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Individuals homozygous for a 32-bp deletion (D32) in the CCR5 gene encoding the coreceptor for macroph-
age-tropic human immunodeficiency virus type 1 (HIV-1) are resistant to virus infection, and heterozygous
individuals show some slowing of disease progression. The impact of the CCR5 genotype on HIV-1 infection
was assessed in vitro and in the human PBL-SCID (hu-PBL-SCID) model. Cells and hu-PBL-SCID mice from
CCR5 D32/D32 donors were resistant to infection with macrophage-tropic HIV-1 and showed slower replication
of dual-tropic HIV-1. hu-PBL-SCID mice derived from CCR5 D32/1 heterozygotes showed delayed replication
of macrophage-tropic HIV-1 despite a small and variable effect of heterozygosity on viral replication in vitro.
The level of CCR5 expression appears to limit replication of macrophage-tropic and dual-tropic HIV-1 strains
in vivo.

Macrophage-tropic (M-tropic) human immunodeficiency virus
type 1 (HIV-1) uses both CD4 and the CCR5 chemokine recep-
tor (9, 28) for fusion with target cells (1, 6, 13–15), whereas
T-cell-line-tropic (T-tropic) HIV-1 uses CD4 and CXCR-4
(fusin) for viral entry (5, 17). Most individuals homozygous for a
32-bp deletion in CCR5 (CCR5 D32/D32) are resistant to HIV-1
infection, and their cells resist infection with M-tropic but not
T-tropic HIV-1 in vitro (11, 22, 26, 29), although at least one
infected CCR5 D32/D32 patient has recently been identified (4).
Heterozygous individuals (CCR5 D32/1) are susceptible to
HIV-1 infection but show some protective effects since they are
slightly overrepresented in long-term nonprogressors and have
slower increases in viral RNA levels after seroconversion (12, 19).
Despite the fact that some dual-tropic (M/T-tropic) viruses can
use alternative chemokine receptors for entry, e.g., CCR2b,
CCR3, and CXCR4 (14, 27), the CCR5 coreceptor seems to be
the most important for viral entry into the primary target cell
involved in all routes of HIV-1 transmission. The observation that
M/T-tropic HIV-1 isolates are more common than previously
assumed (5, 31) makes it even more paradoxical that the CCR5
deletion has such a clear protective effect and that heterozygosity
at the CCR5 locus has any protective effect, since M/T-tropic
isolates should be able to use chemokine coreceptors other than
CCR5 for primary infection. Perhaps the primary targets for in-
fection are macrophages or dendritic cells (18) and CCR5 expres-
sion is critical for infection of these targets. In an attempt to
understand these issues, the impact of the homozygous or het-
erozygous CCR5 D32 genotype on in vitro and in vivo infection
with HIV-1 was examined. The impact of CCR5 coreceptor ex-
pression on the kinetics of HIV-1 infection in vivo was examined
in the human PBL-SCID (hu-PBL-SCID) model (23–25), and the
results were compared to those from a study on the kinetics of in
vitro HIV-1 replication in cultures of peripheral blood mononu-
clear cells (PBMC) from the same donors.

Adult C.B-17 SCID mice were repopulated with 20 3 106

PBMC from CCR5 D32/D32, CCR5 D32/1, and normal 1/1
donors by previously described techniques (23, 25). Donors were
normal volunteers participating in The Scripps Research Institute
General Clinical Research Center donor pool. DNA samples
from 237 donors were typed for the presence of the 32-bp dele-
tion by PCR amplification of CCR5 sequences with the following
flanking primers: 59-GTCTTCATTACACCTGCAGCTCT-39
(sense) and 59-CACAGCCCTGTGCCTCTT-39 (antisense). The
resulting PCR products (184 bp for wild-type CCR5 and 152 bp
for the D32 allele) were separated on a 6% acrylamide gel and
visualized by ethidium bromide staining. Two CCR5 D32/D32
donors and 38 CCR5 D32/1 heterozygotes were identified. Both
homozygous donors and 36 of the 38 heterozygotes were Cauca-
sian, in agreement with previous findings (12, 19), making the
allele frequencies in our sample of Caucasians 1 and 20% for
D32/D32 and D32/1, respectively.

The hu-PBL-SCID mice generated from these donors were
challenged 2 weeks later with 103 tissue culture infectious doses of
the M-, M/T-, and T-tropic HIV-1 isolates listed in Table 1. The
V3 sequences of the isolates, which correlate with chemokine
coreceptor usage (5, 7), are also presented in Table 1. Low-
passage primary isolates were included to preclude in vitro selec-
tion of variants with altered cell tropism (20). For in vitro exper-
iments, PBMC were activated with 2 mg of phytohemagglutinin
per ml and 20 U of interleukin-2 per ml for 2 to 3 days prior to
HIV-1 infection. Viral replication in hu-PBL-SCID mice was as-
sessed in serial measurements of plasma HIV RNA copy number
in individual animals by using the Amplicor HIV-1 Monitor assay
(Roche Molecular Systems, Branchburg, N.J.). Virus replication
in culture was measured by an HIV-1 p24 viral capsid antigen
enzyme-linked immunosorbent assay (Dupont Medical Products,
Boston, Mass.).

Hu-PBL-SCID mice constructed from CCR5 D32/D32 do-
nors were resistant to infection with the M-tropic virus isolates
CS93 and AB28, showed 10-fold-reduced plasma viremia 1
week following infection with the M/T-tropic virus 89.6, and
had near-normal kinetics of infection with the T-tropic virus
SF2 compared to hu-PBL-SCID mice constructed from normal
donors (Table 2). The decline in plasma viremia 2 weeks after
infection with HIV-1 89.6 has been observed in several other
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experiments and is associated with accelerated depletion of
CD41 T cells (24). This may explain the decline in plasma viral
RNA levels 2 weeks after infection of hu-PBL-SCID mice
derived from the CCR5 D32/D32 donor. The absence of the
CCR5 coreceptor thus precludes infection with M-tropic virus,
slows infection with a M/T-tropic isolate, and has little effect
on infection with the T-tropic SF2 isolate. The partial protec-
tive effect of CCR5 deletion on infection by M/T-tropic HIV-1
may help explain the apparent absence of any HIV-1 infection
in all CCR5 D32/D32-exposed individuals surveyed (12, 19).
Exposure to T-tropic HIV-1 may be rarer since such variants
generally arise late in the course of the disease (10, 30), but
from these results, CCR5 deletion would not be predicted to
have any protective effect against infection with such isolates.

In two separate experiments, the kinetics of virus replication

were examined in hu-PBL-SCID mice derived from CCR5 D32/1
donors. These mice showed significantly delayed kinetics of virus
replication after infection with the primary M-tropic virus isolate
CS93 compared to hu-PBL-SCID mice derived from homozygous
wild-type donors (Fig. 1). The mean plasma viral RNA copy
numbers were 20- to 50-fold lower at 1 week after infection of
hu-PBL(D32/1)-SCID mice compared to mice derived from
CCR5 1/1 donors and continued to remain at least 1 log lower
at subsequent time points (Fig. 1). This kinetic delay in the plasma
virus levels could be explained by a substantially lower efficiency
of primary infection followed by an equivalent virus doubling
time, since the rates of increase of plasma viremia were similar for
the two groups of animals.

PBMC from the same set of donors were used for in vitro
studies of HIV-1 infection. As previously reported (11, 19, 22) for

TABLE 1. V3 sequences of patient and laboratory HIV-1 isolates used in these studiesa

Isolate V3 sequence Cell tropism

CS93 CTRPNNNTRK--SIHI--GPGRAFYATGDIIGNIRQAHC M-tropic

FS3 CTRPSNNTRK--SIHI--GPGRAFYATGTITGDIRQAHC M-tropic
----------------------------A-A--------

CD65 CTRPNNNTRK--GIHI--GPGRAVYATDRIIGDIRQAHC T-tropic

AB28 CTRPNNNTRR--SIHI--GPGRAFYATGDIIGDIRQAHC M-tropic
---------K-----------------------------

89.6 CTRPNNNTRRRLSI----GPGRAFYARRNIIGDIRQAHC M/T-tropic

SF2 CTRPNNNTRR--SIYI--GPGRAFHTTGRIIGDIRKAHC T-tropic

a Virus isolates from patients were expanded in cultured PBMC for 2 weeks to generate the low-passage stock used for further in vitro and in vivo studies. When
two sequences are given, the second sequence was a minor variant in the pool. The CP66 T-tropic isolate has not been sequenced. The sequences of isolates 89.6 and
SF2 have been previously reported (4, 12). CS93 and FS3 are primary M-tropic, non-syncytium-inducing isolates from long-term nonprogressor (.12 years) hemophiliac
patients. AB28 is an M-tropic, non-syncytium-inducing isolate from a patient with AIDS. CD65 is a T-tropic, syncytium-inducing isolate from a patient with AIDS. The
SF2 and 89.6 isolates have been described previously (8, 21). SF2 has been typed as T-tropic, although recent evidence suggests that it can use CCR5 for entry into
transfected cell lines (5).

TABLE 2. Plasma HIV RNA copy numbers in hu-PBL-SCID mice
at 1 and 2 weeks postinfection

CCR5
genotype

HIV-1
isolate Cell tropism

RNA copy number (mean 6 SE) at
week

1 2

1/1 89.6 M/T-tropic 70,435 6 35,025 ,400
D32/D32 89.6 M/T-tropic 6,609 6 3,492 519 (1/5 1)b

1/1 SF2 T-tropic ,800 2,999 6 1,431
D32/D32 SF2 T-tropic 1,685 6 1,157 3,249 6 1,040

1/1 CS93 M-tropic 1,782 6 721 4,751 6 1,298
D32/D32 CS93 M-tropic Undetectable Undetectable

1/1 AB28 M-tropic 80,192 6 49,010 129,116 6 111,959
D32/D32 AB28 M-tropic Undetectable Undetectable

a SCID mice were reconstituted with 20 3 106 PBMC from donors who were
classified as CCR5 D32/D32 homozygotes or wild type (1/1) by PCR typing.
Mice were infected with 103 tissue culture infectious doses of the indicated
HIV-1 isolate 2 weeks after reconstitution, and plasma samples were obtained 1
and 2 weeks after infection. Plasma concentrations of HIV-1 RNA were deter-
mined by the Amplicor HIV-1 Monitor assay (Roche Molecular Systems). The
values shown represent the means (6 standard error) of RNA copy numbers
from three to five mice per HIV-1 isolate, except for CCR5 D32/D32 hu-PBL-
SCID mice at 2 weeks after infection with isolate 89.6, in which case the HIV-1
RNA level of the one positive animal is reported.

b Only one of five SCID mice in this group had detectable HIV RNA in plasma
at 2 weeks postinfection.

FIG. 1. Kinetics of HIV-1 replication in hu-PBL-SCID mice reconstituted
with PBMC from either CCR5 1/1 donors (ç) or CCR5 D32/1 donors (E). Two
donors of each genotype were used (one indicated by a closed symbol and one
designated by an open symbol), and mice derived from the same donor are
indicated by the same symbol. Mean values for the individual mice in each group
are indicated by the horizontal bars, and lines connect the group means. All mice
were infected with 103 tissue culture infectious doses of HIV-1 CS93, a primary,
M-tropic, non-syncytium-inducing isolate.
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other M-tropic isolates, PBMC from CCR5 D32/D32 donors re-
sisted infection with the primary M-tropic isolates FS3, AB28, and
CS93 (Fig. 2). However, PBMC from CCR5 D32/1 heterozygous
donors were as permissive for HIV-1 replication as cells from
homozygous CCR5 wild-type donors in two of three heterozygous
donors studied (Fig. 2). One CCR5 D32/1 heterozygous donor
(donor 3 in Fig. 2B) showed poor replication of the M-tropic FS3
isolate compared to other heterozygous donors and the homozy-
gous wild-type donors. Similar variability in heterozygous donor
PBMC has been observed by others (19, 22). Three HIV-1 iso-
lates, the well-characterized M/T-tropic virus 89.6 (14, 27) and the
primary CD65 and CP66 isolates, replicated in PBMC from
CCR5 D32/D32 donors, but not as well as in cells from heterozy-
gous or homozygous 1/1 donors. These HIV-1 isolates thus can
use coreceptors other than CCR5 for entry but at an apparently
reduced efficiency. The CD65 and CP66 isolates replicate in
MT-2 cells but not in primary macrophages, so they would be
classified as T-tropic by traditional criteria. It is unclear whether
they can use CCR5 for entry into transfected cell lines but still be
unable to infect macrophages, as has recently been reported for
the T-tropic HIV-1 isolate SF2 (5).

These results demonstrate that coreceptor usage influences the
efficiency of primary infection in the hu-PBL-SCID model to a

greater extent than is observed with infection of activated PBMC
in vitro or by the ability of virus to enter cell lines transfected with
CD4 and chemokine coreceptors. For example, the M/T-tropic
virus 89.6 uses CCR5, CCR3, CCR2b, and CXCR4 for virus entry
in transfected cell lines with equal efficiency (6, 14), although the
absence of CCR5 expression in hu-PBL-SCID mice infected with
89.6 led to a 1-log reduction of the plasma HIV-1 RNA copy
number (Table 2) and replication of virus 89.6 was reduced in
cultured PBMC from a CCR5 D32/D32 donor (Fig. 2A). A more
striking contrast between the hu-PBL-SCID model and PBMC
cultures was observed when heterozygous CCR5 D32/1 donors
were studied.

The delayed kinetics of HIV-1 CS93 infection in hu-PBL-SCID
mice derived from heterozygous CCR5 D32/1 donors (Fig. 1)
suggests that primary infection of heterozygous individuals may
be slowed, perhaps resulting in a more effective immune response
and lower plasma viral RNA levels (19). No effect of CCR5
heterozygosity was observed in PBMC cultures infected with
HIV-1 CS93 (Fig. 2A). The advantage of the hu-PBL-SCID
model for revealing a phenotype for CCR5 D32/1 donors may
relate to the rapid clearance of free virus in vivo, which may make
the efficiency of virus entry more of a contributory factor to virus
replication than in in vitro assays. The level of CCR5 expression
in heterozygous individuals is unknown, but it is possible that the
truncated protein product of the deleted allele interferes with
intracellular trafficking of the intact protein, resulting in a lower
level of CCR5 expression than the anticipated 50% reduction. It
appears from the limited number of heterozygous individuals
examined that there may be variation in CCR5 expression be-
tween different heterozygous donors (Fig. 2) and that the effect of
the proposed low-level CCR5 expression may be more apparent
with certain virus isolates (e.g., FS3). Different HIV-1 isolates
may interact with the same CCR5 receptor in different ways (3)
and be more or less dependent on expression levels. Heterozy-
gosity for the CCR5 D32 allele thus could be more protective
against disease progression with some HIV-1 isolates than ex-
pected, and more extensive studies with the hu-PBL-SCID model
may be useful for determining the extent and mechanism of
protection. These issues could be important in the context of the
proposed use of chemokine receptor antagonists to block HIV-1
infection (2, 16).

Nucleotide sequence accession numbers. The sequence data
for AB28, CD65, CS93, and FS3 are available from GenBank
under accession no. AF001428 to AF001431.
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