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We examined the early effects of infection by CCR5-using (R5 human immunodeficiency virus [HIV]) and
CXCR4-using (X4 HIV) strains of HIV type 1 (HIV-1) on chemokine production by primary human monocyte-
derived macrophages (MDM). While RS HIV, but not X4 HIV, replicated in MDM, we found that the
production of the C-X-C chemokine growth-regulated oncogene alpha (GRO-«) was markedly stimulated by X4
HIV and, to a much lesser extent, by RS HIV. HIV-1 gp120 engagement of CXCR4 initiated the stimulation of
GRO-a production, an effect blocked by antibodies to CXCR4. GRO-« then fed back and stimulated HIV-1
replication in both MDM and lymphocytes, and antibodies that neutralize GRO-a or CXCR2 (the receptor for
GRO-a) markedly reduced viral replication in MDM and peripheral blood mononuclear cells. Therefore,
activation of MDM by HIV-1 gp120 engagement of CXCR4 initiates an autocrine-paracrine loop that may be
important in disease progression after the emergence of X4 HIV.

Isolates of human immunodeficiency virus type 1 (HIV-1)
are classified according to their ability to infect cells bearing
the chemokine receptors CCR5 and CXCR4 (37). CCR5-using
isolates of HIV-1 (RS HIV) are transmitted most frequently
and predominate during the asymptomatic stages of infection
with HIV-1 (52, 63). R5 HIV can infect monocyte-derived
macrophages (MDM), as well as CD4" T lymphocytes (2, 11,
17,19, 20). MDM serve as a reservoir for HIV-1, since they are
relatively resistant to the cytopathic effects of HIV-1 and live
for weeks, and perhaps longer, despite infection (24, 27).
CXCR4-using strains of HIV-1 (X4 HIV) are associated with
disease progression, a decline in peripheral CD4" T-lympho-
cyte levels, and the onset of clinical symptoms of AIDS (16).
X4 HIV efficiently infects T lymphocytes, as well as CXCR4*
T-cell lines, but does not infect MDM under most circum-
stances (25). Interestingly, MDM do express CXCR4 but seem
to exhibit a postentry block to viral replication (43, 50, 54, 58).

Chemokine receptors are seven transmembrane domain-
containing G-protein-coupled receptors (GPCR) that transmit
signals induced by a family of small, secreted polypeptides
collectively known as chemokines. Chemokines attract and ac-
tivate leukocytes and are divided into subgroups according to
the position of the first two cysteine residues (60). C-C che-
mokines act primarily on mononuclear cells, including MDM,
lymphocytes, and eosinophils (60). While initially thought to
act principally on neutrophils, some C-X-C chemokines have
been shown to attract activated T cells, act as angiogenic reg-
ulators, and stimulate monocyte adherence (29, 55, 60). The
C-X-C chemokine growth-regulated oncogene alpha (GRO-w),
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also called melanoma growth stimulatory activity (MGSA),
was initially identified as an autocrine growth factor for malig-
nant melanoma cells (49). Subsequent studies have shown that
the receptor for GRO-a is CXCR2, and GRO-« attracts cells
that express this receptor, including both neutrophils and den-
dritic cells (1, 4, 44). GRO-a also has been demonstrated to
have direct angiogenic activity in several in vivo assays and to
activate ORF 74 of the Kaposi’s sarcoma-associated herpesvi-
rus (KSHV), a GPCR that has been implicated in the trans-
formation and angiogenic phenotype of Kaposi’s sarcoma (KS)
lesions (6, 28, 38, 55). GRO-a and the two other GRO che-
mokines, GRO-B and GRO-v, are encoded by distinct genes,
are 88% identical at the amino acid level, signal through
CXCR2, and are thought to be largely functionally redundant
(1, 38).

Aberrant function of both infected and uninfected MDM
has been implicated in the pathogenesis of HIV dementia and
AIDS-associated opportunistic infections (26, 35, 42, 53).
MDM infected with HIV-1 are known to produce a host of
inflammatory mediators, including tumor necrosis factor alpha
(TNF-o), interleukin-1 (IL-1), and IL-6, less than 48 h after
infection (8, 12, 31, 42, 47). In addition, macrophages exposed
to HIV-1 contribute to the death of T lymphocytes by TNF-a-
and FasL-dependent pathways (5, 32). Following infection,
macrophages also produce the C-C chemokines RANTES,
macrophage inflammatory protein la (MIP-1a), and MIP-1B
(9, 51). These three chemokines inhibit HIV replication by
nature of their ability to ligate the HIV coreceptor CCRS5 and
prevent HIV entry, both by blocking binding sites and inducing
receptor internalization (13, 14, 39, 56, 61). Subsequent reports
have demonstrated that RANTES can also stimulate the rep-
lication of X4 HIV by activating, and increasing virion attach-
ment to, target cells (18, 30, 34, 57). Similarly, the CXCR4
ligand stromal cell-derived factor 1 (SDF-1) can both prevent
X4 HIV entry by inducing receptor internalization and stimu-
late HIV proviral gene expression (3, 7, 40, 45). While much is
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known about the roles of RANTES, MIP-1«, and MIP-18 in
HIV pathogenesis, relatively little is known about the role of
other chemokines produced by HIV-infected leukocytes.

Here we demonstrate a striking increase in the production of
the C-X-C chemokine GRO-a following exposure of MDM to
HIV-1. Stimulation of GRO-« production by HIV-1 is depen-
dent on gp120 ligation of CXCR4. Further, GRO-« itself stim-
ulates the replication of HIV-1 in both macrophages and lym-
phocytes, thus creating an autocrine-paracrine loop that may
contribute to HIV-1 pathogenesis. Because GRO-a produc-
tion is more markedly enhanced following encounter with X4
HIV than with R5 HIV, GRO-a may help activate HIV-1
replication following the emergence of CXCR4-using isolates
in the late stages of AIDS.

MATERIALS AND METHODS

Reagents. The following reagents were obtained from the AIDS Research and
Reference Reagent Program, Division of AIDS (DAIDS), National Institute of
Allergy and Infectious Diseases (NIAID), National Institutes of Health (NIH):
HIV-1g,; from Suzanne Gartner, Mikulas Popovic, and Robert Gallo; pHXB2-
env from Kathleen Page and Dan Littman; HIV-1g31y975 gp120 from Steve
Showalter, Maria Garcia-Moll, and the DAIDS, NIAID; HIV-1cp35 gp120
from Protein Sciences Corporation; HIV-1y;;5 and HIV-1y,y gp120 from the
DAIDS, NIAID and ImmunoDiagnostics, Inc.; and HIV-1 Tat from John Brady.

Recombinant GRO-a, SDF-1a, and RANTES and monoclonal antibodies to
CXCR2 (MAb331), GRO (MADb276), and GRO-a (MADb275) were obtained
from R&D Systems (Minneapolis, Minn.) and added as indicated in the figure
legends. Antibodies capable of blocking HIV binding to CD4 (RPA-T4), CCR5
(2D7), and CXCR4 (12G5) were added as indicated (No Azide/Low Endotoxin
Format; PharMingen, San Diego, Calif.). Lipopolysaccharide (LPS) from Esch-
erichia coli strain O55:B5, E-TOXATE reagents, and all other chemicals were
obtained from Sigma (St. Louis, Mo.).

Isolation and preparation of PBMC, PBL, and PBM. Peripheral blood mono-
nuclear cells (PBMC) were collected by venipuncture of healthy volunteers as
described previously (36). Cellular proliferation, viability, and activation were
assayed by using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT)-based colorimetric assay according to the manufacturer’s instructions
(Boehringer Mannheim, Mannheim, Germany) and as described previously (36).
PBMC contained approximately 20% CD14™ monocytes as determined by flow
cytometry (data not shown). In order to separate the PBMC into subpopulations
composed mainly of monocytes or lymphocytes, PBMC were subjected to a plate
adherence step for 2 h. Adherent cells were consistently >90% peripheral blood
monocytes (PBM) as determined by Diff-Quik analysis and >85% CD14™" by
flow cytometric staining with a phycoerythrin (PE)-conjugated mouse anti-hu-
man monoclonal antibody to CD14 (M5E2; PharMingen), as well as >99%
viable as determined by trypan blue exclusion. PBM were differentiated into
monocyte-derived macrophages (MDM) by culture in Dulbecco modified Eagle
medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 2 mM
glutamine, and 100 U of penicillin and 100 wg of streptomycin per ml (complete
DMEM) for up to 2 weeks (typically 3 days).

The nonadherent cells following the plate adherence step were enriched for
lymphocytes and contained less than 2% CD14"* monocytes (data not shown).
These monocyte-depleted PBMC (peripheral blood lymphocytes [PBL]) were
cultured at 1 X 10° to 2 X 10%ml in RPMI 1640 supplemented with 10% FBS,
2 mM glutamine, and 100 U of penicillin and 100 pg of streptomycin per ml
(complete RPMI). PBL were stimulated with 5 g of phytohemagglutinin (PHA;
Sigma) per ml for 1 to 3 days and then maintained in IL-2 (Hoffmann-La Roche,
Nutley, N.J.; 40 U/ml). In some experiments, PBL were also depleted of CD8"
cells with magnetic Dynabeads M-450 CDS8 according to the manufacturer’s
instructions (Dynal, Lake Success, N.Y.).

Preparation of viruses. All of the HIV-1 isolates used in this report were
originally obtained from the NIH AIDS Research and Reference Reagent Pro-
gram. Stocks of HIV-1g,; were prepared by infection of HOS-CD4-CCRS5 cells
and of HIV-1ggy by infection of CEM-SS cells. For some experiments, viral
stocks were prepared by infection of PHA-activated, CD8-depleted PBL; results
were identical to those obtained using the cell line-derived viral isolates (data not
shown).

In order to generate replication-incompetent HIV-1, 293 cells were trans-
fected with HXBePLAP (10 pg), an HXB2-based HIV-1 provirus in which the
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env gene was replaced with the human placental alkaline phosphatase (PLAP)
gene (10). Virions were envelope pseudotyped by cotransfecting 1 pg of a
plasmid encoding the vesicular stomatitis virus (VSV) glycoprotein (VSV-G) or
the env gene from the X4 isolate HIV-1yxp,, by the calcium-phosphate method
(15). Supernatants were collected 2 days after transfection and found to contain
infectious virus by a reverse transcriptase (RT) assay and infection of T1 cells.
The supernatants contained no detectable GRO-a (data not shown) and were
used at a 1:2 dilution to infect MDM.

HIV-1 infection of MDM, PBL, and PBMC. For each experiment, multiple
wells of MDM, PBL, or PBMC were infected with equal RT counts of HIV-1
(30 X 10° to 300 X 10° cpm of RT used per 10° cells). This amount of RT activity
per cell corresponds to a multiplicity of infection (MOI) of between 0.01 and 0.1,
as determined by titration on HOS-CD4-CCRS and CEM-SS cell lines and
quantitation of proviral DNA in PBMC 24 h after infection (data not shown).
MDM were infected with HIV-13,, for 16 h, washed, and then cultured in
complete DMEM. PBL and PBMC were infected with HIV-1,; or HIV-1ry
for 4 h, washed, and then incubated in complete RPMI plus IL-2. A portion of
the media (25%) was removed from the MDM and PBMC cultures and replaced
twice weekly.

Cytokine ELISAs. Cellular supernatants were collected and stored at —70°C
until analysis. Extracellular inmunoreactive GRO-a was measured using a sand-
wich-type enzyme-linked immunosorbent assay (ELISA) with capture (MAb275)
and biotinylated detection (BAF275) antibodies according to the manufacturer’s
instructions (R&D Systems). The lower limit of detection for this assay is 8
pg/ml. GRO-q, as well as the other cytokines tested, was also evaluated using an
in-house ELISA protocol as previously described (23, 36). Dilutions of recom-
binant human MCP-1, MIP-1a, MIP-1B, RANTES, IL-8, GRO-a, GRO-y,
ENA-78, NAP-2, IP-10, MIG, IL-1B, IL-1ra, IL-6, IL-10, IL-12, TGF-B, and
TNF-a (R&D Systems), ranging from 1 pg/ml to 100 ng/ml, were used as
standards. This ELISA method consistently detected cytokine levels of >50
pg/ml.

RT assay. HIV replication was determined by quantification of the RT activity
present in the supernatants using a poly(A)-oligo(dT) template primer as pre-
viously described (48). RT activity was quantified using either a Series 400
PhosphorImager and ImageQuant software (Molecular Dynamics, Sunnyvale,
Calif.; see Fig. 5) or a Betascope radioisotope imaging system (see Fig. 1). The
absolute values varied between experiments, but the peak activity consistently
occurred 7 to 14 days after infection of MDM and 4 to 9 days after infection of
PBL.

Northern blot analysis of GRO mRNA. Total cellular RNA was extracted from
noninfected and HIV-1gg-infected MDM with TRIzol (Gibco-BRL, Rockville,
Md.) according to the manufacturer’s instructions. Equal amounts of RNA were
then analyzed for GRO gene expression by Northern (RNA) blot analysis.
Ethidium bromide-stained gels were photographed to demonstrate equivalent
amounts of 28S and 18S rRNA in each sample. The MGSA-GRO probe was
digested with EcoRI and PstI (270 bp), gel purified, and labeled by the random
hexamer method with [a->?P]dATP. Probe was annealed for 1 h at 68°C in
QuickHyb solution (Stratagene, La Jolla, Calif.). Hybridization and a high-
stringency wash were performed in accordance with the manufacturer’s instruc-
tions. Quantitation of RNA was determined using a Series 400 PhosphorImager
and ImageQuant software.

Intracellular chemokine staining. PBMC were collected as described above
and cultured in complete RPMI without PHA stimulation. The next day, the
PBMC were treated for 6 h with monensin (GolgiStop; PharMingen) to prevent
cytokine secretion and incubated with HIV-1, viral proteins, or TNF-a. PBMC
were then collected and stained for the presence of intracellular GRO according
to the manufacturer’s instructions (PharMingen). Adherent cells were collected
by incubation in phosphate-buffered saline plus 10 mM EDTA for 30 min at 4°C.
PBMC (both adherent and nonadherent cells) were then incubated in staining
buffer (DPBS plus 1% FBS plus 0.09% sodium azide) with mouse immunoglob-
ulin G (IgG) for 20 min at 4°C to block nonspecific binding of IgG to target cells.
After two washes with staining buffer, PBMC were fixed and permeabilized with
Cytofix/Cytoperm (PharMingen). PBMC were washed twice in Perm/Wash so-
lution and then stained with either R-PE-conjugated mouse anti-human GRO
monoclonal antibody (GRO-PE) or PE-mouse IgG1, k isotype control immuno-
globulin (PharMingen). Analysis of cell staining was performed using an EPICS
Elite cell sorter (Beckman-Coulter, Fullerton, Calif.). The monocyte and lym-
phocyte subpopulations were gated according to the pattern of forward scatter
and side scatter.

Flow cytometry for detecting CXCR2. PBMC were collected as described
above, cultured in complete RPMI without PHA stimulation, and then stained
using the CXCR2 monoclonal antibody (MAb331), biotin-conjugated goat anti-
mouse IgG (Jackson ImmunoResearch Laboratories, West Grove, Pa.), and
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dichlorotriazinyl amino fluorescein (DTAF)-conjugated Streptavidin (Jackson
ImmunoResearch Laboratories). Cells were incubated in flow buffer (Hanks
balanced salt solution plus 2% FBS plus 0.05 % sodium azide) with anti-CXCR2
or mouse IgG for 30 minutes at 4°C. PBM were then washed with flow buffer and
incubated in flow buffer with the secondary antibody (biotin-conjugated goat
anti-mouse IgG) for 30 min at 4°C. PBM were then washed with flow buffer and
incubated in flow buffer with the staining reagent (DTAF-SA) for 30 min at 4°C.
Cell staining analysis was performed using an XL Z14107 cytometer. The mono-
cyte and lymphocyte subpopulations were gated according to the patterns of
forward scatter and side scatter.

Statistics. The data are expressed as the mean of triplicate wells (£ the
standard deviation) throughout unless otherwise noted. Statistical significance
was evaluated by t test for normally distributed data and by the Wilcoxon signed
rank test for nonparametric data. A P value of <0.05 or <0.005 was regarded as
statistically significant.

RESULTS

Production of GRO-a by MDM exposed to HIV-1. MDM
play a critical role in HIV pathogenesis as both producers of
infectious HIV and sources of immunoregulatory factors (27,
31, 41). In early experiments, we examined the pattern of
cytokine secretion by primary human MDM when exposed to
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FIG. 1. Increased production of GRO-a by MDM following en-
counter with HIV-1 is independent of productive infection. MDM
were infected with equal counts of RT activity of HIV-1,; or HIV-
1gru- (A) Extracellular immunoreactive GRO-a was measured by
ELISA. (B) HIV replication was determined by quantitating the RT
activity (above the background activity in uninfected controls) present
in the supernatants. A portion of the supernatant was collected at
several time points as indicated, so that input virus was removed
entirely from the cells by day 2, at which point fresh medium was
added, and a portion of the media (25%) was removed and replaced
twice weekly. These experiments are representative of experiments
performed with MDM from three different donors. (C) Exposure to
X4 HIV (HIV-1ggy) stimulates GRO-a production by MDM to a
greater extent than exposure to R5 HIV (HIV-13,;). Shown are the
results of ELISA for GRO-a performed on the supernatants collected
1 day after exposure of MDM from 11 different donors to HIV-1. Lines
connect the values for control (no virus) and HIV-exposed MDM from
each donor on this logarithmic scale. The horizontal black bars indi-
cate the median values.

HIV-1. We detected only modest increases in the cytokines
TNF-a and the IL-1 receptor antagonist (IL-1ra) 1 to 3 days
after infection and no significant change in 12 other immuno-
regulatory molecules at this point in time. The levels of RAN-
TES, MIP-1qa, and MIP-1B were not elevated during the first
72 h after infection but increased in parallel with virus produc-
tion by MDM at later time points (data not shown). In con-
trast, we measured a substantial increase in the production of
the C-X-C chemokines GRO-a, GRO-v, and IL-8 and the C-C
chemokine MCP-1 within 24 h, which was maintained for more
than 1 week after exposure to HIV-1 (data not shown).

We next compared the chemokine production by MDM
exposed to a prototypical R5 isolate of HIV (HIV-1g,, ) with
that by MDM exposed to the X4 isolate HIV-15. While
exposure to R5 HIV or X4 HIV had similar effects on MCP-1
and IL-8 production by MDM, there was a striking difference
in the production of the C-X-C chemokine GRO-a by MDM
exposed to the X4 isolate HIV-1g,, compared with MDM
exposed to the RS isolate HIV-1g,; (Fig. 1A and data not
shown). Secreted GRO-a was elevated as early as 75 min after
incubation with HIV-1,,; and remained elevated throughout
the period of culture (up to 2 weeks), while MDM infected
with HIV-1g,,; produced only slightly more GRO-« than un-
infected controls. Indeed, we found all X4 isolates of HIV-1
and HIV-2 to be more potent inducers of GRO-a production
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FIG. 2. HIV-1 increases GRO mRNA levels in MDM. Total cel-
lular RNA was extracted from control MDM (—) and MDM exposed
to HIV-15zy (+) after 2 days. RNA from two different donors was
then analyzed for GRO gene expression by Northern (RNA) blot
analysis using a GRO-specific probe (top panel). The total amount of
RNA was determined by quantitating the intensity of the 28S and 18S
rRNA bands (bottom panel). The amount of GRO mRNA was nor-
malized to the amount of rRNA in each sample and the fold increase
in HIV-exposed MDM relative to control MDM is indicated.

than any of the RS isolates tested (data not shown). MDM
from 11 different healthy donors exposed to HIV-15i pro-
duced significantly more GRO-a (median value, 4.00 ng/ml)
than MDM infected with HIV-1,,; (0.45 ng/ml, P = 0.019)
and uninfected controls (0.06 ng/ml, P < 0.001) (Fig. 1C).
Northern blot analysis revealed that exposure of MDM to
HIV-1 increased steady-state GRO mRNA levels greater than
35-fold (Fig. 2). While HIV-15gy, stimulated far more GRO-«
production than did HIV-1g,;, no virus production was de-
tectable in MDM exposed to HIV-1,,; even as late as 2 weeks
after infection, while substantial HIV-1 was detected in MDM
infected with HIV-1g,, a few days after infection (Fig. 1B).
GRO-a production appeared to be sustained, despite the lack
of active viral replication in these cells, since the increases in
GRO-a protein were maintained even when the media were
changed after the first 2 days (Fig. 1A). These data indicate
that GRO-a production is independent of productive infection
with HIV-1 and is more pronounced following exposure to
viral isolates that use CXCR4 for entry.

GRO chemokine production by PBMC. In order to analyze
the production of GRO by individual cells, we looked by flow
cytometry for the presence of GRO in PBMC stimulated with
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HIV-1 virions or viral proteins. Fresh PBMC were cultured
overnight without PHA stimulation and then exposed to small
numbers of HIV-1g,; or HIV-15,y, virions or the viral pro-
teins gp120 or Tat. Staining after 6 h revealed that GRO was
present in a large percentage of monocytes treated with HIV-
1gru> X4 gpl120, or TNF-a and in less than 10% of untreated
monocytes or those treated with HIV-1g,, or Tat (Fig. 3).
GRO proteins were detected in less than 5% of PBL in all
treatment conditions (Fig. 3). In addition, no increase in
GRO-a production by activated PBL was detectable by ELISA
following exposure to either RS or X4 isolates of HIV-1 (data
not shown). Thus, as GRO-a production occurred well before
the detection of virus in MDM infected with RS HIV and in
the absence of infection of MDM by X4 HIV (Fig. 1), and in
more cells than could be infected by the titers of virus used, we
conclude that GRO-«a production occurs by a mechanism that
does not depend on completion of the viral life cycle within the
MDM. Moreover, because X4 isolates of HIV-1 stimulated
GRO-a production to a far greater extent than RS isolates, we
hypothesized that the interaction between HIV-1 gp120 and
CXCR4 induces the signals necessary to upregulate GRO-a
production.

Specificity of GRO-a production by MDM exposed to
HIV-1. We next examined the ability of bacterial and viral
antigens to stimulate the production of GRO-a by MDM in
order to further investigate the specificity of the response to
HIV-1. As positive controls for these experiments, we stimu-
lated MDM with TNF-a and phorbol 12-myristate 13-acetate
(PMA). TNF-a did induce the production of GRO-o by mono-
cytes and MDM, while PMA did not (Fig. 3C and data not
shown). In addition, while stimulation with LPS from E. coli
strain O111:B4 (up to 2 pg/ml) activated MDM as determined
by an MTT-based assay for cellular activation (data not
shown), MDM treated with LPS did not produce increased
amounts of GRO-a protein (Fig. 4A). Treatment with poly-
mixin B (10 pg/ml) prevented the activation of MDM by LPS
but did not prevent the HIV-1ggi-induced increases in
GRO-q, indicating that GRO-a production was not due to
LPS contamination of the viral stocks (data not shown). In
addition, viral stocks were found to be negative for detectable
endotoxin using a Limulus amebocyte lysate test (data not
shown). Exposure to neither adenovirus nor Epstein-Barr virus
(EBV) resulted in a significant increase in GRO-a production
(Fig. 5). Thus, GRO-«a is produced specifically in response to
encounter with HIV and not simply because the MDM are
activated nonspecifically by viral antigens or in response to
contamination with LPS.

Engagement of CXCR4 by HIV-1 gp120 stimulates GRO-«
production by MDM. Although MDM are not infected by X4
HIV under most circumstances, these cells do express CXCRA4,
in addition to CD4 and CCRS5 (43, 50, 54, 58). In order to
determine whether binding of HIV-1 to one of these specific
receptors is required for the production of GRO-a by MDM,
we preincubated MDM with antibodies known to block HIV
binding to CXCR4, CCRS, or CD4 prior to infection with
HIV-1 (Fig. 6). Neutralization of binding to CXCR4 by the
anti-CXCR4 antibody 12GS5 prevented the release of GRO-a
by MDM exposed to HIV-15xy, HIV-1xg,, and HIV-15,,,
while anti-CCRS5 (2D7), anti-CD4, and control mouse IgG did
not have a significant effect. The ability of anti-CXCR4 to
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FIG. 3. Intracellular GRO protein is present in monocytes exposed
to HIV-1 and gp120. PBMC were treated with GolgiStop (Control)
along with HIV-1g,,, HIV-15gy, X4 gp120 (1 pg/ml, from HIV-1;;5),
Tat (100 ng/ml), or TNF-a (100 ng/ml). PBMC were harvested after 6
h and analyzed for intracellular GRO proteins by flow cytometry. (A)
Lymphocyte and monocyte subpopulations were gated according to
the pattern of forward scatter and side scatter. (B) Background stain-
ing in lymphocytes and monocytes was determined by incubation with
PE-mouse IgG1 isotype control (mouse IgG). The histograms show
fluorescence intensity on a logarithmic scale along the x axis and the
number of events on the y axis. The percentage of cells staining positive
in each condition is indicated. (C) Staining of lymphocytes and mono-
cytes with a PE-conjugated mouse anti-human GRO antibody (GRO-
PE) for each treatment condition is shown. The data shown are rep-
resentative of four independent experiments.

block the small increase in GRO-a production induced by the
RS isolate HIV-15,; suggests that this isolate has some mod-
erate affinity for CXCR4, although it is not able to use this
receptor to infect CXCR4 ™" T-cell lines (reference 9 and data
not shown). This hypothesis is further supported by the finding
that HIV-1g,, stimulated slightly more GRO-a production
when MDM were preincubated with anti-CCRS than with con-
trol IgG (Fig. 6A), presumably because more viral particles are
able to bind to CXCR4 when the binding sites on CCRS5 are
blocked. Thus, the modest effect observed with HIV-1g,; is
most likely attributable to interaction with CXCR4 as well,
similar to the recent observation that the RS isolate HIV-1,54
is able to signal via neuronal CXCR4 (62).
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isolates HIV-1931p1075 (RS), HIV-1¢y035 (R5), HIV-115 (X4), HIV-1,,y (X4), or HIV-1 Tat (1 pg/ml), SDF-1a (0.5 pg/ml), RANTES (1.35
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logarithmic scale and are the mean (* the standard error of the mean) of the results of 3 to 13 independent experiments for each treatment. The
data and data labels show the fold increase relative to untreated controls for each set of experiments. The absolute amount (in nanograms per
milliliter) of GRO-a in each set of experiments ranged from: untreated controls, 0.002 to 4.0; LPS, 0.19 to 0.74; HIV-1 Tat, 0.015 to 0.051;
2p12005 111975, 0.001 to 4.1; gp120pass, 0.06 to 2.1; SDF-1a, 3.4 to 4; gp120;yyp, 0.5 to 30.9; gp120,,y, 1.1 to 14.6; and HIV-15,, 0.851 to 114. (B)
Pseudotyped, replication-incompetent HIV-1 was prepared by cotransfection of 293 cells with an env(—) HIV-1 provirus (HXBePLAP) and either
VSV-G or gp120 from HIV-1yxg, (X4 gp120). MDM were treated with 50% cell-free supernatants from transfected or mock-transfected 293 cells.
ELISA was performed on supernatants collected 2 days after treatment. The data shown are representative of three experiments.

In order to confirm the role of gp120 engagement of CXCR4
in GRO-a production, we determined whether the incubation
of monocytes and MDM with gp120 from X4 HIV would
stimulate GRO-a production. GRO proteins were detected in
more than 55% of monocytes in response to X4-specific gp120,
compared with <5% in response to Tat, as determined by
intracellular cytokine analysis (Fig. 3). Treatment of MDM
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L
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GRO-¢ (% of HIV-infected MDM)
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FIG. 5. MDM produce greater amounts of GRO-« in response to
HIV-1 than to adenovirus or EBV. MDM were infected with adeno-
virus strain DL7001, type I EBV Marmoset strain, or HIV-15gy. The
approximate number of viral particles added to 10° MDM is indicated.
The data shown are the mean values of multiple wells of MDM from
two donors.

with recombinant gp120 from the X4 isolates HIV-1,;;5 and
HIV-1,\, but not with gp120 from the RS isolates HIV-
losrr1975 OF HIV-1(\p235, nor with HIV-1 Tat, significantly in-
creased the production of GRO-« (Fig. 4A). Subsequent dose-
response studies demonstrated that concentrations of gp120 of
as low as 100 ng/ml were able to increase GRO-a production
by MDM (data not shown). This concentration of envelope
protein has previously been found in the serum of HIV-in-
fected individuals, indicating that levels of gp120 present in
vivo are sufficient to induce GRO-a production (46). In addi-
tion, the stimulation of GRO-a production by HIV-15,, was
resistant to heat inactivation at 56°C for 30 min but sensitive to
boiling for 5 min (data not shown), a result consistent with the
notion that a relatively heat stable factor (e.g., gp120) is re-
sponsible for this effect (12). Preparations of recombinant
gp120 were analyzed for LPS content using the Limulus ame-
bocyte lysate test and found to contain fewer than 0.54, 0.23,
1.6, and 1.6 EU/ug for gp120 from HIV-195111975, HIV-1cp103s,
HIV-1,;5, and HIV-1,y, respectively. In addition, polymyxin
B treatment did not prevent the increases in GRO-a produc-
tion observed with gp120 treatment and, as shown above, these
and higher amounts of LPS did not stimulate GRO-a produc-
tion (Fig. 4). Further, HIV-1 gp120-mediated stimulation of
GRO-a production was blocked by anti-CXCR4 antibody (Fig.
6) and by a small-molecule inhibitor of CXCR4 (data not
shown). Therefore, increased production of Gro-a is due to
engagement of CXCR4 by gp120 and is not due to contami-
nating endotoxin.
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FIG. 6. GRO-a production is mediated by interaction of HIV-1 with CXCR4. (A) MDM were preincubated with antibodies (20 pg/ml) to
CCRS (2D7) or CXCR4 (12G5), each of which is known to neutralize HIV infection, or else mouse IgG (20 pg/ml) or no antibody as controls,
and then exposed to either HIV-1g,, or HIV-1gy. Supernatants were collected after 24 h and analyzed by ELISA. Several values fell below the
limit of detection (dashed line). (B) MDM were preincubated with the same antibodies or with anti-CD4 (15 pg/ml) before exposure to the X4
isolate HIV-1};xg,. The data shown are representative of five independent experiments.

Neither the natural ligand for CXCR4, SDF-1a, nor RAN-
TES, which binds to CCR5 and CCR1, was able to stimulate
GRO-a production (Fig. 4A). In addition, anti-CXCR4
(12G5) caused only a transient increase in GRO-a production
(data not shown). This indicates that it is not simply interaction
with CXCR4 but specific aspects of the engagement of CXCR4
by gp120 which lead to the striking increase in GRO-a pro-
duction. To further address the ability of X4 gp120 to signal
the production of GRO-q, replication-incompetent HIV-1 was
pseudotyped with the envelope glycoproteins of HIV-1 or VSV
(15). Exposure of MDM to HIV-1 pseudotyped with X4 gp120
stimulated GRO-a production, while exposure to HIV-1
pseudotyped with VSV-G did not (Fig. 4B), further demon-
strating that the ability of gp120 to signal increased GRO-«a
production is quite specific.

GRO-«a stimulates HIV-1 replication in MDM and T lym-
phocytes. Increased chemokine production triggered by the
ligation of CXCR4 on MDM by HIV-1 gp120 could either
benefit or compromise the ability of the virus to replicate in its
target cells (or have no effect). Since certain chemokines
(RANTES, MIP-1a, MIP-1B, and SDF-1a) have been demon-
strated to play important roles in HIV-1 pathogenesis, mainly
as inhibitors of viral entry (7, 13, 14, 45), we studied the effect
of GRO-a, and signaling through its receptor, CXCR2, on
HIV replication in MDM and T lymphocytes. Replication of
the macrophage-tropic RS isolate HIV-1g,; in MDM was aug-
mented by the addition of exogenous GRO-«a (Fig. 7A and B).
The dose-response curve was bell-shaped, with maximal effect
at 10 to 25 ng/ml (Fig. 7A). In experiments with MDM from
five different donors, HIV-1g,, replication was increased 14-
fold on average (range, 2- to 40-fold). The addition of an
antibody that prevents GRO-a from interacting with CXCR2
blocked the stimulatory effect of GRO-a on HIV-1y,, repli-
cation in MDM (Fig. 7B). On its own, the anti-CXCR2 anti-
body had no significant effect on viral replication in MDM

from some donors (Fig. 7B) and decreased replication in oth-
ers (data not shown). No viral replication was detected when
MDM from multiple donors were infected with HIV-15,; in
the presence or absence of exogenous GRO-«, indicating that
GRO-a does not confer susceptibility to productive infection
with X4 HIV on MDM (Fig. 1B and data not shown). In
addition to the increase in viral replication seen in MDM with
GRO-a treatment, HIV-15,, replication in PBL was stimu-
lated 5-fold on average (n = 6; range, 2- to 8-fold) by the
addition of GRO-a (Fig. 7C). Replication of the X4 isolate
HIV-15gy in PBL was also increased 2.4-fold on average (n =
7; range, 0.9- to 4.2-fold; P = 0.027) (Fig. 7D). GRO-« stim-
ulated the replication of all isolates tested, including both RS
and X4 isolates of HIV-1 and HIV-2 (data not shown).
CXCR2, the receptor for GRO-q, is expressed on PBM and
PBL. Although it has been questioned whether functional
CXCR2 is present on PBMC, recent studies have indicated
that low levels of this receptor may indeed be present and
capable of transmitting signals in T lymphocytes and mono-
cytes (29, 60). Our flow cytometric analyses indicate that
CXCR?2 is consistently expressed on a small percentage of PBL
and a greater proportion of PBM (Fig. 8). The greater expres-
sion of CXCR2 on PBM than on PBL correlates well with the
larger stimulatory effect of GRO-a on HIV-1 replication in
MDM than in PBL. In addition, the expression of CXCR2 on
MDM may be induced by HIV-1 (data not shown).
Endogenous GRO-« regulates HIV-1 replication in MDM
and PBMC. Because HIV-1 stimulates GRO-a production by
MDM and exogenous GRO-a stimulated HIV replication in
MDM and PBL, we next investigated whether endogenous
GRO-a chemokine production and CXCR2-mediated signal-
ing are necessary for HIV-1 to replicate in these primary hu-
man cells. Indeed, the addition of an antibody that neutralizes
the activity of GRO-a, GRO-B, and GRO-y(anti-GRO) mark-
edly reduced HIV-1g,, replication in MDM (Fig. 9A). Iden-
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FIG. 7. GRO-a stimulates HIV-1 replication in MDM and PBL. (A) MDM were treated with GRO-« at the indicated concentrations for 16 h
before infection with HIV-1g,;. Supernatants were analyzed for RT activity 8 days after infection. (B) MDM were treated twice weekly with
GRO-a (25 ng/ml) and/or anti-CXCR2 (20 pg/ml) starting 1 day before infection with HIV-1y,; . (C) CD8-depleted PBL were treated with GRO-a
at the doses indicated 1 day before and 2 days after infection with HIV-15,, . RT activity was assayed on day 5. (D) PBL were treated with GRO-a
(25 ng/ml) 1 day before and 1 and 4 days after infection with HIV-1g,. These experiments are representative of infections of cells from five (A),

three (B), six (C), and seven (D) different donors.

tical results were obtained using an antibody specific for
GRO-a (data not shown). In addition, when anti-GRO-a and
an antibody that prevents interaction with CXCR2 were added
to HIV-1g-infected PBMC, viral replication was substan-
tially diminished (Fig. 9B). Importantly, treatment with these
antibodies did not significantly affect cellular activation or vi-
ability compared to control cultures, as measured by an MTT-
based assay (Fig. 9B). These data indicate that endogenous,
HIV-1 stimulated GRO-a production and signaling through
CXCR2 play a stimulatory role in viral replication in primary
human macrophages and lymphocytes and point to the exis-
tence of an autocrine-paracrine loop involving GRO-a and
HIV-1 replication.

DISCUSSION

The envelope protein gp120 allows HIV-1 to enter and pro-
ductively infect MDM through interactions with CD4 and

CCRS and, under some circumstances, CXCR4 (43, 50, 54,
58). We now show that HIV-1 gp120 interaction with CXCR4
on MDM, independent of productive infection, induces signals
that result in GRO-a production, which subsequently aug-
ments viral replication in both macrophages and T lympho-
cytes. Increases in the amount of GRO-a produced by MDM
were detected as early as 75 min after exposure to X4 HIV.
GRO-a expression was increased more than 35-fold at the
RNA level, an average of 70-fold at the protein level in re-
sponse to the X4 isolate HIV-15ky, and only 7.5-fold in re-
sponse to the macrophage-tropic RS isolate HIV-15,; . GRO-a
was also induced by recombinant gp120 from X4 HIV, but not
from RS HIV, and by replication-incompetent HIV-1 envel-
oped with X4 gp120, but not with the envelope protein of VSV
(VSV-G). Moreover, GRO was detected intracellularly in the
majority of PBM (but not in PBL) when exposed to low titers
(MOI <0.01) of HIV-1 or to recombinant HIV-1 gp120.
GRO-a production was inhibited by preincubation with an
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FIG. 8. CXCR2 is expressed on monocytes and lymphocytes.
PBMC were analyzed for CXCR?2 expression by flow cytometry after 2
days. Monocytes (A and B) and lymphocytes (C and D) were gated
according to forward and side scatter and, in some experiments, by the
presence of CD4 or CD14. Histograms indicating the amount of stain-
ing with the mouse IgG control (filled gray) and with the anti-CXCR2
antibody (black line) are presented for monocytes (A) and lympho-
cytes (C). Data from multiple donors are presented as the percentage
of cells staining positive with the anti-CXCR2 antibody minus the
percentage of cells staining positive with the mouse IgG2a isotype
control. Each point represents the value for a different donor mono-
cytes, n = 8, (B); and lymphocytes, n = 6 (D). The horizontal black
bars indicate the median values, which are 17.0 and 1.2%, respectively.
The data were found to be statistically significant using the Wilcoxon
signed rank test; P values are indicated below the data labels.

antibody that prevents interaction with CXCR4 (12GS5) and
was not blocked by anti-CD4 or anti-CCRS5 antibodies. HIV-1
gp120-induced signaling through CXCR4 leading to GRO-a
production therefore appears to be CD4 independent, in con-
trast to the interaction leading to viral entry via CXCR4, which
is generally CD4 dependent. This is consistent with recent
reports which have indicated that gp120 can functionally inter-
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FIG. 9. Involvement of endogenous GRO-a and CXCR2 signaling
in HIV-1 replication in MDM and PBMC. (A) MDM were treated
with mouse IgG1 (20 pg/ml) or anti-GRO (20 pg/ml) every 3 days
starting 1 day before infection with HIV-1g,;. Media were collected
and replenished every 3 days. (B) PBMC were stimulated with PHA (5
wg/ml) for 2 days and then infected with HIV-15,;. Media were then
aspirated, and PBMC were treated with mouse IgG (40 pg/ml) or
anti-GRO-« and anti-CXCR?2 (each at 20 pwg/ml). Supernatants (25%)
were collected every 3 days and replaced with fresh media containing
antibodies. Cellular viability was assessed in this experiment on day 12
by MTT assay. The absorbance (As;,-A4s,) Was determined to be
0.323 = 0.045 for no treatment, 0.262 = 0.075 for mouse IgG, and
0.318 = 0.026 for anti-GRO-a and anti-CXCR?2. These experiments
are representative of infections of cells from four (A) and three (B)
different donors.

act with CXCR4 independent of CD4 in various settings (21,
22, 33). GRO-a was not produced in response to other viral
antigens, bacterial LPS, or the natural ligand for CXCR4,
SDF-1a. These experiments indicate that GRO-a production
is a specific response of MDM to encounter with gp120, par-
ticularly from X4 HIV.

Our data indicate that GRO-a, a chemokine not previously
suspected to play a role in HIV pathogenesis, is involved in an
autocrine-paracine loop controlling HIV-1 replication. We
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demonstrate here that exogenous GRO-a stimulates HIV-1
replication in both acutely infected primary human MDM and
PBL. While the mechanism by which HIV replication is acti-
vated is not yet clear, our preliminary data suggest that GRO-a
acts to enhance viral entry by increasing the surface expression
of CCRS and CXCR4 (data not shown). Importantly, we show
here that disruption of this loop by depletion of endogenous,
HIV-1 induced GRO-a greatly reduces HIV-1 replication in
MDM and PBMC. As HIV-1 evolves during the course of
infection to use CXCR4 in addition to CCRS5 for infection,
GRO-a induced by X4 HIV could stimulate the replication of
both R5 HIV and X4 HIV in infected individuals. The induc-
tion of GRO-a by CXCR4-using isolates of HIV-1 may thus
contribute to the increased pathogenicity of these isolates and
help to explain the increased viral replication and advanced
clinical deterioration associated with the emergence of X4
HIV that often occurs some years after initial infection (16).
Consistent with this hypothesis, elevated levels of GRO-a have
been detected in the bronchoalveolar lavage fluid of HIV-
infected individuals with Pneumocystis carinii pneumonia (59).
In addition to effects on HIV replication, since GRO-a is
angiogenic and can activate the KSHV GPCR ORF 74, an
increase in GRO-a following exposure to HIV may also affect
the progression of AIDS-associated KS (28, 38, 55). Therefore,
interventions targeting GRO-a and signaling through its re-
ceptor, CXCR2, have the potential to offer new therapeutic
approaches for patients infected with HIV.
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