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The chemokine receptor CCR5 and to a lesser extent CCR3 and CCR2b have been shown to serve as
coreceptors for human immunodeficiency virus type 1 (HIV-1) entry into blood- or tissue-derived macrophages.
Therefore, we examined the expression of the chemokine receptors CCR1, CCR2b, CCR3, CCR5, and CXCR4
as RNAs or as membrane-expressed antigens in monocytes maturing into macrophages and correlated these
results with the susceptibility of macrophages to HIV-1 infection, as measured by their concentrations of
extracellular p24 antigen and levels of intracellular HIV DNA by quantitative PCR. There was little change in
levels of CCR1, CCR2b, and CCR5 RNAs. CCR3 RNA and surface antigen were undetectable throughout
maturation of adherent monocytes over 10 days. CXCR4 RNA and membrane antigen were strongly expressed
in newly adherent monocytes, but their levels declined at day 7. The amounts of CCR5 RNA remained stable,
but the amounts of CCR5 antigen increased from undetectable to peak levels at day 7 and then declined slightly
at day 10. Levels of susceptibility to laboratory (HIV-1BaL) and clinical strains of HIV-1 showed parallel
kinetics, peaking at day 7 and then decreasing at days 10 to 14. The concordance of levels of HIV DNA and p24
antigen suggested that the changes in susceptibility with monocyte maturation were at or immediately after
entry and correlated well with CCR5 expression and inversely with CXCR4 expression.

The chemokine receptor CCR5 was recently identified as
the major coreceptor for the entry of non-syncytium-inducing
(NSI) human immunodeficiency virus (HIV) strains into pri-
mary CD4 lymphocytes and macrophages but not into T-cell
lines (1, 11, 15). These data were supported by the relative
refractoriness to HIV infection of CD4 lymphocytes from pa-
tients who are homozygous for the CCR5 D32 mutation (10,
21, 27, 39). In contrast, T-cell-line-tropic strains of HIV-1 use
the chemokine receptor CXCR4 as an entry coreceptor (17)
while dual-tropic strains can use both CCR5 and CXCR4 (14,
43). These findings correlate with inhibition of infection of
T-cell lines with SI isolates by the natural ligand for CXCR4,
SDF1 (3, 33), and also by the inhibition of infection of primary
lymphocytes or macrophages with NSI HIV strains by the
b-chemokines RANTES, MIP1b, and MIP1a, all of which
bind to CCR5 (8).

HIV binds to CCR5 and CXCR4 via gp120, especially its V3
loop, which has been previously described to determine lym-
phocyte/macrophage tropism (6, 22, 42). Studies of chimeric
chemokine receptors suggest that macrophage and dual-tropic
HIV strains may differ in their relative affinities for the amino-
terminal and extracellular domains of CCR5 (2, 12, 37). SI
strains appear to bind to the extracellular domains of CXCR4.
In addition, different strains of HIV appear to bind to different
amino acids within the extracellular domains of CCR5 (13).
Binding of gp120 to CCR5 is enhanced by prior binding to
CD4 (46, 47). Furthermore, laboratory-adapted strains appear

to be able to bind to CD4 and thence probably to chemokine
receptors with higher affinities than clinical strains (25).

However, some clinical or laboratory-adapted HIV strains,
including the dual-tropic strain 89.6, also use other chemokine
coreceptors, either CCR3, CCR2b (5, 7, 14), or other orphan
coreceptors, in addition to CCR5 for entry into primary T
lymphocytes and blood-derived macrophages.

In addition, the chemokine receptors used during HIV entry
of blood-derived and some tissue macrophages differ. For ex-
ample CCR3 appears to be as important as CCR5 for entry
into microglial cells (20).

The role of CCR5 and to a lesser extent CCR3 and CCR2b
as HIV coreceptors for infection of blood-derived macro-
phages by most clinical and laboratory strains raises the ques-
tion of whether differences in the susceptibilities of maturing
monocytes to HIV-1 infection are determined by differential
levels of expression of this coreceptor. Therefore, we tested the
hypothesis that increasing permissiveness of differentiating
monocytes to productive infection with M-tropic HIV-1 is re-
lated to changes in levels of expression of CCR5 or other
chemokine receptors such as CCR1, CCR2b, CCR3, and
CXCR4.

Heparinized peripheral blood was obtained from healthy
HIV-seronegative donors. Peripheral blood mononuclear cells
(PBMCs) were separated from blood by density gradient sed-
imentation on Ficoll-Paque (Pharmacia, Uppsala, Sweden).
Monocytes were separated by countercurrent elutriation as
previously described (30). The fractions containing monocytes
were collected, and contaminating lymphocytes were depleted
by complement-dependent lysis with monoclonal anti-CD3 an-
tibody (OKT3; Ortho Diagnostics, Raritan, N.J.). Residual
contamination with T lymphocytes in this population was ,1%
as determined by flow cytometry with anti-CD3 monoclonal
antibody. More than 96% of the cells were nonspecific esterase
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positive. Monocytes were either used immediately after isola-
tion (day 0) or cultured on 24-well tissue culture plates for 1, 3,
5, 7, and 10 days at 37°C and 5% CO2. Cells were then used for
infection with NSI HIV-1 isolates, RNA extraction, or flow
cytometry.

Cells were infected with low-number-passage clinical isolate
WM1101 and the laboratory macrophage-tropic strain HIV-
1BaL, which was obtained from the National Institutes of
Health AIDS Research and Reference Reagent Program. In-
fectivities of HIV isolates were quantified by calculation of
their 50% tissue culture infective doses in phytohemagglutinin-
stimulated PBMCs. Monocytes were inoculated with cell-free
HIV isolates at 105 cpm of reverse transcriptase (RT) activity
per ml (105 tissue culture infective doses per ml on PBMCs and
at a multiplicity of infection of 0.025/cell) and allowed to ad-
sorb for 4 h before complete aspiration of medium, washing,
and addition of fresh medium. Cultures were replenished with
fresh medium every three days, and culture supernatants were
stored for quantification of HIV p24 antigen with an enzyme-
linked immunosorbent assay kit (Organon Teknika, Sydney,
Australia). The limit of detection of HIV p24 antigen was 12
pg/ml. Virus inocula which were used in DNA experiments
were first filtered through a 0.22-mm-pore-size filter (Millex-
GS; Millipore, Bedford, Mass.) and then treated with DNase
(20 mg/ml) for 1 h at room temperature in the presence of 10
mM MgCl2 to decontaminate the inoculum of HIV-1 DNA.
Cell cultures were treated with zidovudine (20 mM) for 30 min
at 37°C to control for de novo DNA synthesis. Cell lysate
preparation and PCR conditions were as previously described
(30). Primers M667 (49) and gag1 (30) were used to amplify a
320-bp region extending from the R region within the 59 long
terminal repeat to the gag region, representing full-length or
nearly full-length HIV-1 cDNA. Primers M667 and AA55 (49)
were also used to amplify a 140-bp region flanking the R and
U3 regions of the 59 long terminal repeat, representing the
sequence of the initiation product of HIV reverse transcrip-
tion. Hot PCR was used to increase sensitivity where M667 was
59 end labeled with [g32P]ATP, and then the modified M667
was added to the PCR mixture at a ratio to cold primer of 1:2.
Samples were subjected to 30 cycles of amplification as follows:
1 min at 95°C, 2 min at 60°C, and 3 min at 72°C with a final
extension at 72°C for 7 min. Concurrent reactions were also
performed with primers PCO3 and PCO4 (38) to amplify a
110-bp DNA fragment of the human b-globin gene to ensure
that equivalent amounts of DNA were used in each sample
reaction. HIV DNA standards were prepared from 8E5 cells
(18), containing one integrated copy of HIV-1 DNA per cell,
and PBMCs were used to optimize cell number. Amplified
products were run on an agarose gel, dried, exposed to X-ray
film for 6 h, and autoradiographed.

To study the RNA expression of CCR1, CCR2b, CCR3,
CCR5, and CXCR4 in differentiating monocytes (0, 1, 3, and 7
days postadherence), RT-PCR was performed on these cul-
tures with oligonucleotide primer pairs specific for each che-
mokine receptor. Briefly, total RNA was isolated with Trizol
reagents and 2 mg was used for cDNA synthesis with Super-
script II RNase H-reverse transcriptase (Life Technologies/
Gibco-BRL, Melbourne, Australia) and oligo(dT) primer
(Boehringer, Mannheim, Germany) at 42°C for 1 h. One-tenth
of this product was used as a template for PCR amplification
with Taq polymerase (Perkin-Elmer, Sydney, Australia). PCR
was carried out for 30 cycles at 94°C for 1 min, 55°C for 2 min,
and 72°C for 2 min. The primer pairs used in RT-PCR were
CCR1 (296 bp) (sense, TGGAAACTCCAAACACCACAG;
antisense, CCCAGTCATCCTTCAACTTG) (32), CCR2b
(351 bp) (sense, CCAACGAGAGCGGTGAAGAAGTC; an-

tisense, GCCAAAATAACCGATGTGATA) (48), CCR3 (539
bp) (sense, TGACAACCTCACTAGATACAGTTG; anti-
sense, CTCTTCAAACAACTCTTCAGTCTC) (36), CCR5
(280 bp) (sense, AATAATTGCAGTAGCTCTAACAGG; an-
tisense, TTGAGTCCGTGTCACAAGCCC) (40), CXCR4
(381 bp) (sense, TGACTCCATGAAGGAACCCTG; anti-
sense, CTTGGCCTCTGACTGTTGGTG) (26), and GAPDH
(196 bp) (sense, ATGGAGAAGGCTGGGGCTC; antisense,
AAGTTGTCATGGATGACCTTG) (19).

Flow cytometry was carried out to examine the cell surface
expression of CCR3, CCR5, CXCR4, and CD4 in differenti-
ating monocytes (days 0, 1, 5, and 10 after adherence). After
cells were removed from the plastic surface with 5 mM EDTA
in phosphate-buffered saline, they were washed twice with cold
fluorescence-activated cell sorter buffer containing 1% fetal
bovine serum and 0.01% sodium azide in phosphate-buffered
saline and then resuspended in 50 ml of human serum and
labeled with specific antibody as previously described (29).
Cells were examined with a Becton Dickinson (Franklin Lakes,
N.J.) FACScan flow cytometer. Monoclonal antibodies to
CCR3 (7B11) and CCR5 (2F9) were obtained from LeukoSite
Inc. (Cambridge, Mass.), and monoclonal antibody to CXCR4
(12G5) (16) was purchased from R & D Systems (Minneapolis,
Minn.). Monoclonal antibody to CD4 (Q4120) was a gift from
Q. Sattentau (Inserm, Paris, France), and anti-Leu-M3 (CD14)
phycoerythrin conjugate and anti-Leu3a fluorescein isothio-
cyanate conjugate were purchased from Becton Dickinson.

Monocytes differentiating into macrophages (i.e., monocyte-
derived macrophages [MDM]) over 7 days of adherence to
plastic became increasingly permissive to productive infection
with a laboratory-adapted (BaL) and a clinical (NSI) strain of
HIV, as shown by levels of extracellular HIV p24 antigen (Fig.
1A) and particle-associated reverse transcription (data not
shown). A corresponding increase in HIV DNA was also ob-
served by using quantitative sensitive hot PCR and primers to
detect the full-length cDNAs (Fig. 1B, first gel) or the initia-
tion products (Fig. 1B, third gel) of HIV reverse transcription.
These results demonstrate clearly that restriction of both tro-
pism and the level of productive infection in fresh uncultured
monocytes occurs mainly at the level of entry (or uncoating).
This confirms previous reports from our own group and other
groups demonstrating that tropism of laboratory-adapted (34,
44) and clinical (4) isolates increases with monocyte matura-
tion. The use of highly sensitive hot PCR supports the notion
that this increased tropism restricts HIV entry into monocytes
rather than restricting the spread of HIV from infected foci as
a result of the occasional permissiveness of monocytes. Fur-
thermore, susceptibility to productive infection of MDM
reached a peak at approximately 7 days of adherence (Fig. 1).
Infection of 10- and 14-day (data not shown)-old MDM re-
sulted in lower levels of HIV p24 antigen (Fig. 1A) and DNA
(data not shown). At day 7 the cells were also susceptible to
infection with a greater number of clinical isolates and the
mean level of extracellular p24 antigen was greatest (31).

The expression of chemokine receptors (CCR1, CCR2b,
CCR3, CCR5, and CXCR4) in differentiating monocytes was
determined by measuring the specific levels of expression of
mRNA or surface membrane antigen by semiquantitative RT-
PCR or flow cytometry, respectively. In three different donors
of blood monocytes, mRNAs for CCR1, CCR2b, CCR5, and
CXCR4 were detected in both freshly isolated monocytes and
differentiated macrophages (Fig. 2). CCR3 RNA was below
the detectable level in all donors. CCR1 mRNA expression was
relatively higher than that of other coreceptors and constant,
irrespective of the stage of cell differentiation. CCR2b RNA
expression in monocytes was variable between donors but
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showed a significant and consistent decline as cell differentia-
tion proceeded at 7 days of adherence (Fig. 2). Whether this
change is also reflected in the production of cell surface anti-
gen is clarified when specific monoclonal antibodies become
available. The CCR5 transcript was detected in fresh mono-
cytes, with a slight increase at day 1 of monocyte adherence,
and its level then remained constant to day 7 (Fig. 2). In
addition, the levels of expression of CXCR4 (fusin) RNA were

relatively high in fresh and newly adherent (day 1) monocytes
but declined significantly when cells differentiated into MDM
at day 7 of adherence (Fig. 2). Residual T-cell contamination
in freshly isolated monocytes was ,1%, as determined by flow
cytometry with anti-CD3 antibody, and 86% of monocytes
were stained with monoclonal antibody against CD14. The
identities of all CCR transcripts were confirmed by DNA se-
quencing of the PCR products (data not shown). RNA prep-

FIG. 1. Permissiveness to HIV-1 infection increased as monocytes differentiated into MDM. Cells were infected with HIV-1 WM1101 primary isolate (or HIV-1BaL
[data not shown]) either immediately after isolation (day 0 [D0]) or after culture on plastic for 1, 3, 7, and 10 days (D1, D3, D7, and D10, respectively). Replication
kinetics of HIV-1 WM1101 by cultured monocytes was measured by determining amounts of the extracellular p24 antigen in culture supernatants (A) with an
enzyme-linked immunosorbent assay commercial kit (Organon Teknika) and by quantitative hot PCR with 32P-labeled primer for the detection of full-length cDNA
(320 bp) (panel B, first gel) or initiation products (140 bp) (panel B, third gel) of HIV reverse transcription. Culture supernatants were collected 0, 3, 7, and 14 days
after infection for the detection of HIV p24 antigen. DNA was extracted from cells at 12 h and 1, 2, 3, 5, and 7 days after infection and used in hot PCR to detect HIV
DNA. b-Globin DNA (110 bp) was amplified concurrently with HIV DNA, and results are shown underneath each DNA sample (panel B, second and fourth gels).
p.a., postadherence; AZT, zidovudine.
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arations without reverse transcriptase were used in PCR anal-
ysis and shown consistently to be negative for chemokine
receptors and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) DNA (Fig. 2).

The levels of expression of CCR3, CCR5, and CXCR4 on
cell surfaces at different stages of differentiation were then
examined by flow cytometry with monoclonal antibodies
against these coreceptors. The expression of CCR5 on cell
surfaces significantly increased as monocytes matured to
MDM over 1 to 7 days (Fig. 3, second row). In repeated
experiments, surface CCR5 was not detected immediately after
monocyte isolation but increased progressively from day 1 and
was maximal at day 5, plateauing until day 7, and then de-
creased to lower levels at days 10 to 14 of adherence (Fig. 3,
second row). This decrease in CCR5 surface expression of
MDM was also correlated with a decrease in CCR5 RNA (data
not shown) and a decrease in the susceptibility of MDM to
productive infection at the same time points (Fig. 1A). CXCR4
membrane expression was relatively high at the early stage of
monocyte maturation (days 0 to 3) and then decreased during
the later stages of maturation (7 days after adherence) (Fig. 3,
third row). These results correlated well with mRNA levels
quantified by RT-PCR and Northern analysis (data not

shown). CCR3 surface antigen expression was not detectable
in monocytes or MDM (Fig. 3, first row), as was expected from
the results with CCR3 mRNA. The level of CD4 expression
(Fig. 3, fourth row) declined after initial monocyte adherence
and then was slowly upregulated, as previously reported by us
and others (9, 23), but it correlated neither with permissiveness
of monocytes to infection nor with CCR5 expression. In addi-
tion, we have now examined CCR5 expression on maturing
monocytes in more than the three cases mentioned above,
verifying the results shown in Fig. 3 but also demonstrating that
there was variability in the levels of expression of CCR5 on
MDM on days 3 to 5 which was quite considerable (three- to
fivefold) and which was independent of the CCR5D32 het-
erozygous states of individuals (data not shown). Despite this
variability in levels of CCR5 expression, there was always a
significant increase during maturation from an undetectable
level at day 0. Furthermore, monocyte maturation or activation
was induced with macrophage colony-stimulating factor over 3
days of culture. Surface expression of CCR5 was upregulated
by 35% 6 6% (mean 6 standard deviation), while CXCR4 was
downregulated by 20% 6 3%, a pattern similar to that ob-
served with differentiation by adherence to plastic.

Therefore, the level of expression of CCR5, as a major

FIG. 2. Expression of the chemokine receptors CCR1, CCR2b, CCR3, CCR5, and CXCR4 in maturing monocytes. Total RNAs from nonadherent cells (day 0;
lanes 0) and adherent cells at days 1, 3, and 7 (lanes 1, 3, and 7, respectively) were extracted, treated with RNase-free DNase (Boehringer), and used in RT-PCR.
Products were amplified with primer pairs specific for each chemokine receptor or for GAPDH (see the text). Amplified DNA fragments were visualized on ethidium
bromide-stained agarose gels under UV transillumination and photographed. To exclude DNA contamination, mock PCRs were run in parallel without reverse
transcriptase (lanes C1) or without the cDNA template (lanes C2).
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coreceptor, corresponded well to increasing permissiveness for
infection by NSI viruses at early stages of monocyte maturation
(1 to 7 days after adherence) and then with a decrease in
productive infection at later stages of maturation (10 to 14
days). The significance of the CXCR4 decline (which appears
to be inversely proportional to the rise in CCR5) is not yet
clear. Freshly isolated monocytes express significant levels of
CXCR4 on their membranes and bind SDF1a but are still
refractory to infection with SI isolates. Therefore, it appears
that CCR5 but not CXCR4 is functional as an HIV coreceptor
in blood monocytes, perhaps because of differences in the
association of CXCR4 (28) with CD4 or conformational dif-
ferences in the coreceptors of lymphocyte and monocyte mem-
branes.

In this in vitro system, b-chemokine production in mono-
cyte/macrophage cultures was influenced by three different
stimuli. Initial plating of monocytes and culture manipulation
resulted in a temporary surge of b-chemokine production to
levels of 1 to 4 ng/ml, such that production of RANTES,
MIP1a, and MIP1b by cultured monocytes peaked at 1 day

after adherence and then declined to undetectable levels at day
3 and thereafter. HIV infection itself can specifically upregu-
late b-chemokine expression in monocytes and MDM, reach-
ing levels four- to sixfold higher than those found in uninfected
cultures (24). Similarly, it has been demonstrated that b-che-
mokine expression is enhanced in lymph nodes of HIV-in-
fected patients (45) and in in vitro-infected MDM (41). Hence,
there was no simple relationship between endogenous chemo-
kine levels and the relative refractoriness of monocytes to HIV
infection.

The above-described data supports the notion that increas-
ing expression of CCR5 antigen on monocytes maturing into
macrophages may account for at least a significant component
of the inhanced susceptibility of MDM to infection with M-
tropic HIV-1 isolates. Furthermore, it has been shown that
monocyte susceptibility to HIV-1 infection increased despite
declining expression of the CD4 receptor during the first day of
adherence in blood monocytes (9, 23). However, other chemo-
kine receptors may also be involved in this mechanism, as a
recent study has suggested that at least one other unidentified

FIG. 3. Cell surface expression of CCR3, CCR5, CXCR4, and CD4 on maturing monocytes. CCR3, CCR5, CXCR4, and CD4 cell surface proteins in differentiating
monocytes were detected by immunofluorescence and flow cytometric analysis. Monoclonal antibodies to CCR3 and CCR5 (7B11 and 2F9, respectively; LeukoSite),
CXCR4 (12G5; R & D Systems), and CD4 (Q4120) were used. The immunofluorescence profile obtained for each antibody was compared to that of its corresponding
isotype (immunoglobulin G1 or G2a) control, and the result is shown as an open curve. Note that the mean fluorescence intensity of control cells increases with
maturation to day 5 and then plateaus. In each instance, the intensity of a specific receptor is shown with a shaded curve. The level of expression is determined by
differences between the level of staining with a specific receptor monoclonal antibody and the variable baseline of the isotype control. These data are representative
of similar profiles obtained from three different donors.
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coreceptor may be active in MDM, especially where infection
with M-tropic isolates cannot be determined solely by utiliza-
tion of CCR5 (5). As reagents for the other coreceptors be-
come available, similar studies of expression on maturing
monocytes will be necessary, as will determination of the che-
mokine receptor utilization of the infecting HIV strains used in
such studies.
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