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ABSTRACT HIV-1 Nef protein shares a significant ho-
mology with the immunosuppressive and highly conserved
retroviral transmembrane protein p15E. In the present study,
extracellular Nef protein is shown to induce interleukin
(IL)-10 mRNA expression in human peripheral blood mono-
nuclear cells as well as in cells of H9 T and U937 promonocytic
human cell lines. Release of IL-10 protein into supernatants
of peripheral blood mononuclear cells stimulated with Nef is
dose-dependent. Expression of cytokines IL-2, IL-4, IL-5,
IL-12 p40, IL-13, and interferon vy is not affected by Nef
stimulation. IL-10 protein production induced by Nef is
inhibited by the calcium/calmodulin phosphodiesterase in-
hibitor W-7 but not by the protein kinase A inhibitor H-89 nor
the protein kinase C inhibitors staurosporine and calphostin
C. The calcium chelating agent EGTA also inhibits the IL-10
production induced by Nef, and this inhibition is reversed by
the addition of calcium along with Nef. These findings indicate
that extracellular Nef may contribute to the immunopatho-
genesis of HIV infection by inducing IL-10.

Nef, a highly conserved 25- to 30-kDa regulatory protein that
is produced early in the HIV-1 lentivirus life cycle, is gaining
increasing importance in the analysis of pathogenesis of HIV
infection (1). Nef is critical to the maintenance of a high viral
load and for the development of AIDS (2, 3). Although the
complete function of Nef remains enigmatic, Nef has been
shown to enhance viral infectivity and replication in primary
cells (4, 5), induce down-regulation of CD4 (6, 7) and major
histocompatibility complex class I surface expression (8), and
alter the activation of T cells (3, 9, 10). Deletions and muta-
tions in the nef gene have been associated with long-term
survival in patients infected with HIV (11, 12). Further, simian
immunodeficiency virus-infected macaques initially infected
with nef(—) simian immunodeficiency virus are protected from
subsequent infection by pathogenic nef(+) simian immunode-
ficiency virus (13).

The predominantly cytoplasmic, myristylated Nef protein is
highly immunogenic (14, 15). Nef-specific antibodies and
cytotoxic T lymphocytes are present in the circulation of
two-thirds of HIV-seropositive individuals (16—-18) indicating
that Nef may be present extracellularly in vivo. In vitro, studies
show that HI V-infected cells release Nef protein in vesicles as
observed by confocal laser-scanning microscopy and by its
sedimentation behavior on ultracentrifugation (19, 20). Fur-
ther, HIV-1 Nef protein derived from yeast cells has been
found in the extracellular medium in concentrations of up to
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40 pg/ml during stress (21). The amino-terminal region of the
27-kDa Nef protein has membrane fusion properties that may
be involved in its extracellular release (22).

Recently the analysis of extracellular Nef using CD4* T cell
lines has shown that the carboxyl-terminal region of Nef is
located extracellularly (23). This surface domain of Nef ap-
pears to play an important role in the interaction of Nef-
infected cells with CD4* uninfected cells and contributes to
HIV-induced syncytium formation. Extracellular Nef has also
been observed to induce activation of HI'V infection in latently
infected MOLT-20-2 cells (24). Other studies have shown that
extracellular Nef inhibits the proliferation of CD4" T cells and
decreases the response of HIV-uninfected peripheral blood
mononuclear cells (PBMCs) and purified T cells to the mito-
gen phytohemagglutinin (25).

Cytokine dysregulation contributes to the abnormalities of
immune function in HIV infection that appear even before the
development of profound CD4* lymphopenia and disease
progression (26, 27). HIV-infected individuals have a progres-
sive loss of type 1 cellular immune responses, mediated by
interleukin (IL)-2, interferon y (IFN-v), and IL-12, and de-
velop predominantly type 2 humoral immune responses, me-
diated by IL-4, IL-5, IL-6, and IL-10 (28, 29).

In vitro studies show that immunosuppressive retroviral
components, such as the highly conserved transmembrane
envelope protein p15E of several animal and human retrovi-
ruses or its synthetic homologous peptide, CKS-17, may con-
tribute to cytokine dysregulation (30). Since Nef proteins
display amino acid sequence homology to p15E (31), it seemed
logical to examine the influence of extracellular HIV-1 Nef
protein on type 1 and type 2 cytokine expression. Our results
show that Nef protein induces expression of IL-10 in both
human PBMCs and the two human cell lines tested and that
induction of IL-10 by extracellular Nef involves the calcium/
calmodulin signal transduction pathway.

MATERIALS AND METHODS

Nef Protein. HIV-1 LAV Nef protein was obtained through
the AIDS Research and Reference Reagent Program, AIDS
Program, National Institute of Allergy and Infectious Diseases
(NIAID), National Institutes of Health (NIH; Rockville, MD).
Nef, a 25.7-kDa recombinant protein, is produced by the
Escherichia coli strain S¢$930 transfected with the HIV-1 nef
gene, which was isolated from the bacteriophage pBENN 6 and
cloned into the bacterial expression vector pPD-YN-61 (32).
The protein was purified by ammonium sulfate precipitation,

Abbreviations: PBMC, peripheral blood mononuclear cell; IFN-vy,
interferon vy; IL, interleukin; PKC, protein kinase C; RT-PCR, reverse
transcription-PCR.
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anion exchange chromatography, ultrafiltration, and cation
exchange chromatography and has a purity of >90%. The
protein was tested and found free of bacterial endotoxin using
the Limulus amebocyte lysate assay (Associates of Cape Cod).
A 206-aa myristylated HIV-1 Nef protein produced in the
yeast Saccharomyces cerevisiae (21) was a kind gift from
Ahmed A. Azad (Biomolecular Research Institute, Victoria,
Australia).

Cells. PBMCs from healthy HIV-negative donors were
isolated by density gradient centrifugation using Lymphoprep
(Accurate Scientific, Westbury, NY). The human T lymphoid
cell line, H9, was obtained from Robert Gallo (33) through the
AIDS Research and Reference Reagent Program, Division of
AIDS, NTAID, NIH. U937 cells. The human promonocytic cell
line (34), was obtained from American Type Culture Collec-
tion.

Reverse Transcription—-PCR (RT-PCR) of PBMCs, H9, and
U937 Treated Cells. To a 24 h rested culture of PBMCs (1 X
107 cells per ml per well, 12-well plates) in RPMI 1640 medium
(GIBCO/BRL) supplemented with 10% heat-inactivated fetal
calf serum and 1% penicillin/streptomycin, E. coli-derived Nef
(50 ng/ml), yeast-derived Nef (100 ng/ml), staphylococcal
enterotoxin A (100 ng/ml; Toxin Technology, Sarasota, FL),
or BSA (1 pg/ml) was added. The mixtures were incubated at
37°C for 3, 8, and 24 h in a humidified 5% CO,/95% air
incubator.

H9 cells (5 X 10° cells in 5 ml per well, 6-well plates) were
cultured for 2, 6, and 18 h in the presence of E. coli-derived Nef
(50 ng/ml). Phorbol myristate acetate (10 ng/ml) with iono-
mycin (1 ug/ml) added to H9 cells was used as control. U937
cells (0.5 X 10 cells per ml) were pretreated for 24 h with 1.2%
dimethyl sulfoxide (35). The treated cells were then washed
twice with phosphate buffer solution, resuspended in culture
medium, and cultured at 3 X 10° cells in 3 ml per well (12-well
plates) in the presence of Nef (100 ng/ml) or phorbol myristate
acetate (50 ng/ml) for 3, 6, and 18 h at 37°C as described above.

Total cellular RNA was extracted with guanidinium thio-
cyanate (RNAzol; Tel-Test, Friendswood, TX) according to
the protocol of the supplier. cDNA was made from RNA
samples as described previously (30). PCR primers were
synthesized using an Applied Biosystems 392 DNA/RNA
synthesizer. Primer sequences for IL-2, IL-4, IL-5, IL-12 p40
heavy chain, IL-13, and B-actin are shown in Table 1. Primers
for IL-10 and IFN-y were obtained from CLONTECH. The
size of the PCR products for IL-10 and IFN-y were 328 bp and
455 bp, respectively. PCR was initiated in the thermal cycler
programmed for 95°C for 15 s, 56°C for 15 s, and 72°C for 75 s
for 30 cycles. PCR products were analyzed by electrophoresis,
and the gel was photographed as described previously (30).
The negative was scanned with the Multiscan-R (Interactive

Table 1. Description of primers used in this study

PCR
product

Cytokine Primer sequence size, bp
IL-2-5' 5’-AACAGTGCACCTACTTCAAG-3 397
IL-2-3 5'-GTTGAGATGATGCTTTGACA-3
1L-4-5 5’-TCTCACCTCCCAACTGCTTCC-3 320
1L-4-3 5'-CGTTTCAGGAATCGGATCAGC-3
IL-5-5' 5'-TGCCTACGTGTATGCCATCCC-3 437
IL-5-3 5'-CTTGGCCCTCATTCTCACTGC-3

IL-12 (P40)-5' 5'-TCAAAGAGTTTGGAGATGCTGGCC-3464
IL-12 (P40)-3' 5'-TGATGATGTCCCTGATGAAGAAGC-3

IL-13-5 5'-CAGAGGATGCTGAGCGGATTC-3 836
IL-13-3 5-TGCCTGTGTGTGAAGTGGGTC-3
B-actin-5' 5'-GTGATGGTGGGCATGGGTCA-3 510
B-actin-3’ 5-TTAATGTCACGCACGATTTCCC-3
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Technologies International, St. Petersburg, FL), and cytokine
mRNA levels were normalized to B-actin mRNA levels.

Northern Blot Analysis. Northern blot analyses were per-
formed as described previously (30). Human IL-10 (759-bp
Bgl11/HindIII fragment of pH5C) and B-actin (1.1-kb EcoRI
fragment of HHC189) probes were used (30). The cDNA
plasmids, pH5C and HHC189, were obtained from American
Type Culture Collection. Hybridization probes were labeled
using a random-primed DNA-labeling kit (Boehringer Mann-
heim) and [-*?P]dCTP [3000 Ci/mmol (1 Ci = 37 GBg;
Dupont/NEN). Autoradiographic films for Northern blot
were analyzed by the Multiscan-R.

ELISA for IL-10. PBMCs were cultured at 4 X 10° cells in
200 wl per well (96-well plates) with E. coli- or yeast-derived
Nef at doses of 0, 10, 100, 500, and 1000 ng/ml. Cell viability
as tested by trypan blue dye exclusion was always >95%. The
supernatants were harvested after 24, 48, and 72 h, centrifuged
to remove cell debris, and stored at —70°C until they were
analyzed for IL-10 protein levels. IL-10 protein was measured
by ELISA (IL-10 Cytoscreen Immunoassay Kit; BioSource
International, Camarillo, CA). The minimum detectable dose
was =5 pg/ml.

Signal Transduction Experiments. PBMCs (4 X 10 cells in
200 ul per well, 96-well plates), previously rested for 24 h, were
separately pretreated for 2 h with signal transduction inhibitors
from Calbiochem. These were W-7 (50 uM; calmodulin an-
tagonist ICso = 28 uM), EGTA (1 mM), H-89 (100 nM;
protein kinase A inhibitor K; = 48 nM), staurosporine [1.5 nM;
protein kinase C (PKC) inhibitor ICso = 0.7 nM], or calphostin
C (100 nM; PKC inhibitor ICsy = 50 nM). These mixtures were
next stimulated with yeast-derived Nef (500 ng/ml) alone or
with 1.4 mM calcium chloride. Supernatants were harvested as
described above after 40 h of incubation and tested for IL-10
protein by ELISA.

RESULTS

Nef Protein Induces IL-10 mRNA Expression in PBMCs.
Fig. 1 shows that the expression of IL-10 as revealed by
RT-PCR is induced in PBMCs treated for 3 h with Nef derived
from E. coli. This was the consistent result of three separate
experiments. Other cytokines investigated in an identical
manner, IL-2, IL-4, IL-5, IL-12 (p40), IL-13, or IFN-v, are not
so induced. Recombinant Nef protein derived from yeast also
induced IL-10 mRNA expression after 3 h of stimulation (data
not shown). In contrast, the negative control protein BSA
shows no IL-10 induction (data not shown). Fig. 1 also shows
that onset of IL-10 mRNA induction is detected as early as 3 h
after stimulation with Nef. In other experiments (not shown in
Fig. 1), the expression of IL-10 is also demonstrable at 6 and
24 h. In Fig. 2, Northern blot analysis of PBMCs incubated for
24 h with Nef shows a 3-fold increase in IL-10 mRNA
expression by densitometric analysis.

Induction of IL-10 Protein Production by Nef Using PBMCs
Is Dose-Dependent. Fig. 3 shows that the production of IL-10
protein using PBMCs cultured at 48 h with varying concen-
trations of yeast-derived Nef is dose-dependent. As shown, the
peak production of IL-10 by yeast-derived Nef is at 500 ng/ml
(18.5 nM). Similar dose-dependent responses are obtained
with E. coli-derived Nef (data not shown).

Nef Protein Induces IL-10 mRNA Expression in H9 or U937
Cells. HO T cells and U937 promonocytic cells both produce
IL-10 following HIV infection (36). Consequently, these two
cell lines were chosen to study the induction of IL-10 by Nef.
Fig. 44 shows by Northern blot analysis using H9 T cells that
maximal production of IL-10 mRNA (6-fold over control) was
observed 6 h following stimulation with Nef. With U937 cells
pretreated with dimethyl sulfoxide and stimulated with Nef
(see Materials and Methods), Northern blot analysis also re-
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Fic. 1. RT-PCR analysis of the effects of E. coli-derived Nef on
cytokine mRNA accumulation using human PBMCs. Human PBMCs
were incubated for 3 h with medium (lane 1), 100 ng/ml staphylococcal
enterotoxin A alone (lane 2), or 50 ng/ml Nef alone (lane 3).

vealed a 2-fold increase of IL-10 mRNA (3 h of stimulation)
by densitometric analysis (Fig. 4B).

IL-10 Protein Production Induced by Nef in PBMCs In-
volves the Calcium/Calmodulin Phosphodiesterase Signal
Transduction. To evaluate the signal transduction pathway
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F1G. 2. Northern blot analysis of the effect of of E. coli-derived Nef
on IL-10 mRNA expression using human PBMCs. PBMCs were
incubated for 24 h with medium, 50 ng/ml Nef alone, or with 100
ng/ml staphylococcal enterotoxin A alone (positive control). Densi-
tometric analysis was performed by reading the autoradiographic
negative film with the Multiscan-R. IL-10 mRNA levels were normal-
ized to B-actin mRNA levels. Arbitrary optical density units (AODU)
were: medium = 0.45, Nef = 1.33, and staphylococcal enterotoxin A =
1.33.
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F1G. 3. Protein production of IL-10 in supernatants of PBMCs
stimulated with increasing doses of yeast-derived Nef for 48 h. ELISA
values represented are for pooled culture supernatants from five wells.
IL-10 protein levels for those stimulated with 0, 10 (0.37 nM), 100, 500,
and 1000 ng/ml of yeast-derived Nef are 7, 40, 49, 253, and 251 pg/ml,
respectively. Similar dose-dependent influences of Nef derived from E.
coli are also observed.

involved in IL-10 production by Nef, PBMCs were exposed to
several signal transduction inhibitors in two separate experi-
ments. As shown in Fig. 5, W-7, an inhibitor of calcium/cal-
modulin-dependent phosphodiesterase, consistently inhibited
IL-10 protein production by Nef. Both staurosporine, a PKC
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FiG. 4. Effects of E. coli-derived Nef on IL-10 mRNA expression
in H9 and U937 cells. (4) Northern blot analysis of the effect of E.
coli-derived Nef on IL-10 mRNA expression in H9 cells after 2, 6, and
18 h of incubation. IL-10 mRNA expression with medium at 6 h of
incubation is shown in the left lane. Densitometric analysis reveals the
following arbitrary optical density units (AODU): 6 h medium =
0.547, 2 h Nef = 0.534, 6 h Nef = 3.303, and 18 h Nef = 0.881. (B)
Northern blot analysis of the effect of E. coli-derived Nef on IL-10
mRNA expression using U937 cells. U937 cells pretreated with 1.2%
dimethyl sulfoxide for 24 h were incubated with medium, 100 ng/ml
Nef, or 50 ng/ml phorbol myristate acetate (positive control) for 3 h.
AODU were: medium = 0.199, Nef = 0.399, and phorbol myristate
acetate = 0.784.
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FiG. 5. Signal transduction experiments of IL-10 induction by Nef
using several inhibitors. PBMCs were pretreated separately for 2 h
with medium or inhibitor alone or were additionally stimulated with
500 ng/ml yeast-derived Nef alone or with 1.4 mM calcium chloride for
40 h. IL-10 production in the supernatants of PBMC from two
different individuals was detected by ELISA. In Exp. 1, inhibitors used
were 50 uM W-7, 1.5 nM staurosporine, and 100 nM H-89. In Exp. 2,
inhibitors used were 50 uM W-7, 1.5 nM staurosporine, 100 nM H-89,
100 nM calphostin C, and 1 mM EGTA.

inhibitor, and H-89, a protein kinase A inhibitor, has no effect
on Nef-induced IL-10 production. Calphostin C, another PKC
inhibitor-like staurosporine, also has no affect on IL-10 protein
production by Nef. The calcium chelating agent EGTA also
shows inhibition of IL-10 protein production by Nef. This
inhibition is reversed by the addition of calcium.

DISCUSSION

In the present study, we demonstrate that HI'V-1 Nef protein
increases IL-10 mRNA expression, as detected by RT-PCR or
Northern blot analysis using PBMCs or cells obtained from a
T cell line (H9) or promonocytic cell line (U937). Nef proteins
derived from either E. coli or the yeast S. cerevisiae induce the
expression of IL-10. Kinetic studies show that IL-10 mRNA
induction occurs as early as 3 h (earliest time examined)
following stimulation with Nef. The increased mRNA expres-
sion parallels production of the protein measured in the PBMC
supernatants by ELISA. We further show that induction of
IL-10 by extracellular Nef involves the calcium/calmodulin
phosphodiesterase pathway.

IL-10, a cytokine produced by monocytes/macrophages, B
lymphocytes, and mainly T helper type 2 (Th2) lymphocytes,
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is a powerful suppressor of cell-mediated immunity. It has
pleiotropic effects on various cell lineages, such as suppression
of macrophage activity and inhibition of production of IL-1,
IL-6, tumor necrosis factor-«, granulocyte—-macrophage colo-
ny-stimulating factor, and granulocyte colony-stimulating fac-
tor. IL-10 also indirectly inhibits T cell proliferation by down-
regulating class II major histocompatibility complex antigen
expression on the surface of monocytes (37).

HIV-1 Nef is of particular interest to our laboratory, since
it shares a significant homology with p15E (31), a conserved
transmembrane envelope protein of numerous animal and
human retroviruses (38). A synthetic peptide homologous to a
conserved domain of p15E, CKS-17, has been shown to be
highly immunosuppressive in vitro and in vivo (39-41). CKS-17
down-regulates tumor necrosis factor-a and IL-12 and en-
hances IL-10 in vitro, suggesting that development of oppor-
tunistic infections and/or progression of retrovirus-induced
immunodeficiencies may not require intact replicating virus
(30, 42).

Few studies describing the effect of Nef on cytokine mod-
ulation in human PBMCs have been reported. Chirmule ef al.
(43) showed that extracellular Nef induces IL-6 at both mRNA
expression and protein level using human PBMCs. In these
studies, Nef protein was able to induce B cell differentiation
into immunoglobulin-secreting cells, and these authors sug-
gested that IL-6 plays an important role in this process.

Cytokine modulation by intracellular Nef protein has been
reported using a Jurkat T cell line but not primary lymphocytes
(44). In the Jurkat T cell line transfected with the nef gene, IL-2
and IFN-y were decreased by intracellular Nef protein, but
IL-6 and IL-10 were not detected by RT-PCR. Intracellular
Nef may not induce IL-6 and IL-10, or Jurkat cells may be an
unsuitable cell line to examine the induction of IL-6 and IL-10
by Nef. Alternatively, the extracellular action of Nef may be
distinct from its intracellular role.

Our results show that IL-10 induction by extracellular Nef
involves the calcium/calmodulin signal transduction pathway
and not the protein kinase A or PKC pathway. The signal
transduction experiments in the present study suggest that
extracellular Nef may bind to a surface receptor or to the
calcium channels, leading to activation of the calcium/calmod-
ulin phosphodiesterase pathway. In this context, it has been
shown that HI'V-1 Nef protein interacts with potassium chan-
nels (45), an electrophysiological activity requiring the extra-
cellular presence of Nef and which may be related to Nef
signaling. Intracellular Nef has been shown to associate with
signaling cascades such as the Src tyrosine kinase family Src
homology domains (46, 47) and a serine/threonine kinase that
can be inhibited by staurosporine (48).

Extracellular Nef may bind to a membrane receptor or may
be taken up by cells as demonstrated with Tat, another
regulatory protein (49). Torres et al. (50) have reported
binding of extracellular Nef to major histocompatibility com-
plex class II molecules. They proposed that activation of
mononuclear cells induced by extracellular Nef may serve as an
endogenous mitogen in the infected individual, leading to
increased viral replication.

From the virological perspective, IL-10 predominantly in-
hibits HIV-1 replication in monocytes/macrophages (36, 51,
52). In infectious states caused by organisms such as Epstein—
Barr virus or certain parasites, IL-10 may provide virus-
infected cells a means of escape from immune surveillance and
thus aid in the development of a chronic carrier state (53, 54).
In this context, the induction of IL-10 by Nef protein may
confer survival advantage for the HI'V by inhibiting immediate
death of its host cell and aiding in the establishment of viral
latency.

PBMCs and lymph nodes of patients infected with HIV
spontaneously express IL-10 (36, 51, 55). Further, H9 or U937
cell lines infected with HI'V-1 have also been shown to produce
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a higher expression of IL-10 mRNA (36). Nef protein is
produced early in HIV infection (1) and may participate in the
cytokine dysregulation observed during HIV infection.

The present results are consistent with these in vivo and in

vitro observations, indicating that extracellular Nef might play
an important role in the immunopathogenesis and viral infec-
tivity of HIV infection by inducing immunosuppression
through induction of IL-10.
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