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bstract

Natural killer (NK) cells are a crucial component of the host innate immune system. We investigated the noncytolytic anti-human immunodefi-
iency virus (HIV) activity of NK cells in chronically HIV-infected immune cells. Supernatants collected from NK cell cultures (both primary NK
ells and NK cell lines, YTS and NK 92) inhibited HIV activation in peripheral blood mononuclear cells (PBMCs) from HIV-infected subjects. NK
upernatants (NK SN) also suppressed tumor necrosis factor (TNF)-�-induced HIV activation in chronically infected cell lines (U1 and ACH-2
ells). The antibody to interferon (IFN)-� blocked NK SN-mediated anti-HIV effect, while the antibodies to CC-chemokines had no impact on NK
N-mediated HIV inhibition in U1 and ACH-2 cells. Investigation of mechanism(s) responsible for the NK action showed that NK SN inhibited

NF-�-mediated activation of HIV-long-terminal repeat (LTR), and upregulated the expression of signal transducer and activator of transcription

STAT)-1 and phosphorylated P38 mitogen-activated protein kinase (MAPK). The P38 MAPK inhibitor (SB 203580) blocked NK SN-mediated
IV inhibition. These data provide compelling evidence that NK cells have a critical role in controlling HIV activation in the reservoirs.
ublished by Elsevier B.V.
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. Introduction

Human immunodeficiency virus (HIV) infection is character-
zed by a period of long clinical latency before the development
f symptoms and HIV-related disease (Fauci, 1988). The chron-
cal period of HIV infection is influenced by factors that either
uppress or activate HIV replication in different cell types. One
f the puzzling aspects in the immunopathogenesis of HIV
nfection in vivo is its prolonged incubation period during which
he virus replication occurs preferentially and continuously in
ymphoreticular tissues (lymph node, spleen, gut-associated

ymphoid cells, and macrophages) (Embretson et al., 1993;
evy, 1993; Pantaleo et al., 1991; Pantaleo et al., 1993; Wei et
l., 1995). HIV establishes a state of latent infection in resting in
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ivo (Finzi et al., 1999; Finzi et al., 1997; Hammer et al., 1997;
ong et al., 1997). Although combination antiretroviral therapy

s effective in controlling HIV replication in many infected
ndividuals (Finzi et al., 1999; Finzi et al., 1997; Gulick et al.,
997; Hammer et al., 1997; Wong et al., 1997), discontinuation
f antiretroviral therapy in such individuals could allow
eactivation of HIV from chronically infected cells and renewed
ctive replication (Finzi et al., 1999; Finzi et al., 1997; Wong et
l., 1997). The persistence of chronically infected immune cells
ave been demonstrated as the majority obstacle in preventing
he eradication of HIV (Chun and Fauci, 1999; Chun et al.,
997; Finzi et al., 1997; Ho, 1998; Wong et al., 1997).

Host innate immune response plays a key role in host
efense against viral infections (Koup et al., 1994). Natural
iller (NK) cells, as a central component of the innate immune
ystem, are crucial in host defense against certain viruses.

he importance of NK cell-mediated innate immunity for the
ontrol of HIV replication in infected individuals is now widely
ecognized (Azzoni et al., 2002; d’Ettorre et al., 2005; Fauci
t al., 2005; Kottilil, 2003; Kottilil et al., 2003; Kottilil et al.,

mailto:ho@email.chop.edu
dx.doi.org/10.1016/j.antiviral.2006.08.006
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004). NK-mediated suppression of HIV replication is as potent
s that of CD8+ T cells (Kottilil, 2003; Kottilil et al., 2004).
lthough direct NK cell-mediated cytotoxicity has a significant

ole in controlling viral infections including HIV, NK cells also
ediate noncytolytic suppression of viral replication (Kottilil,

003; Kottilil et al., 2004). The noncytolytic anti-HIV activity
f NK cells is mediated predominantly through secretion of
C-chemokines (Kottilil, 2003). CC-chemokines, particularly

egulated on activation, normal T expressed and secreted
RANTES), macrophage inflammatory protein (MIP)-1�, and

IP-1�, block the entry of HIV strains that use the CCR5
oreceptor by competitive inhibition (Alkhatib et al., 1996;
hoe et al., 1996; Dragic et al., 1996). Since NK cells are the
ajor source of CC-chemokines, NK cells have a key role

n suppressing HIV R5 strain infection of the immune cells
Kottilil et al., 2004). However, the role of NK cells in suppress-
ng HIV activation in chronically infected immune cells remains
o be determined. The present study examined the noncytolytic
nti-HIV activity of NK cells in HIV chronically infected
mmune cells and the mechanisms involved in the NK cell
ction.

. Materials and methods

.1. Cell lines

Peripheral blood samples were obtained from three healthy
onors and three asymptomatic, HIV-infected adult subjects
ith CD4+ T cell counts ranging from 400 to 1200/mm3.
he Institutional Review Board of the Children’s Hospital of
hiladelphia approved this investigation. Informed consent was
btained from the subjects. Peripheral blood mononuclear cells
PBMCs) from three HIV-infected subjects were processed as
escribed previously (Hassan et al., 1986) using lymphocyte
eparation medium (Amersham Pharmacia Biotech, Uppsala,
weden). PBMCs were subjected to CD8+ T lymphocyte deple-

ion using magnetic cell sorter CD8 microbeads, according to the
anufacturer’s instructions (Miltenyi Biotec, Auburnm, CA).
D8+ T cell-depleted PBMCs were stimulated with 1% phy-

ohemagglutinin (PHA) for 72 h and then seeded into 48-well
lates (106 cells/well), precoated anti-CD3 (1 �g/ml) and cul-
ures in the presence of human interleukin (IL)-2 (50 U/ml)
Hoffmann-LaRoche, Nutley, NJ). Primary NK cells were iso-
ated from peripheral blood of three adult healthy donors lacking
ntibodies to HIV. NK cells were enriched by immunomag-
etic negative selection (Miltenyi Biotec) (Li et al., 2004). The
urity (% of CD56+CD3−) of primary NK cells measured by
uorescence-activated cell sorting (FACS) analysis was greater

han 98%. The human NK cell line (NK 92 obtained from H.G.
lingermann, Rush University, Chicago, IL) (Gong et al., 1994)
as cultured in Myelocult H5100 medium (StemCell Technolo-
ies, Vancouver, Canada) supplemented with 50 U/ml of IL-2.
he human YTS cells, a subclone of the YT lymphoid cell
ine, derived from a patient with NK cell leukemia and is IL-
-independent (Cohen et al., 1999), were cultured in IMDM
scove’s modified Dulbecco’s medium supplemented with 10%
etal calf serum and l-glutamine.

M
a
c
(

arch 73 (2007) 132–139 133

HIV chronically infected U1 and ACH-2 cell lines were
btained through the AIDS Research and Reference Reagent
rogram, Division of AIDS, National Institutes of Health. U1 is
cloned cell line derived from U937 cells surviving acute HIV

nfection (LAV-1 strain) (Folks et al., 1987). ACH-2 is a cloned
ell line derived from a human T cell line that survived acute
IV-1 infection. Restriction enzyme analysis indicated the pres-

nce of a single integrated copy of proviral DNA (Folks et al.,
989). 1G5 is a Jurkat T cell line that harbors two copies of a sta-
le transfected plasmid, containing the luciferase reporter gene
ownstream of the HIV long-terminal repeat (LTR) (Aguilar-
ordova et al., 1994). U1, ACH-2, and 1G5 cells were cultured
s described (Aguilar-Cordova et al., 1994; Folks et al., 1987;
erez et al., 1991). The cellular and molecular mechanisms of
ctivation of chronically integrated HIV provirus in these cells
ave been well delineated (Folks et al., 1987; Folks et al., 1988;
erez et al., 1991). Both U1 and ACH-2 cells have been used as

n vitro models for viral latency (Chen et al., 1994).

.2. Reagents

Tumor necrosis factor (TNF)-�, monoclonal anti-human
nterferon (IFN)-� antibody, monoclonal anti-MIP-1� antibody,

onoclonal anti-RANTES antibody, recombinant IFN-� were
urchased from R&D Systems Inc. (Minneapolis, MN). Rab-
it polyclonal antibody against signal transducer and activa-
or of transcription (STAT)-1 was obtained from Santa Cruz
iotechnology Inc. (Santa Cruz, CA). Mouse monoclonal anti-
ody against phosphor-P38 mitogen-activated protein kinase
MAPK) was purchased from Cell Signaling Technology, Inc.
Beverly, MA). SB2003580 and rabbit polyclonal antibody
gainst actin were purchased from Sigma–Aldrich Co. (St.
ouis, MO).

.3. Preparation of NK cell culture supernatants (NK SN)

NK SN was prepared as follows: supernatants from NK 92
nd YTS cell cultures were collected 48 h after the cells were
lated. For primary NK cell cultures, supernatants were col-
ected 48 h after IL-2 stimulation. All NK SN were filtered
hrough 0.22-�m filters and stored at −70 ◦C in aliquots (Li
t al., 2004). The IFN-� protein level in primary NK cells and
K cell lines (NK 92 and YTS) ranges from 900–1600 pg/ml
ased on our previous data (Li et al., 2004).

.4. NK SN treatment of the target cells

U1 and ACH-2 cells plated in triplicate (5 × 105 cells/well)
n 48-well culture plate were incubated with or without NK
N (25%, v/v) for 24–72 h. HIV in these cells was activated
y TNF-� (2 ng/ml). HIV reverse transcriptase (RT) activity
as measured in culture SN collected 24–72 h after-TNF-�

reatment. For the experiments using the antibodies to IFN-�,

IP-1� and RANTES, NK SN was first incubated with the

ntibodies for 30 min, and then added into U1 or ACH-2 cell
ultures. For the experiments using the p38 MAPK inihibitor
SB203580), the cells were first treated with SB203580 (10 �M)
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or 30 min prior to the addition of NK SN. 1G5 cells in 48-
ell culture plates (2 × 105 cells/well) stimulated with TNF-�

2 ng/ml) were treated with IFN-� or NK SN and/or anti-IFN�
ntibody for 48 h. The lysed 1G5 cells were then subjected to
uciferase assay.

.5. Western blot analysis

For STAT-1 protein detection, total cell protein extracted from
1 and ACH-2 cells treated with or without NK SN (25%, v/v)
ere prepared using lysis buffer (Promega, Madison, WI). For
hosphorylated-P38 MAPK protein detection, total cell lysates
rom the U1 and ACH-2 cells were prepared using the lysis buffer
escribed previously (Zhang et al., 2005). Protein concentration
as determined using the Bio-Rad DC Protein Assay Kit (Bio-
ad Laboratories, Hercules, CA). Proteins were resuspended

n NuPAGE LDS Sample Buffer (NOVEX, San Diego, CA),
eated for 5 min at 95 ◦C and then equal amounts of protein for

ach sample were separated in a 10% Bis-Tris Gel in a NuPAGE
unning Buffer with 0.25% Running Buffer Antioxidant for
0 min at 200 V. Proteins were transferred to the nitrocellulose
embranes (Bio-Rad) in NuPAGE Transfer Buffer at 100 V for

c
(
(
a

ig. 1. Dose dependent and time course inhibition of HIV replication by NK SN. (A
he presence or absence of NK SN (from NK 92 and YTS cell lines) at indicated con
ere cultured in the presence or absence of NK SN (from NK 92 and YTS cell line
ost NK SN treatment. The data are expressed as HIV RT activity in NK SN-treated
efined as 100%). The results shown are mean ± S.D. of triplicate cultures, represen
P < 0.05; **P < 0.01.
arch 73 (2007) 132–139

h. The membranes were blocked by 5% fat-free milk in PBST
0.05% Tween 20 in PBS) for 1 h and incubated with appro-
riate optimal diluted antibodies in 5% fat-free milk in PBST
or 1 h at room temperature. After washing four times for 5 min
ach with PBST, the membrane was incubated with appropriate
orseradish peroxidase (HRP)-conjugated secondary antibod-
es in 5% fat-free milk in PBST for 1 h at room temperature and
ashed four times as described above. The bound antibodies
ere developed using SuperSignal West Pico Chemiluminescent
ubstrate (Pierce, Rockford, IL) according to the manufacturer’s

nstruction. Pre-stained molecular markers (Bio-Rad) were used
o determine molecular weight of immunoreactive bands.

.6. HIV RT assay

HIV RT activity was determined based on the technique of
illey et al. (1988) with modifications (Ho et al., 1992). In

rief, 10 �l of supernatants collected from U1, and ACH-2 cell

ultures were added to a cocktail containing poly (A), oligo
dT) (Pharmacia Inc., Piscataway, NJ), MgCl2 and 32P dTTP
Amersham Corp., Arlington Heights, IL) and incubated for 20 h
t 37 ◦C. Then 30 �l of the cocktail were spotted onto DE81

and B) U1 and ACH-2 cells stimulated with TNF-� (2 ng/ml) were cultured in
centrations. (C and D) U1 and ACH-2 cells stimulated with TNF-� (2 ng/ml)
s) at the concentration of 25% (v/v). HIV RT activity was determined at 24 h
cultures (% of control) to control cultures (without NK SN treatment, which is
tative of three separate experiments. “+”, in the presence; “−”, in the absence.
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Fig. 2. Primary NK SN inhibition of HIV activation in U1 and ACH-2 cells
and PBMCs from HIV-infected subjects. U1 and ACH-2 cells stimulated with
TNF-� (2 ng/ml) were cultured in the presence or absence of pooled NK SN
(from primary NK cell cultures of three healthy donors) at the concentration of
25% (v/v). CD8 T cell-depleted PBMCs from three HIV-infected subjects were
stimulated with 1% PHA for 72 h, and incubated with or without the primary NK
SN. Cell cultures were refed with fresh medium containing primary NK SN every
3 days. Day 9 culture SN was collected for measurement of HIV RT activity. The
data are expressed as HIV RT activity in NK SN-treated cultures (% of control)
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aper, dried and washed five times with 2× saline-sodium citrate
uffer and once with 95% ethanol. The filter paper was then air-
ried. Radioactivity was counted in a liquid scintillation counter
Packard Instrument Inc., Palo Alto, CA).

.7. Luciferase assay

The luciferase activity was determined using a Luciferase
ssay Kit (Promega Biotec, Madsion, WI). 1G5 cells were lysed

n 150 �l of Reporter Lysis Buffer (Promega Biotec). Lysates
50 �l) were mixed with an equal volume of luciferase substrate
Promega Biotec). Emitted light in each well was measured by
luminescence counter (PerkinElmer Wallac Inc. Gaithersburg,
D) over a 0.5-s period and designated as relative light units

RLU).

.8. Statistical analysis

Where appropriate, data were expressed as mean ± S.D. For
omparison of the mean of the two groups, statistical signifi-
ance was assessed by ANOVA with the appropriate post hoc
est. Calculations were performed with the use of Stata Sta-
istical Software (StataCorp., College Station, TX). Statistical
ignificance was defined as P < 0.05.

. Results

.1. NK SN suppresses HIV replication in chronically

nfected immune cells

NK SN collected from NK cell cultures (NK 92 and YTS)
as examined for the anti-HIV activity in TNF-�-stimulated

U
S
p
d

ig. 3. Anti-IFN-� antibody blocks NK SN-mediated anti-HIV activity. U1 and AC
bsence of NK SN (25%, v/v, from NK 92 and YTS cell lines) with or without antibo
he presence of NK SN and the antibody against IFN-�, NK SN were pre-incubated w
ultures. IFN-� (1000 U/ml) alone was added to the cell culture as a positive control
xpressed as HIV RT activity in NK SN-treated cultures (% of control) to control cu
hown are mean ± S.D. of triplicate cultures, representative of three separate experim
CH-2 cell. *P < 0.05.
o control cultures (without treatment with NK SN, which is defined as 100%).
he results shown are mean ± S.D. of triplicate cultures, representative of three
eparate experiments. “+”, in the presence; “−”, in the absence. **P < 0.01.

1 and ACH-2 cells. As demonstrated in Fig. 1, NK SN was
apable of suppressing TNF-�-induced HIV replication in both
1 and ACH-2 cells in a concentration dependent fashion, and

he maximum inhibition was observed at 24 h post-treatment.
imilar inhibitory effects on TNF-�-induced HIV activation in

1 and ACH-2 cells were observed in the experiments using NK
N collected from primary NK cell cultures (Fig. 2). In addition,
rimary NK SN also suppressed HIV activation in CD8 T cell-
epleted PBMCs isolated from infected subjects (Fig. 2).

H-2 cells stimulated with TNF-� (2 ng/ml) were cultured in the presence or
dy against IFN-� (10 �g/ml) or control IgG 2A (10 �g/ml). For the cultures in
ith the antibody against IFN-� for 30 min before added to U1 and ACH-2 cell

. HIV RT activity was determined 24 h post exposure to NK SN. The data are
ltures (without treatment with NK SN, which is defined as 100%). The results
ents. “+”, in the presence; “−”, in the absence; Ab, antibody. (A) U1 cell; (B)
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Fig. 4. Effects of antibodies to CC-chemokines and IFN-� on NK SN-mediated
anti-HIV activity. U1 and ACH-2 cells stimulated with TNF-� (2 ng/ml) were
cultured in the presence or absence of NK 92 SN (25%, v/v) or IFN-� (10 �g/ml)
and/or antibodies as indicated. For the cultures in the presence of NK 92 SN or
IFN-� and the indicated antibodies, NK 92 SN or IFN-� was pre-incubated with
these antibodies for 30 min before added to U1 and ACH-2 cell cultures. HIV
RT activity was determined 24 h post exposure to NK SN or IFN-�. The data
are expressed as HIV RT activity in NK SN-treated cultures (% of control) to
control cultures (with treatment of control IgG2A, which is defined as 100%).
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Fig. 5. Effect of NK SN on TNF-�-mediated HIV LTR activation. 1G5 cells were
incubated in the presence or absence of NK 92 SN (25%, v/v) with or without
antibody against IFN-� (10 �g/ml) for 48 h. LTR-directed luciferase expression
was induced by treatment of 1G5 cells with TNF-� (2 ng/ml). Cell lysates were
collected for measurement of luciferase activity 24 h post-NK SN treatment. The
data are expressed as luciferase activity normalized with total protein content
(
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determined by Western blot (Fig. 6). To further determine
whether NK SN, through enhancing IFN signaling pathway,
inhibits HIV replication, we examined the effect of NK SN on
the expression of P38 MAPK, an important element required

Fig. 6. NK SN enhances STAT-1 expression in U1 and ACH-2 cells. Equal
he results shown are mean ± S.D. of triplicate cultures, representative of three
eparate experiments. “+”, in the presence; “−”, in the absence. *P < 0.05.

.2. IFN-γ plays a major role in NK SN-mediated anti-HIV
ctivity

Since NK cells play a significant role in antiviral defense,
n part, through their ability to secrete cytokines such as IFN-�
Biron, 1997), which plays a crucial role in suppressing HIV
ranscription from chronically infected cell lines (Sarol et al.,
002; Wang et al., 2005), macrophages (Kornbluth et al., 1989)
nd human colon epithelial cells (Yahi et al., 1992), we examined
hether IFN-� is responsible for the observed NK-cell-mediated

nti-HIV activity in U1 and ACH-2 cells. Recombinant IFN-�,
hen added to U1 and ACH-2 cell cultures, significantly inhib-

ted (up to 70%) TNF-�-induced HIV replication (Fig. 3), while
K SN pre-incubated with the antibody to IFN-� showed dimin-

shed anti-HIV activity (Figs. 3 and 4). However, the antibodies
o MIP-1� and RANTES could not block NK SN-mediated anti-
IV effects in both U1 and ACH-2 cells.

.3. NK SN inhibits HIV LTR activation

To investigate the mechanism(s) responsible for the anti-
IV activity of NK SN, we selected 1G5 cells that contain a

tably transfected luciferase gene under the transcriptional con-
rol of the HIV LTR. The levels of TNF-�-induced luciferase
xpression were reduced by 80% in the 1G5 cells treated with
K SN (NK 92). This inhibitory effect was similar to that of
xogenous IFN-� (Fig. 5). Antibody against IFN-� blocked
K SN-mediated suppression of HIV-LTR-driven luciferase

ctivity (Fig. 5). The specificity of IFN-� antibody was evi-
enced by its blocking effect on exogenous IFN-�’s action
Fig. 5).

a
w
t
(
t
e

RLU/�g protein). The results shown are mean ± S.D. of triplicate cultures,
epresentative of three separate experiments. “+”, in the presence; “−”, in the
bsence. *P < 0.05.

.4. NK SN enhances the expression of STAT-1 and
hosphorylated P38 MAPK

Since IFN-� is involved in NK SN-mediated anti-HIV
ction, we hypothesized that IFN-�-mediated signaling path-
ays are also involved in the NK SN-mediated anti-HIV

ction. We examined the effect of NK SN on the expression
f STAT-1, the major component of the IFN signaling cascade
Darnell, 1997; Darnell et al., 1994; Fu et al., 1992). NK SN
nhanced STAT-1 expression in both U1 and ACH-2 cells as
mounts (30 �g) of total proteins extracted from U1 and ACH-2 cells treated
ith or without 25% NK SN (either NK 92 or YTS SN) for 24 h were subjected

o Western blot assay using the antibodies against STAT-1 (1:500) and actin
1:3000). Pos. (positive control): CD8+ T cells. Arrowheads indicate the posi-
ion of STAT-1 and actin. Results shown are representative of two independent
xperiments. “+”, in the presence; “−”, in the absence.
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Fig. 7. Effect of SB203580 on NK SN-induced P38 MAPK phosphorylation
and NK SN-mediated anti-HIV activity in U1 and ACH-2 cells. (A) Effect of
SB203580 on NK 92 SN-induced P38 MAPK phosphorylation in U1 and ACH-2
cells. Equal amounts (10 �g) of total proteins extracted from U1 and ACH-
2 cells treated with or without IFN-� (1000 U/ml) or NK 92 SN (25%, v/v)
and/or SB 203580 (10 �M) for 24 h were subjected to Western blot assay using
the antibodies against phosphorylated P38 MAPK (1:500) and actin (1:3000).
Results shown are representative of two independent experiments. (B and C)
Effect of SB203580 on NK 92 SN-mediated anti-HIV activity. U1 and ACH-2
cells were cultured in the presence or absence of IFN-� (1000 U/ml) or NK 92
SN (25%, v/v) and/or SB203580 (10 �M). HIV RT activity was determined 24 h
post NK 92 SN and/or SB203580 treatment. The data are expressed as RT activity
in NK SN-treated cultures (% of control) to control cultures (without treatment,
which is defined as 100%). The results shown are mean ± S.D. of triplicate
cultures, representative of three separate experiments. “+”, in the presence; “−”,
in the absence. (B) U1 cell; (C) ACH-2 cell. *P < 0.05.
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or STAT-1 function (Goh et al., 1999). Similar to the effect of
xogenous IFN-�, NK SN activated phosphorylated P38 protein
xpression in U1 and ACH-2 cells (Fig. 7A), while SB203580,
specific inhibitor of P38 MAPK, abolished NK SN-induced

hosphorylated P38 MAPK protein expression (Fig. 7A). The
ole of phosphorylated P38 in NK SN-mediated anti-HIV
bility was further demonstrated in the experiments showing
hat SB203580 abolished the NK SN-mediated anti-HIV ability
n U1 and ACH-2 cells (Fig. 7B and C).

. Discussion

In this study, we demonstrated that reactivation of viral
atency in U1 and ACH-2 cells by TNF-� and HIV-infected
BMCs could be suppressed by NK cell-released noncytolytic
actor(s), primarily IFN-�. Although it has been demonstrated
hat NK cells through secretion of CC-chemokines inhibit HIV
5 strain entry into macrophages (Kottilil, 2003; Kottilil et al.,
004; Oliva et al., 1998), little is known about the role of NK cell-
ediated noncytolytic anti-HIV effects in chronically infected

mmune cells. We used chronically HIV-infected cell systems to
xamine NK cell-mediated noncytolytic anti-HIV activity. NK
N from both NK cell lines and primary NK cell cultures sup-
ressed HIV replication in U1 and ACH-2 cells. This anti-HIV
ctivity of NK SN differs from that observed in acute infec-
ion system where CC-chemokines contribute almost entirely to
iral suppression (Kottilil, 2003), since the antibodies to CC-
hemokines (MIP-1� and RANTES) failed to neutralize NK
N-mediated anti-HIV effects in U1 and ACH-2 cells. This NK
ell-mediated anti-HIV activity is innate in nature, as the pri-
ary NK cells isolated from HIV seronegative subjects also

nhibited HIV activation in the chronically infected cells. Most
mportantly, we demonstrated that primary NK SN not only sup-
ressed TNF-�-induced HIV activation in the infected cell lines,
ut also inhibited HIV activation in PBMCs isolated from HIV-
nfected subjects (Fig. 2). Since IL-2 was used to culture primary
K cells, the involvement of IL-2 in NK SN-mediated HIV inhi-
ition was analyzed. IL-2 did not inhibit TNF-�-mediated HIV
eplication in both U1 and ACH-2 cells (data not shown). In addi-
ion, NK SN from IL-2-independent NK cell line cultures (YTS)
lso suppressed HIV replication (Figs. 1 and 3), indicating that
L-2 is not involved in the NK SN action. Thus, our data in con-
unction with the studies by others (d’Ettorre et al., 2005; Fauci
t al., 2005; Kottilil, 2003; Kottilil et al., 2003; Poli et al., 1994)
rovide compelling evidence that NK cells have an important
ole in inhibiting both acute and chronical HIV infection.

Although direct NK-mediated cytotoxicity is critical in con-
rolling certain viral infections, the antiviral cytokines such as
FN-� produced by NK cells, also play a key role in the control
f viral infections, including HCV and CMV (Li et al., 2004;
range et al., 1995). IFN-� also is a powerful anti-HIV cytokine

Azzoni et al., 2002; d’Ettorre et al., 2005). The anti-HIV ability
f IFN-� is also demonstrated in our experiments showing that

ecombinant IFN-� suppressed HIV replication in chronically
nfected cells (Figs. 3 and 4). IFN-� and other unknown factor(s)
ppear to play a major role in NK cell-mediated anti-HIV activity
n chronically infected cells. The role of IFN-� in NK SN-
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ediated anti-HIV effect is evidenced by the observations that
ntibody to IFN-� significantly blocked the NK SN action in U1
nd ACH-2 cells (Fig. 3), while antibodies to CC-chemokines
ad little effect on the NK SN-mediated HIV inhibition (Fig. 4).
n addition, antibody to IFN-� diminished NK SN-mediated sup-
ression of HIV-LTR promoter activation in 1G5 cells (Fig. 5).
he important role of NK-released IFN-� in controlling HIV

nfection is further supported by a recent study showing that
xposure of NK cells to HIV envelop proteins suppressed the
bility of NK cells to secrete IFN-� (Kottilil et al., 2006). In more
dvanced patients with HIV infection, fewer cells produce IFN-
in response to HIV. However, the number of IFN-�-producing

ells initially increases with HAART (Bailer et al., 1999; Huang
t al., 2000; Lieberman et al., 2001; Ullum et al., 1997). There-
ore, as a major source of IFN-�, NK cells are critical in the host
nnate defense mechanism(s) against persistent HIV infection.

Our data showing that NK SN enhanced STAT-1 protein
xpression in both U1 and ACH-2 cells (Fig. 6) provide a plau-
ible mechanism responsible for the NK cell action on HIV.
TAT-1 is essential for the innate immune response and plays
dedicated role in signaling for IFN-mediated biologic effects

ncluding antiviral activity (Bach et al., 1997). STAT-1 activa-
ion is directly involved in the inhibition of HIV transcription

ediated by CD8+ T-lymphocyte antiviral factor (Chang et al.,
002). Although STAT-1 is the primary components of the IFN
ignaling cascade, other signaling molecules such as P38 MAPK
lso are involved in the biological effects of IFNs (Platanias,
003). P38 MAPK is required for STAT-1 serine phosphoryla-
ion and transcriptional activation induced by both IFN-� and
FN-� (Platanias, 2003). Therefore, it is of importance to deter-
ine whether NK SN modulates P38 MAPK expression. Our

bservations that NK SN enhanced the expression of phospho-
ylated P38 MAPK protein and that NK SN-mediated anti-HIV
bility was inhibited by the P38 inhibitor (SB203580) (Fig. 7)
rovide an additional mechanism involved in the NK SN action
n HIV in chronically infected cells. Collectively, these data
uggest that NK SN, through enhancing IFN signaling pathway
n chronically HIV-infected cells, inhibit HIV replication in the
arget cells.

Since HIV latency is the major obstacle in preventing the
IV eradication (Butera, 2000; Chun and Fauci, 1999; Chun

t al., 1997; Finzi et al., 1997; Ho, 1998; Pierson et al., 2000;
ong et al., 1997), it is of importance to identify innate immune

actors that suppress and eliminate HIV in viral reservoir. NK
ells play a key role in the host innate immunity against HIV
nfection. Our study in conjunction with the findings by others
d’Ettorre et al., 2005; Fauci et al., 2005; Kottilil, 2003; Kottilil
t al., 2003; Poli et al., 1994) provide compelling evidence that
K cells not only are crucial in inhibiting HIV infection at entry

evel, but also may have a role in suppressing HIV activation in
he reservoir cells. Further studies are required to validate our
n vitro observations and to delineate the precise mechanisms
f NK cell-mediated suppression of HIV replication in latently

nfected cells in vivo. These studies will be critical not only
or our basic understanding of HIV immunopathogenesis but
lso for the design and development of innate immunity-based
ntervention strategies for eliminating HIV from its reservoirs.
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