
JOURNAL OF VIROLOGY,
0022-538X/97/$04.0010

Apr. 1997, p. 3219–3227 Vol. 71, No. 4

Copyright q 1997, American Society for Microbiology

Role of CCR5 in Infection of Primary Macrophages and Lymphocytes
by Macrophage-Tropic Strains of Human Immunodeficiency Virus:

Resistance to Patient-Derived and Prototype Isolates
Resulting from the Dccr5 Mutation

SHALINI RANA,1 GIDEON BESSON,1 DAVID G. COOK,2 JOSEPH RUCKER,2 ROBERT J. SMYTH,1

YANJIE YI,1 JULIE D. TURNER,3 HAI-HONG GUO,4 JIAN-GUO DU,4 STEPHEN C. PEIPER,4

EHUD LAVI,2 MICHEL SAMSON,5 FREDERICK LIBERT,5 CORINNE LIESNARD,5

GILBERT VASSART,5 ROBERT W. DOMS,2 MARC PARMENTIER,5

AND RONALD G. COLLMAN1*

Divisions of Pulmonary and Critical Care1 and Hematology-Oncology,3 Department of Medicine, and Department of Pathology
and Laboratory Medicine,2 University of Pennsylvania School of Medicine, Philadelphia, Pennsylvania 19104;
Departments of Pathology and Biochemistry and Molecular Biology, Henry Vogt Cancer Research Institute,

James Graham Brown Cancer Center, University of Louisville, Louisville, Kentucky 402024;
and IRIBHN, Universite Libre de Bruxelles, B-1070 Brussels, Belgium5

Received 7 November 1996/Accepted 12 December 1996

The a-chemokine receptor fusin (CXCR-4) and b-chemokine receptor CCR5 serve as entry cofactors for
T-cell (T)-tropic and macrophage (M)-tropic human immunodeficiency virus type 1 (HIV-1) strains, respec-
tively, when expressed with CD4 in otherwise nonpermissive cells. Some M-tropic and dual-tropic strains can
also utilize other b-chemokine receptors, such as CCR2b and CCR3. A mutation of CCR5 (Dccr5) was recently
found to be common in certain populations and appears to confer protection against HIV-1 in vivo. Here, we
show that this mutation results in a protein that is expressed intracellularly but not on the cell surface.
Primary CD4 T cells from Dccr5 homozygous individuals were highly resistant to infection with prototype
M-tropic HIV-1 strains, including an isolate (YU-2) that uses CCR5 and CCR3, but were permissive for both
a T-tropic strain (3B) and a dual-tropic variant (89.6) that uses CXCR-4, CCR5, CCR3, or CCR2b. These cells
were also resistant to M-tropic patient isolates but were readily infected by T-tropic patient isolates. Primary
macrophages from Dccr5 homozygous individuals were also resistant to infection with M-tropic strains,
including YU-2, but the dual-tropic strain 89.6 was able to replicate in them even though macrophages are
highly resistant to CXCR-4-dependent T-tropic isolates. These data show that CCR5 is the essential cofactor
for infection of both primary macrophages and T lymphocytes by most M-tropic strains of HIV-1. They also
suggest that CCR3 does not function for HIV-1 entry in primary lymphocytes or macrophages, but that a
molecule(s) other than CCR5 can support entry into macrophages by certain virus isolates. These studies
further define the cellular basis for the resistance to HIV-1 infection of individuals lacking functional CCR5.

T4 lymphocytes and macrophages are the two major targets
for productive human immunodeficiency virus type 1 (HIV-1)
infection in vivo. Strains can be broadly grouped into macro-
phage (M)-tropic isolates, which infect primary macrophages
and lymphocytes but not transformed cell lines, and T-cell
(T)-tropic isolates, which infect CD4-positive transformed cells
and primary lymphocytes but not macrophages. While the T-
tropic strains frequently form syncytia in infected lymphocytes
(syncytium-inducing [SI] strains), M-tropic strains typically do
not (non-syncytium-inducing [NSI] strains). Isolates obtained
from newly infected individuals are nearly always M tropic,
indicating that these variants are important for person-to-per-
son spread (42, 43). They are also the predominant species
found during the long asymptomatic phase, suggesting a role in
viral persistence (22, 35, 39). In contrast, T-tropic strains
emerge later in about 50% of infected individuals, concurrent
with disease progression, and, although AIDS can develop in
the absence of T-tropic variants, their emergence is associated

with accelerated immune decline (21, 22, 39). The viral and
cellular basis for differential host tropism has been the focus of
intense interest, largely because of this relationship between
viral phenotypes and aspects of pathogenesis such as transmis-
sion and disease progression.
HIV-1 requires cofactor molecules in addition to CD4 for

fusion and entry into target cells, and the cofactors utilized by
particular strains are a major determinant of host cell tropism.
Otherwise nonpermissive CD4-positive cell lines can be made
permissive for entry of T-tropic strains by the seven-transmem-
brane a-chemokine (CXC) receptor fusin (CXCR-4) (16). In
contrast, permissiveness for M-tropic strains is conferred by
the b-chemokine (CC) receptor CCR5 (2, 5, 13–15). Other
chemokine receptors can also serve as entry cofactors for cer-
tain virus strains, including CCR3 and CCR2b (5, 14). Since
these cofactors have been identified largely in systems in which
specific molecules are introduced into cell lines that otherwise
do not support HIV fusion and infection, they show that a
particular molecule is sufficient for HIV entry but leave open
the question of whether it is necessary, or the only cofactor, for
infection of normal host cells. Some HIV-1 strains can use a
broad spectrum of cofactors (14), and it is quite possible that
other not yet identified molecules can also function to facilitate
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HIV entry. Defining the roles played by these and potentially
other cofactors in infection of HIV’s natural targets is of great
importance both for the understanding of HIV pathogenesis
and for the development of therapeutic agents designed to
target cofactor-mediated HIV entry.
Recently, a mutation of CCR5 (Dccr5) that results in pre-

mature truncation of the molecule was identified. This muta-
tion was common among Caucasian populations but was
present at significantly reduced frequency among comparable
HIV-1-infected people, and individuals homozygous for the
Dccr5 allele were completely absent from the HIV-1-infected
groups (12, 32). Similarly, two individuals in a group of people
who remained uninfected despite repeated exposure were
found to be homozygous for the same Dccr5 mutation, and
these individuals’ lymphocytes were resistant in vitro to M-
tropic strains of HIV-1 but permissive for T-tropic strains (24,
29). This indicates that the Dccr5 mutation confers resistance
to HIV-1 infection in vivo and is consistent with the important
role of M-tropic viruses in transmission.
To better understand the roles played by CCR5 and other

cofactors relevant to HIV infection in vivo, it is necessary to
define their functions in infection of primary target cells and
test their importance for both prototype and patient-derived
viral isolates. We utilized primary lymphocytes and macro-
phages from individuals carrying the Dccr5 allele as a naturally
occurring knockout model and examined the replication of
several HIV-1 isolates with different characteristics. We found
that macrophages and lymphocytes homozygous for Dccr5
were highly resistant to prototype viruses and patient isolates
with typical M-tropic/NSI characteristics, including a strain
that can utilize both CCR5 and CCR3. In contrast, neither
primary nor prototype T-tropic/SI isolates were restricted in
these lymphocytes, and a promiscuous HIV-1 strain that can
use CXCR-4, CCR5, CCR3, or CCR2b replicated in both
macrophages and lymphocytes. Our results show that CCR5 is
the principal cofactor utilized for infection of both macro-
phages and lymphocytes by M-tropic strains, suggest that
CCR3 is unlikely to play an important role in HIV-1 entry into
its major target cells, and indicate that other pathways in ad-
dition to CCR5 may be utilized by particular isolates for entry
into primary macrophages.

MATERIALS AND METHODS

Primary blood cells. Healthy volunteers were screened for the Dccr5 mutation
by PCR amplification of genomic DNA as previously described (32). Peripheral
blood mononuclear cells (PBMC) were obtained by the Ficoll-Hypaque method
from heparinized whole blood. Peripheral blood lymphocytes (PBL) were de-
rived from PBMC by serial depletion of adherent cells and were maintained in
RPMI supplemented with 20% fetal bovine serum (FBS), glutamine (1 mM),
penicillin (100 U/ml), and streptomycin (100 mg/ml). PBL were stimulated with
phytohemagglutinin (PHA; 5 mg/ml) for 3 to 4 days prior to infection and were
maintained thereafter with interleukin 2 (IL-2; 20 U/ml; Boehringer Mannheim
Biochemicals, Indianapolis, Ind.). Depletion of CD8 cells was carried out with
immunomagnetic beads (Dynal Corp., Long Island, N.Y.) following the instruc-
tions of the manufacturer. Monocyte-derived macrophages (MDM) were iso-
lated from PBMC by a two-step adherence procedure as described elsewhere (8),
plated at 4 3 105 cells per well in 24-well plates, and maintained for 7 to 10 days
prior to infection to allow differentiation into macrophages. Cells were main-
tained in Dulbecco modified Eagle medium containing 10% FBS, 10% horse
serum, glutamine (2 mM), penicillin (100 U/ml), and streptomycin (100 mg/ml)
and were supplemented with macrophage colony-stimulating factor (100 U/ml;
Genetics Institute, Cambridge, Mass.). In specified experiments, MDM were
isolated from PBMC by plastic adherence (4), followed by multiple rounds of
vigorous washing.
Infections. PHA-stimulated PBL (4 3 105 cells) were infected overnight with

equal amounts of each virus, washed twice, and plated in 200 ml of medium
containing IL-2 in round-bottom microtiter tissue culture plates. Twice weekly,
50% of the medium was removed for p24 antigen determination and replaced
with fresh medium. MDM were allowed to differentiate for 7 to 10 days prior to
infection, infected overnight with equal amounts of virus, washed three times,
and refed. Supernatant was sampled twice weekly and replaced with fresh me-

dium. Supernatant viral p24 antigen was measured by enzyme-linked immu-
nosorbent assay (ELISA; Dupont, Wilmington, Del.). To detect proviral DNA
formation, cells were infected as described above with DNase-treated virus
stocks, lysed 3 days later, and subjected to 35 cycles of PCR amplification with a
primer set (long terminal repeat [LTR] plus/LTR minus) that amplifies a 430-bp
region of U3/U5 LTR sequences. PCR products were resolved by agarose gel
electrophoresis, transferred to Nylon membranes, probed with a 32P-end-labeled
oligonucleotide probe, and analyzed by autoradiography. The primers and probe
and the details of this procedure have been described previously (14). Virus
stocks were grown in CEMX174 cells (89.6 and 3B), PM-1 cells (JR-FL and
BAL), or PBL (SF162, YU-2, and primary isolates), and inocula were equalized
on the basis of p24 antigen content. All infections were carried out in a blinded
manner on coded samples.
Generation of polyclonal antibody for CCR5 detection. A region encoding the

first 35 amino-terminal residues of CCR5, which lies within the first extracellular
domain of the protein, was cloned into pGEX-2T (Pharmacia, Piscataway, N.J.)
and expressed in Escherichia coli as a fusion protein with glutathione S-trans-
ferease (GST). Protein was purified by glutathione-Sepharose affinity chroma-
tography and characterized by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis, and rabbits were immunized four times with purified protein.
Immune rabbit serum was then absorbed with GST-glutathione-Sepharose to
remove antibodies to GST. To confirm the specificity of the antibody, Western
blotting (immunoblotting) was carried out against GST, CCR5-GST, and the
CCR5 peptide released from the fusion protein by thrombin cleavage and by flow
cytometry of HOS4 cells that were stably transfected with CCR5 or with control
vector alone.
Immunofluorescence detection of CCR5. QT6 quail cells were plated on glass

coverslips and transfected with 5 mg of pCDNA3 (Invitrogen, San Diego, Calif.)
expression plasmids containing CCR5 or Dccr5 or vector alone by the calcium
phosphate method. Expression plasmids and transfections have been described
previously (14, 32). Forty-eight hours after transfection, cells were stained for
CCR5 expression by using a rabbit polyclonal antiserum raised against the N-
terminal region of CCR5. To detect both intracellular and extracellular antigen,
the cells were fixed and permeabilized (0.1 M sodium cacodylate [pH 7.3], 50
mM potassium ferricyanide, 1 mM calcium chloride, 4% paraformaldehyde,
0.15% Triton X-100) for 1 h at room temperature prior to the addition of the
primary antibody. To detect surface expression only, the cells were fixed and
permeabilized as described above following the primary antibody steps. Staining
was carried out for 1 h at 48C with rabbit antiserum diluted 1:500 in phosphate-
buffered saline (PBS) containing 5% FBS and 10 mg of ethidium bromide
(included to stain nuclei of cells that were permeable to the primary antibody)
per ml. After washing, they were then incubated for 1 h at 48C with fluorescein
isothiocyanate-conjugated donkey anti-rabbit antiserum (Jackson ImmunoRe-
search Laboratories, West Grove, Pa.) diluted 1:100 in PBS containing 4,6
diamidino-2-phenylindole (DAPI; 500 ng/ml; Sigma Chemical Co., St. Louis,
Mo.) as a nuclear stain. The coverslips were then washed, mounted, and exam-
ined by immunofluorescence microscopy with a digital imaging system. Red,
blue, and green channels were digitized separately and then recompiled for
analysis (Photoshop; Adobe Systems, Mountain View, Calif.).

RESULTS

The Dccr5 mutation results in intracellular but not surface
protein expression.We have shown that a mutant allele of the
CCR5 gene, termed Dccr5, is common in European Caucasians
but is present at a reduced frequency among comparable HIV-
1-infected groups (32). Most strikingly, no homozygous indi-
viduals were found among HIV-1-infected persons in two sep-
arate studies (12, 32). This allele possesses a 32-bp deletion
which results in premature truncation of the predicted protein
within the third extracellular domain. While expression of wild-
type CCR5 in conjunction with CD4 renders nonhuman cell
types susceptible to env-mediated fusion and infection by M-
tropic strains of HIV-1, expression of the Dccr5 gene does not
(32). This mutant allele has also been identified in several
individuals who were repeatedly exposed to HIV but remained
uninfected (24).
In order to detect CCR5, a polyvalent antibody was raised

against the N-terminal domain of CCR5 expressed as a GST
fusion protein, which is within a region of the molecule pre-
dicted to be present on both the wild-type and mutant proteins.
The absorbed antibody is specific for CCR5 as determined by
Western blotting against GST, CCR5-GST, and the CCR5
peptide released from the fusion protein by thrombin cleavage
(data not shown). In addition, flow cytometry of transfected
cells showed that immune serum, but not preimmune serum,
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resulted in specific staining of CCR5-transfected but not con-
trol cells, and this staining was inhibited by the CCR5 N-
terminal peptide but not by control (GST) peptide (data not
shown). To define the pattern of expression directed by the
mutant Dccr5 gene, quail QT6 cells were then transfected with
wild-type or Dccr5 plasmids and stained by indirect immuno-
fluorescence (Fig. 1). To distinguish intracellular from surface
expression, cells were either fixed and permeabilized prior to
the addition of primary antibody to allow staining of both
intracellular and surface protein (Fig. 1A to C) or were fixed
after the primary antibody stain (Fig. 1D to F) so that only
surface proteins would be detected. Ethidium bromide was
included along with the primary antibody and DAPI was in-
cluded with the secondary antibody so that nuclear staining
with ethidium bromide (red) would confirm that cells were
permeable at the time of primary detection, while DAPI (blue)
nuclear staining confirmed that intracellular antigen was not
accessible to primary antibody and only surface expression
would be detected.
Transfection of wild-type CCR5 resulted in staining of non-

permeabilized (Fig. 1D) as well as permeabilized cells (Fig.
1A), indicating that protein was expressed and transported to
the cell surface. In contrast, surface expression was not de-
tected after Dccr5 transfection in cells that were maintained

intact (Fig. 1E) but was seen when cells were first made per-
meable to the antibody (Fig. 1B). This indicates that the pro-
tein encoded by Dccr5 is expressed but fails to reach the cell
surface like the wild type. Efforts to detect endogenous CCR5
on primary human cells or human cell lines have so far not
been successful, likely due to levels of protein lower than those
with transfected cells.
Resistance of Dccr5 PBL to infection by M-tropic but not

T-tropic or dual-tropic strains. To investigate the cellular basis
for the resistance to HIV infection resulting from the Dccr5
mutation, to better understand the role of CCR5 in infection of
primary cell types, and to compare CCR5 dependence of dif-
ferent viral strains, we infected blood leukocytes derived from
individuals carrying the Dccr5mutation. Donors were screened
by PCR amplification of genomic CCR5 sequences followed by
restriction digestion, which distinguishes the longer wild-type
allele from the smaller deleted sequence (32). Since these
individuals were identified by systematic screening and were
not targeted because of suspected or demonstrated resistance
to HIV infection, they represent an unselected group of indi-
viduals carrying the Dccr5 allele. Genotypically normal individ-
uals from the same population served as controls. PBL from
donors possessing differing complements of CCR5 alleles were
infected with several well-characterized prototype HIV-1

FIG. 1. Expression of wild-type and mutant CCR5. QT6 quail cells were transfected with expression plasmids for the wild-type CCR5 (A and D) or the Dccr5mutant
(B and E) or with control plasmid (C and F) and were stained by indirect immunofluorescence as described in Materials and Methods. Cells were either permeabilized
prior to addition of primary antibody to detect both intracellular and extracellular expression (A to C) or were left intact until after primary antibody staining so that
only extracellular expression would be detected (D to F). Ethidium bromide (red) was added to the primary antibody and DAPI (blue) was added to the secondary
antibody so that red nuclear staining in prefixed cultures (A to C) would show that these cells were permeable to the primary antibody, while the absence of red staining
in postfixed cells (D to F) would confirm that only extracellular expression would be detected. Wild-type CCR5 was detected in both permeabilized (A) and intact (D)
cells, indicating surface expression, while Dccr5 was detected only when cells were permeabilized (B) and not in intact cells (E), indicating that the mutant protein was
not expressed on the cell surface.
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strains. Three isolates were used that have biological and ge-
netic features typical of M-tropic strains (JR-FL, BAL, and
SF162), including tropism for primary macrophages and lym-
phocytes but not transformed cells, lack of syncytium forma-
tion in infected lymphoid cells, and relatively low net charge of
the env V3 loop region. All three strains have been shown to
utilize CCR5 but not CXCR-4 as cofactors for entry and in-
fection in heterologous systems (2, 5, 13–15). We also tested
the prototype T-tropic strain 3B, which infects both primary
CD4 T cells and transformed CD41 lines but not macro-
phages, induces syncytia in infected cells, displays a highly
charged V3 loop sequence, and uses CXCR-4 but not CCR5
for entry (14, 16). Finally, we tested a dual-tropic strain, 89.6,
that has characteristics of both M-tropic and T-tropic viruses.
Like M-tropic strains, it productively infects primary macro-
phages, but like T-tropic strains it is highly syncytium inducing
in lymphocytes, has a relatively high charge V3 loop sequence,
and replicates in some transformed cell lines (7). 89.6 can
utilize both CXCR-4 and CCR5, as well as the related CCR2b
and CCR3 molecules (14).
As shown in Fig. 2, each of the three prototype M-tropic

strains failed to replicate in Dccr5 homozygous cells (donor B),
while PBL from both heterozygous and normal individuals
were readily infected. Thus, not only is CCR5 sufficient to

support entry by M-tropic isolates when expressed in nonper-
missive cells, but these results indicate that it is also necessary
for infection of primary lymphocytes. In these experiments, we
could not discern a relationship between the heterozygous
genotype and either slower kinetics or peak titers lower than
those with wild type. However, these experiments were de-
signed to identify major blocks to infection, and it is likely that
differences in relative permissiveness will be best studied with
lower inocula and require the analysis of more individuals for
statistical comparison. In contrast to the M-tropic strains, the
prototype T-tropic isolate 3B readily infected PBL from all
donors. The dual-tropic strain 89.6 also infected Dccr5 ho-
mozygous cells, consistent with the finding that it can utilize
CXCR-4 for entry in transfected cells.
We then determined whether the infection block in homozy-

gous Dccr5 PBL was prior to proviral DNA formation by PCR
analysis of cells 3 days after infection (Fig. 3). Reverse tran-
scription products were readily detected in normal PBL after
infection with all virus strains, although modest differences in
the signal intensities were seen between isolates. In contrast,
no PCR signal was seen in Dccr5 homozygous cells after infec-
tion with M-tropic strains BAL, JR-FL, and SF162, while 89.6,
3B, and the HXB clone of 3B each resulted in proviral DNA
formation. Thus, the M-tropic strains were blocked in PBL that

FIG. 2. Replication of prototype HIV-1 strains in primary lymphocytes. PBL were isolated from peripheral blood, depleted of macrophages by serial adherence,
and stimulated with PHA followed by IL-2. Cells (4 3 105 per virus) were then infected with M-tropic strains BAL, JR-FL, and SF162; dual-tropic strain 89.6; and
T-tropic strain 3B with 25 ng of p24 antigen of each virus. After overnight incubation, they were washed and maintained as described. Supernatant antigen was sampled
periodically for p24 antigen production. Donor genotypes are indicated as follows: w/w, homozygous for the wild-type allele; D/D, homozygous for the Dccr5 mutant
allele; and w/D, heterozygous. Infections were done in duplicate with similar results.
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lack functional CCR5 at an early step of infection, consistent
with failure to enter these cells.
Resistance of Dccr5 PBL is not due to CD8 cells or to

differences in CD4 expression or viability. CD8 cells can play
an important role in limiting HIV replication in mixed PBL
cultures and may even underlie the resistance of some individ-
uals to infection in vivo (26, 29). To determine whether the
resistance of cells from the Dccr5 homozygous donor B might
be due to CD8-mediated virus suppression, we tested whether
removal of CD8 cells from PBL cultures would render them
susceptible to infection by M-tropic variants. However, the
marked restriction of M-tropic variants in Dccr5 homozygous
cells was not relieved by CD8 depletion indicating that this is
an intrinsic property of the CD4 lymphocytes, although in most
donors virus replication was slightly more rapid in CD8-de-
pleted lymphocytes than in mixed PBL cultures (data not
shown). We also examined the possibility that differences in
cellular CD4 expression might be involved, although this
seemed an unlikely cause for such a marked strain-specific
block. No differences in CD4 expression among homozygous,
heterozygous, and normal donors as measured by flow cytom-
etry were seen (data not shown). Similarly, neither cell viability
by trypan blue dye exclusion nor [3H]thymidine incorporation
as a measure of cell proliferation differed appreciably either
(data not shown).
PBL lacking functional CCR5 do not support infection by

primary M-tropic isolates including one that can use CCR3.
Because strains present in vivo may differ from prototype vi-
ruses, we determined whether the resistance observed with
prototype M-tropic viruses would extend to fresh isolates ob-
tained from patients. Conversely, it is also important to deter-
mine whether T-tropic strains that emerge in patients can
replicate in the absence of functional CCR5 as do laboratory-
passaged or prototype T-tropic/SI strains. Therefore, we tested
four low-passage primary HIV isolates obtained in our labo-
ratory, selected from a panel of primary isolates because of
reciprocal phenotypes. BL-2 and BR-2 are M-tropic/NSI pri-
mary isolates that infect primary lymphocytes and macro-
phages in vitro but fail to replicate in MT-2 or CEMX174 cell
lines, while BL-3 and SPL-3 replicate in MT-2 and CEMX174
cells in addition to lymphocytes but poorly or not at all in
macrophages (data not shown). In these experiments, cells
from an additional donor homozygous for the Dccr5 mutation
were studied. As shown in Fig. 4, the T-tropic strains BL-3 and
SPL-3 infected lymphocytes from all four donors, while the
M-tropic primary isolates BL-2 and BR-2 replicated in cells
from normal but not Dccr5 homozygous donors. This indicates
that the pattern identified with prototype M- and T-tropic
viruses extends to variants derived from patients as well.
To further examine HIV variants present in vivo, we also

tested strain YU-2, which is biologically similar to other M-
tropic/NSI strains and was cloned directly from tissue (and was
therefore not subject to selective pressures in vitro during
isolation) (23). Interestingly, YU-2 is one of a subset of M-
tropic isolates that can use the related molecule CCR3 in
addition to CCR5 (5). In Dccr5-homozygous PBL, however,
YU-2 also failed to replicate (Fig. 4), indicating that it too
required CCR5 and that CCR3 did not substitute as a cofactor
for entry into primary lymphocytes.
Of note, in some experiments low titers of viral antigen (i.e.,

;0.2 ng/ml) were seen after infection of Dccr5 homozygous
cells by some M-tropic isolates, including both primary and
prototype strains (Fig. 4 and data not shown). Although this
finding was inconsistent and may reflect residual inoculum, a
very limited, highly restricted infection cannot be completely
ruled out (29).
Primary macrophages lacking CCR5 fail to support proto-

type M-tropic HIV-1. The importance of M-tropic variants in
person-to-person spread suggests that infection of macro-
phages or related cells may be a critical step in virus transmis-
sion. In addition, macrophages and related cells play an im-
portant role in the development of neurologic and pulmonary
complications of infection. To determine whether CCR5 is the
main HIV-1 entry cofactor on macrophages as it is for M-
tropic strains on lymphocytes, we tested whether primary mac-
rophages lacking functional CCR5 were also resistant to infec-
tion. Monocytes were isolated from PBMC, allowed to
differentiate into macrophages, and infected with the proto-
type M-tropic strain SF162. As shown in Fig. 5, sustained levels
of p24 antigen were produced by macrophages from five of six
donors. In four of these (two normal and two heterozygous)
the infection was highly productive (peak levels of $50-ng/ml
p24), while cells from one heterozygous individual produced
only modest antigen levels. In contrast, macrophages from the
homozygous Dccr5 donor B were essentially resistant to SF162.
Large multinucleated giant cells that were characteristic of
productively infected macrophages (8) were also prominent in
cultures from donors A, C, D, and E but absent in those from
B and F (data not shown). Thus, CCR5 is the principal core-
ceptor for infection of macrophages as well as lymphocytes.
Infection of Dccr5 macrophages by strains that utilize mul-

tiple cofactors. To determine whether CCR5 was needed for
macrophage infection by a broader range of isolates, we then
tested several additional strains including JR-FL, YU-2, and
89.6 (Fig. 6). We focused on these viruses because CCR5 is the
only cofactor so far identified for JR-FL, while YU-2 can use
both CCR5 and CCR3, and 89.6 can use CCR5, CCR3, and
CCR2b as well as CXCR-4 (5, 14). As expected, JR-FL failed
to replicate in macrophages lacking CCR5. Similarly, YU-2
was also unable to replicate in these cells, indicating that
CCR3 does not serve as a cofactor for entry into primary
macrophages. Interestingly, however, 89.6 was able to infect
macrophages in the absence of functional CCR5. Because T-
tropic, CXCR-4-dependent strains are by definition unable to
enter and infect macrophages it is unlikely that CXCR-4 is the
mechanism used by 89.6 for entry, which suggests that either
CCR2b or some other related molecule is serving this function.

DISCUSSION

The viral determinants of HIV-1 target cell tropism mainly
map to env, in agreement with the observation that tropism is
determined largely by viral entry (19, 20, 27, 36, 41). Recently,
the chemokine receptors CCR5 and CXCR-4 have been iden-
tified as cofactors that, in conjunction with CD4, allow fusion
and entry of M-tropic and T-tropic strains, respectively, into

FIG. 3. PCR analysis of proviral DNA formation by prototype HIV-1 strains
in primary lymphocytes. PBL from homozygous Dccr5 and normal individuals
were stimulated with PHA and IL-2 and infected with DNase-treated virus stock
with 25 ng of p24 antigen of each virus. Three days later, they were lysed and
subjected to PCR amplification to detect proviral DNA. Plasmid DNA served as
a positive control (P).

VOL. 71, 1997 HIV INFECTION OF CELLS LACKING CCR5 3223



otherwise nonpermissive heterologous cells (2, 5, 13–16).
CCR5 binds MIP-1a, MIP-1b, and RANTES (31), the three
chemokines identified as responsible for CD8 cell inhibition of
infection by M-tropic but not T-tropic variants (6, 29). Simi-
larly, stromal cell-derived factor 1 (SDF-1) is the recently iden-
tified ligand for CXCR-4, and it inhibits infection by T-tropic
strains (3, 28). Some isolates can use other CC chemokine
receptors such as CCR3 and CCR2b as well (5, 14). The se-
lective use of cofactor molecules for HIV-1 entry provides a
basis for the cellular determinants of target tropism. Sorting
out how CCR5, CXCR-4, and other cofactors are used by HIV
in vivo is important for understanding many aspects of patho-
genesis, including viral transmission, phenotypic evolution,
brain and lung infections, and the natural regulation of virus by
chemokines, and will also form the basis for the development
of therapeutic strategies designed to target viral entry.
The Dccr5 mutation confers protection against HIV-1 infec-

tion in vivo (12, 24, 32). Using an antiserum to native CCR5,
we found that Dccr5 expression results in protein that can be
detected only intracellularly, in contrast to wild-type CCR5,
which is expressed on the cell surface. While we utilized an
avian expression system and it is possible that the processing or
targeting of specific proteins may differ between avian and
mammalian cells, our results are consistent with those reported

previously with an epitope-tagged Dccr5 that was detected with
a monoclonal antibody directed against the tag, in which pro-
tein could not be detected at the surface of transfected mam-
malian cells (24). The 32-bp deletion in Dccr5 predicts a mol-
ecule that is prematurely terminated within the third
extracellular domain with the loss of regions critical for G-
protein-coupled signal transduction (32, 38). While the N-
terminal and second extracellular domains of CCR5 largely
determine the specificity of cofactor use (30) and are retained
in the truncated molecule, all of the regions required for HIV
cofactor function are not yet known. However, the failure of
Dccr5 protein to reach the cell surface obviously results in a
protein without HIV cofactor activity.
CCR5 can serve as a coreceptor for entry of M-tropic iso-

lates when introduced along with CD4 into otherwise nonper-
missive cells, but the broad nature of cofactor usage by some
HIV-1 strains suggests that there may also be other not yet
identified related molecules that serve to support virus entry
(5, 14). In addition, while the chemokine ligands to CCR5
block fusion and infection by M-tropic variants, considerable
overlap exists among b-chemokines in their receptor-binding
specificity (33), and primary lymphocytes and macrophages are
substantially less sensitive to the protective effects of the MIP-
1a, MIP-1b, and RANTES than are transfected cells or PM-1

FIG. 4. Replication of primary HIV-1 isolates in lymphocytes. PBL were isolated and maintained as described in the legend to Fig. 2. Cells were then infected as
described with two T-tropic/SI primary isolates (BR-3 and SPL-3) and three M-tropic/NSI primary isolates (BL-2, BR-2, and YU-2) by using 25 ng of p24 antigen of
each virus and were sampled periodically. Infections were done in duplicate with similar results, and donor genotypes are as indicated in Fig. 2.
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cells (6, 15, 34), raising the possibility that CCR5 may be one
of several molecules that support HIV entry in its natural
target cells. Dccr5 cells provide a naturally occurring knockout
model to address these questions. The finding that CCR5 is
required for efficient HIV-1 infection of primary macrophages
and lymphocytes by most prototype as well as patient-derived
M-tropic strains is important, because it shows that CCR5 is
not only sufficient to serve as an entry cofactor but is necessary
and that it is the principal coreceptor for entry in the two major
target cells infected by HIV-1 in vivo. However, it cannot be
ruled out that the extremely low levels of antigen seen after
infection of CCR5-negative cells in some experiments might
reflect very low-efficiency infection by some other pathway.
Several strains, including YU-2 and 89.6, can also enter

target cells via CCR3 (5, 14). We found that YU-2 was unable
to replicate in Dccr5 homozygous lymphocytes or macro-
phages, indicating that CCR3 does not function as a cofactor
for entry in these target cells. This result is not unexpected,
since CCR3 is expressed mainly in eosinophils and not in
monocytes or lymphocytes (9). While their potential role in
pathogenesis is unknown, HIV-1 has been reported to infect
eosinophils (18, 40), and it is conceivable that CCR3 or other
cofactors with limited distributions may play a role in that
regard. Of further interest is CCR2b, which is highly expressed
on monocytes (9, 10) and supports entry by the dual-tropic
isolate 89.6. This strain also uses CCR5, CCR3, and CXCR-4
(14). Not unexpectedly, 89.6 replicated efficiently in lympho-
cytes lacking CCR5, probably on the basis of CXCR-4-medi-
ated entry. However, 89.6 also replicated in macrophages that
lack CCR5. CXCR-4-dependent T-tropic viruses by definition
fail to infect primary macrophages, and envelope proteins de-
rived from these isolates do not fuse with primary macro-
phages (1). It is thus unlikely that CXCR-4 is responsible for
89.6 entry into Dccr5 macrophages, although we cannot rule

out the possibility that cofactors may be utilized differently by
different strains. This suggests that a cofactor other than CCR3
or CXCR-4 is responsible for 89.6 infection in the absence of
functional CCR5. CCR2b is a possible candidate, given its
distribution. However, in preliminary studies we have not been
able to block 89.6 infection of Dccr5 macrophages with mono-
cyte chemoattractant protein 1 (MCP-1) and MCP-3 (data not
shown), which are the chemokine ligands for CCR2b. While it
is conceivable that the ability of chemokines to block infection
mediated by their respective receptors may differ for the var-
ious cofactors, the promiscuous nature of 89.6 cofactor usage
also raises the possibility that there are other cofactor mole-
cules that support entry into primary macrophages as well.
Additional studies are required to determine whether CCR2b
and/or another molecule(s) is responsible for this infection,
and to further define the range of isolates that can enter mac-
rophages in the absence of CCR5.
The two individuals previously reported whose lymphocytes

were resistant in vitro to M-tropic isolates and who were found
to be homozygous for the Dccr5 allele were identified because
they remained uninfected despite repeated exposure to HIV
(24). More recently, macrophages derived from these individ-
uals were also found to resist infection by several M-tropic
isolates (11). In our study, we tested cells from donors who
were identified by random screening of laboratory workers
rather than from a highly selected group known to be resistant
to infection. The fact that these cells, unselected for in vivo
exposure or resistance, could not be productively infected with
several different M-tropic strains provides compelling evidence
that lack of functional CCR5 itself is responsible for resistance
to M-tropic strains at the cellular level. The convergence of
data showing that M-tropic isolates are involved in person-to-

FIG. 6. Replication of different M-tropic isolates in primary macrophages.
Macrophages were isolated from PBMC by selective adherence as described in
Materials and Methods and were allowed to differentiate in vitro. They were then
infected with M-tropic strains JR-FL, SF162, and YU-2 or with dual-tropic
isolate 89.6 by using 25 ng of p24 antigen of each virus. After overnight incuba-
tion, they were washed and refed, and supernatant was sampled periodically for
p24 antigen production. Data shown are representative of duplicate infections
which gave similar results. Donor genotypes are as indicated in the legend to Fig.
2.

FIG. 5. Infection of primary monocyte-derived macrophages. Macrophages
were isolated from PBMC by plastic adherence as described in Materials and
Methods and allowed to differentiate in vitro. They were then infected overnight
with M-tropic strain SF162 (60 ng of p24 antigen), washed, and refed, and
supernatant was sampled periodically. Donor genotypes are as indicated in the
legend to Fig. 2.

VOL. 71, 1997 HIV INFECTION OF CELLS LACKING CCR5 3225



person transmission, that CCR5 can serve as a coreceptor for
infection by M-tropic strains, and that individuals lacking
CCR5 are protected against infection, is strengthened by our
findings that CCR5 is not only sufficient but also necessary for
infection of two major relevant primary target cells by patient-
derived as well as prototype M-tropic isolates. While M-tropic
isolates have a critical role in person-to-person spread, it re-
mains unknown whether this is due to the selective presence of
M-tropic variants in donor secretions, the need to infect mac-
rophages or macrophage-related cells in recipient mucosa for
successful transmission, or some other characteristic of M-
tropic variants such as the NSI phenotype or relative resistance
to neutralization. It will also be very important to define the
role of CCR5 and other cofactors in infection of other primary
cell types such as dendritic cells that are important targets for
infection and pathogenesis in vivo (17, 37).
The reciprocal patterns of CCR5 and CXCR-4 usage by

M-tropic and T-tropic strains, respectively, suggest a simple
model for the cellular determinants of tropism in which CCR5
is expressed by macrophages, CXCR-4 is expressed by trans-
formed cells lines, and both are expressed by lymphocytes.
However, CXCR-4 was initially cloned from a cDNA library
derived from primary human macrophages where it appears to
be expressed (25), and SDF-1, the recently identified ligand for
CXCR-4, induces calcium currents on human monocytes (28).
Thus, if CXCR-4 is indeed expressed by macrophages, it will be
important to determine whether levels of expression, differen-
tial processing, or the presence of other molecules may affect
its ability to function as a cofactor for HIV in macrophages.
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fique Médicale and Télévie. G.B. was supported by NIH training grant
HL-07586.
We thank S. Isaacs and D. Kolson for helpful discussions, P. Bates

for QT6 cells, C. Wood for M-CSF, and donors who provided blood
cells. Several viral strains and cell lines were obtained from the NIH
AIDS Research and Reference Reagent Program.

REFERENCES

1. Alkhatib, G., C. C. Broder, and E. A. Berger. 1996. Cell type-specific fusion
cofactors determine human immunodeficiency virus type 1 tropism for T-cell
lines versus primary macrophages. J. Virol. 70:5487–5494.

2. Alkhatib, G., C. Combadiere, C. C. Broder, Y. Feng, P. E. Kennedy, P. M.
Murphy, and E. A. Berger. 1996. CC-CKR5: a Rantes, MIP-1a, MIP-1b
receptor as a fusion cofactor for macrophage-tropic HIV-1. Science 272:
1955–1958.

3. Bleul, C. C., M. Farzan, H. Choe, C. Parolin, I. Clark-Lewis, J. Sodroski, and
T. A. Springer. 1996. The lymphocyte chemoattractant SDF-1 is a ligand for
LESTR/fusin and blocks HIV-1 entry. Nature 382:829–833.

4. Cheng-Mayer, C., C. Weiss, D. Seto, and J. A. Levy. 1989. Isolates of human
immunodeficiency virus type 1 from the brain may constitute a special group
of the AIDS virus. Proc. Natl. Acad. Sci. USA 86:8575–8579.

5. Choe, H., M. Farzan, Y. Sun, N. Sullivan, R. Rollins, P. D. Ponath, L. Wu,
C. R. Mackay, G. LaRosa, W. Newman, N. Gerard, C. Gerard, and J.
Sodroski. 1996. The b-chemokine receptors CCR3 and CCR5 facilitate
infection by primary HIV-1 isolates. Cell 85:1135–1148.

6. Cocchi, F., A. L. DeVico, A. Garzino-Demo, S. K. Arya, R. C. Gallo, and P.
Lusso. 1995. Identification of RANTES, MIP-1 alpha, and MIP-1 beta as the
major HIV-suppressive factors produced by CD81 T cells. Science 270:1811–
1815.

7. Collman, R., J. W. Balliet, S. A. Gregory, H. Friedman, D. L. Kolson, N.
Nathanson, and A. Srinivasan. 1992. An infectious molecular clone of an
unusual macrophage-tropic and highly cytopathic strain of human immuno-
deficiency virus type 1. J. Virol. 66:7517–7521.

8. Collman, R., N. F. Hassan, R. Walker, B. Godfrey, J. Cutilli, J. C. Hastings,
H. Friedman, S. D. Douglas, and N. Nathanson. 1989. Infection of mono-
cyte-derived macrophages with human immunodeficiency virus type 1 (HIV-
1). Monocyte-tropic and lymphocyte-tropic strains of HIV-1 show distinctive

patterns of replication in a panel of cell types. J. Exp. Med. 170:1149–1163.
9. Combadiere, C., S. K. Ahuja, and P. M. Murphy. 1995. Cloning and func-
tional expression of a human eosinophil CC chemokine receptor. J. Biol.
Chem. 270:16491–16494.

10. Combadiere, C., S. K. Ahuja, J. Van Damme, H. L. Tiffany, J. L. Gao, and
P. M. Murphy. 1995. Monocyte chemoattractant protein-3 is a functional
ligand for CC chemokine receptors 1 and 2B. J. Biol. Chem. 270:29671–
29675.

11. Connor, R. I., W. A. Paxton, K. E. Sheridan, and R. A. Koup. 1996. Macro-
phages and CD41 T lymphocytes from two multiply exposed, uninfected
individuals resist infection with primary non-syncytium-inducing isolates of
human immunodeficiency virus type 1. J. Virol. 70:8758–8764.

12. Dean, M., M. Carrington, C. Winkler, G. A. Huttley, M. W. Smith, R.
Allikmets, J. J. Goedert, S. P. Buchbinder, E. Vittinghoff, E. Gomperts, S.
Donfield, D. Vlahov, R. Kaslow, A. Saah, C. Rinaldo, R. Detels, Hemophilia
Growth and Development Study, Multicenter AIDS Cohort Study, Multi-
center Hemophilia Cohort Study, San Francisco City Cohort, ALIVE Study,
and S. O’Brien. 1996. Genetic restriction of HIV-1 infection and progression
to AIDS by a deletion allele of the CCR5 structural gene. Science 273:1856–
1862.

13. Deng, H., R. Liu, W. Ellmeir, S. Choe, D. Unutmaz, M. Burkhart, P. Di
Marzio, S. Marmon, R. E. Sutton, C. M. Hill, C. B. Davis, S. C. Peiper, T. J.
Schall, D. R. Littman, and N. R. Landau. 1996. Identification of a major
coreceptor for primary isolates of HIV-1. Nature 381:661–666.

14. Doranz, B. J., J. Rucker, Y. Yi, R. J. Smyth, M. Samson, S. C. Peiper, M.
Parmentier, R. G. Collman, and R. W. Doms. 1996. A dual-tropic HIV-1
isolate that uses fusin and the b-chemokine receptors CKR-5, CKR-3 and
CKR-2b as fusion cofactors. Cell 85:1149–1158.

15. Dragic, T., V. Litwin, G. Allaway, S. R. Martin, Y. Huang, K. A. Nagashima,
C. Cayanan, P. J. Maddon, R. A. Koup, J. P. Moore, and W. A. Paxton. 1996.
HIV-1 entry into CD41 cells is mediated by the chemokine receptor CC-
CKR-5. Nature 381:667–673.

16. Feng, Y., C. C. Broder, P. E. Kennedy, and E. A. Berger. 1996. HIV-1 entry
cofactor: functional cDNA cloning of a seven-transmembrane, G protein-
coupled receptor. Science 272:872–876.

17. Frankel, S. S., B. M. Wenig, A. P. Burke, P. Mannan, L. D. R. Thompson,
S. L. Abbondanzo, A. M. Nelson, M. Pope, and R. M. Steinman. 1996.
Replication of HIV-1 in dendritic cell-derived syncytia at the mucosal sur-
face of the adenoid. Science 272:115–117.

18. Freedman, A. R., F. M. Gibson, S. C. Fleming, C. J. Spry, and G. E. Griffin.
1991. Human immunodeficiency virus infection of eosinophils in human
bone marrow cultures. J. Exp. Med. 174:1661–1664.

19. Hwang, S. S., T. J. Boyle, H. K. Lyerly, and B. R. Cullen. 1991. Identification
of the envelope V3 loop as the primary determinant of cell tropism in HIV-1.
Science 253:71–74.

20. Kim, F. M., D. L. Kolson, J. W. Balliet, A. Srinivasan, and R. G. Collman.
1995. V3-independent determinants of macrophage tropism in a primary
human immunodeficiency virus type 1 isolate. J. Virol. 69:1755–1761.

21. Koot, M., I. P. M. Keet, A. H. V. Ros, R. E. Y. de Goede, M. T. L. Roos, R. A.
Coutinho, F. Miedema, P. T. A. Schellekens, and M. Tersmette. 1993. Prog-
nostic value of HIV-1 syncytium-inducing phenotype for rate of CD41 cell
depletion and progression to AIDS. Ann. Int. Med. 118:681–688.

22. Kuiken, C. L., J.-J. De Jong, E. Baan, W. Keulen, M. Tersmette, and J.
Goudsmit. 1992. Evolution of the V3 envelope domain in proviral sequences
and isolates of human immunodeficiency virus type 1 during transition of the
viral biological phenotype. J. Virol. 66:4622–4627.

23. Li, Y., J. C. Kappes, J. A. Conway, R. W. Price, G. M. Shaw, and B. H. Hahn.
1991. Molecular characterization of human immunodeficiency virus type 1
cloned directly from uncultured human brain tissue: identification of repli-
cation-competent and -defective viral genomes. J. Virol. 65:3973–3985.

24. Liu, R., W. A. Paxton, S. Choe, D. Ceradini, S. R. Martin, R. Horuk, M. E.
MacDonald, H. Stuhlmann, R. A. Koup, and N. R. Landau. 1996. Homozy-
gous defect in HIV-1 coreceptor accounts for resistance of some multiply-
exposed individuals to HIV-1 infection. Cell 86:367–377.

25. Loetscher, M., T. Geiser, T. O’Reilly, R. Zwahlen, M. Baggiolini, and B.
Moser. 1994. Cloning of a human seven-transmembrane domain receptor,
LESTR, that is highly expressed in leukocytes. J. Biol. Chem. 269:232–237.

26. Mackewicz, C. E., D. J. Blackbourn, and J. A. Levy. 1995. CD81 T cells
suppress HIV replication by inhibiting viral transcription. Proc. Natl. Acad.
Sci. USA 92:2308–2312.

27. O’Brien, W. A., Y. Koyanagi, A. Namazie, J.-Q. Zhao, A. Diagne, K. Idler,
J. A. Zack, and I. S. Y. Chen. 1990. HIV-1 tropism for mononuclear phago-
cytes can be determined by regions of gp120 outside the CD4-binding do-
main. Nature 348:69–73.

28. Oberlin, E., A. Amara, F. Bachelerie, C. Bessia, J. L. Virelizier, F. Arenzana-
Seisdedos, O. Schwartz, J. M. Heard, I. Clark-Lewis, D. F. Legler, M.
Loetscher, M. Baggiolini, and B. Moser. 1996. The CXC chemokine SDF-1
is the ligand for LESTR/fusin and prevents infection by T-cell-line-adapted
HIV-1. Nature 382:833–835.

29. Paxton, W. A., S. R. Martin, D. Tse, T. R. O’Brien, J. Skurnick, N. L.
VanDevanter, J. F. Braun, D. P. Kotler, S. M. Wolinsky, and R. A. Koup.
1996. Relative resistance to HIV-1 infection of CD4 lymphocytes from per-

3226 RANA ET AL. J. VIROL.



sons who remain uninfected despite multiple high-risk sexual exposure. Na-
ture Med. 2:412–417.

30. Rucker, J., M. Samson, B. J. Doranz, F. Libert, J. F. Berson, Y. Yi, R. G.
Collman, C. C. Broder, G. Vassart, R. W. Doms, and M. Parmentier. 1996.
Regions in the b-chemokine receptors CCR5 and CCR2b that determine
HIV-1 cofactor specificity. Cell 87:437–446.

31. Samson, M., O. Labbe, C. Mollereau, G. Vassart, and M. Parmentier. 1996.
Molecular cloning and functional expression of a new human CC-chemokine
receptor gene. Biochemistry 35:3362–3367.

32. Samson, M., F. Libert, B. J. Doranz, J. Rucker, C. Liesnard, C. M. Farber,
S. Saragosti, C. Lapoumeroulie, J. Cogniaux, C. Forceille, G. Muyldermans,
C. Verhofstede, G. Bortonboy, M. Georges, T. Imai, S. Rana, Y. Yi, R. J.
Smyth, R. G. Collman, R. W. Doms, G. Vassart, and M. Parmentier. 1996.
Resistance to HIV-1 infection of Caucasian individuals bearing mutant al-
leles of the CCR5 chemokine receptor gene. Nature 382:722–725.

33. Schall, T. J., and K. B. Bacon. 1994. Chemokines, leukocyte trafficking, and
inflammation. Curr. Opin. Immunol. 6:865–873.

34. Schmidtmayerova, H., B. Sherry, and M. Bukrinsky. 1996. Chemokines and
HIV replication. Nature 382:767.

35. Schuitemaker, H., N. A. Kootstra, R. E. Y. de Goede, F. de Wolf, F. Miedema,
and M. Tersmette. 1991. Monocytotropic human immunodeficiency virus
type 1 (HIV-1) variants detectable in all stages of HIV-1 infection lack T-cell
line tropism and syncytium-inducing ability in primary T-cell culture. J. Vi-
rol. 65:356–363.

36. Shioda, T., J. A. Levy, and C. Cheng-Mayer. 1991. Macrophage and T
cell-line tropisms of HIV-1 are determined by specific regions of the enve-
lope gp120 gene. Nature 349:167–169.

37. Spira, A. I., P. A. Marx, B. K. Patterson, J. Mahoney, R. A. Koup, S. M.
Wolinsky, and D. D. Ho. 1996. Cellular targets of infection and route of viral
dissemination after an intravaginal inoculation of simian immunodeficiency
virus into rhesus macaques. J. Exp. Med. 183:215–225.

38. Strader, C. D., T. M. Fong, M. R. Tota, D. Underwood, and R. A. Dixon.
1994. Structure and function of G protein-coupled receptors. Annu. Rev.
Biochem. 63:101–132.

39. Tersmette, M., R. A. Gruters, F. de Wolf, R. E. Y. de Goede, J. M. A. Lange,
P. T. A. Schellekens, J. Goudsmit, H. G. Huisman, and F. Miedema. 1989.
Evidence for a role of virulent human immunodeficiency virus (HIV) vari-
ants in the pathogenesis of acquired immunodeficiency syndrome: studies on
sequential HIV isolates. J. Virol. 63:2118–2125.

40. Weller, P. F., W. L. Marshall, D. R. Lucey, T. H. Rand, A. M. Dvorak, and
R. W. Finberg. 1995. Infection, apoptosis, and killing of mature human
eosinophils by human immunodeficiency virus-1. Am. J. Respir. Cell Mol.
Biol. 13:610–620.

41. Westervelt, P., D. B. Trowbridge, L. G. Epstein, B. M. Blumberg, Y. Li, B. H.
Hahn, G. M. Shaw, R. W. Price, and L. Ratner. 1992. Macrophage tropism
determinants of human immunodeficiency virus type 1 in vivo. J. Virol.
66:2577–2582.

42. Zhang, L. Q., P. MacKenzie, A. Cleland, E. C. Holmes, A. J. L. Brown, and
P. Simmonds. 1993. Selection for specific sequences in the external envelope
protein of human immunodeficiency virus type 1 upon primary infection.
J. Virol. 67:3345–3356.

43. Zhu, T., H. Mo, N. Wang, D. S. Nam, Y. Cao, R. A. Koup, and D. D. Ho. 1993.
Genotypic and phenotypic characterization of HIV-1 in patients with pri-
mary infection. Science 261:1179–1181.

VOL. 71, 1997 HIV INFECTION OF CELLS LACKING CCR5 3227


