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Human immunodeficiency virus type 1 (HIV-1) infects cells of the monocyte/macrophage lineage. While
infection of macrophages by HIV-1 is generally not cytopathic, it does impair macrophage function. In this
study, we examined the effect of HIV-1 infection on intracellular signaling in human monocyte-derived
macrophages (MDM) stimulated with the growth factor granulocyte-macrophage colony-stimulating factor
(GM-CSF). GM-CSF is an important growth factor for cells of both the macrophage and granulocyte lineages
and enhances effector functions of these cells via the heterodimeric GM-CSF receptor (GM-CSFR). A major
pathway which mediates the effects of GM-CSF on macrophages involves activation of the latent transcription
factor STAT5A via a Janus kinase 2 (JAK2)-dependent pathway. We demonstrate that GM-CSF-induced
activation of STAT5A is inhibited in MDM after infection in vitro with the laboratory-adapted R5 strain of
HIV-1, HIV-1Ba-L, but not after infection with adenovirus. HIV-1 infection of MDM did not decrease the
STAT5A or JAK2 mRNA level or STAT5A protein level or result in increased constitutive activation of
STAT5A. Surface expression of either the �-chain or common �c-chain of GM-CSFR was also unaffected. We
conclude that HIV-1 inhibits GM-CSF activation of STAT5A without affecting expression of the known
components of the signaling pathway. These data provide further evidence of disruption of cellular signaling
pathways after HIV-1 infection, which may contribute to immune dysfunction and HIV-1 pathogenesis.

Granulocyte-macrophage colony-stimulating factor (GM-
CSF) is a 22-kDa cytokine that promotes the growth and dif-
ferentiation of cells of monocyte and granulocyte lineages.
GM-CSF also enhances the effector functions of macrophages,
including their phagocytic capacity as well as their antiparasitic
and antimycobacterial activity (reviewed in reference 3). The
binding of GM-CSF to its receptor (GM-CSFR) triggers a
biochemical cascade necessary to relay information required
for these functions. GM-CSFR comprises a low-affinity GM-
CSF-specific �-subunit (Kd of �2.7 nM) and a �c-subunit,
shared by interleukin-3 (IL-3) and IL-5, which together with
the �-subunit confers high-affinity binding (Kd of �170 pM)
(15). This high-affinity binding between GM-CSF and the �c-
chain is dependent on glutamine 21 within the first �-helix of
GM-CSF (24).

As the �c-chain lacks intrinsic kinase activity, receptor bind-
ing triggers receptor-associated kinases that mediate the phos-
phorylation of cytoplasmic proteins. Activation of the Janus
kinase (JAK) family and the subsequent activation of signal
transducers and activators of transcription (STAT) are the
most studied pathways activated in response to GM-CSF and
involve members of each family that differ according to cell
type (1, 2, 7, 8, 29). Janus kinase 2 (JAK2) protein binds

constitutively to an intracellular proline-rich motif of the �c-
chain of GM-CSFR, termed box 1, and is phosphorylated after
engagement and oligomerization of GM-CSFR in response to
GM-CSF (27). This phosphorylation is necessary for activation
of JAK2 enzyme activity and leads to phosphorylation of eight
tyrosine residues on the �c-chain (35). The latent transcription
factors STAT5A and STAT5B (STAT5A and STAT5B to-
gether make up STAT5) are recruited to the activated receptor
complex (32) and phosphorylated on tyrosine residues 694 and
699, respectively. STAT5 then forms dimers between the phos-
phorylated tyrosine of one molecule and the STAT5 SH2 (Src
homology 2) domain of another and dissociates from the re-
ceptor. Subsequently, STAT5 translocates to the nucleus and
promotes GM-CSF-activated transcription of genes, such as
A1 and CIS (11). In primary monocytes and macrophages,
STAT5A is the STAT5 isoform predominantly activated in
response to GM-CSF (29).

Previous investigations have shown that human immunode-
ficiency virus type 1 (HIV-1) infection of peripheral blood
mononuclear cells (PBMCs) can alter the levels and/or activa-
tion of STAT5 (6, 26). Additionally, infection of CD4� T cells
with strain X4 of HIV-1 (HIVNL4.3) inhibits STAT5 activation
in response to IL-2 (30). These data suggest that aberrant
STAT signaling occurs in HIV-infected T cells, contributing to
T-cell dysfunction. It has not been shown whether immediate
signaling in response to cytokine stimulation of MDM is dis-
rupted by infection with HIV-1.

Given the importance of GM-CSF to macrophage function

* Corresponding author. Mailing address: AIDS Pathogenesis Re-
search Unit, Macfarlane Burnet Institute for Medical Research and
Public Health, GPO Box 2284, Melbourne, 3001 Victoria, Australia.
Phone: 61 (03) 9282 2127. Fax: 61 (03) 9282 2142. E-mail:
anthonyj@burnet.edu.au.

12630



and the reported effects of HIV-1 infection on STAT5 activity,
we have examined the effect of in vitro HIV-1 infection of
human MDM on GM-CSF-induced STAT5A activation in or-
der to determine whether HIV-1 infection may inhibit macro-
phage function by impairing GM-CSF signaling. Our study
shows that GM-CSFR �c-chain-dependent activation of
STAT5A is specifically inhibited in HIV-1-infected human
MDM. This may contribute to defective macrophage function
in HIV-infected individuals.

MATERIALS AND METHODS

Isolation and culture of monocytes. Human monocytes were isolated from
buffy coats of HIV-seronegative blood donors (supplied by the Red Cross Blood
Bank, Melbourne, Australia) by Ficoll-Paque density gradient centrifugation and
adherence to plastic as previously described (9). Cells were cultured in Iscove’s
modified Dulbecco medium (Cytosystem, Castle Hill, Australia) supplemented
with 10% heat-inactivated human AB� serum, 2 mM L-glutamine, and 24 �g of
gentamicin per ml (supplemented Iscove’s medium). Monocytes were cultured
adherent to plastic in 10-cm-diameter plates (Costar, Cambridge, Mass.) at a
concentration of 5 � 106 cells/plate or, where indicated, in suspension in poly-
tetrafluorethylene (Teflon) pots (Savillex, Minnetonka, Minn.) at a concentra-
tion of 1 � 106 cells/ml. Since endotoxin contamination has been shown to alter
HIV-1 replication in MDM, culture supernatants and GM-CSF stocks were
tested for lipopolysaccharide levels using the Limulus amebocyte lysate assay
(Biowhitaker, Walkersville, Md.).

HIV-1 and adenoviral infection of MDM. The M-tropic strain of HIV-1Ba-L

(the AIDS Research and Reference Reagent Program, Division of AIDS, Na-
tional Institute of Allergy and Infectious Disease, National Institutes of Health,
Bethesda, Md.) was amplified in PBMCs. Briefly, PBMCs stimulated with phy-
tohemagglutinin (PHA) (10 �g/ml; Murex Diagnostics, Dartford, United King-
dom) for 3 days were infected with HIV-1Ba-L and cultured in RPMI 1640
medium containing 10% heat-inactivated human AB� serum and IL-2 (10 U/ml;
Boehringer, Mannheim, Germany). The culture supernatants collected over time
were stored at �70°C, and thawed and clarified using 0.2-�m-pore-size filters
(Schleicher & Schuell) immediately before use. Monocytes were cultured on
tissue culture plates or in Teflon pots and infected at a multiplicity of infection
(MOI) of 0.1 to 1 for 4 h as described previously (18). It was observed that
infection of cells cultured in Teflon pots generally gave lower levels of HIV-1
replication as measured by reverse transcriptase (RT) analysis. MDM were
infected after 4 to 6 days in culture and cultured for 7 days after infection. Under
these conditions, HIV-1 infection of MDM was not associated with decreased
viability of the cells as assessed by trypan blue exclusion, loss of MDM, or
morphological changes. Uninfected MDM prepared simultaneously from mono-
cytes from the same donor were used as controls for each experiment.

An adenovirus vector, Ad-HIV�TARluc, was a kind gift from Jonathan Ax-
elrod (Department of Virology, The Hebrew University-Hadassah Medical
School, Jerusalem, Israel) (4). This vector contains the luciferase gene expressed
under the control of an HIV-1 long terminal repeat promoter lacking the TAR
element such that luciferase expression is driven by endogenous, cellular tran-
scription factors, and acts as a reporter for monitoring the extent of adenoviral
infection. Large-scale preparations of adenovirus stocks were performed by Con
Sonza (AIDS Pathogenesis Unit, The Burnet Institute, Melbourne, Victoria,
Australia). Briefly, 293 T cells were infected with the adenoviral vector at a MOI
of �1 and incubated until a nearly complete cytopathic effect was obtained. The
cells were then centrifuged (2,000 � g for 5 min at room temperature), resus-
pended in 1 ml of phosphate-buffered saline containing calcium and magnesium
(PBS) (Gibco-BRL, Life Technologies, Grand Island, N.Y.) and 10% glycerol.
The cells were lysed by three cycles of freezing and thawing, and the resulting
extracts containing the virus were clarified by centrifugation at 1,000 � g for 4
min at room temperature. Viral stocks were stored at �70°C until used to infect
MDM. MDM were infected with adenovirus at a time (day 10 postisolation) that
ensured peak adenovirus infection occurred on the same day that the effect of
HIV-1 infection on GM-CSF-induced STAT5A phosphorylation was examined
(day 13 postisolation). After 3 days of adenoviral infection, MDM were washed
with PBS and stimulated with GM-CSF. MDM were then lysed in radioimmu-
noprecipitation assay (RIPA) buffer for immunoprecipitation and Western blot-
ting (as described below) or alternatively, in cell culture lysis reagent (CCLB;
Promega, Madison, Wis.) for the luciferase assay. Extracts were stored at �70°C
until analysis of luciferase activity and STAT5A phosphorylation. Luciferase
activity in MDM extracts was measured by the addition of 10 �l of cell lysate to

50 �l of luciferase assay reagent (LAR; Promega), and chemiluminescence was
measured using a Triathler multilabel tester (Hidex, Turku, Finland). Uninfected
MDM from the same donors were used as controls for each experiment.

Quantification of HIV-1 replication. Supernatant was collected from MDM
cultures on day 7 postinfection, and HIV-1 replication was measured by mea-
suring RT activity via a micro-RT assay. Briefly, 10 �l of culture supernatant was
added to 10 �l of 0.3% Nonidet P-40 (NP-40) in a 96-well plate. Forty microliters
of an RT mixture was added to give a final concentration per well of 50 mM Tris
(pH 7.8), 7.5 mM KCl, 5 mM MgCl2, 2 mM dithiothreitol (Sigma, St. Louis,
Mo.), 5 �g of template-primer p.An.dT12-18 (Pharmacia-Biotech) per ml, and 3
�Ci of [�-33P]dTTP (Amersham, Amersham Place, United Kingdom). Reaction
mixtures were incubated for 4 h at 37°C before spotting 6 �l onto DE81 chro-
matography paper (Whatman) and air drying. Dry filters were washed six times
with 2� SSC buffer (2� SSC is 0.3 M sodium chloride and 34 mM sodium
citrate) to remove free radioactive deoxynucleoside triphosphate (dNTP), rinsed
twice in 95% ethanol, and dried. Meltilex scintillant (Wallac) was spotted onto
the filters, and then bound radioactivity was determined using a micro beta liquid
scintillation counter (Wallac). Results are expressed as counts per minute of RT
activity per microliter of culture supernatant.

Expression of GM-CSFR. MDM cultured in Teflon jars were analyzed for
expression of the �- and �c-chains of the GM-CSFR using monoclonal antibodies
directed against the �-chain (4H1; 3 �g/ml) or �c-chain (1C1; 3 �g/ml), a gift
from Angel Lopez (The Hanson Centre for Cancer Research, Adelaide, South
Australia, Australia) (31), or an isotype-matched control (MOPC 21) (2 �g/ml)
(Bionetics, Charleston, S.C.). After incubation on ice for 30 min and three
washes using cold PBS (calcium and magnesium free) and centrifugation at 250
� g, MDM were incubated for 30 min on ice with goat anti-mouse antibody
conjugated to fluorescein isothiocyanate. Cells were washed, and �- or �c-chain
expression was quantified by flow cytometry using a FacStarPlus. Fluorescence
values were converted to molecules of equivalent soluble fluorescence units using
a standard curve generated from calibration beads (Quantum25; FCSC, Bangs
Laboratories) and the QuickCal program. To determine regulation of GM-
CSFR surface expression by HIV-1, monocytes were cultured to MDM in Teflon
pots and infected with HIV-1Ba-L 5 days after isolation, and surface GM-CSFR
�- and �c-chain expression was analyzed 3 days postinfection.

Stimulation of MDM using wild-type GM-CSF or mutant GM-CSF, E21R.
MDM were exposed to recombinant human GM-CSF (a gift from Angel Lopez)
at various concentrations (0 to 10 ng/ml) or to a mutant form of GM-CSF (E21R;
BresaGen, Adelaide, South Australia, Australia) (1 �g/ml), in serum-free
Iscove’s modified Dulbecco medium for the indicated times prior to cell lysis.
E21R contains a mutation within the first �-helix resulting in a substitution of
arginine for glutamic acid (16, 24). This mutant GM-CSF binds with a low affinity
to the �-chain of the GM-CSFR and thus was used at a concentration of at least
100 times that of the wild-type GM-CSF in order to achieve saturation.

Use of AG490. MDM cultured adherent to 10-cm-diameter tissue culture
plates at a concentration of 5 � 106 cells/plate were washed three times with PBS
warmed to 37°C. The tyrphostin inhibitor of JAK2, AG490 (Calbiochem, San
Diego, Calif.), was resuspended in supplemented Iscove’s medium to the appro-
priate concentration and added to MDM for 4 h. Cells were then washed three
times with warmed PBS, and MDM incubated with GM-CSF (10 ng/ml) in
supplemented Iscove’s medium for the indicated times in a humidified 5% CO2

incubator at 37°C. Cells were then washed three times with calcium- and mag-
nesium-free PBS cooled to 4°C and lysed for Western blotting or electrophoretic
mobility shift assay (EMSA) as indicated.

Immunoprecipitation and Western blotting. For Western blotting, whole-cell
lysates were generated at 4°C from cells treated as indicated using RIPA lysis
buffer (25 mM Tris-HCl [pH 7.5], 0.14 M NaCl, 1 mM EDTA, 0.1% sodium
dodecyl sulfate [SDS]). Phosphatase inhibitors (50 mM NaF, 1 mM sodium
orthovanadate [Sigma], 40 mM �-glycerophosphate [Sigma]) and protease in-
hibitors (1 mM Pefabloc, 1 �M pepstatin, 1 �M leupeptin [Boehringer]) were
included in the buffer. After 30 min of lysis on ice, cell lysates were centrifuged
at 20,000 � g for 12 min at 4°C. Protein in the resulting lysate was quantified
using the DC protein assay (Bio-Rad) according to the manufacturer’s instruc-
tions. RIPA extracts containing equal amounts of protein were incubated with
anti-STAT5A antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, Calif.)
overnight at 4°C. A slurry of 50% protein G (Amersham Pharmacia Biotech,
Uppsala, Sweden) and RIPA buffer was added for a further 45 min with mixing
at 4°C. The beads were washed four times with RIPA buffer, before Laemmli
sample buffer was added (to a final concentration of 10 mM Tris [pH 8.0], 2 mM
EDTA, 1% SDS, 5% �-mercaptoethanol, 10% glycerol). Proteins were resolved
by SDS-polyacrylamide gel electrophoresis and subsequently transferred to Hy-
bond nitrocellulose membrane by electroblotting. Membranes were blocked for
1 h with Tris-buffered saline containing Tween 20 and supplemented with 5%
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nonfat milk. The membranes were then probed with antibody against phosphor-
ylated STAT5 (anti-phospho-STAT5A/B) (0.5 �g/ml; Upstate Biotechnology,
Lake Placid, N.Y.). Membranes were extensively washed and incubated with
sheep anti-mouse antibody conjugated to horseradish peroxidase (Amersham
Life Sciences) before enhanced chemiluminescence (ECL) assay using Western
blotting detection reagents according to the manufacturer’s instructions (Amer-
sham Pharmacia Biotech). Immunoblots were incubated in a solution consisting
of 2% (wt/vol) SDS, 62.5 mM Tris (pH 6.8), and 100 mM �-mercaptoethanol at
60°C for 30 min before reprobing with anti-STAT5A antibody (Santa Cruz
Biotechnology) for 2 h. Membranes were again washed and incubated with goat
anti-rabbit antibody conjugated to horseradish peroxidase (DAKO Corporation,
Carpinteria, Calif.) before ECL assay using Western blotting detection reagents
according to the manufacturer’s instructions (Amersham Pharmacia Biotech).

Generation of nuclear lysates and EMSA. Nuclear extracts were prepared by
resuspending cell pellets in a solution containing 10 mM Tris-HCl (pH 7.8), 2
mM MgCl2, 5 mM KCl, 10% (vol/vol) glycerol, 1 mM EDTA, 2 mM dithiothre-
itol (DTT), 2 mM phenylmethylsulfonyl fluoride (PMSF), 4 �g of aprotinin per
ml, 1.25 �g of leupeptin per ml, and 1� Complete protease inhibitor (Boehringer
Mannheim). NP-40 was subsequently added to a final concentration of 0.5%.
After incubation for 5 min at 4°C and centrifugation at 500 � g and 4°C for 5 min,
the supernatant was discarded. The nuclear pellet was then resuspended in a
solution containing 10 mM Tris-HCl (pH 8), 1 mM EDTA, 2 mM PMSF, 4 �g
of aprotinin per ml, and 1� Complete protease inhibitor, and then NaCl was
added to a final concentration of 0.5 M. After extraction for 30 min at 4°C and
centrifugation at 20,000 x g for 15 min, nuclear lysates were frozen in liquid
nitrogen and stored at �70°C until analysis by EMSA. For EMSA, 10 �g of an
oligonucleotide derived from the STAT5-binding sequence in the Fc	R1 pro-
moter (GTATTTCCCAGAAAAAGGAC) and 10 �g of its antisense sequence
(GTCCTTTTTCTGGGAAATAC) (13) were annealed by boiling at 100°C for 5
min in 0.05 M NaCl and cooling very slowly to room temperature. The probe (50
ng) was end labeled with 50 �Ci (5 �l) of [32P]ATP, 5 �l of 10� polynucleotide
kinase exchange buffer, and 1 �l of T4 polynucleotide kinase in a 50-�l reaction
mixture. The reaction mixture was incubated for 45 min at 37°C. The probe was
purified over a 1-ml Sephadex G25 spin column, which was equilibrated with 10�
EMSA binding mix, by centrifugation at 2,060 � g for 3 min. For the binding
reaction, an equal amount of each nuclear lysate was incubated with 1 ng of
probe, 1.5 �g of sonicated salmon sperm DNA, and 0.5 mM DTT in a solution
consisting of 10 mM HEPES (pH 7.9), 40 mM NaCl, 1 mM EDTA, and 4%
glycerol. Where indicated, protein was preincubated on ice with the indicated
anti-STAT5A antibody for 30 min. The antibody was either (i) polyclonal anti-
STAT5A sc-1081 antibody raised against STAT5A amino acids 774 to 793 (Santa
Cruz Biotechnology) or (ii) isoform-specific polyclonal anti-STAT5A against the
C-terminal peptides specific for mouse STAT-5A (LDARLSPPAGLFTSA
RSSLS) (12, 21, 22), a kind gift from Lothar Hennighausen (National Institute
of Diabetes and Digestive and Kidney Diseases, National Institutes of Health,
Bethesda, Md.). After the addition of probe, EMSA reaction mixtures were
incubated at room temperature for 15 min. 6� DNA loading dye (6� DNA
loading dye is 50% glycerol, 0.25% bromophenol blue, and 0.25% xylene cyanol)
was added to the reaction mixture, and reaction mixtures were immediately
loaded on a prerun nondenaturing Tris-borate-EDTA–5% acrylamide gel. Pro-
tein-DNA complexes were resolved before the gel was dried for 2 h at 80°C and
then visualized by autoradiography.

Isolation of mRNA from MDM. mRNA was extracted from MDM lysates
using oligo(dT)25 beads (Dynabeads; Dynal Biotech, Carlton South, Australia),
according to the manufacturer’s protocol. Briefly, 2 � 106 MDM were lysed in 1
ml of lysis buffer (100 mM Tris-HCl [pH 8.0], 500 mM LiCl, 10 mM EDTA [pH
8.0], 1% lithium dodecyl sulfate [LiDS], 5 mM DTT). Lysates were stored at
�70°C until mRNA extraction was performed. They were then thawed at 4°C,
and the DNA was sheared by repeated syringing through a 21-gauge needle.
Beads were hybridized with cell lysates (106 MDM/25 �l of beads) and mixed at
room temperature for 10 min to form Dynabead oligo(dT)25-mRNA complexes.
Complexes were concentrated on a magnetic particle separator (Dynal) and
washed twice with 1 ml of washing buffer with LiDS (10 mM Tris-HCl [pH 8.0],
150 mM LiCl, 1 mM EDTA [pH 8.0], 0.1% LiDS) and three times with 1 ml of
washing buffer without LiDS (10 mM Tris-HCl [pH 8.0], 150 mM LiCl, 1 mM
EDTA [pH 8.0]). Beads were transferred to clean Eppendorf tubes and washed
three times with 250 �l of RT buffer (10 mM Tris-HCl [pH 8.3], 75 mM KCl). To
convert mRNA to cDNA, the washed Dynabead oligo(dT)25-mRNA complexes
were resuspended in 25 �l of a solution consisting of 1 mM concentrations (each)
of the four dNTPs, 4 mM sodium pyrophosphate, 40 U of RNasin, 25 U of avian
myeloblastosis virus RT, and 1� RT buffer. cDNA was synthesized by incubating
the RT reaction mixture at 42°C for 1 h. Beads were then resuspended with 100
�l of TE buffer (10 mM Tris-HCl [pH 8.0], 1 mM EDTA), transferred to new

Eppendorf tubes, and placed on the magnetic particle separator (MPS). After
the supernatant was removed, the beads were resuspended in 100 �l of TE buffer
and heated at 95°C for 1 min to remove the mRNA. Following another separa-
tion using the MPS, bead-cDNA complexes were resuspended in 100 �l of TE
buffer (pH 8.0) and stored at 4°C until used for PCRs.

PCR of cDNA for actin, JAK2, and STAT5A. PCR for �-actin was performed
using primers to amplify a 225-bp region of human �-actin cDNA in a dilution
series of cDNA to confirm equal template levels (14). Reactions were performed
in 50-�l reaction mixtures composed of 0.2 mM (each) dNTP, 1.5 mM MgCl2, 0.4
�M (each) primer, 1.1 U of Taq polymerase (Fisher Biotech, Perth, Australia)
and 1� reaction buffer (Fisher Biotech). Primers for JAK2 (5
-TTCAGAAGC
AGGCAACAGG-3
 and 5
-TCTGTCATCGTAAGGCAGGC-3
) and STAT
5A (5
GGTGAGATCCTGAACAACTGC-3
 and 5
-TGAACTTCTCCTCTGT
CACGG-3
) were designed using the Geneworks program. PCR for JAK2 and
STAT5A was performed on cDNA in a threefold dilution series starting with
20,000 cell equivalents, in a reaction mixture similar to that for �-actin but with
1 mM MgCl2. All samples were treated as follows: (i) an initial denaturation step
of 2 min at 94°C; (ii) 30 cycles of PCR amplification, with 1 cycle consisting of
45 s at 94°C, 45 s at 56°C, and 1 min at 72°C, and (iii) a final extension step of
7 min at 72°C. PCR products were analyzed by agarose gel electrophoresis and
ethidium bromide staining.

RESULTS

STAT5A activation occurs in response to GM-CSF stimula-
tion of uninfected MDM and is abolished by AG490. STAT5A
was activated in human MDM in response to GM-CSF engage-
ment of its receptor, as previously reported (29). Tyrosine
phosphorylation of STAT5A occurred within 30 s of stimula-
tion of MDM with GM-CSF, peaked at 15 min, and gradually
diminished after this time (Fig. 1A). As little as 0.1 ng of
GM-CSF per ml was sufficient to induce STAT5A tyrosine
phosphorylation, and STAT5A tyrosine phosphorylation in-
creased with increasing concentration of GM-CSF, showing
50% saturation between 0.3 and 1 ng of GM-CSF per ml (data
not shown). Stimulation of MDM with mutant GM-CSF E21R
did not result in tyrosine phosphorylation of STAT5A (Fig.
1B), demonstrating the requirement for binding to GM-CSFR
��c heterodimer for STAT5A phosphorylation in response to
GM-CSF.

GM-CSF stimulation of MDM induced maximum binding of
STAT5A to an oligonucleotide probe containing the STAT
response element derived from the Fc	R1 promoter element
after 15 min, as assessed by EMSA, consistent with kinetics of
tyrosine phosphorylation of STAT5A (data not shown). Addi-
tionally, mutant GM-CSF E21R did not induce binding of
STAT5A to DNA, indicating that signaling via the �c-chain of
GM-CSFR was required for STAT5A nuclear localization and
DNA-binding activity (data not shown).

The JAK2 inhibitor AG490 inhibited STAT5A phosphory-
lation in response to GM-CSF in a dose-dependent manner
with near-complete inhibition by 200 �M AG490 (Fig. 1C). In
addition to GM-CSF-induced STAT5A tyrosine phosphoryla-
tion, the effect of AG490 on the ability of STAT5A to bind
DNA was examined in an EMSA. The DNA binding of
STAT5A was inhibited by 200 �M AG490 to a degree similar
to that of STAT5A tyrosine phosphorylation (Fig. 1D).

HIV-1 infection of MDM inhibits GM-CSF-mediated acti-
vation of STAT5A. HIV-1 infection markedly inhibited the
phosphorylation of STAT5A in response to GM-CSF stimula-
tion, as shown in a representative experiment by immunopre-
cipitation of STAT5A from MDM lysates and immunoblotting
with anti-phospho-STAT5A/B (Fig. 2A). There was no consti-
tutive phosphorylation of STAT5A in either uninfected or

12632 WARBY ET AL. J. VIROL.



infected MDM. Additionally, the total level of STAT5A was
not decreased in HIV-1-infected MDM, as shown by reprobing
the blot with an anti-STAT5A antibody (Fig. 2A). Densitom-
etry showed that the ratios of phosphorylated STAT5A to total
STAT5A in HIV-1-infected MDM stimulated with GM-CSF
for 15 and 30 min were five- and sevenfold less than those in

uninfected MDM, respectively (Fig. 2B). HIV-1 replication
was quantified by RT assay using supernatant taken from each
culture prior to GM-CSF stimulation. HIV-1 replication was
evident in each HIV-1-infected MDM culture, with no signif-
icant difference between each tissue culture plate of MDM
(Fig. 2C). The ratio of phospho-STAT5A/B to STAT5 was
calculated similarly in seven independent experiments and a
mean inhibition of 76% � 9% (standard error of the mean)
was found.

Compared with nuclear lysates generated from uninfected
MDM, GM-CSF-induced STAT5A DNA binding in EMSA

FIG. 1. STAT5A is phosphorylated on tyrosine 694 in response to
GM-CSF stimulation of MDM, and STAT5A activation is inhibited by
the JAK2 inhibitor AG490. Monocytes were cultured for 7 days before
the following treatment: stimulation with 10 ng of GM-CSF per ml for
0 to 60 min (A); stimulation with 1 �g of E21R (mutant GM-CSF) per
ml or with 10 ng of wild-type GM-CSF per ml for the times shown (B);
or preincubation with AG490 for 4 h, stimulation with 20 ng of GM-
CSF per ml for 5 min, and lysis with RIPA buffer (C). Immunopre-
cipitation (IP) of equal amounts of cell protein was performed with an
anti-STAT5A antibody (�-STAT5A), and blots were probed with anti-
phospho-STAT5A/B antibody (�-phosphoSTAT5A/B). Equivalent
protein levels are shown by reprobing (after stripping) the blots with
anti-STAT5A antibody. Results shown are representative of four in-
dependent experiments using MDM isolated from different donors. IB,
immunoblotting. (D) Nuclear lysates were generated from MDM pre-
incubated with AG490 for 4 h before stimulation with 10 ng of GM-
CSF (�) per ml for 15 min. EMSA was performed using a 32P-labeled
oligonucleotide containing the STAT response element derived from
the Fc	R1 promoter. In each reaction mixture, the same amount of
protein was incubated with labeled oligonucleotide, sonicated salmon
sperm DNA, and DTT in a solution consisting of 10 mM HEPES, 40
mM NaCl, 1 mM EDTA, and 4% glycerol for 15 min at room tem-
perature. Extract was preincubated (�) with unlabeled competing
probe (cold comp.) for 30 min. The gel was dried, and DNA-protein
complexes were visualized via autoradiography. Results are represen-
tative of MDM isolated from two donors.

FIG. 2. HIV-1 infection of MDM inhibits the GM-CSF-induced
phosphorylation of STAT5A on tyrosine 694. Monocytes were cultured
for 5 days prior to infection with HIV-1Ba-L (�) or mock infection (�).
Seven days postinfection, MDM were stimulated with 10 ng of GM-
CSF per ml for the indicated times, and cells were lysed. (A) STAT5A
was immunoprecipitated (IP) with an anti-STAT5A antibody (�-
STAT5A), and phosphorylated STAT5A was immunoblotted (IB) with
an anti-phosphorylated STAT5A/B antibody (�-phospho-STAT5A/B).
(B) The ratio of phosphorylated STAT5A to the level of STAT5A was
evaluated by densitometry. (C) An equivalent level of HIV-1 infection
for each MDM culture was demonstrated using RT assay on culture
supernatants, taken immediately prior to GM-CSF stimulation. RT
activity is given as counts per minute and represents activity in 1 �l of
culture supernatant. The immunoblots shown are representative of
MDM prepared from seven different donors.
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was inhibited in HIV-1-infected MDM (Fig. 3A, lanes 2 and 8).
Specificity of protein bound to the 32P-labeled Fc	R1 oligo-
nucleotide was demonstrated using excess competitive unla-
beled probe (Fig. 3A, lane 3). The STAT5A-DNA complex
was almost completely removed by an antibody generated
against the STAT5A C terminus (Santa Cruz Biotechnology)
(Fig. 3A, lane 5), a reported modified supershift (5, 34), and
shifted by an alternative antibody to a similar epitope of
STAT5A (Fig. 3A, lane 6). Preincubation of MDM lysates with
a nonspecific antibody did not significantly abolish the forma-
tion of the protein-DNA complex (Fig. 3A, lane 4). In accor-

dance with the phosphorylation data, DNA binding of
STAT5A was not detected in the absence of GM-CSF stimu-
lation in either uninfected MDM or HIV-1-infected MDM
(Fig. 3A, lanes 1 and 7). The level of HIV-1 infection was
assessed by RT assay of culture supernatants (Fig. 3B).

As a control for the specificity of HIV-1 in inhibiting GM-
CSF-induced STAT5A activation, MDM were infected with an
adenoviral vector constructed with a luciferase gene driven
from a long terminal repeat promoter responsive only to cel-
lular transcription factors. After MDM were infected by either
adenovirus or HIV-1Ba-L, MDM were stimulated with GM-
CSF and lysed for immunoprecipitation of STAT5A and sub-
sequent analysis of phosphorylation of tyrosine 694. In unin-
fected cells, stimulation for 15 min with GM-CSF resulted in
tyrosine phosphorylation of STAT5A (Fig. 4A, second lane
from the left). HIV-1Ba-L strongly inhibited GM-CSF-induced
STAT5A phosphorylation (Fig. 4A, rightmost lane). In con-
trast, adenovirus infection did not inhibit STAT5A phosphor-
ylation, but GM-CSF-induced STAT5A phosphorylation was
instead enhanced in adenovirus-infected cells (Fig. 4A, fourth
lane from the left). The level of adenoviral infection was as-
sessed by using a luciferase assay (Fig. 4B, right y axis), and the
level of HIV-1Ba-L infection was assessed by using an RT assay
of culture supernatants (Fig. 4B, left y axis).

FIG. 3. GM-CSF-induced DNA binding of STAT5A is inhibited in
HIV-1-infected MDM. Monocytes were cultured for 5 days prior to
infection with HIV-1Ba-L (�) or mock infection (�). After 7 days,
uninfected and HIV-1-infected MDM were incubated with 10 ng of
GM-CSF per ml for 0 or 15 min and lysed for nuclear extraction.
(A) Nuclear lysates were used in EMSA with 32P-end-labeled oligo-
nucleotide containing the STAT response element of the Fc	R1 pro-
moter. Where indicated, extract was preincubated with an anti-
STAT5A antibody (lanes 5 and 6), a nonspecific rabbit antibody (�)
(lane 4), or unlabeled competing (cold comp.) probe (�) (lane 3) for
30 min at 4°C. Extract was preincubated with one of two different
anti-STAT5A antibodies in lanes 5 and 6: antibody 1 was a rabbit
anti-STAT5A antibody (�-STAT5A Ab) (Santa Cruz Biotechnology)
(lane 5), and antibody 2 was a rabbit anti-STAT5A antibody (a gift
from Lothar Hennighausen) (lane 6). The gel was dried, and the
protein-DNA complexes visualized via autoradiography. IgG; immu-
noglobulin G. (B) The supernatant was removed from each culture of
MDM prior to stimulation with GM-CSF, and the level of HIV-1
infection was assessed by RT assay. RT activity is given as counts per
minute and represents activity in 1 �l of culture supernatant. Results
are representative of MDM prepared from two donors.

FIG. 4. HIV-1, not adenoviral, infection of MDM inhibits GM-
CSF-induced STAT5A tyrosine phosphorylation. Monocytes were cul-
tured for 6 days prior to mock infection (�) or HIV-1Ba-L infection or
for 10 days prior to infection using the �TARluc adenovirus (AdV)
construct. After 7 days of HIV infection and 3 days of AdV infection,
MDM were stimulated with 10 ng of GM-CSF per ml for 0 to 15 min
and lysed. (A) Equivalent amounts of cell lysate were immunoprecipi-
tated (IP) with an anti-STAT5A antibody (�-STAT5A), and the im-
munoblot (IB) was probed with an anti-phospho-STAT5A/B antibody
(�-phosphoSTAT5A/B) and reprobed with an anti-STAT5A antibody.
(B) Similar levels of HIV-1 infection in separate MDM cultures were
demonstrated by RT activity in culture supernatants (in counts per
minute per microliter of culture supernatant) taken prior to GM-CSF
stimulation (left y axis; white bars). The level of AdV infection was
assessed by lysing MDM which had been infected in parallel cultures to
those used for immunoprecipitation and performing the luciferase
assay on those lysates (right y axis; solid squares). The results shown
are representative of MDM prepared from three donors.
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HIV-1 does not inhibit surface expression of GM-CSFR.
Since STAT5A levels in MDM were not altered by infection
with HIV-1, characterization of the point at which GM-CSF-
induced STAT5A activation was inhibited by HIV-1 infection
required investigation of events upstream in the signaling path-
way. Flow cytometric analysis of surface expression of both the
�- and �c-chain of GM-CSFR on MDM showed higher �-chain
expression than �c-chain expression on freshly isolated mono-
cytes and an increase of �-chain surface expression during
culture (Fig. 5A and B). �c-Chain expression was not detected
on freshly isolated monocytes, but it increased with differenti-
ation to MDM during 7 days in culture. Surface expression of
�- and �c-chain 3 days after HIV-1 infection was not reduced
compared to that of uninfected MDM from the same donors
(Fig. 5A and B), indicating that postreceptor mechanisms were
responsible for the inhibition of GM-CSF-induced STAT5A
phosphorylation. The level of HIV-1Ba-L infection was assessed
using RT assay of culture supernatants (Fig. 5C).

HIV-1 does not inhibit STAT5A or JAK2 mRNA. In order to
examine expression of STAT5A and JAK2 mRNA, HIV-1-
infected and control MDM lysates were analyzed by RT-PCR
using primers specific for �-actin, JAK2, and STAT5A. There
was no significant reduction in the level of JAK2 mRNA in

HIV-1-infected MDM (n � 2) (Fig. 6A). There was also no
downregulation of STAT5A mRNA in HIV-1-infected MDM
compared to that of uninfected MDM (n � 4) (Fig. 6A). Equal
�-actin levels were present in lysates generated from unin-
fected and HIV-1-infected MDM (Fig. 6A). HIV-1Ba-L-infec-
tion of MDM was confirmed by RT assay of the supernatant
(Fig. 6B).

DISCUSSION

We demonstrate for the first time that HIV-1 infection of
human MDM in vitro results in the disruption of GM-CSF-
induced STAT5A activation. The tyrosine phosphorylation and
nuclear DNA binding of STAT5A are dependent on signaling
via the ��c heterodimer of the GM-CSFR, as a mutant form of
GM-CSF, E21R, which binds only to the �-chain of GM-CSFR
(24), failed to stimulate STAT5A activation in uninfected
MDM. GM-CSF stimulation of MDM resulted in maximum
tyrosine phosphorylation and consequent DNA binding of
STAT5A within 15 min of stimulation. Infection of MDM with
an R5 strain of HIV-1 (HIV-1Ba-L) inhibited STAT5A phos-
phorylation in response to GM-CSF and reduced the ability of
STAT5A to bind its DNA target, strongly suggesting that

FIG. 5. GM-CSFR �- and �c-chain surface expression is not inhibited by HIV-1 infection of MDM. Monocytes were cultured from day 0 in
Teflon jars, and 4 days after isolation of monocytes, the cells were mock infected or infected with HIV-1Ba-L. (A and B) Surface expression of
GM-CSFR �- and �c-chain was assessed in duplicate on the day of isolation (d0), 4 days after isolation (d4) and 3 days after HIV-1 infection (d7),
using monoclonal antibody against the �-chain (4H1; 3 �g/ml; black bars and histograms) and �c-chain (1C1; 3 �g/ml; hatched bars and histograms)
or an isotype-matched control IgG1 (MOPC 21; 2 �g/ml; white histograms). All samples were analyzed by flow cytometry. Fluorescence values
were converted to molecules of equivalent soluble fluorochrome (MESF) units using a standard curve generated from calibration beads and the
QuickCal program. Duplicate test samples were corrected for background fluorescence and averaged. The asterisks indicate that surface expression
was not detected. (C) Seven days after HIV-1 infection, supernatants were removed from each MDM culture and assayed for HIV-1 RT activity
with results expressed as counts per minute per microliter of culture supernatant. Results are representative of two experiments using MDM
prepared from different donors.
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STAT5A-promoted transcription is disrupted in HIV-1Ba-L-
infected MDM. This HIV-1-induced inhibition of GM-CSF-
mediated STAT5A activation was not due to diminished GM-
CSFR surface expression or lower levels of STAT5A mRNA,
STAT5A protein, or JAK2 mRNA. The effects were HIV-1
specific, as adenoviral infection of MDM did not inhibit
STAT5A tyrosine phosphorylation. These data suggest that
HIV-1 specifically disrupts signaling in macrophages, and the
subsequent dysregulation of macrophage function may con-
tribute to HIV-1 pathogenesis.

Previous investigations have shown that HIV-1 infection of
PBMCs can alter the level and/or activation of STAT5 (6, 26).
Western blotting has demonstrated decreased expression of
STAT5A, STAT5B, and STAT1� in T-cell lysates from HIV-
infected individuals and reduced STAT5B expression in PHA
blasts infected in vitro with dual-tropic HIV-1BZ167 (26). The
reported constitutive activation of STAT in PBMCs from 10 of
14 HIV-infected individuals and in resting PBMCs infected in
vitro with HIV-1Ba-L or HIV-1IIIB was accounted for by acti-
vation of STAT1� and STAT5�, but not full-length STAT5
(6). However, this constitutive activation of STAT was not
observed upon infection of human MDM, indicating that a
HIV-1 strain can have different effects in different cell types
(6). In the current study, constitutive full-length STAT5A ty-

rosine phosphorylation and DNA binding in HIV-1-infected
MDM were also not observed. STAT5A activation was not
detected in non-GM-CSF-treated MDM, regardless of HIV-1
infection.

Previous reports have also demonstrated strain specificity of
HIV-1 for inhibition of STATs, with HIV-1NL4.3 infection of
CD4� T cells resulting in a decrease in total cellular levels of
STAT5A, which was not observed after infection with HIV-
1IIIB (30). In comparison, our study shows that infection of
MDM with HIV-1Ba-L results in inhibition of GM-CSF-in-
duced STAT5A tyrosine phosphorylation in the absence of
decreased STAT5A expression as measured by immunoblot-
ting for protein and PCR for cDNA. This is similar to obser-
vations of PBMCs infected with HIV-1Ba-L, in which STAT5A
expression was not reduced (6, 26). Adenoviral infection has
recently been shown to specifically inhibit gamma interferon-
induced STAT1 activation in human tracheobronchial epithe-
lial cells, but not IL-4-induced STAT6 activation (17). In our
study, adenovirus infection of MDM did not inhibit GM-CSF-
induced STAT5A tyrosine phosphorylation, supporting the
specificity of our observation.

Disruption of IL-2-mediated JAK/STAT signaling in HIV-
1NL4.3-infected CD4� T cells was characterized by decreased
JAK3 expression and hence decreased activation, as well as
decreased expression of STAT5A itself (30). Thus, HIV-1 may
act at several points in the JAK/STAT pathway to affect cyto-
kine signaling. As surface expression of cytokine receptors can
influence subsequent STAT activation in cells and may be
disrupted by viral infection (17, 23), we considered that surface
expression of GM-CSFR �- and �c-chains was reduced in
HIV-1-infected MDM. However, our study found that this was
not the case.

The level of JAK2 protein in primary cells, such as neutro-
phils and monocytes, is very low (34), and observation of ac-
tivated JAK2 in response to GM-CSF stimulation of these cells
has been limited (2, 20). In one report, a faint band with the
expected molecular weight of JAK2 was present after immu-
noprecipitation of tyrosine-phosphorylated proteins from GM-
CSF-treated neutrophils and the intensity of this band was
reduced by preincubation of cells with AG490 at an optimum
concentration of 200 �M (2). In the current study, using pri-
mary human MDM, GM-CSF-induced STAT5A activation
was also inhibited at the concentration of 200 �M AG490,
indicating dependence on JAK2. Lehtonen et al. have recently
detected activation of JAK2 in GM-CSF-stimulated MDM but
not monocytes (20). Using the same reagents, we were not able
to detect phospho-JAK2 in our system by immunoprecipitation
coupled with immunoblotting (data not shown). We also could
not detect phosphorylated JAK2 in MDM stimulated with
GM-CSF for 0, 5, and 15 min after immunoprecipitation of 1
mg of MDM protein with a variety of anti-JAK2 antibodies
(data not shown). The difference may be due to differences in
culture conditions: Lehtonen et al. (20) cultured monocytes in
medium containing GM-CSF, whereas we did not, since we
have shown that GM-CSF impairs HIV-1 replication in MDM
(19), and it is possible that GM-CSF upregulates components
of the JAK/STAT activation pathway such as the receptor
itself. In our study, JAK2 mRNA was measured and did not
decrease in HIV-1-infected MDM. Although we were not able
to ascertain how HIV-1 disrupts GM-CSF signaling, HIV-1-

FIG. 6. JAK2 and STAT5A mRNA is not inhibited by HIV-1 in-
fection of MDM. Monocytes were cultured for 5 days before infection
with HIV-1Ba-L (�HIV) or mock infection (�HIV). MDM were cul-
tured for another 7 days before extraction of mRNA which was used to
synthesize cDNA by reverse transcription. (A) PCR was performed on
cDNA using primers specific for �-actin, JAK2, and STAT5A. Levels
of cDNA were standardized according to �-actin levels. The first sam-
ple (undiluted, or neat) of each dilution series corresponds to 20,000
MDM. (B) The supernatant was removed from each culture of MDM
(on day 12 after isolation of the cells), and the level of HIV-1 infection
was assessed by RT assay. Results for STAT5A PCR are representa-
tive of MDM prepared from four donors, and results for JAK2 PCR
are representative of MDM prepared from two donors.
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infected MDM appear hyporesponsive to GM-CSF while pos-
sessing apparently normal levels of GM-CSFR, STAT5A, and
possibly JAK2. In this, they resemble purified CD34� progen-
itor cells which have also been reported to be hyporesponsive
to GM-SCF activation of STAT5 despite normal expression of
these components (33).

The mechanism by which HIV-1 inhibits GM-CSF-induced
STAT5A activation is under investigation. An alternate acti-
vator of STAT5A may exist in MDM that acts in response to
GM-CSF and is inhibited in HIV-1-infected MDM. Src has
been shown to phosphorylate STAT5 in vivo when Src and
STAT5 proteins are coexpressed in COS7 cells and directly
phosphorylate STAT5A on tyrosine 694 in an in vitro kinase
assay (25). The HIV-1 accessory protein Nef has not been
shown to directly inhibit activation of the JAK/STAT pathway,
but it does contain the proline repeat motif PXXP for binding
to proteins with SH3 domains (28). Nef can bind and dysregu-
late cellular protein kinases which contain this motif, such as
the Src family member Hck. Lyn is an SH3 domain-containing
tyrosine kinase of the Src family which can associate with the
common �c subunit of GM-CSFR (10). Interactions involving
GM-CSFR coupling to SH3 domain-containing proteins and
subsequent signaling events are not characterized in human
MDM; however, it is possible that a kinase of the Src family
activates STAT5A in response to GM-CSF and that its activity
is disrupted by HIV-1 infection of MDM.

Our data show that HIV-1 infection of MDM disrupts acti-
vation of STAT5A in response to GM-CSF. GM-CSF is an
important immunomodulator of macrophage function, includ-
ing phagocytosis and antiparasitic and antimycobacterial activ-
ities, suggesting that inhibition of its signaling by HIV-1 could
contribute to the immune dysregulation and cell dysfunction
which characterize HIV-1 infection.
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