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The entry of primate immunodeficiency viruses into cells is dependent on the interaction of the viral envelope
glycoproteins with receptors, CD4, and specific members of the chemokine receptor family. Although in many
cases the tropism of these viruses is explained by the qualitative pattern of coreceptor expression, several
instances have been observed where the expression of a coreceptor on the cell surface is not sufficient to allow
infection by a virus that successfully utilizes the coreceptor in a different context. For example, both the
T-tropic simian immunodeficiency virus (SIV) SIVmac239 and the macrophagetropic (M-tropic) SIVmac316
can utilize CD4 and CCR5 as coreceptors, and both viruses can infect primary T lymphocytes, yet only
SIVmac316 can efficiently infect CCR5-expressing primary macrophages from rhesus monkeys. Likewise,
M-tropic strains of human immunodeficiency virus type 1 (HIV-1) do not infect primary rhesus monkey
macrophages efficiently. Here we show that the basis of this restriction is the low level of CD4 on the surface
of these cells. Overexpression of human or rhesus monkey CD4 in primary rhesus monkey macrophages
allowed infection by both T-tropic and M-tropic SIV and by primary M-tropic HIV-1. By contrast, CCR5
overexpression did not specifically compensate for the inefficient infection of primary monkey macrophages by
T-tropic SIV or M-tropic HIV-1. Apparently, the limited ability of these viruses to utilize a low density of CD4
for target cell entry accounts for the restriction of these viruses in primary rhesus monkey macrophages.

Infection with human immunodeficiency virus types 1 and 2
(HIV-1 and HIV-2) causes AIDS in humans, which is characterized by a progressive loss of CD4-positive T lymphocytes
and fatal opportunistic infections (7, 33, 35). A similar illness
can be induced in Asian macaques by infection with various
strains of simian immunodeficiency virus (SIV), a closely related lentivirus (23, 46). The similarities of the viruses, hosts,
and pathological sequelae in HIV-infected humans and SIVinfected monkeys make the latter system an excellent model
for understanding AIDS pathogenesis and for the evaluation
of potential therapeutics and vaccines (24).
HIV and SIV infection is usually initiated by binding of the
viral envelope glycoproteins, a heavily glycosylated, trimeric
complex of noncovalently associated gp120 and gp41 subunits,
to the CD4 receptor on the target cell (14, 20, 43). This interaction triggers conformational changes in gp120, creating or
unmasking a high-affinity binding site for a second cellular
receptor (62, 70, 73). The interaction with this coreceptor is
believed to induce structural changes in the transmembrane
glycoprotein gp41 that lead to the fusion of viral and target cell
membranes (72, 74).
The predominant coreceptors used by HIV-1 are the chemokine receptors CCR5 and CXCR4 (2, 16, 18, 21, 27). All
HIV-1 isolates studied to date utilize at least one of these
coreceptors, and the expression pattern of the receptors usu-
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ally explains the observed cell tropism of HIV-1 variants.
CCR5 has been shown to be the major coreceptor for macrophagetropic (M-tropic) primary HIV-1 isolates, whereas
CXCR4 serves as a coreceptor for primary T-cell-tropic (Ttropic) and T-cell line-adapted HIV-1 strains (11, 19, 38). One
subject of ongoing controversy is the extent to which T-cell
line-adapted HIV-1 strains can infect and replicate in CXCR4positive, primary human macrophages (8, 45, 66, 71, 76). It has
been suggested that cell-type-specific modulation of postentry
events and/or the presence of functionally restricted CXCR4
forms may limit productive infection of these cells (26, 45, 64).
Whatever the cause of the poor infectability of primary human
macrophages by T-cell line-adapted HIV-1, this example
points out that coreceptor use does not always explain the
tropism of primate immunodeficiency viruses. In addition to
CCR5 and CXCR4, some HIV-1 strains can utilize, at lower
levels of efficiency, the alternative coreceptors CCR3, CCR2b,
Apj, CCR8, and US28 (17, 27, 39, 58). HIV-2 is more closely
related to SIV than to HIV-1, and this relationship is also
mirrored in the preferences of HIV-2 for coreceptors (12, 22,
51). Most SIV strains can use very efficiently a number of coreceptors, including CCR5, STRL33, gpr15, gpr1, and ChemR23
(3, 17, 22, 31, 60, 61). This provides the means for SIV to
replicate in peripheral blood mononuclear cells (PBMC) from
individuals homozygous for a 32-bp deletion in CCR5 and in
some CCR5-negative T-cell lines as well (16). However, the in
vivo relevance of the usage of alternative coreceptors besides
CCR5 by SIV is still uncertain, and with very few exceptions,
all SIV isolates are able to use CCR5 (29).
SIV variants that differ in target cell tropism and the ability
to induce particular pathological sequelae have been described
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MATERIALS AND METHODS
Cells. Cf2Th, HeLa, and HEK293 cells were obtained from the American
Type Culture Collection and maintained in Dulbecco’s modified Eagle’s medium
containing 10% fetal calf serum, 100 U of penicillin/ml, and 100 U of streptomycin/ml. A Cf2Th cell line stably expressing high levels of human CCR5 has
been described previously (52). Cf2Th cells stably expressing low levels of human
CCR5 were obtained from a population of cells expressing a broad range of
CCR5 by fluorescence-activated cell sorting (FACS) on a Vantage flow cytometer (Becton Dickinson) using dialyzed anti-CCR5 phycoerythrin (PE)-conjugated antibody (2D7; Pharmingen) for staining.
PBMC from SIV-seronegative rhesus macaques were purified by Ficoll-Paque
density gradient centrifugation of heparinized blood obtained from the New
England Regional Primate Research Center. Cells were washed three times with
phosphate-buffered saline (PBS) and resuspended in RPMI 1640 medium supplemented with 10% fetal calf serum, antibiotics, 5 g of concanavalin A/ml, and
100 U of interleukin-2/ml. After 2 days of stimulation, the medium was changed
and cells were cultured in medium without concanavalin A for another 3 days.
Human PBMC were purified in the same way from leucopacs obtained from the
Dana-Farber Blood Center.
Monocyte-derived macrophages were obtained as previously described (67).
Briefly, approximately 3 ⫻ 106 mononuclear cells, isolated on a Ficoll-Paque
gradient and washed three times with PBS, were seeded in each well of a 12-well
plate. Macrophages were obtained by culture in macrophage driving medium
(75% RPMI, 10% human AB serum, 15% conditioned medium from L929
fibroblasts, 10 mM HEPES, antibiotics, 55 M ␤-mercaptoethanol, 50 U of
granulocyte-macrophage colony-stimulating factor/ml, and 5 U of macrophage
colony-stimulating factor/ml. Cultures were washed three times every 3 days for
2 weeks to remove nonadherent cells, and fresh medium was added to the
adherent cells.
Plasmids and recombinant viruses. The SIVmac-based retroviral vector
pSHIV⌬envCAT, described previously (13), was generated by inserting an envdeleted, HIV-1 HXBc2 fragment containing tat and rev sequences into a plasmid
containing an SIVmac239 provirus. The chloramphenicol acetyltransferase
(CAT) gene was cloned into the BamHI site, thus inactivating the rev gene. Thus,
CAT is expressed in a Rev-independent manner from a multiply spliced mRNA.
Cloning of pSIvec1⌬envGFP has been described elsewhere (37). This vector is
similar to pSHIV⌬envCAT but contains the green fluorescent protein (GFP) gene
in place of the CAT gene. Plasmids pSIvec1⌬envhuCD4, pSIvec1⌬envrhCD4,
pSIvec1⌬envrhCCR5, and pSIvec1⌬envhuCXCR4 were generated by replacing
the AgeI-NotI fragment containing the GFP gene in pSIvec1⌬envGFP with the
cDNA sequences of human and rhesus monkey CD4, rhesus monkey CCR5, and
human codon-optimized CXCR4, respectively. The CD4 and coreceptor sequences were amplified from previously described plasmids (32) using the Pfu
DNA polymerase and primers with introduced restriction sites for cloning. The
AgeI site in human and rhesus CD4 (position 1346) has been removed by introduction of a silent mutation changing the CGG encoding arginine to CGA. The

HIV-1-based retroviral vector pHXBH10⌬envCAT contains an HIV-1 provirus
with a deletion in env and the CAT gene replacing the nef open reading frame
(69). Plasmids pSIV⌬gpv239 and pSIV⌬gpv316 (50) were used to express the
envelope glycoproteins of SIVmac239 and SIVmac316, respectively. Envelope
glycoproteins of HIV-1 strains YU2 and JR-FL were expressed using the previously published pSVIIIenv vectors (18, 36). The similar plasmid pSVIII⌬KS
contains a deletion in env and was used as a control. Plasmid pHCM-VSV-G
encodes the vesicular stomatitis virus envelope glycoprotein (VSV G) (75). The
previously described pcDNA3 plasmids (18, 50, 50a) were used for expression of
human or rhesus monkey CD4 and CCR5 in Cf2Th cells.
Recombinant viruses capable of a single round of infection were generated by
cotransfecting human cell lines by the calcium phosphate method with 20 g
of an env-defective retroviral vector and 5 g of a plasmid expressing the
envelope glycoproteins of interest. For efficient virus production, 2.5 g of
the HIV-1 Rev-expressing plasmid psrev was included (37). Virions made
with pHXBH10⌬envCAT were generated in HeLa cells; all other recombinant
viruses were generated in 293T cells, and the concentration of virus was normalized based on reverse transcriptase activity.
Transduction of macrophages with CD4- or chemokine receptor-expressing
viral vectors. Eleven-day-old monocyte-derived rhesus monkey macrophages
were transduced with VSV G-pseudotyped recombinant viruses encoding human
CD4, rhesus CD4, rhesus CCR5, human CXCR4, or GFP. Transductions were
performed overnight with 90,000 reverse transcriptase units (RT units) for the
CD4- and GFP-expressing vectors and 20,000 RT units for the CCR5- and
CXCR4-expressing vectors. Three days later, the transduction efficiency was
evaluated by FACS as described below. The transduction efficiency of the GFPexpressing vector was ⬎90% (data not shown). Both transduced and native
macrophages from the same donor preparation were infected overnight with
50,000 RT units of CAT reporter viruses containing the envelope glycoproteins
of SIVmac239, SIVmac316, and the M-tropic HIV-1 strains YU2 and JR-FL as
described below.
env complementation assay. The efficiency of a single round of infection by
CAT-expressing recombinant virions was determined by using the previously
published env complementation assay (36). The target cells were 3 ⫻ 106 PBMC,
rhesus macrophages derived from 3 ⫻ 106 PBMC, or 2 ⫻ 105 Cf2Th cells. PBMC
and macrophages were cultured in 12-well plates and incubated with 50,000 RT
units of virus in 1 ml for 12 h at 37°C. Cf2Th cells were incubated in six-well
plates with 10,000 RT units of virus at 37°C for 12 h or, for the experiments with
TAK-779, for 1 h.
Cytofluorometric analyses. Macrophages were detached by treatment with 25
mM EDTA-PBS, followed by gentle scraping of already rounded cells. CD4
expression was determined by staining with the anti-CD4 monoclonal antibody
(MAb) OKT4 conjugated with fluorescein isothiocyanate (FITC) (Ortho Diagnostics). For determination of CCR5 expression on rhesus macrophages, a biotin-conjugated anti-CCR5 MAb (clone 45531.111; R&D Systems) and PE-conjugated streptavidin were used. Human CCR5 expression on Cf2Th cells and
CXCR4 expression on rhesus macrophages were measured by staining with
PE-conjugated MAbs 2D7 (Pharmingen) and 12G5, respectively. Nonrelated
mouse antibodies of corresponding isotype and conjugation were used as negative controls. Cells were fixed in 2% formaldehyde and analyzed on a FACscan
cytometer (Becton Dickinson).
Virus replication assay. SIVmac239 and SIVmac316 viruses were provided by
Ronald Desrosiers, New England Regional Primate Research Center. Macrophages cultured as described above were infected with 50,000 RT units of
replication-competent virus for 12 h, washed three times, and refed with 2.5 ml
of fresh medium. Cell-free supernatants (0.5 ml) were collected every second day
and replaced with fresh medium. The collected supernatants were assayed for the
presence of SIV p27 core protein by enzyme-linked immunoassay (Coulter).
TAK-779 and soluble CD4. TAK-779 was kindly provided by Masahiko Fujino
(Takeda Chemical Industries, Osaka, Japan). Human soluble CD4 (sCD4) was
donated by Raymond Sweet (SmithKline Beecham, King of Prussia, Pa.).

RESULTS
Restriction of SIVmac239 and M-tropic HIV-1 infection
in rhesus macrophages. The pathogenic molecular clone
SIVmac239 is able to replicate in rhesus monkey T lymphocytes but is restricted for replication in rhesus monkey macrophages. This restriction is determined by the env sequences
(54). The reported inability of a simian-human immunodeficiency virus chimera (SHIV) carrying an envelope glycoprotein
from the M-tropic HIV-1 JR-FL to replicate in rhesus macrophages (15) prompted us to include M-tropic HIV-1 envelope
glycoproteins in our studies. To study the extent and nature of
these tropism restrictions, we examined the ability of recombinant SHIV virions carrying different SIV or HIV-1 envelope
glycoproteins to infect various target cell types. A defective
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previously (1, 25, 48, 68). Several of these variants arose in vivo
from SIVmac239, a molecularly cloned virus that replicates
efficiently in rhesus monkey T lymphocytes but not in primary
macrophages (4, 6, 34, 40, 55, 59, 65). SIVmac239 typically
causes AIDS-like disease in inoculated monkeys, but a subset
of infected animals develop meningoencephalitis or granulomatous interstitial pneumonia. Central nervous system or
pulmonary disease is associated with primary infection of
microglia or tissue macrophages, respectively, and with the
emergence of SIV variants that replicate efficiently in cultured
macrophages. One such variant, SIVmac316, was isolated from
the alveolar macrophages of a rhesus monkey infected with
SIVmac239 (25). The macrophage tropism of SIVmac316 is
determined by five of the sequence differences between the
envelope glycoproteins of SIVmac316 and SIVmac239 (54).
The tropism change is apparently not due to qualitative alterations in coreceptor use, as both SIVmac316 and SIVmac239
envelope glycoproteins support entry into cells expressing CD4
and either CCR5, gpr15, or STRL33 (63). Indeed, one report
has suggested that this env-associated change in tropism is
determined at a postentry step in SIV replication (53).
Here we examine the ability of primary rhesus monkey macrophages to be infected with recombinant viruses containing the envelope glycoproteins of SIVmac239, SIVmac316,
and several HIV-1 strains. The basis for the restricted entry of
SIVmac239 and primary M-tropic HIV-1 into these cells is
investigated.
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SHIV provirus with a deleted env gene and the nef gene replaced by a CAT gene (37) was cotransfected with plasmids
expressing the envelope glycoproteins of interest. The recombinant viruses produced were normalized based on reverse
transcriptase activity and incubated with primary target cells
from rhesus monkeys. The level of CAT expression in the
target cells reflects the efficiency of a single round of the
retroviral infection cycle. Similar levels of CAT activity were
found in lysates of stimulated rhesus PBMC infected with
SHIVs pseudotyped with the SIVmac239 and SIVmac316 envelope glycoproteins (Fig. 1A), a result consistent with previous reports (42, 54). In sharp contrast, only the virus with the
SIVmac316 envelope glycoproteins could efficiently infect rhesus monkey macrophages (Fig. 1B). Viruses with the M-tropic
HIV-1 envelope glycoproteins efficiently infected rhesus monkey PBMC (Fig. 1A and data not shown) but did not infect
rhesus monkey macrophages (Fig. 1B). These results demonstrate that efficient infection of rhesus monkey macrophages by
SIVmac239 and M-tropic HIV-1 strains is impaired at a step
that is determined by the envelope glycoproteins on the infecting virus. As these M-tropic HIV-1 envelope glycoproteins
support efficient infection of primary human macrophages, the
results also point to a difference in the susceptibility of rhesus
monkey and human macrophages to particular HIV-1 isolates,
consistent with previous results (15).
Coreceptor usage of SIVmac316 on rhesus monkey macrophages. In addition to CCR5, SIVmac strains are able to use a
broad variety of coreceptors for entry. SIVmac316 has been
shown to use some of these other receptors much more efficiently than SIVmac239 or M-tropic HIV-1 strains (17, 61). To
determine whether CCR5 serves as the principal coreceptor
for SIVmac316 entry into rhesus macrophages, we used a previously published (5) nonpeptide compound, TAK-779, in our
single-round infection assay. It has been shown that TAK-779
specifically binds to human CCR5 and inhibits infection of

M-tropic HIV-1 in vitro. TAK-779 also exhibits a low affinity
for CCR2b, but as CCR2b does not support entry of SIVmac316
(17), this is not likely to be a problem in our assays. At a
concentration of 100 nM, TAK-779 significantly inhibited infection of Cf2Th cells expressing either human or rhesus monkey CD4 and CCR5 by a virus containing the SIVmac316
envelope glycoproteins (Fig. 2A and data not shown). Thus,
TAK-779 blocks virus infection mediated by human and rhesus
monkey CCR5. No inhibition was detected on Cf2Th cells
expressing CD4 together with gpr15, STRL33, Apj, or gpr1
(data not shown), alternative coreceptors used by SIVmac316
in in vitro assays (17, 31). On rhesus monkey macrophages,
TAK-779 inhibited infection by viruses with the SIVmac316
envelope glycoproteins in a concentration-dependent manner,
with an estimated 50% inhibitory concentration of ⬃4 nM
(Fig. 2B). No significant inhibition of infection by a virus
pseudotyped with VSV G was observed (Fig. 2C). This result
indicates that CCR5 is the major coreceptor used by SIVmac316
for entry into rhesus monkey macrophages.
Effect of CD4 and CCR5 overexpression on entry into rhesus
macrophages. The expression of CD4 on the surface of macrophages is several times lower than the expression level on
CD4-positive lymphocytes (47, 56). It is therefore conceivable
that the efficiency of CD4 utilization by different SIV strains
influences the ability to infect particular cell types. To evaluate
whether CD4 overexpression in rhesus monkey macrophages
can overcome the block to infection of SIVmac239 and Mtropic HIV-1 strains, we created lentiviral vectors expressing
human and rhesus monkey CD4. Replication-incompetent,
VSV G-pseudotyped viruses encoding CD4 were produced in
293T cells and used for infection of rhesus monkey macrophages. The transduction efficiency was greater than 90%
(Fig. 3A). A similar construct expressing GFP was used as a
control and exhibited a similar transduction efficiency (data
not shown). Three days after transduction, the macrophages
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FIG. 1. Infectability of primary rhesus monkey cells by viruses with different envelope glycoproteins. Recombinant CAT-expressing viruses containing the envelope
glycoproteins of SIVmac316, SIVmac239, or HIV-1 strain YU2, or lacking functional envelope glycoproteins (the ⌬KS control), were incubated overnight with either
rhesus monkey PBMC (A) or rhesus monkey monocyte-derived macrophages (B). Three days later, CAT activity was measured in cell lysates. Samples in which the
conversion of chloramphenicol to acetylated forms was greater than 70% were diluted and reassayed to bring the conversion value within range.
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were incubated with CAT reporter viruses containing either
SIV or HIV-1 envelope glycoproteins. The overexpression of
human or rhesus monkey CD4 in the macrophages resulted in
a three- to fourfold enhancement of infection by viruses with
the SIVmac316 envelope glycoproteins (Fig. 3B). By contrast,
infection by the viruses with SIVmac239, YU2, or JR-FL envelope glycoproteins was dramatically (100- to 300-fold) stimulated by overexpression of either human or rhesus monkey
CD4 and almost reached the level attained by viruses with the
SIVmac316 envelope glycoproteins. Truncation of the cytoplasmic tails of human and rhesus monkey CD4 at position 401
(9) did not decrease the observed enhancement of infection,
indicating that signal transduction events mediated by CD4 are
not responsible for the increase (data not shown). A slight
(⬃2-fold) increase in the CAT activity in control macrophages
expressing GFP was observed after infection with all of the
viruses. This nonspecific activation could be explained by the
production of Tat by the CD4-expressing lentivirus vector.
These results demonstrate that the low level of CD4 expression
on rhesus monkey macrophages is a major factor limiting efficient infection by SIVmac239 and M-tropic HIV-1 strains.
The high level of infection of rhesus monkey macrophages
overexpressing CD4 by viruses with SIVmac239, YU2, and
JR-FL envelope glycoproteins enabled us to utilize the TAK779 inhibitor to address whether the CCR5 coreceptor contributes to infection. At a TAK-779 concentration of 100 nM,
infection by viruses with SIVmac316, SIVmac239, YU2, and
JR-FL envelope glycoproteins was more than 90% inhibited
(data not shown). These findings demonstrate that CCR5 on
rhesus monkey macrophages is used by SIVmac239 and Mtropic HIV-1 strains, if the expression of CD4 is sufficient.
To assess the effect of CCR5 overexpression on the infection
of rhesus monkey macrophages, we created a recombinant
lentivirus carrying the rhesus monkey CCR5 gene. A substantial increase in CCR5 expression was observed in rhesus monkey macrophages infected by this virus (Fig. 3C). Infection of

the transduced cells by viruses with the SIVmac239, YU2, and
JR-FL envelope glycoproteins was increased 3- to 7-fold, and
infection by viruses with the SIVmac316 envelope glycoproteins was increased approximately 10- to 20-fold, compared
with that of untransduced macrophages (Fig. 3D). Thus, infection of all of the CCR5-using viruses was moderately enhanced
by CCR5 overexpression. However, the native level of CCR5
surface expression on primary rhesus monkey macrophages
does not appear to be a factor specifically limiting infection by
SIVmac239 or the M-tropic HIV-1.
Effect of CD4 overexpression on the replication of infectious
viruses. To determine the ability of SIVmac239 to replicate in
rhesus monkey macrophages expressing elevated CD4 levels,
we transduced 11-day-old macrophages with the human CD4
gene and then infected them 72 h later with 50,000 RT units
each of replication-competent SIVmac239 and SIVmac316.
After 12 h, the cells were washed and returned to medium;
supernatant samples were collected at 2-day intervals to assay
for viral p27 concentration. Consistent with previous reports
showing a 100- to 1,000-fold-higher replication efficiency of
SIVmac316 compared with SIVmac239 in rhesus monkey macrophages (42, 53), the replication of SIVmac239 on untransduced cells was either undetectable or very poor, depending on
the donor animal. Very low p27 levels (⬍0.2 ng/ml) were measured in transduced control cells expressing GFP and infected
with SIVmac239 (Fig. 4). A similar p27 level was detected in
the supernatants of all transduced uninfected macrophages
(data not shown) and probably resulted from gag expression by
the env-deficient vector used to express GFP or overexpress
CD4. The expression of gag from this vector is impaired by the
lack of the HIV-1 Rev protein in the transduced cells and the
fact that SIV Rev, provided by the replication-competent SIV
after infection, does not function on the HIV-1 Rev-responsive
element present in our SHIV vectors (10). SIVmac239 infection of rhesus macrophages overexpressing human or rhesus
CD4 resulted in a considerable level of virus replication, with
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FIG. 2. Inhibition of SIVmac316 entry by TAK-779. Cf2Th cells transiently expressing rhesus monkey CD4 and CCR5 proteins (A) or primary rhesus monkey
macrophages (B and C) were infected with recombinant CAT-expressing viruses with the envelope glycoproteins of SIVmac316 (A and B) or with VSV G (C) in the
presence of increasing TAK-779 concentrations. The results are reported as percentages of chloramphenicol conversion to acetylated forms and represent the means
and standard deviations of three samples for each TAK-779 concentration. A representative experiment of three is shown.
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peak p27 levels greater than 1 ng/ml (Fig. 4). CD4 overexpression did not significantly enhance the replication of SIVmac316,
which was still fivefold higher than that of SIVmac239. These
results indicate that the replication efficiency of SIVmac239
can be strongly enhanced by overexpressing CD4 on rhesus
monkey macrophages, but it did not reach the replication
level of SIVmac316 under the conditions present in our system.
CD4 dependence of SIV and HIV-1 entry into Cf2Th cells in
the presence of high and low CCR5 levels. A remarkable feature of many SIV strains is their ability to bind CCR5 and to
enter CCR5-expressing cells independently of CD4 (28, 30,
63). The results presented above suggest that the CD4 and
CCR5 levels on rhesus monkey macrophages support entry of
SIVmac316 but restrict efficient entry of SIVmac239. To study
the CD4 and CCR5 requirements for entry in more detail, we
generated Cf2Th canine thymocytes stably expressing high and
low levels of human CCR5 (Fig. 5A and B). These cells were

then transiently transfected with increasing amounts of a CD4expressing plasmid, keeping the total DNA amount constant
by addition of an irrelevant plasmid. Two days after transfection, the cells were infected with CAT reporter viruses containing different envelope glycoproteins; in parallel, the CD4
expression level was determined by FACS. The efficiency with
which viruses with the SIVmac316 envelope glycoproteins infected CD4-negative Cf2Th cells was strongly dependent on
the level of CCR5 expression. Viruses with SIVmac316 envelope glycoproteins efficiently infected cells with a high level of
CCR5 regardless of the presence or level of expression of CD4
(Fig. 5C). By contrast, in cells expressing low CCR5 levels,
infection by viruses with the SIVmac316 envelope glycoproteins was significantly enhanced by coexpression of CD4 (Fig.
5D). Detectable infection of cells expressing either high or low
levels of CCR5 by viruses with the SIVmac239 and YU2 envelope glycoproteins was strictly CD4 dependent. The efficiency of infection by viruses with the SIVmac239 envelope
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FIG. 3. Effect of CD4 and CCR5 overexpression on infection of rhesus monkey macrophages with recombinant viruses. Primary rhesus monkey macrophages were
transduced with retroviral vectors encoding either CD4 (A and B) or chemokine receptors (C and D). As a control, cells were transduced in parallel with a similar vector
encoding GFP. (A) FACS profile of cells transduced with the human CD4 (left) and rhesus monkey CD4 (right) genes. The anti-CD4 antibody OKT4 was used to
generate the unbroken curve (untransduced macrophages) and the filled curve (transduced macrophages). The broken curve was generated using a control antibody
of the same isotype. (B) CAT activity in native rhesus monkey macrophages and in macrophages transduced with a vector expressing either human or rhesus monkey
CD4 (huCD4 or rhCD4) or GFP after infection with CAT reporter viruses containing the indicated envelope glycoproteins. (C) FACS profiles of untransduced
macrophages and macrophages transduced with rhesus monkey CCR5 (left) or human CXCR4 (right). The broken curves were obtained using isotype-matched
irrelevant antibodies. In the left panel, the anti-CCR5 antibody 45531.111 was used to stain untransduced macrophages (unbroken curve) or macrophages transduced
with the rhesus CCR5 gene (filled curve). In the right panel, the 12G5 anti-CXCR4 antibody was used to stain untransduced macrophages (unbroken curve) or
macrophages transduced with the human CXCR4 gene (filled curve). (D) CAT activity in native rhesus monkey macrophages and in macrophages transduced with the
gene for either rhesus monkey CCR5 or human CXCR4 following infection with CAT reporter viruses containing the indicated envelope glycoproteins.

VOL. 74, 2000

RESTRICTION OF SIV AND HIV INFECTIVITY BY CD4 LEVEL

DISCUSSION
In this study, we examined the target cell variables that
govern SIV cell tropism. As representative strains for our
study, we used SIVmac239, the best-characterized T-tropic
SIV isolate, and SIVmac316, an M-tropic strain isolated from
the alveolar macrophages of a rhesus monkey infected with
SIVmac239 (41, 44, 55). Previous studies suggested that the
SIVmac239 envelope glycoproteins determined a postentry
replication block in rhesus monkey macrophages (53). We also
examined the basis of the previously reported inability of a
SHIV bearing the envelope glycoproteins of the M-tropic
HIV-1 isolate JR-FL to replicate on rhesus monkey macrophages (15). The use of recombinant viruses pseudotyped with
the envelope glycoproteins of these viruses allowed us to examine events in the infection process specifically modulated in
trans by viral env sequences. Our results indicate that a single
round of infection of primary rhesus macrophages was mediated by the SIVmac239 envelope glycoproteins 30 to 100 times
less efficiently than by the SIVmac316 envelope glycoproteins.
Likewise, reporter viruses containing the envelope glycoproteins of several M-tropic HIV-1 strains were extremely inefficient at infecting primary rhesus monkey macrophages. As
SIVmac239 and the M-tropic HIV-1 utilize monkey CD4 and
CCR5 (16, 50a), which are expressed on the primary macrophages, the observed blocks could not be explained by the
qualitative absence of appropriate receptors.
We examined whether quantitative increases in the expres-

FIG. 4. Replication of SIVmac239 and SIVmac316 in rhesus monkey macrophages overexpressing human or monkey CD4. Primary rhesus monkey macrophages were transduced with VSV G-pseudotyped vectors containing the gene
for human (hu) CD4, rhesus monkey (rh) CD4, or GFP. Three days after
transduction, the 14-day-old cells were incubated with wild-type SIVmac316 or
SIVmac239 (50,000 RT units/ml) for 12 h. Culture supernatants were harvested
and assayed for p27 protein concentration every 2 days thereafter. The experiment was repeated four times with macrophages obtained from different rhesus
monkeys, and the results were similar to those shown here.

sion of CD4, CCR5, or CXCR4 could influence the infectability of the primary rhesus monkey macrophages by the recombinant viruses. Our results show that only CD4 overexpression
specifically overcame the restriction observed for viruses bearing the SIVmac239 or M-tropic HIV-1 envelope glycoproteins.
Similar results were obtained by overexpressing a truncated
CD4 glycoprotein lacking the cytoplasmic tail, indicating that
signal transduction through CD4 is not necessary for overcoming the replication block. This result strongly suggests that a
major restriction against infection of primary rhesus monkey
macrophages by SIVmac239 and M-tropic HIV-1 occurs at the
level of virus entry. Once this restriction is overcome, all of the
steps in the virus replication cycle monitored by the singleround, env complementation assay occur efficiently. Indeed,
overexpression of full-length CD4 in rhesus monkey macrophages allowed the replication of infectious SIVmac239. The
level of replication observed was still lower than that of
SIVmac316, possibly due to insufficient CD4 expression or to
other factors, such as the previously described inefficiency of
SIVmac239 envelope glycoprotein precursor processing in primary macrophages (67).
Our results imply that a major variable governing SIV macrophage tropism is the efficiency with which low levels of CD4
on the target cell surface can be utilized to support entry. The
ability to utilize low levels of CD4 may reflect a higher affinity
of the SIVmac316 envelope glycoproteins for CD4, relative to
the affinities of the SIVmac239 and M-tropic HIV-1 envelope
glycoproteins. Indeed, the binding affinity of monomeric gp120
from SIVmac316 for sCD4 is higher than that of SIVmac239
gp120 (63). Differences in affinity or cooperativity in CD4
binding might be even more apparent in the context of a
trimeric envelope glycoprotein spike. The CD4 binding affinity
of the assembled envelope glycoprotein complex of primary,
M-tropic HIV-1 strains has been suggested to be low (52a).
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glycoproteins exhibited the greatest dependence on CD4 levels. These data demonstrate that, depending on the level of
CCR5 expressed on the target cell surface, the level of CD4
expressed can give rise to differences in the efficiency of
SIVmac316 and SIVmac239 infection that range from 3- to
1,000-fold. As the CCR5 expression level on primary rhesus
monkey macrophages more closely resembles that on our
Cf2Th cells expressing low levels of CCR5, the low levels of
CD4 on primary macrophages could readily account for the
observed differences in the efficiency with which SIVmac316
and SIVmac239 infect these cells.
CD4 requirement of SIVmac316 for infection of rhesus macrophages. To evaluate whether SIVmac316 requires CD4 for
infection of rhesus monkey macrophages, we used the anti-CD4
antibody OKT4a to inhibit the entry of recombinant viruses
with the SIVmac316 envelope glycoproteins. A concentrationdependent inhibition of infection by OKT4a was observed; at
the highest concentration of antibody tested, infection was
almost completely inhibited (Fig. 6A). An isotype-matched
antitrinitrophenol antibody used as a control had no effect on
the infection of viruses with the SIVmac316 envelope glycoproteins (data not shown). The effects of the OKT4a antibody
were specific, as this antibody did not inhibit a virus pseudotyped with VSV G (Fig. 6B).
The addition of sCD4 to viruses with the SIVmac316 envelope glycoproteins can result in enhanced efficiency of infection of Cf2Th cells transiently expressing CCR5 (63). We
therefore examined whether the presence of sCD4 could enhance the infection of rhesus monkey macrophages by these
viruses. In contrast to our findings on Cf2Th cells, sCD4 caused
an overall inhibition of macrophage infection by viruses with
the SIVmac316 envelope glycoproteins (Fig. 6C). These results
indicate that SIVmac316 requires CD4 for efficient entry into
rhesus monkey macrophages. The infection of rhesus monkey
macrophages by viruses with the SIVmac239 envelope glycoproteins was not enhanced by sCD4 at concentrations ranging
from 0.04 to 25 g/ml (data not shown).
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This could account for the observed restriction in primary
rhesus macrophages against viruses with M-tropic HIV-1 envelope glycoproteins.
Our results demonstrate that CCR5 is the major coreceptor
used by SIV and M-tropic HIV-1 isolates to infect primary
rhesus monkey macrophages. mRNAs for other SIV receptors,
such as gpr1 and gpr15 (31), have been found in macrophages,
but the inhibition experiments using TAK-779 clearly indicate
the dominant use of CCR5 by the viruses studied. The level of
CCR5 expression can influence the dependency of SIV or
M-tropic HIV-1 infection on CD4 expression levels, consistent
with previous results (57). At the low CCR5 levels on the
surface of rhesus monkey macrophages, SIVmac316 requires
surface CD4 for efficient entry. By contrast, at high levels of
CCR5 expression, efficient SIVmac316 entry can occur in the
complete absence of CD4 on the target cell. It is noteworthy
that other SIV variants that are M-tropic exhibit some measure
of CD4 independence. For example, SIV/17E-Fr, which was
derived from the brain of an SIVmac239-infected monkey,
readily infects CD4-negative brain capillary endothelial cells
(30, 49). CD4 independence in the presence of high surface

levels of CCR5 may be a manifestation of the properties of
M-tropic SIV envelope glycoproteins that allow the low levels
of CD4 on primary monkey macrophages to be efficiently utilized. In addition to the increases in CD4 binding discussed
above, these properties may include the more efficient attainment of a trimeric envelope glycoprotein conformation able to
bind CCR5 at a lower state of occupancy by CD4.
The extremely inefficient infection of rhesus monkey macrophages by viruses with M-tropic HIV-1 envelope glycoproteins stands in contrast to the efficient infection of primary
human macrophages by these viruses. This observation implies
that differences, perhaps in levels of surface CD4 expression,
exist between primary macrophages derived from humans and
rhesus monkeys. These species-dependent distinctions have
apparently shaped the evolution of M-tropic SIV and HIV-1
differently. The ability of the viral envelope glycoproteins to
mediate fusion with a cell membrane containing sparse CD4, a
property critical for infection of monkey macrophages, appears
not to be essential for HIV-1 to enter human macrophages.
Further investigation of this coincidence of viral and host cell
characteristics may lead to a better understanding of the im-
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FIG. 5. Influence of CD4 expression in Cf2Th canine thymocytes expressing high or low levels of CCR5. FACS profiles of Cf2Th cells stably expressing high (A)
or low (B) levels of human CCR5 were determined using the anti-CCR5 antibody 2D7 or an isotype-matched control antibody. These cells were transfected with
increasing amounts of a human CD4-expressing plasmid (pcDNA/CD4). The total DNA was kept constant in each transfection by the addition of empty vector DNA.
After 48 h, the cells were infected with CAT reporter viruses containing the envelope glycoproteins of SIVmac316, SIVmac239, or HIV-1 strain YU2. In parallel, an
aliquot of the same cells was analyzed for CD4 surface expression using the FITC-conjugated monoclonal antibody OKT4. The mean channel fluorescence of
CD4-negative CF2Th cells was set at 5.24 for high (C) and 5.14 for low (D) CCR5 expressors. The CAT activity in the infected cells is plotted against the mean
fluorescence intensity.
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portance of macrophage tropism in the biology of the primary
immunodeficiency viruses.
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or sCD4 (C). VSV G-pseudotyped reporter virus was used as a control for any nonspecific effects of the OKT4a antibody (B). A representative experiment is shown.
The data are means and standard deviations of three samples for each concentration.
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