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Primary isolates of human and simian immunodeficiency viruses (HIV and SIV) use the chemokine
receptor CCR5, in association with CD4, as coreceptor. During AIDS progression, HIV-1 and HIV-
2 often adapt to use additional cofactors, particularly CXCR4. In contrast, SIV isolates do not use
CXCR4, but other coreceptors such as BOB/GPR15 and Bonzo/STRL33. Only limited information is
currently available on usage of BOB/GPR15 and Bonzo/STRL33 by HIV-1. Therefore, we
investigated a panel of gp160 clones from 15 primary isolates, representing 5 different subtypes,
for utilization of these cofactors. The majority of HIV-1 envelopes mediated entry into BOB/GPR15-
expressing cells, albeit often with low efficiency. Usage of Bonzo/STRL33 was less common and
usually inefficient. To investigate if HIV-1 entry via these orphan receptors is sufficient to allow
virus replication, 15 uncloned primary HIV-1 isolates and 7 molecular clones were used to infect
target cells expressing CD4 and Bonzo/STRL33 or BOB/GPR15. Three primary isolates and two
molecular clones replicated efficiently in cells expressing BOB/GPR15. Two of these isolates were
X4-tropic, two were R5X4-tropic and one was R5-tropic. In contrast, none of the HIV-1 variants
showed significant levels of replication in Bonzo/STRL33-expressing cells. Our data show that
some HIV-1 isolates of different genetic subtype and of different biological phenotype use
BOB/GPR15 for productive infection and suggest that this cofactor may play a role in HIV-1
pathogenesis and transmission.

Introduction
Human and simian immunodeficiency viruses (HIV and

SIV) infect target cells by interacting with specific receptors on
the cell surface. More than a decade ago it was shown that
CD4 is the primary receptor for HIV and SIV (Dalgleish et al.,
1984 ; Maddon et al., 1986). However, it has also been known
for a long time that additional factors are required for efficient
entry into target cells (Ashorn et al., 1990 ; James et al., 1996).
Recently, entry cofactors that are required and sufficient to
mediate fusion of virions with the cellular membrane have been
identified. They belong to the seven transmembrane spanning
(7TM), G-protein coupled receptors of the chemokine receptor
family [see Bieniasz & Cullen (1998) for review]. First, it was
shown by Feng et al. (1996) that CXCR4 serves as fusion
cofactor for entry of T-cell tropic (X4-tropic) HIV-1 isolates.
Shortly thereafter, a number of groups showed that CCR5
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mediates efficient entry of primary macrophage-tropic (R5-
tropic) HIV-1 isolates (Alkhatib et al., 1996 ; Choe et al., 1996 ;
Deng et al., 1996 ; Dragic et al., 1996). In addition to CXCR4
and CCR5, several other members of the 7TM receptor family,
namely CCR1, CCR2B, CCR3, CCR4, CCR8, CCR9, GPR15}
BOB, STRL33}Bonzo, GPR1, V28 and Apj, can be used by
some HIV and SIV isolates (Alkhatib et al., 1997 ; Berger, 1997 ;
Choe et al., 1996, 1998 ; Doranz et al., 1996 ; Rucker et al.,
1997 ; Owen et al., 1998 ; Liao et al., 1997 ; Deng et al., 1997 ;
Farzan et al., 1997).

HIV-2 and SIVmac belong to the same phylogenetic group
of lentiviruses and probably both humans and macaques were
infected via sooty mangabeys naturally infected with SIVsmm
(Gao et al., 1992 ; Sharp et al., 1995). HIV-2 isolates are capable
of using a wide variety of coreceptors for entry into CD4+

cells. Both laboratory-adapted and primary HIV-2 isolates
often use CXCR4 (Owen et al., 1998). Surprisingly, in contrast
to HIV-1 and HIV-2, different SIV strains use CCR5 but not
CXCR4 (Chen et al., 1997 ; Edinger et al., 1997 ; Kirchhoff et al.,
1997 ; Marcon et al., 1997). It has been shown, however, that
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some additional members of the 7TM family, Bonzo}STRL33,
BOB}GPR15 and GPR1, support efficient entry of different
SIV strains with differential ability to replicate in macrophages
(Alkhatib et al., 1997 ; Deng et al., 1997 ; Farzan et al., 1997 ; Liao
et al., 1997). Bonzo}STRL33 and BOB}GPR15 also mediate
entry of some HIV-1 isolates (Deng et al., 1997 ; Liao et al.,
1997 ; Edinger et al., 1998). Recently, frequent usage of
BOB}GPR15 and Bonzo}STRL33 has been documented for
HIV-2 (Owen et al., 1998).

Only limited information is available concerning usage of
BOB}GPR15 and Bonzo}STRL33 by primary HIV-1 isolates.
Liao et al. (1997) showed that envelopes (Envs) from X4-tropic,
R5-tropic and R5X4-tropic HIV-1 strains can mediate cell–cell
fusion with Bonzo}STRL33-expressing cells. In a single round
of replication assays with pseudotyped reporter viruses,
however, entry via both orphan receptors was inefficient.
Deng et al. (1997) found that some R5-tropic and R5X4-tropic
HIV-1, but none of three X4-tropic strains, used BOB}GPR15
or Bonzo}STRL33. Recently, Edinger et al. (1998) analysed a
panel of HIV and SIV Envs. They found that some HIV-1 Envs
could mediate inefficient cell–cell fusion but not pseudotype
virus infection with target cells expressing BOB}GPR15 or
Bonzo}STRL33. In comparison, both orphan receptors were
efficiently used by SIV strains (Edinger et al., 1998). It is largely
unknown if the efficiencies at which these coreceptors are used
allow replication of HIV-1.

To expand current knowledge about the coreceptor use of
BOB}GPR15 and Bonzo}STRL33, we tested a panel of 15
HIV-1 Envs representing the 5 subtypes A to D and F for their
ability to mediate entry into cells expressing these orphan
receptors. We found that BOB}GPR15 but not Bonzo}
STRL33 functioned as coreceptor for the majority of Envs,
albeit often only at high expression levels. Although the entry
efficiencies were relatively low compared to those observed
for CCR5 or CXCR4, several HIV-1 isolates replicated
efficiently in BOB}GPR15-expressing CD4+ target cells.

Methods
+ Viruses and plasmids. Primary HIV-1 isolates, molecular HIV-1
clones and Env expression plasmids were obtained from the NIH AIDS
Research and Reference Reagent Program, the WHO Network for HIV
Isolation and Characterization, and Beatrice Hahn (University of
Alabama, USA). The isolates and plasmids encoding HIV-1 and
SIVmac239 Envs have been described previously (Gao et al., 1994, 1996 ;
Kirchhoff et al., 1997). The NL4-3 luciferase reporter virus (pNL-Luc-
E−R−) was kindly provided by Nathaniel Landau (Aaron Diamond AIDS
Research Center) (Connor et al., 1995).

+ Cell lines and virus stocks. Human osteosarcoma (HOS) cells that
express viral coreceptors in conjunction with CD4 and inducibly express
the green fluorescent protein (GFP) were kindly provided by Vineet
KewalRamani and Dan Littman (Skirball Institute of Biomolecular
Medicine, New York University Medical Center, USA). These GFP–
HOS–T4 (GHOST) cells were grown in DMEM medium supplemented
with 10% foetal calf serum (FCS) and G418, hygromycin and puromycin.

The human T–B hybrid cell line CEM¬174, containing the gene
encoding secreted alkaline phosphatase (SEAP) under control of a
truncatedHIV LTR, wasmaintained in RPMI 1640 medium supplemented
with 10% FCS and antibiotics (Means et al., 1997). Pseudotyped reporter
viruses were produced as described previously (Deng et al., 1996). Briefly,
293T cells were cotransfected with 5 µg (each) of pNL-Luc-E−R− and Env
expression vector. After overnight incubation, the medium was changed
and virus was harvested 24 h later. Virus stocks were filtered, frozen in
aliquots at ®80 °C and quantified with a commercial HIV-1}HIV-2
ELISA (Medipro, Zwijndrecht, Belgium).

+ Entry and replication assays. To assess coreceptor usage of the
different Envs, GHOST4 cells were seeded in 48-well dishes and infected
with reporter virus containing 100 ng p24 or p27 antigen in a total
volume of 0±5 ml medium. After overnight incubation cells were washed
twice with PBS and cultivated in fresh DMEM. Three days after infection
cells were lysed and luciferase activities in 20 µl cell-lysates were
quantified using a commercially available kit (Promega). To determine
entry into 293T cells that overexpress CD4 and the various coreceptors,
cells were transiently cotransfected with 5 µg (each) of the CD4 and the
appropriate coreceptor expression vector. After overnight incubation,
cells were seeded in 48-well plates, maintained for 24 h and infected as
described above.

For replication assays GHOST4 cells expressing the various β-
chemokine receptors were seeded in 48-well dishes and infected with
HIV-1 stocks containing normalized amounts of p24 antigen. After
overnight incubation, cells were washed twice with PBS and maintained
in fresh DMEM. The cell-free supernatant was harvested at 3 or 4 day
intervals and stored at ®80 °C. Virus production was measured by
reverse transcriptase assay as described (Potts, 1990).

+ Inhibition by SDF-1. To assess the ability of SDF-1 to block virus
entry, CEM¬174–SEAP cells were seeded in 96-well dishes, incubated
for 2 h in the presence of 0±5 to 3±0 µg}ml human recombinant SDF-1α

(R&D Systems), and subsequently infected with virus stocks containing
1 ng of p24, respectively p27, core antigen. Cells were pelleted and
resuspended in fresh medium after overnight incubation and SEAP
activity in 20 µl of cell-free culture supernatant was measured 3 days
post-infection using the Tropix phospha-light chemiluminescent kit
(Promega).

+ Fusion assay. CEM¬174–SEAP cells were used to quantify Env-
mediated cell–cell fusion. 293T cells were seeded in 48-well dishes and
cotransfected with 1 µg (each) of HIV-1 Env, Tat and Rev expression
plasmids. On the following day, cells were cocultivated with freshly
diluted CEM¬174–SEAP cells. After overnight incubation, SEAP
activity in 20 µl of cell-free culture supernatant was measured as described
above.

Results
Utilization of Bonzo/STRL33 and BOB/GPR15 by HIV-
1 Envs

To evaluate how commonly Bonzo}STRL33 and BOB}
GPR15 are used for HIV-1 entry, we pseudotyped the
envelope-defective NL4-3-Luc-R−E− luciferase reporter virus
(Connor et al., 1995) with a panel of 15 primary HIV-1 Envs
(summarized in Table 1). Nine Envs (92BR020.4, 92TH014.12,
92UG037.8, 92RW020.5, 92BR025.9, 93BR019.4,
93MW965.26 and 91US005.11) mediated efficient entry into
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Table 1. Usage of BOB/GPR15 and Bonzo/STRL33 for entry and replication of primary HIV-1 isolates

Entry§

Replication‡ CXCR4 CCR5 BOB Bonzo
Isolate*
(Env clone) Subtype Tropism Fusion† CEM¬174 BOB Bonzo G T G T G T G T

92RW020 (0±5) A  ® ® ® ® ³ ® ­­­ ­­­ ® ® ® ­
92UG037 (0±8) A  ® ® ® ® ® ® ­­­ ­­­ ® ­ ® ³
92BR020 (0±4) B  ® ® ® ® ® ® ­­­ ­­­ ³ ­­ ® ³
92HT593 (0±1) B  ­ ­ ® ® ­­­ ­­­ ­­­ ­­­ ­ ­­­ ­ ­­­
92HT596 (0±4) B  ® ­ ­ ® ³ ® ® ® ® ® ® ®
92TH014 (0±12) B  ® ® ® ® ® ® ­­­ ­­­ ® ­ ® ®
91US005 (0±11) B  ® ® ® ® ® ® ­­ ­­­ ® ­­ ® ®
91US006 (0±10) B  ® ® ® ® ® ® ³ ³ ® ® ® ®
92BR025 (0±9) C  ® ® ® ® ® ® ­­ ­­­ ® ­ ³ ­­
93MW965 (0±26) C  ® ® ® ® ® ® ­­ ­­ ® ® ® ®
92UG021 (0±16) D  ­ ­ ­ ® ­­ ­­ ® ­ ­ ­ ® ­
92UG024 (0±2) D  ­ ­ ® ® ­­ ­­ ® ­­ ³ ­­ ® ­­
93BR020 (0±17) F  ® ­ ­ ® ® ® ® ³ ® ® ® ®
93BR029 (0±2) F  ® ® ® ® ® ® ® ­­ ® ® ® ®
93BR019 (0±4) BF  ® ® ® ® ® ® ­ ­­­ ® ³ ® ®

* From the WHO Network for HIV Isolation and Characterization. All isolates were obtained from asymptomatic patients, except 91US005 and 91US006, which were obtained during
acute symptomatic infection. Nomenclature, classification and biological phenotype have been described previously (Gao et al., 1996).
† Fusion of transiently transfected 293T cells with CEM¬174–SEAP cells.
‡ Replication was assayed as described in Methods. ­, Efficient and ®, no significant levels of fusion or replication.
§ Assayed in GHOST4 cells stably expressing the coreceptor (G) and transiently transfected 293T cells (T). ®, ! 50 ; ³, 50–100 ; ­, 100–1000 ; ­­, 1000–10000 ; and ­­­ "
10000 counts per second in luciferase assays performed after infection with pseudotyped reporter viruses. 293T cells express endogenous CXCR4 (Deng et al., 1997). Therefore, high
unspecific background was observed for the three functional T-tropic Envs.
, Not assayed ; , non-syncytium inducing ; , syncytium inducing.
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Fig. 1. Coreceptor usage of Envs from primary HIV-1 isolates.
GHOST cells, stably expressing different cofactors, were infected
with pseudotyped HIV-1 luciferase reporter virus containing 100
ng of p24 antigen. The cell culture medium was exchanged after
overnight incubation and luciferase activities (counts per second)
were measured 3 days later as described in Methods. Similar
results were obtained in two independent experiments using
different virus stocks.

GHOST4 cells expressing CCR5, two (92UG024.2,
92UG021.16) allowed fusion with GHOST4 cells expressing
CXCR4, and one (92HT593.1) used both major coreceptors
(Fig. 1). These results are in agreement with the previously
described NSI and SI phenotypes of the corresponding primary
HIV-1 isolates (Gao et al., 1996). HIV-1 NL4-3-Luc-R−E−

reporter virus generated by cotransfection with 92HT596.4,
93BR020.17, 91US006.10 and 93BR029.2 Env expression
plasmids did not enter efficiently into any of the GHOST4
reporter cell lines tested (Fig. 1). These four Envs were also

found to be just borderline or weakly positive for infection of
human blood monocytes (Gao et al., 1996). As expected from
previous studies (Chen et al., 1997 ; Edinger et al., 1997 ;
Kirchhoff et al., 1997), the SIVmac239 Env mediated efficient
entry into GHOST4 cells expressing CCR5, BOB}GPR15 or
Bonzo}STRL33 (Fig. 1). For the 239Env, but not for any of the
HIV-1 Envs tested, some low levels of luciferase activity were
consistently observed in GHOST4 cells expressing no ad-
ditional coreceptor (Fig. 1). This may be due to the expression
of low levels of Bonzo}STRL33 in these cells (Edinger et al.,
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Fig. 2. BOB/GPR15 can commonly serve as an entry cofactor for
primary HIV-1 Envs at high levels of expression. 293T cells were
transfected with plasmids expressing human CD4 and the entry
cofactors indicated. At day 1 post-transfection the cells were
detached form the plates, seeded in 48-well dishes and infected
with pseudotyped reporter viruses containing 100 ng of p24
antigen. Luciferase activities (counts per second) in the cellular
extracts were measured 3 days post-infection. Results were
confirmed in two independent experiments.

1998). Two of the 15 HIV-1 Envs tested, the dual-tropic
92HT593.1 and the X4-tropic 92UG021.16, used BOB}GPR15
for efficient entry. Pseudotyping with two additional Envs,
92UG024.2 and 92BR020.4, resulted in marginally elevated
luciferase activities in GHOST4 reporter cells expressing
BOB}GPR15 (Fig. 1). The R5X4-tropic 92HT593.1 Env also
allowed usage of Bonzo}STRL33 and CCR3, but not CCR2B
(Fig. 1, Table 1). Under the experimental conditions used, none
of the 15 Envs tested used CCR2B, two used CCR3, three used
BOB}GPR15 and one used Bonzo}STRL33 (Table 1, and data
not shown). Unlike the SIVmac239 Env, which used BOB}

GPR15 and Bonzo}STRL33 with almost the same efficiency as
CCR5, the luciferase values obtained for these orphan receptors
were at least 10-fold lower compared to those obtained with
CCR5 or CXCR4 (Fig. 1).

Some of the 15 HIV-1 Envs tested resulted in marginally
increased luciferase activities in GHOST4 cells expressing
BOB}GPR15 or Bonzo}STRL33 (Fig. 1, and data not shown).
It has been suggested previously that coreceptor expression
levels are highly important for virus entry (Kozak et al., 1997 ;
Rucker et al., 1997 ; Edinger et al., 1998). We used transiently
transfected 293T cells to confirm the low entry efficiencies
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observed with the stable transformed cells and to investigate if
the orphan receptors can be more frequently used at higher
expression levels. 293T cells express CXCR4 (Deng et al.,
1997). Therefore, X4- or R5X4-tropic HIV-1 Envs (92UG024.2,
92HT593.1, 92UG021.16, and HXB2) mediated efficient entry
into 293T cells transfected only with the CD4 expression
plasmid (Fig. 2). For these Envs about 5-fold higher entry
efficiencies were observed in 293T cells cotransfected with
CD4 and CXCR4 expression constructs. The 93BR020.17 and
93BR029.2 Envs, which were negative when stable transfected
GHOST4 cells were used (Fig. 1), mediated low but readily
detectable levels of entry into 293T cells coexpressing CD4
and CCR5 (Fig. 2). In addition to the four Envs for which usage
of BOB}GPR15 could readily be demonstrated using
GHOST4 cells (Fig. 1), six additional Envs (92TH014.12,
93BR019.4, 91US005.11, 91US006.10, 92BR025.9 and
92UG037.8) could utilize BOB}GPR15 as cofactor at high
expression levels (Fig. 2). The entry efficiencies were about 1 to
2 logs lower, however, compared with the SIVmac239 Env.
Only one Env (92BR025.9) mediated relatively efficient entry
into Bonzo}STRL33- and CD4-expressing 293T cells. Two
additional Envs, 92UG037.8 and 92RW020.5, used Bonzo}
STRL33 with low efficiency as a fusion cofactor (Fig. 2).

To evaluate the number of infected cells, we infected
transiently transfected 293T cells with various amounts of
pseudotyped reporter viruses expressing GFP. About 10 green
cells per ng core antigen were observed after infection of
CD4}BOB-expressing cells with 239Env pseudotyped par-
ticles (data not shown). Infection of CD4}CXCR4-expressing
cells with NL4-3 Env pseudotyped particles yielded about 5-
fold lower numbers. Assuming that the infectivity of the
pseudotyped luciferase reporter viruses was comparable to the
GFP reporter viruses, approximately 1000 infected cells would
yield " 10000 counts per second in the luciferase assay. This
calculation is a very rough estimate. Nonetheless, it suggests
that very few infected cells are sufficient to obtain a positive
result in the luciferase reporter assay.

Our data indicate that BOB}GPR15 can be used by a
relatively high number of primary HIV-1 Envs (9 of 15), albeit
with low efficiency compared to the major coreceptors CCR5
and CXCR4. In comparison, only five Envs (92RW020.5,
92HT593.1, 92BR025.9, 92UG037.8, 92BR020.4) mediated
low level entry into Bonzo}STRL33-expressing cells (sum-
marized in Table 1).

Fusion of Env-expressing 293T cells with CEM¬174
cells

The T–B hybrid cell line CEM¬174 expresses BOB}
GPR15 and CXCR4, but no significant levels of Bonzo}
STRL33 or CCR5 (Deng et al., 1997 ; Kirchhoff et al., 1997). We
investigated which of the 15 primary HIV-1 Envs are able to
mediate cell–cell fusion with CEM¬174 cells (Fig. 3). 239T
cells were cotransfected with Env and HIV-1 Tat expression

Fig. 3. Fusion of 293T cells transiently expressing Env and Tat with
CEM¬174–SEAP cells. 293T cells were cotransfected with Tat and Env
expression plasmids and cocultivated with CEM¬174–SEAP cells as
described in Methods. Env-mediated fusion of the cotransfected 293T
cells with the CEM¬174 cells leads to Tat-dependent activation of the
SEAP reporter gene. SEAP release into the supernatant was assayed 24 h
after cocultivation.

plasmids and cocultivated with CEM¬174 cells containing
the gene encoding SEAP under control of the HIV-1 LTR
(Means et al., 1997). Fusion of the CEM¬174 cells with the
Tat-expressing 293T cells leads to strongly increased secretion
of SEAP into the culture supernatant. As expected the
SIVmac239 Env, which uses BOB}GPR15, and the NL4-3 Env,
which uses CXCR4, showed high fusogenic activities (Fig. 3).
Expression of only three of the 15 primary HIV-1 Envs
(92UG024.2, 92HT593.1, 92UG021.16) resulted in a signifi-
cantly increased SEAP release (Fig. 3). These three Envs are
able to utilize CXCR4 (Fig. 1). None of the R5-tropic Envs that
allowed some low level entry of pseudotyped particles into
293T cells coexpressing CD4 and BOB}GPR15 (Fig. 2)
mediated significant levels of cell–cell fusion in this assay.
Similar results were obtained using the human T-lymphotropic
virus type I-transformed T-cell line C8166–SEAP as indicator,
although higher background levels were observed, probably
due to activation of the reporter gene by Tax (data not shown).

Replication in CEM¬174 cells

Some of the gp160 clones that were derived from the 15
primary HIV-1 isolates may be defective since they did not
mediate efficient entry into either CCR5- or CXCR4-expressing
cells (Figs 1 and 2). Other Env clones may not reflect the
complete pattern of coreceptor usage of the parental isolates.
Therefore, CEM¬174 cells were also infected with the 15
uncloned primary HIV-1 isolates. SIVmac239, which is unable
to use CXCR4 but uses BOB}GPR15 with high efficiency
(Deng et al., 1997), served as a positive control. Only five
primary HIV-1 isolates, 92UG024, 92HT593, 92UG021,
93BR020 and 92HT596, showed significant levels of rep-
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Fig. 4. Only X4- and R5X4-tropic HIV-1
isolates replicate efficiently in CEM¬174
cells. CEM¬174 cells were infected with
primary HIV-1 isolates (A) or molecular
HIV-1 clones (B), and cell-free culture
supernatants were harvested at the
indicated days post-infection. Reverse
transcriptase activities (P. S. L., photo-
stimulated luminescence) were measured
as described (Potts, 1990). Of the 15
primary HIV-1 isolates 10 did not show
significant levels of replication in
CEM¬174 cells (Table 1). For clarity
these negative results are not shown.

Fig. 5. Blocking of virus entry into CEM¬174–SEAP cells by SDF-1.
CEM¬174–SEAP cells were preincubated with the indicated
concentrations of SDF-1α as described in Methods, and infected with
NL4- 3 (U), SG3.1 (X) or SIVmac239 (_). Percentage SEAP activities
relative to those measured in the absence of SDF-1α. (NL4-3, 10640;
SG3.1, 6008; and SIVmac239, 3855 counts per second) are indicated.
Similar results were obtained in two independent experiments.

lication in CEM¬174 cells (Fig. 4A), suggesting that the
remaining ten primary isolates could use neither CXCR4 nor
BOB}GPR15 for efficient replication in this T–B hybrid cell
line. In comparison, four X4-tropic and one R5X4-tropic, but
not two R5-tropic, molecular HIV-1 clones replicated
efficiently in CEM¬174 cells (Fig. 4B). For three of the
primary HIV-1 isolates, 92UG024, 92HT593 and 92UG021,
usage of CXCR4 has been documented (Bjo$ rndal et al., 1997)
and Env clones derived from these isolates efficiently use
CXCR4 (Fig. 1). The remaining two isolates, 93BR020 and
92HT596, are R5X4-tropic, since they replicated with high
efficiency in GHOST4 cells expressing either CCR5 or CXCR4
(data not shown). Although Env clones derived from the HIV-
1 isolates 92BR020, 92TH014, 91US005 and 92BR025 allowed
some entry into 293T cells overexpressing CD4 and BOB}
GPR15 (Fig. 2), the parental isolates were unable to replicate to
detectable levels in CEM¬174 cells. Only the five isolates that
utilized CXCR4 replicated efficiently. Accordingly, the low
fusogenic activity observed for several Envs in cells over-

expressing BOB}GPR15 (Fig. 2) seems insufficient to allow
significant virus replication in CEM¬174 cells (Fig. 4A).

The chemokine SDF-1 specifically inhibits CXCR4-
mediated entry into target cells (Oberlin et al., 1996). Inhibition
studies were performed to investigate whether BOB}GPR15
can contribute to HIV-1 entry and replication in CEM¬174
cells. As expected, entry of the X4-tropic NL4-3 strain was
efficiently blocked by SDF-1, whereas infection by the
R5}BOB-tropic SIVmac239 isolate was unaffected (Fig. 5). The
X4-tropic SG3.1 isolate was also not blocked by SDF-1,
indicating that this HIV-1 isolate can use BOB}GPR15 for
entry into CEM¬174 cells (Fig. 5).

Virus replication in GHOST4 cells expressing
BOB/GPR15 or Bonzo/STRL33

To further evaluate the role of BOB}GPR15 in HIV-1
replication, GHOST4 reporter cells expressing BOB}GPR15
were infected with the primary HIV-1 isolates. No significant
replication was observed in GHOST4 cells expressing no
additional entry cofactors (Fig. 6). However, in agreement with
the entry experiments using reporter viruses pseudotyped
with 239Env, low levels of replication were observed after
infection with SIVmac239. Three of the 15 primary HIV-1
isolates, 92UG021, 93BR020 and 92HT596, replicated with
an efficiency comparable to SIVmac239 in GHOST4 cells
expressing BOB}GPR15 (Fig. 6). In comparison, none of the
primary HIV-1 isolates replicated to detectable levels in
GHOST.CD4 cells expressing Bonzo}STRL33 (data not
shown).

Finally, the ability of the seven HIV-1 clones 89.6, JRCSF,
Lai-2, SG3.1, YU-2, NL4-3 and HXB2 to replicate in different
GHOST4 reporter cell lines was investigated (Fig. 7). Only
marginal reverse transcriptase activities were observed in the
supernatants of GHOST4 cells expressing no additional entry
cofactors (Fig. 7). As expected, the R5-tropic YU-2 and JRCSF
isolates replicated efficiently in cells coexpressing CD4 and
CCR5, and the X4-tropic Lai-2, SG3.1, NL4-3, and HXB2
isolates showed readily detectable reverse transcriptase ac-
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Fig. 6. Replication of primary HIV-1 isolates in GHOST4 cells expressing BOB/GPR15. GHOST4 cells expressing no additional
entry cofactor (CD4-only) or BOB/GPR15 (left) were infected with the primary HIV-1 isolates (10 ng p24 antigen) indicated.
After overnight incubation the cells were washed and reverse transcriptase (RT) activities in the cell-free culture supernatants
were assayed at the times (dpi, days post-infection) indicated. None of these HIV-1 isolates replicated to detectable levels in
GHOST4 cells expressing Bonzo/STRL33 (data not shown). Similar results were obtained in two independent experiments.

Fig. 7. Replication of molecular HIV-1 clones in GHOST4 cells expressing additional entry cofactors. Cells were infected with
the indicated molecular HIV-1 clones and reverse transcriptase (RT) activities were measured as described in the legend to
Fig. 4. Infections were performed using virus stocks containing 50 ng p24 antigen.
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tivities in cells expressing CD4 and CXCR4. The R5X4-tropic
89.6 clone replicated in the presence of both CXCR4 and
CCR5, albeit with relatively low efficiency. Two of the seven
HIV-1 isolates, the X4-tropic SG3.1 clone and the R5-tropic
YU-2 clone, replicated efficiently in GHOST4 cells expressing
BOB}GPR15 (Fig. 7). In comparison, only SIVmac239 repli-
cated in Bonzo}STRL33-expressing GHOST4 cells.

Discussion
All HIV-1 isolates described thus far use CCR5 or CXCR4

as coreceptors, indicating the importance of these coreceptors
in AIDS pathogenesis. Nonetheless, it is important to in-
vestigate which other molecules can serve as coreceptors for
HIV-1 entry. Use of alternative cofactors could expand HIV
tropism to a broader variety of cell types and may be
important for infection of certain tissues or compartments.
Therefore, entry via coreceptors other than CCR5 or CXCR4
could play a role in progression of disease and the efficiency of
virus transmission. Furthermore, infection of cells by usage of
alternative coreceptors could complicate strategies directed to
block CCR5- and CXCR4-mediated virus entry.

Previous studies have shown that the orphan receptors
BOB}GPR15 and Bonzo}STRL33 can mediate entry of some
HIV-1 strains (Deng et al., 1997 ; Liao et al., 1997 ; Edinger et al.,
1998). In most experiments, however, entry of viruses
pseudotyped with HIV-1 Envs, respectively cell–cell fusion
using BOB}GPR15 or Bonzo}STRL33, could only be dem-
onstrated with transiently transfected cells overexpressing
these orphan receptors. Extending these previous studies we
have determined the ability of a panel of 15 full-length gp160
clones from the HIV-1 M group (subtypes A, B, C, D and F) to
use the orphan receptors BOB}GPR15 and Bonzo}STRL33 for
entry and replication. Similar to reports on CCR3 (Rucker et al.,
1997), utilization of BOB}GPR15 and Bonzo}STRL33 was
strongly dependent on the experimental system used. In
transiently transfected 293T cells pseudotype infection, es-
pecially using BOB}GPR15, could be demonstrated for a large
number of primary HIV-1 Envs, albeit less efficiently than with
CCR5 and CXCR4 (summarized in Table 1). This observation
is similar to the results of Deng et al. (1997). Others, however,
did not see efficient infection of transiently transfected 293T
cells or stably transformed GHOST cells expressing BOB}
GPR15 or Bonzo}STRL33 with virions pseudotyped with
HIV-1 Envs (Edinger et al., 1998 ; Zhang et al., 1998 b). It
remains to be elucidated if differences in coreceptor expression
levels and in the specific HIV-1 env alleles used may explain
these discrepancies.

An important criterion for the potential relevance of these
orphan receptors is whether or not the efficiencies at which
they are used are sufficient to allow HIV-1 replication. We
examined the ability of 15 primary HIV-1 isolates and of 7
molecular HIV-1 clones to replicate in CEM¬174 cells and
GHOST4 cells stably expressing BOB}GPR15 or Bonzo}

STRL33. CEM¬174 cells express CXCR4 and BOB}GPR15
but not CCR5 (Deng et al., 1997). Only X4- or X4R5-tropic
HIV-1 isolates replicated efficiently in CEM¬174 cells. Thus,
although several primary R5-tropic Envs could use BOB}
GPR15 for entry at high expression levels, none of the parental
NSI isolates showed an expanded cell tropism enabling the
virus to replicate in CEM¬174 cells. This is in agreement with
studies showing that R5 viruses are usually unable to replicate
in peripheral blood monocytes derived from individuals
homozygous for the ∆32CCR5 allele, although these probably
express BOB}GPR15 and Bonzo}STRL33 (Liu et al., 1996 ;
Rana et al., 1997 ; Samson et al., 1996 ; Zhang et al., 1996). Thus,
the relatively inefficient usage of BOB}GPR15 may not allow
efficient replication in most BOB}GPR15-expressing CD4+

cells. However, entry of HIV-1 SG3.1 was not blocked by SDF-
1, indicating that this isolate can utilize BOB in addition to
CXCR4 for entry into CEM¬174 cells. Furthermore, we found
that three primary HIV-1 isolates and the molecular clones
SG3.1 and YU-2 could efficiently replicate in BOB}GPR15-
expressing GHOST4 cells. Of these five isolates, two are X4-
tropic (92UG021, SG3.1), one is R5-tropic (YU-2), and the
remaining two are R5X4-tropic (92HT596, 93BR020). Usage
of BOB}GPR15 by the 92UG021.16 Env is in contrast to
previously published results (Deng et al., 1997). However, the
efficient replication of the uncloned 92UG021 isolate in
BOB}GPR15-expressing target cells confirmed usage of this
orphan receptor. Recently, a large number of primary HIV-1
isolates has been investigated for the ability to replicate in cells
expressing BOB}GPR15 or Bonzo}STRL33 (Zhang et al.,
1998 a, b). None of these HIV-1 isolates replicated in BOB}
GPR15-expressing cells and only one isolate replicated
efficiently in Bonzo}STRL33-expressing cells. The viral in-
oculum used for infection by Zhang et al. (1998a) was lower
than the infectious dose used in the present study. Additional
studies are required to clarify whether efficient replication of
HIV-1 in cells expressing these orphan receptors is more
frequently observed after infection with high doses.

Deng et al. (1997) showed that the YU-2 Env mediates
entry into BOB}GPR15-expressing cells, whereas Edinger et
al. (1998) were unable to demonstrate entry of YU-2 Env
pseudotyped virions using this cofactor. In agreement with the
study by Deng et al. (1997) we found that the YU-2 isolate
replicated in BOB}GPR15-expressing GHOST4 cells. How-
ever, similar to Li et al. (1992) we found that the YU-2 isolate
does not replicate to detectable levels in CEM¬174 cells. It
remains to be elucidated if different expression levels may
explain why the YU-2 isolate replicates only in one of two
BOB}GPR15-expressing cell lines. The five HIV-1 isolates that
productively infected BOB}GPR15-expressing GHOST4 cells
replicated with kinetics comparable to SIVmac239, which
utilizes BOB}GPR15 with almost the same efficiency as CCR5
(Deng et al., 1997). Thus, use of BOB}GPR15 can expand HIV-
1 tropism. It remains to be elucidated if relevant target cells in
humans express BOB}GPR15 at levels that support virus
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replication. However, it has been shown that BOB}GPR15 is
expressed in lymphoid tissues and at high levels in colon
(Deng et al., 1997). Thus, it cannot be excluded that even these
weak entry efficiencies may contribute to virus propagation
and transmission in vivo.

In agreement with previous studies (Deng et al., 1997 ; Liao
et al., 1997), utilization of BOB}GPR15 was observed for HIV-
1 isolates of different genotype and phenotype. Two of seven
X4-tropic (29%), two of four X4R5-tropic (50%) and one of
eleven (9%) R5-tropic isolates investigated replicated in
BOB}GPR15-expressing GHOST4 cells. Accordingly, al-
though inefficient utilization of BOB}GPR15 was observed for
the majority of Envs analysed, efficient and productive usage
may be more common for X4- and R5X4-tropic HIV-1 isolates.
The three primary HIV-1 isolates that grew in BOB}GPR15-
expressing target cells were obtained in different parts of the
world (Haiti, Uganda and Brazil) and represent genetically
diverse Envs of clades B (92HT596), D (92UG021) and F
(93BR020) (Gao et al., 1996). The patients were asymptomatic
at the time of peripheral blood monocyte collection, indicating
that isolates that use BOB}GPR15 can occur prior to AIDS
progression. 92HT596 and 92UG021 were obtained from
heterosexual females, and 93BR020 was obtained from a
bisexual male (Gao et al., 1996).

In summary, our results show that some HIV-1 isolates can
replicate in BOB}GPR15-expressing target cells, whereas no
significant levels of replication could be observed in cells
expressing Bonzo}STRL33. Since utilization of both BOB}
GPR15 and Bonzo}STRL33 seems to depend largely on cell-
surface expression levels, it will be important to investigate if
the expression levels in different lymphatic tissues, and on
mucosal or rectal membranes, are sufficient to allow productive
infection. The availability of antibodies and blocking ligands
will be highly important in elucidating the importance of these
receptors in vivo. Furthermore, the analysis of specific SIV Env
mutants in the SIVmac}macaque model may help to in-
vestigate the potential relevance of these entry cofactors for
pathogenesis and transmission.
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