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Primary macrophages are infected by macrophage (M)-tropic but not T-cell line (T)-tropic human immu-
nodeficiency virus type 1 (HIV-1) strains, and CCRS and CXCR-4 are the principal cofactors utilized for
CD4-mediated entry by M-tropic and T-tropic isolates, respectively. Macrophages from individuals homozy-
gous for an inactivating mutation of CCRS5 are resistant to prototype M-tropic strains that depend on CCR5
but are permissive for a dual-tropic isolate, 89.6, that can use both CCRS and CXCR-4, as well as CCR2b,
CCR3, and CCRS8. Here we show that 89.6 entry into CCR5-deficient macrophages is blocked by an anti-
CXCR-4 antibody and by the CXCR-4-specific chemokine SDF but not by the ligands to CCR2b or CCR3.
Reverse transcription-PCR demonstrated expression of CXCR-4 but not CCR3 or CCR8 in macrophages, while
CCR2b was variable. Macrophage surface expression of CXCR-4 was confirmed by immunofluorescence
staining and flow cytometry. Thus, CXCR-4 is expressed by primary macrophages and functions as a cofactor
for entry by dual-tropic but not T-tropic HIV-1 isolates, and macrophage resistance to T-tropic strains does not
result from a lack of the T-tropic entry cofactor CXCR-4. Since CXCR-4 on macrophages can be used by some
but not other isolates, these results indicate that HIV-1 strains differ in how they utilize chemokine receptors
as cofactors for entry and that the ability of a chemokine receptor to mediate HIV-1 entry differs, depending

on the cell type in which it is expressed.

Macrophage (M)-tropic human immunodeficiency virus type
1 (HIV-1) strains infect primary macrophages and lymphocytes
but not CD4™ transformed cell lines, while T-cell line (T)-
tropic HIV-1 strains infect lymphocytes and cell lines but not
macrophages. The chemokine receptors CCRS and CXCR-4
are the principal cofactors that enable entry by M-tropic and
T-tropic strains, respectively, when introduced along with CD4
into otherwise nonpermissive cells (8, 17, 19, 20, 22). Certain
dual-tropic strains that infect macrophages, lymphocytes, and
transformed cell lines can utilize both CXCR-4 and CCRS5 (19,
46). Target cell tropism is largely determined at the level of
virus entry and is encoded mainly by the HIV-1 env gene (4, 34,
43). The reciprocal patterns of cofactor use by M-tropic and
T-tropic strains suggest a simple model for the cellular deter-
minants of tropism in which CCRS would be expressed by
macrophages, CXCR-4 would be expressed by transformed
cell lines, and both would be expressed by lymphocytes.
Whether this is accurate, however, remains to be determined.

Several molecules in addition to CCR5 and CXCR-4 also
support entry by more restricted subsets of HIV-1 isolates.
These include CCR3, CCR2b, and a growing list of known or
putative chemokine receptors, such as CCRS (also known as
chemR1), the cytomegalovirus receptor US28, and others (8,
15, 19, 38, 40). Most have been identified in heterologous
transfection-based systems, however, and defining their role in
the infection of native target cells is critical for understanding
HIV-1 pathogenesis and developing therapeutic agents tar-
geted at cofactor-mediated viral entry.

Recently, a mutant allele of the CCRS5 gene (ccr5A32) was
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identified that encodes a truncated protein which is not ex-
pressed on the cell surface and cannot support HIV entry (16,
28, 42). Individuals homozygous for ccr5A32 are resistant to
HIV-1 infection, and lymphocytes and macrophages from
these individuals are resistant to infection with M-tropic HIV-1
isolates (14, 16, 28, 39, 42). Although resistance in vivo is
incomplete (1), this nevertheless shows that CCRS is the prin-
cipal entry cofactor used in primary macrophages and lympho-
cytes by prototype M-tropic strains and confirms the critical
role of CCR5-dependent M-tropic strains in person-to-person
HIV-1 transmission. The presence of this naturally occurring
CCRS knockout model also offers the opportunity to examine
pathways other than CCRS that may be utilized by certain
viruses for entry into primary target cells.

HIV-1 89.6 is a dual-tropic primary isolate that infects both
macrophages and some transformed cell lines (9) and can use
both CCRS and CXCR-4 as cofactors for entry, as well as
CCR3, CCR2b, and CCRS (19, 39, 40). While primary macro-
phages derived from ccr5A32-homozygous individuals are re-
sistant to infection with most M-tropic prototype HIV-1 iso-
lates, we recently found that these cells were permissive for
strain 89.6 (39). We have demonstrated 89.6 replication in
CCRS5-deficient macrophages from each of six ccr5A32-ho-
mozygous donors tested (data not shown). To address mech-
anisms of entry into macrophages in addition to CCRS, and to
better understand how different HIV-1 strains utilize entry
cofactors in primary cells, we sought to identify the pathway
used by 89.6 for entry into CCR5-deficient macrophages.

CCRS5-independent, CD4-dependent infection of primary
macrophages. To be sure that infection of CCRS5-deficient
macrophages by strain 89.6 reflected a CD4-mediated entry
pathway and not a distinct mechanism independent of CD4, we
tested whether infection would be inhibited by blocking CD4
(Fig. 1). The CCRS genotypes of blood donors were deter-
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FIG. 1. HIV-1 replication in normal and CCR5-deficient macrophages.
Monocytes were isolated from individuals homozygous for the wild-type CCR5
allele or ccr5A32, plated at 2 X 10° per well in 48-well plastic tissue culture
plates, and allowed to differentiate into macrophages in vitro. After 7 days in
culture they were infected overnight with 20 ng of p24 antigen of M-tropic
(SF162 or ADA), T-tropic (NL43), or dual-tropic (89.6) strains. Cultures were
then washed, and the supernatant was sampled periodically for p24 antigen. Cells
infected with 89.6 were incubated for 1 h prior to and during infection with the
anti-CD4 MAD no. 19 or the control MAb B33.1 (each at 10 wg/ml), which was
then maintained in the medium throughout the experiment.

mined by PCR (39), and macrophages were isolated from
peripheral blood mononuclear cells by a stringent two-step
selective adherence procedure and maintained in culture as
previously described (11, 39). After 1 week in culture, the
macrophages were infected overnight with equal amounts of
cell-free virus stocks based on p24 antigen content, washed,
and sampled periodically by enzyme-linked immunosorbent
assay (Dupont, Wilmington, Del.) for p24 antigen production.
Cells infected with 89.6 were incubated for 1 h prior to and
throughout the infection with an anti-CD4 monoclonal anti-
body (MADb), no. 19 (21), or with a control MAb, B33.1 (10).

As shown in Fig. 1, 89.6 infection of both normal and CCR5-
deficient macrophages was blocked by the anti-CD4 MAD but
not by the control MAb. Thus, infection of primary macro-
phages in the absence of functional CCRS requires CD4 and
does not result from a fundamentally different, CD4-indepen-
dent entry mechanism. As expected, the prototype M-tropic
strain SF162 infected wild-type but not CCR5-deficient mac-
rophages (Fig. 1).

In addition to CCR5 and CXCR-4, 89.6 can also utilize the
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chemokine receptors CCR3, CCR2b, and CCRS (also known
as chemR1) for entry (19, 25, 40). We showed previously that
macrophages lacking functional CCRS were not permissive for
the M-tropic strain YU-2, which can use both CCR3 and
CCRS, suggesting that CCR3 was not involved in CCR5-inde-
pendent entry (8, 39). Here we tested the M-tropic strain
ADA, which can use both CCR8 and CCR3 in addition to
CCRS (8, 40). ADA also failed to replicate in macrophages
lacking functional CCRS5 (Fig. 1). These results suggest that
89.6 infection of CCR5-deficient macrophages is unlikely to
result from utilization of either CCR3 or CCRS.

No replication by the T-tropic strain NL43 (Fig. 1) or several
other T-tropic isolates (data not shown) was seen in either
wild-type or ccr5A32-homozygous macrophages. Since T-tropic
strains replicate efficiently in lymphocytes even in the absence
of CCRS (14, 28, 39), this confirmed that our macrophage
cultures were not significantly contaminated with T cells and
that 89.6 replication did not result from infection of contami-
nating lymphocytes. The lack of NL43 replication in CCRS-
deficient macrophages also indicates that the absence of func-
tional CCRS in macrophages does not lead to enhanced
permissiveness for T-tropic HIV-1 strains.

Detection of chemokine receptor-specific RNA in macro-
phages. To determine which chemokine receptors used by 89.6
might be involved in entry independent of CCRS, we carried
out reverse transcription-PCR (RT-PCR) on RNA from puri-
fied monocyte-derived macrophages with primers that detect
CCRS5, CXCR-4, CCR3, CCR2b, and CCRS8 (chemR1), as well
as CD4 (Fig. 2). RNA was extracted from 7-day-old macro-
phage cultures with TRIZOL-LS (GIBCO-BRL, Grand Is-
land, N.Y.) and incubated with RNase-free DNase I (30 min at
37°C in the presence of 5 mM MgCl,) to eliminate any residual
genomic DNA, and DNase was inactivated by the addition of
EDTA (5§ mM) and heating (65°C for 10 min). rTth polymerase
(Perkin-Elmer, Emeryville, Calif.) was used for both reverse
transcription and PCR amplification as directed by the manu-
facturer, using specific antisense primers for reverse transcrip-
tion and 45 cycles of PCR amplification. Sense (S) and anti-
sense (A) primers used were as follows: CCRS-S (5'-CGTCT
CTCCCAGGAATCATCTTTAC-3") and CCR5-A (5'-TTGG
TCCAACCTGTTAGAGCTACTG-3"), which yield a 356-bp
CCRS product; CXCR4-S (5'-GAACTTCCTATGCAAGGC
AGTCC-3") and CXCR4-A (5'-CCATGATGTGCTGAAAC
TGGAAC-3"), which amplify a 304-bp CXCR-4 product; CD4-S
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FIG. 2. RT-PCR detection of chemokine receptor expression in macro-
phages. RNA was extracted from 7-day-old macrophage cultures and subjected
to reverse transcription and PCR amplification for CCR5, CXCR-4, CCR3,
CCR8 (chemR1), and CCR2b, as well as CD4. Products were separated on
agarose gels and stained with ethidium bromide. Macrophages from a CCR5
wild-type-homozygous donor are shown, and the same pattern was seen with cells
from ccr5A32-homozygous donors. Amplification was done following reverse
transcription with (+) or without (—) reverse transcription enzyme present. m,
molecular size standards.
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(5'-GCAATTGCTAGTGTTCGGATTGA-3") and CD4-A (5'-
GTCAGCTTTTCAACTGTAAAGGCG-3"), which yield a
347-bp CD4 product; CCR2-S (5'-GCGGAATCTTCTTCAT
CATCCTC-3") and CCR2-A (5'-CCTCTTCTTCTCGTTTCG
ACACC-3"), which yield a 338-bp CCR2b product; CCR3-S
(5'-AGCTGGAGGCATTTCCACACTC-3") and CCR3-A (5'-T
TCATGCAGCAGTGGGAGTAGG-3"), which yield a 311-bp
CCR3 product; and CCR8-S (5'-TCCATGCCGTGTATGCC
C-3’) and CCRS8-A (5'-CCACGTTGAATGGGACCC-3"),
which yield a 363-bp CCRS product. Specificity of the primers
was confirmed with plasmid DNA, DNA extracts of human and
nonhuman cells, and RNA extracts of cells expressing specific
chemokine receptors (17), and the identity of RT-PCR prod-
ucts was also verified in selected experiments by Southern
blotting with specific internal oligonucleotide probes (data not
shown).

As expected, RT-PCR signals for CD4 and CCRS5 were
detected in macrophages (Fig. 2). Surprisingly, we also saw a
strong signal for CXCR-4. This was consistent among macro-
phages from multiple wild-type- and ccr5A32-homozygous do-
nors. We confirmed that this signal represented RNA and not
cellular DNA contamination, since no band was seen if reverse
transcription was omitted prior to PCR (Fig. 2). In addition,
the amplified band was verified as CXCR-4 by Southern blot-
ting with a CXCR-4-specific internal oligonucleotide probe
(data not shown).

In contrast to CXCR-4, neither CCR3 nor CCRS8 (chemR1)
yielded an RT-PCR signal in macrophages. Based on serial
dilutions of plasmid DNA, the primer pairs can detect 20
cDNA molecules for CCR8 and 2,000 cDNA molecules for
CCR3 (data not shown). When amplification for CCR2b was
done, no signal was seen in most macrophage cultures (data
not shown), but it did give a positive band in approximately
one-third of the donors tested (Fig. 2). Based on serial dilu-
tions of plasmid, the CCR2b primers can detect 200 molecules
of cDNA (data not shown). This occasional detection of
CCR2b suggests either that there is significant donor-to-donor
variability in CCR2b expression or that the level of expression
under these culture conditions is low and just at the threshold
of detection. Thus, CXCR-4 is the only cofactor used by 89.6,
other than CCRS, that was uniformly detected in these mac-
rophages by RT-PCR. There were no differences in patterns of
cofactor expression detected by RT-PCR when macrophages
from homozygous wild-type and ccr5A32 donors were com-
pared (data not shown).

CXCR-4 is present on the surface of primary monocyte-
derived macrophages. Expression of CXCR-4 RNA by primary
macrophages was somewhat unexpected, since these cells are
resistant to infection by CXCR-4-dependent T-tropic HIV-1
isolates. Therefore, to determine whether CXCR-4 protein
was present on the cell surface, we carried out immunofluo-
rescence staining with the anti-CXCR-4 MAb 12G5 (21). One-
week-old cultured macrophages were detached with EDTA (1
mM for 5 min) and gentle scraping, suspended in staining
buffer (SB) (phosphate-buffered saline with 1 mg of bovine
serum albumin/ml and 0.02% sodium azide), and incubated for
30 min with 5% rat serum and 5% rabbit serum. They were
then stained for 30 min with murine MAbs diluted in SB,
washed, and incubated for 30 min with fluorescein isothiocya-
nate-conjugated goat anti-mouse immunoglobulin G (Bio-
source, Camarillo, Calif.) diluted 1:200 in SB supplemented
with 50% fetal bovine serum. The cells were washed again,
fixed with 4% paraformaldehyde, and analyzed by flow cytom-
etry. All incubations were carried out at 4°C. The MAbs used
were as follows: 12G5 (6 ng/ml) to detect CXCR-4, no. 19 (10
wg/ml) to detect CD4, OKT3 (diluted 1:10) to stain T lympho-
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FIG. 3. Macrophage surface expression of CXCR-4 by flow cytometry. Sev-
en-day-old cultures of monocyte-derived macrophages (MDM) were detached
and stained with MAbs for major histocompatibility complex class I as a positive
control (w6/32), a T-cell marker (OKT3), a macrophage marker (OKM1), CD4
(#19), and CXCR-4 (12G5). Cells were then analyzed by flow cytometry with a
minimum of 10* cells. Specific MAD profiles are indicated by the black histogram,
and the negative control antibody is shown as the shaded histogram in each
graph. Macrophages from a CCRS wild-type-homozygous donor are shown and
are representative of cells from six different donors. The same patterns were seen
with cells from ccr5A32-homozygous donors. The SUP-T1 cell line was stained in
parallel.

cytes, and OKM1 (diluted 1:10) to stain macrophages. A major
histocompatibility complex class I MAb was used as a positive
control (w6/32; 1:10 dilution of hybridoma supernatant), and
an irrelevant MADb directed against HIV-1 gp120 (D47; 10
wg/ml) served as a negative control that was isotype matched
with 12G5 and no. 19. OKT3 and OKM1 were obtained from
Ortho Diagnostic Systems (Raritan, N.J.); 12G5, no. 19, and
wo6/32 (21, 35) were provided by J. Hoxie (University of Penn-
sylvania); and D47 (5) was provided by R. Doms (University of
Pennsylvania). In parallel we examined the CD4" T-cell line
SUP-T1, which is highly permissive for CXCR-4-dependent
strains. As shown in Fig. 3, staining with OKM1 and OKTS3
demonstrated highly purified macrophages that were devoid of
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contaminating T cells. This level of purity also indicates that
our detection of CXCR-4 in the macrophage cultures by RT-
PCR was unlikely to be the result of lymphocyte contamina-
tion.

CXCR-4 staining of macrophages with MAb 12GS5 revealed
a population with a single peak that was clearly positive com-
pared with the control MAb (Fig. 3). This was confirmed with
macrophages from six donors and verified with two isotype-
matched negative control MAbs (data not shown). Background
fluorescence after staining with the negative control antibody
was generally higher in macrophages than in SUP-T1 cells, as
described previously (10). Nevertheless, the mean channel flu-
orescence for 12G5 in macrophages from six donors was con-
sistently twice that of the negative control MAb (mean *
standard error of the mean, 28.3 = 3.8 for 12G5 compared with
14.4 = 2.3 for the control MAD). This contrasts with SUP-T1
cells, for which the 12G5 mean channel fluorescence was con-
siderably higher than that of the negative control MAb (118 *
24 for 12GS5 versus 6.99 = 1.02 for the control). With a strin-
gent cutoff to determine positive staining (a fluorescence level
greater than 99% of the cells stained with the isotype-matched
negative control MAb), (11.3 = 2.6)% of macrophages were
positive for CXCR-4 (range, 5.3 to 23.3%) compared to
(85.3 £ 5.3)% of SUP-T1 cells. Thus, fluorescence-activated
cell sorter analysis revealed CXCR-4 on the surface of primary
macrophages, although the level of expression was low com-
pared to that of transformed cell lines. The same pattern of
staining for CXCR-4, CD4, and other markers was seen with
macrophages derived from CCRS wild-type- and ccr5A32-ho-
mozygous individuals (data not shown).

Entry into macrophages lacking CCRS is inhibited by block-
ing CXCR-4. Because these studies revealed both CXCR-4
gene expression and protein on the surface of macrophages but
no CCR3 or CCRS and inconsistent CCR2b expression, we
next examined whether CCR5-independent entry into macro-
phages could be inhibited by agents directed against CXCR-4
or other potential cofactors. Entry was determined by PCR
detection of viral DNA with primers directed at early reverse
transcription products. One-week-old cultures of macrophages
were infected as described above with the M-tropic strain
SF162, the T-tropic strain NL43, and the dual-tropic isolate
89.6, using DNase-treated (50 U/ml for 30 min at room tem-
perature) cell-free virus stocks. To test for blocking, cells were
incubated for 1 h prior to and throughout the infection with the
anti-CXCR-4 MAb 12G5, the anti-CD4 MADb no. 19, or the
control MADb B33.1 (all at 10 pug/ml) or with specific chemo-
kines (Peprotech, Rocky Hill, N.J.). The chemokines MCP-1,
MCP-3, and eotaxin were used at 1 pg/ml and SDF was used at
2.5 pg/ml (2, 24, 33). Two days after infection the cells were
lysed and amplified with primers that detect conserved regions
of the HIV-1 long terminal repeat (LTR), followed by South-
ern blotting. The LTR primers, PCR amplification conditions,
and Southern blotting protocol have been described previously
(19).

In agreement with the replication data shown in Fig. 1,
SF162 entered wild-type macrophages but not CCR5-deficient
macrophages while 89.6 entered both normal and CCRS5-defi-
cient macrophages (Fig. 4). The T-tropic strain NL43 failed to
generate viral DNA in either wild-type or CCR5-deficient mac-
rophages (Fig. 4), which indicates that NL43 is blocked in
macrophages at an early stage of infection, consistent with
entry. This also confirms that the absence of functional CCRS
in macrophages does not result in enhanced entry by T-tropic
isolates. Entry by both 89.6 and SF162 was blocked by the
anti-CD4 antibody but not by a control antibody (Fig. 4), which
is also consistent with the infection experiments and shows that
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FIG. 4. Inhibition of HIV-1 entry into normal and CCR5-deficient macro-
phages. Macrophages were isolated from individuals homozygous for the wild-
type CCRS allele (w/w) or the ccr5A32 allele (A/A). After 7 days in culture they
were infected with 20 ng of p24 antigen of the dual-tropic isolate 89.6, the
T-tropic strain NL43, or the M-tropic strain SF162. The indicated wells were
incubated for 1 h prior to and throughout the infection with the anti-CD4 MAb
no. 19 (#19), the anti-CXCR-4 MAb 12GS5, or the control antibody B33.1 or with
SDF, MCP-1 and MCP-3, or eotaxin. Three days after infection the cells were
lysed and subjected to PCR amplification with primers that detect conserved
regions of the HIV-1 LTR, followed by Southern blotting. Infections were done
in duplicate and amplified in independent PCR reactions, both of which are
shown. Amplification with B-globin primers showed a positive signal in all wells
(data not shown). HIV plasmid DNA was used as a positive control (+) for
amplification. Data are representative of replicate experiments with cells from
three ccr5A32-homozygous donors.

the PCR signals reflect actual infection and not DNA car-
ryover in the virus inoculum. In agreement with this, no band
was seen if virus stocks were heat inactivated before infection
(data not shown).

We then determined whether CCR5-independent entry into
macrophages would be inhibited by agents that target specific
chemokine receptors. MAb 12G5 has been shown to block
CXCR-4-mediated entry of some HIV-1 and HIV-2 strains,
including 89.6 (21, 47). SDF, the chemokine ligand for
CXCR-4, also blocks CXCR-4-mediated entry by 89.6 and
other isolates (2, 33). We also examined MCP-1 and MCP-3,
which are the ligands for CCR2b, and eotaxin, which is the
ligand for CCR3 and can block CCR3-mediated infection (24).
As shown in Fig. 4, entry of 89.6 into CCR5-deficient macro-
phages was inhibited by both 12G5 and SDF. Thus, specific
targeting of CXCR-4 prevented CCR5-independent infection
of macrophages by strain 89.6, and this indicates that CXCR-4
is the cofactor utilized by 89.6 for CD4-mediated entry into
these cells. In contrast, no evidence was seen to suggest a role
for CCR2 or CCR3, since neither MCP-1 and MCP-3 nor
eotaxin blocked infection (Fig. 4). As expected, neither SDF
nor 12G5 blocked infection of macrophages expressing wild-
type CCRS, indicating that the inhibition seen in ccr5A32-
homozygous macrophages did not result from a nonspecific
effect of the chemokine or antibody on macrophages (Fig. 4).

Significance of CXCR-4-mediated infection of macrophages.
The discovery that distinct entry cofactors are used by M-tropic
and T-tropic HIV-1 variants initially suggested that tropism
could be easily explained by cell-specific distribution of
CXCR-4 on lymphocytes and transformed cell lines but not
macrophages and of CCRS5 on primary macrophages and lym-
phocytes but not transformed cell lines. In this report, how-
ever, we show that tropism patterns are not explained by this
simple paradigm, since the inability of T-tropic strains to enter
and infect primary macrophages does not result from an ab-
sence of CXCR-4 on these target cells. In addition, because
T-tropic strains use CXCR-4 on transformed cells but not on
macrophages, our data also indicate that the ability of a cofac-
tor to support HIV-1 entry can vary markedly, depending on
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the cellular context in which it is expressed. Furthermore, since
CXCR-4 expressed on macrophages supports entry of 89.6 but
not T-tropic isolates, these results show that HIV-1 strains
differ in the way they utilize this cofactor.

The reason(s) that macrophage CXCR-4 supports entry of
89.6 but not T-tropic strains may offer important clues about
the function of these molecules or their interaction with other
components of the cell surface. One straightforward explana-
tion might relate to levels of expression in different cell types,
combined with strain differences in the efficiency of receptor
and coreceptor utilization. Macrophages express low levels of
CD4 compared to those of other CD4-positive cell types, and
our data show that levels of CXCR-4 immunofluorescence are
also low compared with those of T-cell lines. Recently, CD4
levels were found to have distinct effects on entry by different
HIV-1 isolates, such that T-cell line-adapted T-tropic strains
could utilize CXCR-4 in the presence of low CD4 levels while
primary T-tropic isolates required higher CD4 levels (27). It is
possible that in the presence of low CD4 levels on macro-
phages, low levels of CXCR-4 can be used by a dual-tropic
strain like 89.6 but not by T-tropic strains. A related explana-
tion we initially considered was that a stoichiometric interac-
tion between CD4 and the chemokine receptor might be
needed for entry. Since CD4 levels in macrophages are low, the
presence of CCRS might leave insufficient CD4 available to
associate with the small amount of CXCR-4 present. However,
our finding that T-tropic strains also failed to enter macro-
phages from ccr5A32-homozygous donors argues against this
possibility.

Alternatively, CXCR-4 may be expressed in macrophages in
a form different from that in lymphocytes and cell lines, result-
ing in utilization by some but not other isolates. Studies with
chimeric chemokine receptors have shown that individual
HIV-1 strains interact differently with cofactors and that iso-
lates rely on distinct although somewhat overlapping domains
of the cofactors (30, 36, 37, 41). It is possible, therefore, that on
the surface of primary macrophages there are molecules asso-
ciated with CXCR-4 that interfere with its ability to function as
a cofactor for T-tropic but not dual-tropic strains or that dif-
ferences between macrophages and other cells in glycosylation
or other posttranslational modifications of CXCR-4 might af-
fect its ability to mediate entry by some but not other strains.
Supporting this possibility, the anti-CXCR-4 MADb 12G5 is able
to block infection by some HIV-1 strains in a manner that is
both strain specific and dependent on the cell in which the
cofactor is expressed (31).

While there clearly exists a general association between tro-
pism and cofactor selectivity, these results show that cofactor
utilization in heterologous cells does not necessarily predict
use in primary cell targets. Others have also identified excep-
tions where cofactor selectivity does not predict tropism (7,
18). Similarly, although the finding of CXCR-4 expression by
primary macrophages contrasts with the host range of CXCR-
4-dependent T-tropic HIV-1 strains, it is consistent with sev-
eral previous reports of CXCR-4 expression in monocytes or
macrophages (3, 29, 31) and calcium currents induced by SDF
(33). Our study extends those observations to show that
CXCR-4 is expressed on macrophages in a form that is func-
tional as a cofactor for entry for some HIV-1 isolates.

In addition to CCRS5 and CXCR-4, some HIV-1 isolates can
use a growing list of other known or putative chemokine re-
ceptors for entry in heterologous systems. A critical question is
which of them are involved in infection of primary cells that are
relevant in vivo. CCR3 can be used by many M-tropic strains
and mediates infection of microglia (24). In agreement with
other reports (12), we found no evidence for CCR3 expression
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or cofactor function in monocyte-derived macrophages. Simi-
larly, strain 89.6 can use CCRS (40) but we found no evidence
for expression or entry cofactor function in these cultures. In
contrast, CCR2b is well described in macrophages (13, 44), yet
we found variable and inconsistent expression and no evidence
that it was involved in CCRS5-independent macrophage infec-
tion by an isolate that uses CCR2b in transfection-based sys-
tems. A likely explanation is that expression levels vary under
different culture conditions and in these cultures there were
extremely low levels that were just at or below the threshold of
detection by RT-PCR and were insufficient to support entry. It
is also possible that CCR2b utilization in heterologous systems
may not predict entry function in primary target cells, similar
to our findings involving T-tropic isolates and CXCR-4 in mac-
rophages.

T-tropic strains were blocked in our macrophage cultures at
an early stage of infection, prior to the generation of initial
reverse transcription products. This points to a defect in entry,
which is similar to results reported by most other laboratories
and is supported by direct evidence that env genes derived
from M-tropic but not T-tropic strains can mediate fusion with
macrophage cell membranes (4, 34). However, HIV-1 host cell
tropism is relative, rather than absolute, and low-level replica-
tion in macrophages by T-tropic strains may occasionally be
seen (11). In addition, some groups have reported fusion
and/or entry by T-tropic strains in macrophages despite their
failure to replicate (26, 45). Our finding that CXCR-4 is
present on macrophages may provide a means of reconciling
these results. Since there are clearly steps subsequent to entry
at which replication of even CCR5-dependent HIV-1 and sim-
ian immunodeficiency virus strains may be restricted in mac-
rophages (6, 23, 32), there may be conditions under which
CXCR-4 does mediate entry by T-tropic strains into macro-
phages, but downstream events then lead to restricted replica-
tion.
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