our under-
standing of the molecular mechanism of acquiring TRAIL
sensitivity is lacking, and future work in this area will be im-
portant in our knowledge of TRAIL biology.

The findings that (i) NK cells can mediate cytotoxicity by
TRAIL (7, 32, 35, 54, 63, 65, 77), (ii) that IL-15 potentiates NK
cell cytolytic activity, and (iii) that TRAIL has intrinsic activity
against a variety of virally infected targets (5, 11, 14, 17, 21, 34,
41, 45, 46, 73, 76) suggest a role for IL-15 to potentiate
TRAIL-mediated NK cell viricidal activity. We demonstrate
that PBL and resting memory cells from infected individuals
express high levels of the TRAIL death receptors and undergo
cell death following TRAIL treatments (29, 33, 45), suggesting
that these cells are potential targets for TRAIL killing. Indeed,
we demonstrate that IL-15-stimulated NK cells from HIV-
infected patients have enhanced TRAIL expression and acquire a

FIG. 3. Resting memory cells from HIV-infected individuals have
increased TRAIL-R1 and TRAIL-R2 expression and are susceptible
to TRAIL killing in vitro. (A) CD4� CD45RO� HLA-DR� cells
undergo apoptosis following treatment with 1.0 �g of TRAIL per ml
when compared to control treatments. (B) Resting memory cells have
high levels of endogenous expression of surface TRAIL-R1 and
TRAIL-R2 and low levels of expression of TRAIL-R3 and TRAIL-R4.
The purple area represents isotype control staining; the green lines
represent staining with the indicated anti-TRAIL antibody.
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FIG. 4. Autologous PBL cocultured IL-15-treated NK cells have undetectable levels of HIV replication, viral RNA, and, in some cases, viral
DNA. NK cells from HIV-infected patients were incubated with the indicated cytokines for 72 h, followed by coculture with autologous PBL for
3 h in the presence or absence of neutralizing TRAIL or FasL/CD95L antibodies. (A) CD56� CD16� NK cells were depleted, and the remaining
PBL were subjected to limiting-dilution quantitative micrococulture and assayed for HIV p24 or HIV RNA (103 copies/ml). A dashed line indicates
a p24 antigen limit of detection of 11.3 pg/ml (left panel) or a viral RNA limit of detection of 50 copies/ml (right panel). (B) Treated PBL were
also assayed for HIV DNA. Molecular weight markers are included for reference.

TABLE 1. Clinical profiles of HIV patients on suppressive highly active antiretroviral therapy and their responses following in vitro coculture
of autologous PBL with cytokine-treated NK cells

Patient
no.

Patient characteristics Viral load following in vitro NK cell coculture

CD4
(cells/ml)

Viral load
(copies/ml) Therapya Treatment

IUPM Viral RNA (copies/ml)

Control IL-2 IL-7 IL-15 Control IL-2 IL-7 IL-15

1 126.5 �50 RTV, SQV Control 8.08 8.08 236.17 1.01b 	500 436 133 �50
Anti-TRAIL 1.61 1.61 236.17 8.08 	500 389 110 376
Anti-FasL 8.08 1.61 236.17 1.61 	500 445 361 	50

2 877 �50 RTV, SQV Control 1.61 1.61 236.17 1.01 	500 	500 179 	50
Anti-TRAIL 1.61 1.61 236.17 1.61 	500 	500 327 379
Anti-FasL 1.61 1.61 236.17 1.01 	500 	500 279 �50

3 866 �50 RTV, SQV, 3TC, d4T Control 8.08 1.61 236.17 1.01b 	500 	500 198 �50
Anti-TRAIL 1.61 1.61 236.17 1.61 	500 	500 364 455
Anti-FasL 1.61 1.61 236.17 1.01 	500 	500 122 �50

4 573 �50 RTV, SQV, 3TC, d4T Control 8.08 8.08 236.17 1.01b 	500 	500 300 �50
Anti-TRAIL 8.08 8.08 236.17 8.08 	500 	500 168 462
Anti-FasL 8.08 8.08 236.17 1.01 	500 	500 110 �50

5 907 �50 RTV, SQV Control 8.08 8.08 236.17 1.01 	500 	500 155 �50
Anti-TRAIL 1.61 1.61 236.17 8.08 	500 	500 196 	500
Anti-FasL 8.08 8.08 236.17 1.01 	500 	500 258 �50

a RTV, ritonavir; SQV, saquinavir; 3TC, lamivudine; d4T, stavudine.
b Viral DNA undetectable by PCR.
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cytotoxicity phenotype against autologous PBL, causing a sig-
nificant decrease in detectable replication-competent HIV and
HIV proviral DNA. Most notably, in three of five cases, HIV
proviral DNA becomes undetectable following coculture with
IL-15-stimulated NK cells. This effect is eliminated by antag-
onists of TRAIL and occurs following overnight coculture,
suggesting that the effect is mediated by an inhibitor of repli-
cation (e.g., chemokines) and, specifically, by the cytotoxic
ligand TRAIL. While cultures of IL-7-stimulated NK cells
have enhanced FasL expression and function, IL-7-stimulated
NK cells do not impact HIV levels. Such data are consistent
with a selective sensitivity of HIV-infected cells towards
TRAIL but not FasL-mediated lysis (45). A somewhat unex-
pected observation is that in some cases IL-7-stimulated NK
cells increase the amount of virus present in autologous cocul-
tured PBL. Although the possible reasons for this increase are
speculative, these data are consistent with the known ability of
FasL to induce proliferation, particularly in resting cells (such
as latently HIV-infected resting memory T cells) (1).

In the present report, we confirm the induction of TRAIL
expression in NK (CD3� CD56� CD16�) cells cultured with
IL-15 (35, 67, 77); we demonstrate further that this effect is
also seen in NK cells from HIV-infected donors and that
TRAIL expression is not modulated by IL-2 or IL-7. Finally,
given that CD4 cells from HIV-infected patients, including the
resting memory subset, are sensitive to TRAIL-mediated kill-
ing (29, 33, 45) and that killing of these cells in vitro (along
with the virus they contain) can reduce viral burden, our data
indicate a novel approach towards augmenting innate anti-
HIV activity and provide an additional rationale supporting
the immunotherapeutic role of IL-15 for HIV infection.
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