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We characterized human immunodeficiency virus type 1 (HIV-1) envelope glycoproteins (Env) isolated from
two HIV-1-infected CCR5�32 homozygotes. Envs from both subjects used CCR5 and CXCR4 for entry into
transfected cells. Most R5X4 Envs were lymphocyte-tropic and used CXCR4 exclusively for entry into periph-
eral blood mononuclear cells (PBMC), but a subset was dually lymphocyte- and macrophage-tropic and used
either CCR5 or CXCR4 for entry into PBMC and monocyte-derived macrophages. The persistence of CCR5-
using HIV-1 in two CCR5�32 homozygotes suggests the conserved CCR5 binding domain of Env is highly
stable and provides new mechanistic insights important for HIV-1 transmission and persistence.

Approximately 1% of Caucasians are homozygous for a non-
functional CCR5 allele containing a 32-bp deletion (CCR5�32)
(26). The most compelling argument that supports a central
role for CCR5 in the transmission of human immunodeficiency
virus type 1 (HIV-1) stems from the observation that the ho-
mozygous CCR5�32 genotype confers a high degree of pro-
tection against HIV-1 infection (6, 15, 22, 25, 27, 39, 54).
However, rare cases of HIV-1 infection in CCR5�32 homo-
zygotes have been reported (2, 3, 21, 23, 28, 33, 41, 44). In all
but one of the nine reported cases, exclusive use of CXCR4 by
virus isolates or the presence of env sequences typical of
CXCR4-using (X4) viruses was observed. We recently re-
ported dual-tropic (R5X4) HIV-1 in an individual homozygous
for the CCR5�32 allele (subject C2) (21). Despite the lack of
functional CCR5 receptors, HIV-1 isolated 1 year after sero-
conversion maintained the ability to use CCR5 to enter trans-
fected cell lines and to replicate in primary monocyte-derived
macrophages (MDM). In the present study, we undertook a
genetic and functional analysis of R5X4 envelope glycopro-
teins (Env) cloned from HIV-1 isolated from subject C2 and of
R5X4 Envs cloned directly from the blood of a newly identified
CCR5�32 homozygote infected with HIV-1 (subject DR).

Subjects. The clinical history of subject C2 and the results of
laboratory studies, including genotypes at CCR2, SDF1, inter-
leukin-10, CCR5, and HLA alleles, have been described pre-
viously (21). Subject DR is a homosexual male with a history of
injecting drug use and first tested seropositive for HIV-1 in

September 1991. He has congenital deafness caused by intra-
uterine rubella virus infection and has tested positive for hep-
atitis C virus RNA and hepatitis B virus core antibody. Genetic
analysis demonstrated carriage of CCR2 64I (wild type), SDF1
3�A (wild type), and CCR5 (�32/�32) alleles. Extended HLA
haplotype analysis demonstrated carriage of HLA A*24, B*0702,
B*5501, C*0304, C*0703, DRB1*04, DRB1*13, DQB1*03,
and DQB1*0604 alleles. After informed consent was obtained
in accordance with guidelines endorsed by the Royal Perth
Hospital human ethics committee, HIV-1 Envs were cloned
directly from blood taken in August 2003, approximately 12
years after subject DR first tested seropositive for HIV-1.

Biological activities of HIV-1 Env clones. A 2.1-kb fragment
spanning the KpnI-to-BamHI restriction sites in HIV-1 env
was amplified directly from peripheral blood mononuclear
cells (PBMC) purified from the blood of subject DR or from
cultured PBMC infected with primary HIV-1 isolated from
subject C2 (21) and cloned into the pSVIII-HXB2 Env expres-
sion vector (17), as described previously (34). The biological
activities of Envs predicted to contain uninterrupted gp160
coding regions were determined by analysis of gp160/gp120
expression in 293T cells transfected with each plasmid. Env
clones expressing distinct gp160 and gp120 proteins were de-
tected in four clones from both subjects (Fig. 1A). Envs de-
rived from subject DR had slower mobility by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) than
Envs derived from subject C2 and control Envs (Fig. 1A).
Treatment of cell lysates with PNGase-F prior to SDS-PAGE
and Western blotting resulted in mobilities of DR Env proteins
that were similar to the mobilities of Envs derived from C2 and
control Envs (data not shown), suggesting that DR Envs are
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more glycosylated than C2 and control Envs. The correctly
processed DR and C2 Envs were functional in cell-cell fusion
assays (Fig. 1B) and single-round infection assays (Fig. 1C)
using target cells that express CD4, CCR5, and CXCR4. Thus,

four correctly processed and functional Env clones were ob-
tained from each subject.

Coreceptor usage. Luciferase reporter viruses pseudotyped
with each Env were produced using pCMV�P1�envpA and

FIG. 1. Expression and functional activities of Env clones. (A) Western blot analysis of 293T cells cotransfected with 5 �g of pSVIIIenv plasmid
and 1 �g of pSVTat using Lipofectamine 2000 (Invitrogen, Carlsbad, CA), following electrophoresis in 8.5% (wt/vol) SDS-PAGE gels. Western
blot analysis of cell lysates was performed at 72 h posttransfection using rabbit anti-gp120 polyclonal antisera. pSVIIIenv plasmids containing ADA,
HXB2, or 89.6 Env were included as controls. The data are representative of two independent experiments. (B) Fusion assays were conducted by
coculturing 1 � 106 TZM-bl cells that express CD4, CCR5, and CXCR4 on the cell surface and stably express the luciferase gene under the control
of the HIV-1 long terminal repeat (9, 37, 45) with 1 � 105 293T cells cotransfected with each pSVIIIenv plasmid plus pSVTat for 8 h at 37°C in
500 �l of culture medium, followed by measurement of luciferase activity (Promega, Madison, WI) in cell lysates, as described previously (20, 34).
HXB2, ADA, and 89.6 Envs were included as positive controls, and a nonfunctional Env, �KS (deltaKS), was included as a negative control to
determine the background level of luciferase activity. The data are representative of two independent experiments and are expressed as means from
duplicate experiments, and the error bars represent standard deviations. (C) Single-round entry assays were conducted by infection of Cf2th-
CD4/CCR5/CXCR4 cells, which were constructed by transduction of the Cf2th-CD4/CCR5 cell line (47) with pBABE-puro vectors expressing
CXCR4 (8, 31), followed by selection and expansion in culture medium containing 1 �g of puromycin per ml, with equivalent amounts of
Env-pseudotyped luciferase reporter virus that was produced using pCMV�P1�envpA and pHIV-1Luc plasmids as described previously (46–48).
Luciferase activity was measured in cell lysates at 72 h postinfection (Promega). Luciferase reporter viruses pseudotyped with HXB2, ADA, or 89.6
Env were included as positive controls, and luciferase reporter virus pseudotyped with �KS Env was included as a negative control to determine
the background level of luciferase activity. The data are representative of two independent experiments and are expressed as means from duplicate
infections, and the error bars represent standard deviations.
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pHIV-1Luc plasmids as described previously (46–48) and char-
acterized for the ability to use CCR5, CXCR4, or alternative
coreceptors for virus entry into transfected Cf2th cells (Table 1).
Reporter viruses pseudotyped with ADA, HXB2, or 89.6 Envs
were included as controls and entered cells expressing CCR5,
CXCR4, or both CCR5 and CXCR4, respectively, as well as
cells expressing various alternative coreceptors in a pattern
consistent with the results of previous studies (4, 5, 7, 8, 11–14,
16, 19, 24, 38). C2 and DR Envs used CCR5 and CXCR4 for
virus entry. In addition, C2 Envs used CCR3, Gpr15, and
Strl33 as alternative coreceptors for virus entry, consistent with
the repertoire of coreceptors used by the primary HIV-1 iso-
late (21). These results demonstrate that C2 and DR Envs are
of R5X4 phenotype, with expanded usage of alternative core-
ceptors by C2 Envs.

Our results differ from those of previous studies that dem-
onstrated X4-like V3 Env sequence changes and/or CXCR4-
restricted virus isolated from other CCR5�32 homozygotes
infected with HIV-1 (2, 3, 23, 28, 33, 41, 44). In addition, unlike
previous studies, C2 Envs could use the alternative coreceptors
CCR3, Gpr15, and Strl33 for virus entry (28, 32, 41). The
reasons for the discrepant results between our studies and
those of other investigators remain to be determined, but they
may reflect technical differences between assays used to assess
coreceptor usage that could measure such usage differently
(28, 32, 33, 41). For example, differences in cell surface CCR5
expression levels and CCR5 densities that may exist between
stably transfected target cells used in other studies (28, 32, 41)
and transiently transfected cells used here could impact core-
ceptor engagement by HIV-1 Env (37). Furthermore, the re-
liance on V3 Env sequence and MT-2 cell infection assays in
previous studies (2, 3, 23, 44), which do not readily discrimi-
nate between X4 and R5X4 HIV-1 variants, could have un-
derestimated the prevalence of R5X4 HIV-1 variants and

those able to use alternative coreceptors in HIV-1-infected
CCR5�32 homozygotes.

Tropism of Envs for entry into primary cells. An R5X4
phenotype does not necessarily reflect dual tropism for primary
cell types (36). Therefore, luciferase reporter viruses pseudotyped
with each Env were characterized for the ability to enter CD8-
depleted PBMC and MDM (Fig. 2A). Consistent with previous
studies, ADA and 89.6 Envs entered PBMC and MDM,
whereas HXB2 Env entered PBMC but not MDM (18, 19, 34,
42, 43, 49–51). All C2 and DR Envs entered PBMC, but only
C2-16 and DR-17 Envs entered MDM. These studies demon-
strate that the majority of the R5X4 Envs are monotropic for
T lymphocytes, and a subset are dual-tropic for both T lym-
phocytes and macrophages. Based on the most up-to-date
HIV-1 phenotype classification system, which takes into ac-
count coreceptor usage for entry into transfected cells, as well
as tropism for primary cell types (18), DR-1, DR-8, DR-19,
C2-3, C2-22, and C2-24 Envs can be classified as T-R5X4 Envs
and C2-16 and DR-17 Envs as D-R5X4 Envs.

Coreceptor preferences of Envs for entry into primary cells.
The coreceptor preferences of Envs for entry into CD8-de-
pleted PBMC and MDM were next determined by measuring
the sensitivities of Env-pseudotyped luciferase reporter viruses
to an inhibitor of CCR5 (TAK-779) or CXCR4 (AMD3100).

In CD8-depleted PBMC (Fig. 2B), TAK-779 reduced entry
by ADA, 89.6, DR-17, and C2-16 Envs by 99%, 30%, 78%, and
66%, respectively, but had no effect on entry by HXB2, DR-1,
DR-8, DR-19, C2-3, C2-22, and C2-24 Envs. AMD3100 re-
duced entry by 89.6, HXB2, DR-1, DR-8, DR-19, C2-3, C2-22,
and C2-24 Envs by 95 to 99% and reduced entry by DR-17 and
C2-16 Envs by 45% and 40%, respectively, but had no effect on
entry by ADA Env. Combinations of TAK-779 and AMD3100
completely inhibited entry by control, DR, and C2 Envs.

TABLE 1. Coreceptor usage by primary and reference HIV-1 Envs

Env
Coreceptor usagea

CD4 only CCR2b CCR3 CCR5 CCR8 CXCR4 CX3CR1 Gpr1 Gpr15 Strl33 Apj

Control
�KS � � � � � � � � � � �
HXB2 � � � � � ��� � � � � �
ADA � � �� ��� � � �/� �/� � � �
89.6 � � �� ��� � ��� � � � � �

C2
C2-3 � � � ��� � ��� � � � �/� �
C2-16 � � � ��� � ��� � � � �/� �
C2-22 � � � ��� � ��� � � � �/� �
C2-24 � � � ��� � ��� � � � �/� �

DR
DR-1 � � � ��� � ��� � � � � �
DR-8 � � � ��� � ��� � � � � �
DR-17 � � � ��� � ��� � � � � �
DR-19 � � � ��� � ��� � � � � �

a Coreceptor usage of HIV-1 Envs was determined by infecting Cf2th cells (5) that were transfected with plasmids expressing CD4 and the indicated coreceptor with
Env-pseudotyped luciferase reporter viruses, as described previously (34). Reporter viruses pseudotyped with the X4 HXB2, R5 ADA, and R5X4 89.6 Envs were used
as positive controls, and reporter virus pseudotyped with the nonfunctional �KS Env was used as a negative control. Entry was determined by measurement of luciferase
activities in cell lysates at 72 h postinfection. Entry levels were scored as ���, ��, �/��, �, and �/�, which correspond to luciferase activity �7,500-fold, 100- to
500-fold, 50- to 100-fold, 20- to 50-fold, and 10- to 20-fold above background levels, respectively, as described previously (34). Results less than 10-fold above the
background level obtained with �KS Env were considered negative.
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In MDM (Fig. 2C), TAK-779 inhibited entry by ADA, 89.6,
DR-17, and C2-16 Envs by 95%, 42%, 82%, and 50%, respec-
tively. AMD3100 reduced entry by 89.6, DR-17, and C2-16 Envs
by 72%, 26%, and 65%, respectively, but had no effect on entry by
ADA Env. Combinations of TAK-779 and AMD3100 inhibited
entry by control, DR-17, and C2-16 Envs by at least 95%.

These data indicate that DR-1, DR-8, DR-19, C2-3, C2-22,
and C2-24 Envs, which are monotropic for T lymphocytes (Fig.
2A), use CXCR4 exclusively for entry into PBMC. These re-
sults are consistent with the results of recent studies that dem-
onstrated preferential use of CXCR4 by R5X4 HIV-1 isolates
for infection of primary T lymphocytes (51). The data also

indicate that DR-17 and C2-16 Envs, which are dual-tropic for
T lymphocytes and macrophages (Fig. 2A), can use CCR5 or
CXCR4 for entry into PBMC and MDM. Although C2 Envs
utilized CCR3, Gpr15, and Strl33 for entry into transfected
cells (Table 1), entry of virus pseudotyped with these Envs was
abolished by combinations of TAK-779 and AMD3100, indi-
cating that C2 Envs do not utilize coreceptors other than
CCR5 and CXCR4 for entry into PBMC or MDM. This sup-
ports the results of previous studies showing that infection of
primary cells by HIV-1 with expanded coreceptor usage occurs,
with few exceptions, exclusively via CCR5 or CXCR4 (30, 52,
53). Taken together, our findings demonstrate the persistence

FIG. 2. Tropism of Envs and coreceptor preference for HIV-1 entry into primary cells. (A) Single-round entry assays were conducted by
infection of 0.5 � 106 phytohemagglutinin-activated, interleukin 2-stimulated PBMC that were depleted of CD8� cells with anti-CD8-conjugated
magnetic beads (Invitrogen) or infection of confluent monolayers of MDM cultured for 5 days in 48-well tissue culture plates in medium containing
10% (vol/vol) human serum and 12.5 ng/ml macrophage colony-stimulating factor that were purified from PBMC by plastic adherence with
equivalent amounts of Env-pseudotyped luciferase reporter virus for 3 h at 37°C. After washing the cells to remove the virus inoculum and
replacement of culture medium, luciferase activity was measured in cell lysates at 72 h postinfection (Promega). Luciferase reporter viruses
pseudotyped with HXB2, ADA, 89.6, or �KS Env were included as controls. The data are representative of two independent experiments using
cells obtained from different donors and are expressed as means from duplicate infections, and the error bars represent standard deviations.
CD8-depleted PBMC (B) or MDM (C) that were prepared as described above were left untreated or preincubated with 50 nM TAK-779 (1) and/or
1.2 �M AMD3100 (10, 40) for 1 h at 37°C prior to infection with equivalent amounts of Env-pseudotyped luciferase reporter viruses containing
the same concentration(s) of inhibitor. Infections proceeded for 3 h at 37°C. After washing the cells to remove the virus inoculum and replacement
of culture medium, luciferase activity was measured in cell lysates at 72 h postinfection (Promega). Luciferase reporter viruses pseudotyped with
ADA, HXB2, or 89.6 Env were used as controls in CD8-depleted PBMC infections, and luciferase reporter viruses pseudotyped with ADA or 89.6
Env were used as controls in MDM infections. Luciferase measurements were normalized to the values obtained in untreated infections, which
were set at 100. The data are representative of two independent experiments using cells obtained from different donors and are expressed as means
from duplicate infections, and the error bars represent standard deviations.
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FIG. 3. Env amino acid sequences. The gp120 amino acid sequences of Env clones were deduced from nucleotide sequences obtained by Big
Dye terminator sequencing (Applied Biosystems, Foster City, CA). The amino acid alignments were compared to Env from HIV-1 89.6 and the
clade B consensus sequence. The dots indicate residues identical to the clade B consensus sequence, and the dashes indicate gaps.
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of R5X4 HIV-1 variants in two subjects homozygous for the
CCR5�32 allele and that a subset of these variants retained
the ability to use CCR5 for entry into primary CD4� cells.

Sequence analysis. The preceding studies demonstrate per-
sistent CCR5 usage by HIV-1 Envs cloned from two individu-
als who lack CCR5 expression due to the presence of the
homozygous CCR5�32 deletion. To better understand the vi-
ral determinants that may contribute to persistent CCR5 usage
of C2 and DR Envs and to identify genetic changes that may
underlie a T-R5X4 or D-R5X4 phenotype, we sequenced the
gp120 regions of the eight functional Env clones (Fig. 3).

The net charge of the V3 variable-loop region of C2 Envs
was �3, and the net charges of the V3 regions of DR-1, DR-8,
DR-17, and DR-19 Envs were �6, �5, �5, and �4, respec-
tively. Although the presence of a basic residue at position 11
or 25 in V3 is strongly associated with CXCR4 usage of HIV-1
(29), all Envs lacked basic residues at either position. There-
fore, although C2 and DR Envs are R5X4, they differ from
prototypic R5X4 Envs, such as 89.6 and most other blood-
derived R5X4 viruses, in that they lack typical V3 features that
normally govern coreceptor usage and in fact more closely

resemble typical R5 Envs. Thus, it is possible that the ability of
DR and C2 Envs to continue to use CCR5 for virus entry
despite the absence of CCR5 expression in vivo reflects the
persistence of R5-like V3 sequences, despite the Envs being
functionally R5X4. The results further suggest that structural
features of C2 and DR Envs linked to CCR5 usage are highly
stable and might confer a selective advantage in vivo.

Our findings are similar to those of previous studies of brain-
derived R5X4 Envs that also found no association between
charged amino acids in V3 and coreceptor usage (19, 34, 35).
The mechanisms underlying the discrepant dependencies on
charged amino acids for coreceptor usage between C2, DR,
and brain-derived R5X4 Envs and prototypic R5X4 Envs re-
main to be determined, but it is possible that the absent or low
CCR5 expression levels in CCR5�32 homozygotes and the
brain, respectively, may contribute to an in vivo environment
that promotes similar R5X4 Env structures that may have
altered requirements for coreceptor usage.

In addition, the tropism of D-R5X4 DR-17 and C2-16 Envs
for MDM was not governed by the presence of isoleucine at
amino acid position 326 of V3 or by proline or cysteine resi-

FIG. 3—Continued.
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dues in V1, which are amino acid changes recently shown to be
important for the macrophage tropism of 89.6 and other blood-
derived R5X4 viruses (18). Further mutagenesis studies are re-
quired to identify genetic changes that distinguish the D-R5X4
DR-17 Env from the T-R5X4 DR-1, DR-8, and DR-19 Envs and
that distinguish the D-R5X4 C2-16 Env from the T-R5X4 C2-3,
C2-22, and C2-24 Envs, but they most likely map to discrete
amino acid changes that exist in the V1 and V2 regions of DR and
C2 Envs, respectively.

Conclusions. In this study, we characterized R5X4 Envs
cloned from HIV-1 harbored by two infected CCR5�32 ho-
mozygotes, which comprise 20% of the known cases of HIV-1
infection in subjects with this genotype. Despite the fact that
the subjects were infected with HIV-1 for 1 or 12 years and the
absence of CCR5 expression in vivo, Envs that retained the
ability to use CCR5 efficiently for virus entry into transfected
cells, PBMC, and MDM were cloned from both subjects. The
results suggest that structural features of C2 and DR Envs
linked to persistent CCR5 usage are highly stable and might
confer a selective advantage in vivo. A better understanding of
these structural determinants may provide mechanistic insights
into HIV-1 transmission and persistence and facilitate the de-
velopment of CCR5 inhibitors and the elicitation of neutraliz-
ing antibodies.

Nucleotide sequence accession numbers. The gp120 nucle-
otide sequences reported here have been assigned GenBank
accession numbers DQ356577 to DQ356584.
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