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An Orphan G Protein-Coupled Receptor, GPR1, Acts as a Coreceptor

To Allow Replication of Human Immunodeficiency Virus
Types 1 and 2 in Brain-Derived Cells
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Twelve G protein-coupled receptors, including chemokine receptors, act as coreceptors and determinants for
the cell tropisms of human immunodeficiency virus type 1 (HIV-1), HIV-2, and simian immunodeficiency virus
(SIV). We isolated HIV-1 variants from T-cell-line (T)- and macrophage (M)-tropic (i.e., dualtropic) (R5-R3-
X4) HIV-1 strains and also produced six HIV-1 mutants carrying single-point amino acid substitutions at the
tip of the V3 region of the Env protein of HIV-1. These variants and three mutants infected brain-derived CD4-
positive cells that are resistant to M-, T-, or dualtropic (R5, X4, or R5-X4) HIV-1 strains. However, a factor that
determines this cell tropism has not been identified. This study shows that primary brain-derived fibroblast-
like cell strains, BT-3 and BT-20/N, as well as a CD4-transduced glioma cell line, U87/CD4, which were sus-
ceptible to these HIV-1 variants and mutants and the HIV-2,,, strain, expressed mRNA of an orphan G
protein-coupled receptor (GPCR), GPR1. When a CD4-positive cell line which was strictly resistant to infection
with diverse HIV-1 and HIV-2 strains was transduced with GPRI1, the cell line became susceptible to these
HIV-1 variants and mutants and to an HIV-2 strain but not to T- or dualtropic HIV-1 strains, and numerous
syncytia formed after infection. These results indicate that GPR1 functions as a coreceptor for the HIV-1

variants and mutants and for the HIV-2,,, strain in vitro.

Twelve G protein-coupled receptors (GPCRs), including six
chemokine receptors (CKRs), have been shown to act as co-
receptors for human immunodeficiency virus type 1 (HIV-1),
HIV-2, and simian immunodeficiency virus (SIV) (15, 32). Co-
receptors mediate the infection processes initiated by the bind-
ing of HIV-SIV virions to the principal receptor, the CD4
molecule (10, 15, 32). GPCRs are constituted with diverse cell
membrane receptors, such as CKRs, peptide hormone recep-
tors, and light receptors, are evolutionarily related to one an-
other, and all take the seven-transmembrane architecture
(2, 18, 26). Chemokines and CKRs play important roles in
the chemotaxis of leukocytes in vivo (2, 18, 26). A CXC-CKR,
CXCR4, acts as a major coreceptor for T-cell-line (T)-tropic
HIV-1 and HIV-2 strains (13, 15). The CC-CKRs CCR5, CCR3,
and CCR2b specifically facilitate the infection with primary or
macrophage (M)-tropic HIV-1, HIV-2, or SIV strains (4, 5, 7,
8, 39). Cell tropism of HIV-1, HIV-2, and SIV is mostly ex-
plained by their uses of specific CKRs as coreceptors for in-
fection. In addition to the GPCRs described above, a CC-CKR
(CCRS8), a cytomegalovirus-encoded CKR, (US28), and five
orphan GPCRs (APJ, GPR1, GPR15, STRL33/Bonzo, and v28)
were shown to serve as coreceptors for HIV-1, HIV-2, or SIV
strains (7, 11, 14, 19, 22, 30, 33).

We isolated three HIV-1 strains, GUN-1y,, GUN-4,1, and
GUN-7y, which show both T- and M-tropisms (i.e., dualtro-
pism) (41, 42). From these wild-type (WT) strains, HIV-1 vari-
ants GUN-1,,, GUN-4,,, and GUN-7,,, which infect brain-de-
rived cells such as the CD4-positive, established glioma cell
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line U87/CD4 and the primary brain-derived fibroblast-like cell
strains BT-3 and BT-20/N were further isolated (38, 41, 42).
Isolation of HIV-2, SIV, and primary HIV-1 strains which in-
fect U87/CD4 cells has also been reported (9, 44), suggesting
the presence of these types of viruses in vivo. BT-20/N cells
were freshly isolated from macroscopically normal tissues next
to glioblastoma tissue, and BT-3 cells were isolated from me-
ningioma by the explant culture method (41, 42). These two
primary cell strains stop growing when they are passaged more
than 10 to 15 times. They were morphologically fibroblast-like
and negative for the expression of specifically differentiated
cell markers present in the brain, such as factor VIII-related
antigens (endothelial cell marker) or glial fibrillary acid protein
(astrocyte marker). Because monoclonal antibodies against
BT-3 cells stain the brain blood vessels in brain tissue, BT-3 or
BT-20/N cells may have been derived from cells associated with
them (unpublished data).

The third variable domains (V3) of the Env proteins of HIV-
1, HIV-2, and SIV are thought to interact with coreceptors
(28, 43). The GPGR (glycine-proline-glycine-arginine) tip
sequence of the V3 region of the Env protein present in the
GUN-1y, GUN-4y, and GUN-7y, strains was replaced
with GS(serine)GR, GA(alanine)GR, and GT(threonine)GR in
GUN-1,, the GUN-4,, and GUN-7,, variants, respectively
(mutated amino acid residues are underlined) (38, 41). There-
fore, the cell tropism characteristic of these HIV-1 variants is
probably determined by the specific amino acid sequences of
the V3 domain which will interact with a coreceptor. To con-
firm the effects of amino acid changes of the V3 tip sequences
on the cell tropisms of HIV-1, we constructed six mutants of
the GUN-1y, strain, GUN-1/A, GUN-1/L, GUN-1/P, GUN-
1/R, GUN-1/S, and GUN-1/T, as described below. These mu-
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TABLE 1. Expression of mRNA for HIV-SIV coreceptors
in various cells as detected by RT-PCR
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“ DNA amplified by RT-PCR was examined by agarose gel electrophoresis.
Intensities of specific bands detected as shown in Fig. 1A were expressed as fol-
lows: =, faint; +, weak; ++, strong; —, not detected.

tants were also used in this study to examine whether a given
GPCR functions as a coreceptor for them.

We tried to identify CKR-related genes expressed in brain-
derived cells by reverse transcription (RT)-PCR using degen-
erated primers and found that CCRS8/TERT1 acts as a corecep-
tor for several HIV-1 strains, such as GUN-1,,, GUN-1,,
GUN-4,y1, GUN-4,,, GUN-7y,, and GUN-7,, (19). However,
CCRS/TERT1 was not considered to be a specific coreceptor
for these variants, because not only GUN-1,,, GUN-4,,, and
GUN-7,, but also GUN-1y,1, GUN-4y,, and GUN-7, use it
as a coreceptor (19). Other than CCR8/TER1, CCR1 was
found to be expressed in the brain-derived cells by RT-PCR
using the degenerated primers (19). NP-2/CD4 cells expressing
CCRI are resistant to all HIV-1 strains tested including these
HIV-1 variants (19), which indicates that CCR1 is not a core-
ceptor specifically used by the HIV-1 variants and mutants
which infect the brain-derived cells. An orphan G protein-
coupled receptor (GPCR), APJ, has recently been shown to be
widely expressed in the brain (7). However, APJ could be
excluded as a possible coreceptor used by these variants be-
cause the expression of APJ mRNA was not detected in the
brain-derived cells we used, as described below (Table 1).

In this paper, to identify a GPCR which functions as a
coreceptor for HIV-1 and HIV-2 strain infection of brain-
derived cells, the expression of mRNA for 12 reported HIV-
SIV coreceptors (APJ, CCR2b, CCR3, CCRS5, CCRS, CCRY,
CXCR4, GPR1, GPR15, STRL33/Bonzo, US28, and v28) was
examined in various cells, including the two primary brain-
derived cell strains.

The HIV-1 strains GUN-1,, GUN-1,, (42), GUN-1/P,
GUN-1/S, GUN-1/T, GUN-1/A, GUN-1/L, GUN-1/R, III (46),
GUN-4y,1, GUN-4,,, GUN-7, and GUN-7,, (38) and an
HIV-2 strain, ROD (17), were propagated in C8166 cells
(35). GUN-1/A, GUN-1/L, GUN-1/P, GUN-1/R, GUN-1/S,
and GUN-1/T strains were constructed by changing the
GPGR sequence of GUN-1,,; to GAGR, GLGR, GPGR
(mutated but synonymous with that in GUN-1y,1), GRGR,
GSGR, and GTGR, respectively (unpublished data). We
noticed that GUN-1/L, GUN-1/P, and GUN-1/R mutants in-
fect both T-cell lines and macrophages but not the BT-3, BT-
20/N, or U87/CD4 brain-derived cells, while GUN-1/A, GUN-
1/S, and GUN-1/T mutants infect the brain-derived cells but not
macrophages (unpublished data). These mutants were propa-
gated in C8166 cells. The M-tropic (R5) HIV-1 strains SF162
(6) and BaL (47) were propagated in human peripheral blood
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lymphocytes (PBLs) isolated from healthy donors by a method
described elsewhere (25). The culture supernatants of the cells
infected with HIV-1 and HIV-2 were harvested when numer-
ous syncytia were observed microscopically, and the super-
natants were stored as viral stocks.

NP-2/CD4, NP-2/GPR1, and NP-2/CD4/GPR1 cells were
established by introducing CD4 and/or GPR1 genes into a hu-
man glioma cell line, NP-2 (37), by using a retrovirus vector as
described below. These NP-2-derived cells and a CD4-intro-
duced, established human glioma cell line, U87/CD4 (41, 45),
were maintained in E minimal essential medium (Nissui Co.,
Ltd., Tokyo, Japan) supplemented with 10% (vol/vol) fetal calf
serum (FCS). C8166 cells were cultured in RPMI 1640 me-
dium (Nissui) containing 10% (vol/vol) FCS. Primary brain-
derived fibroblast-like BT-20/N and BT-3 cells were cultured in
RPMI 1640 medium containing 10% (vol/vol) FCS, 10 ug of
endothelial cell growth supplement per ml, and 10 ng of epi-
dermal growth factor per ml. BT-20/N cells had been derived
from macroscopically normal tissues next to glioblastoma tis-
sue and BT-3 cells were from a meningioma (37, 38, 41, 42).
They were isolated by the explant culture method and showed
senescent phenotypes after 10 to 15 passages in vitro.

We examined the expression of mRNA of 12 reported HIV-
SIV coreceptor genes (APJ, CCR2b, CCR3, CCRS, CCRS,
CCRY9, CXCR4, GPR1, GPR15, STRL33/Bonzo, US28, and
v28) in various cells, including the brain-derived cells (Table
1). For this, specific PCR primer pairs for each gene were syn-
thesized (Nihon Idenshi Kenkyujo Co., Ltd., Miyagi, Japan).
GPCRs examined in this study and the nucleotide sequences,
orientations, and positions of the primers in their coding re-
gions are as follows: APJ, 5'-ATGGAGGAAGGTGGTGAT
TTTGACAACTAC-3’ (sense; positions 1 to 30) and 5'-CTA
GTCAACCACAAGGGTCTCCTGCTGTAG-3" (antisense;
positions 1113 to 1143) (DDBJ/GenBank/EMBL accession no.
U03642); CCR2b, 5'-ATGCTGTCCACATCTCGTTCTCGG
TTTATCAG-3' (sense; positions 1 to 32) and 5'-TTATAAA
CCAGCCGAGACTTCCTGCTCCCCAG-3' (antisense; posi-
tions 1052 to 1083) (accession no. U03905); CCR3, 5'-GCCC
GGACTGTCACTTTTGGTGTCATCACCAG-3" (sense;
positions 433 to 464) and 5'-CTTCTCACTAGGAAGGAAT
GGGATGTATCT-3' (antisense; positions 982 to 1011) (ac-
cession no. U49727); CCRS, 5'-GCCAGGACGGTCACCTT
TGGGGTGGTGACAA-3' (sense; positions 415 to 445) and
5'-AGCCTCTTGCTGGAAAATAAAACAGCATTT-3' (anti-
sense; positions 964 to 993) (accession no. U54994); CCRS,
5'-GTGAGGACGATCAGGATGGGCACAACGCTGTG-3’
(sense; positions 430 to 461) and 5'-GCTCTCCCTAGGCAT
TTGTCTTCCTAGGTA-3' (antisense; positions 973 to 1002)
(accession no. U62556); CXCR4, 5'-CCAAGGAAGCTGTTG
GCTGAAAAGGTGGTCTA-3’ (sense; positions 439 to 470)
and 5'-TCCACCTCGCTTTCCTTTGGAGAGGATCTT-3’
(antisense; positions 979 to 1008) (accession no. X71635);
GPR1, 5-ATGGAAGATTTGGAGGAAACATTATTTGAA-
3’ (sense; positions 1 to 30) and 5'-TTATTGAGCTGTTTCC
AGGAGACACAGATTC-3' (antisense; positions 1038 to 1050)
(accession no. U13666); GPR15, 5'-ATGGACCCAGAAGAA
ACTTCAGTTTATTTG-3’ (sense; positions 1 to 30) and 5'-
TTAGAGTGACACAGACCTCTTCCTCCTCCTGG-3" (anti-
sense; positions 1052 to 1083) (accession no. U34806); STRL33/
Bonzo, 5'-AATCTCGACAAGCTCATATGTGGTTACCAT
G-3' (sense; positions 520 to 550) and 5'-AGATTTCCATTG
ATGTGAGACCCCAAGGTAAG-3' (antisense; positions 929
to 960) (accession no. AF007545); US28, 5'-CCGCATTTCC
AGAATCGTTGCGGTGTCTCAG-3’ (sense; positions 624
to 654) and 5'-TGTGAGACGCGACACGCCTCGTCGGAC
AGCG-3' (antisense; positions 1019 to 1048); v28, 5'-ATGG
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ATCAGTTCCCTGAATCAGTGACAGAAAAC-3’ (sense;
positions 1 to 33) and 5'-TCAGAGAAGGAGCAATGCATC
TCCATCACTCG-3' (antisense; positions 1037 to 1068) (ac-
cession no. U20350).

Total RNA was isolated from cells (BT-20/N, BT-3, U87/
CD4, C8166, NP-2/CD4), macrophages, and PBLs by using an
RNA extraction kit (SepaGene; Sanko-Junyaku Co., Ltd., To-
kyo, Japan), in accordance with the manufacturer’s protocol.
To remove contaminated DNA, 30 ul of the total RNA prep-
aration was treated with 50 U of RNase-free DNase I (Boehr-
inger Mannheim Co., Ltd., Tokyo, Japan) in a reaction mixture
containing 10 mM Tris-HCI (pH 7.5), 10 mM MgCl,, and
1 mM dithiothreitol (DTT) at 37°C for 2 h. To make cDNA,
2 pg of the total RNA was reverse transcribed in 20 wl of a
reaction mixture containing 0.6 pg of oligo(dT) (GIBCO BRL,
Rockville, Md.), 10 mM Tris-HCI (pH 8.3), 50 mM KCl, 1.5
mM MgCl,, 2.5 mM each deoxynucleoside triphosphate
(dNTP), 10 mM DTT, 10 U of RNasin (Takara Shuzo Co.,
Ltd., Shiga, Japan), and 100 U of Superscript II reverse tran-
scriptase (GIBCO BRL) at 42°C for 1 h. To detect GPCR
sequences in the cDNA preparation, PCR was done by using
one pair of specific primers for each GPCR, in which 20 ul of
a reaction mixture containing 10 mM Tris-HCI (pH 8.3), 50
mM KCl, 1.5 mM MgCl,, 2.5 mM each dNTP, 60 ng of each
sense and antisense PCR primer, and 5 U of Tag DNA poly-
merase (Takara Shuzo) was subjected to 38 cycles of PCR as
follows: 93°C for 30 s, 60°C for 1 min, and 72°C for 2 min. As
a control, the expression levels of glyceraldehyde-3-phos-
phate dehydrogenase (G3PDH) in the cells were deter-
mined by RT-PCR. PCR-amplified cDNA was examined by
1% (wt/vol) agarose gel electrophoresis.

The expression of GPR1 and STRL33/Bonzo was detected
by RT-PCR in brain-derived cells such as BT-20/N, BT-3,
U87/CD4, the C8166 T-cell line, and human PBLs (Table 1;
Fig. 1). The expression of the other nine HIV-SIV coreceptors
was not detected in the brain-derived cells. BT-20/N, BT-3, and
U87/CD4 cells were specifically susceptible to HIV-1 variants
GUN-1,,, GUN-4,,, and GUN-7,, (Fig. 2B and C; see also Fig.
5B and C) as reported previously (38, 41, 42). The expression
of GPR1 mRNA was not detected in NP-2/CD4 cells and
macrophages, and NP-2/CD4 cells were resistant to infection
with these three HIV-1 variants (Fig. 2E; see also Fig. SE), as
were macrophages (19). These results suggest the possibility
that GPR1 acts as a coreceptor for the HIV-1 variants. The
expression of STRL33/Bonzo was detected not only in the
brain-derived cells but also in NP-2/CD4 cells and macro-
phages. It is unlikely that STRL33/Bonzo serves as a corecep-
tor for these variants because its mRNA was detected in
NP-2/CD4 cells, which are resistant to all HIV-1 strains tested,
including these variants (Table 1), and in macrophages, which
are resistant to these variants (25, 38).

To examine whether GPR1 acts as a coreceptor for the HIV-
1 variants, we established several cell lines which stably ex-
pressed the GPR1 gene. cDNA containing the coding region
of the GPR1 gene was made from total RNA of BT-3 cells
by RT-PCR using the specific primers for GPR1. GPR1 DNA
was cloned into the EcoRV site of the expression plasmid
pcDNA3 (Clontech, Palo Alto, Calif.), which was designated
pcDNA3/GPR1. GPR1 DNA was isolated from the pcDNA3/
GPR1 plasmid by BamHI and NotI digestion and subcloned
into the expression plasmid pMX/puro, which is derived
from the pBabe plasmid (20) and has a puromycin resistance
gene, using the BamHI and Notl sites. The resultant plasmid
was designated pMX-puro/GPR1. The nucleotide sequence of
GPR1 in pMX-puro was determined. In the NH,-terminal
domain, which shows variable amino acid sequences in each
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GPCR and contains amino acid sequences highly specific to
each GPCR, the amino acid sequence of the cloned GPR1
DNA was almost identical to the reported sequence (23) with
one difference: the 11th residue (glutamic acid) in the reported
sequence of GPR1 (23) was replaced with lysine in the cloned
GPRI1. This may be due to the polymorphism of GPR1. There
also are several mismatches in the amino acid sequences of
GPCRs that have been reported so far. Such mismatches are
found among reported sequences of CCR7/EBI1 (3, 36). The
homology of amino acid sequences between a given pair of
GPCRs reported so far is less than 90% (26). Therefore, the
DNA fragments we cloned were considered to be GPRI1.

GPR1-transduced cell lines were prepared as follows. The
plasmid harboring the genes for the receptor of ecotropic mu-
rine leukemia virus (MuLV) and hygromycin resistance was
introduced into NP-2/CD4 cells by DNA transfection using
Lipofect AMINE (GIBCO BRL), and hygromycin-resistant
cells were selected as previously described (19). These cells
were infected with the ecotropic MuLV pseudotypes contain-
ing puromycin resistance and GPR1 genes, which had been
produced by BOSC23 cells (ATCC CRL 11554) (21) trans-
fected with pMX-puro/GPR1 plasmid, and the puromycin-re-
sistant cells were selected by cultivation in medium containing
2 pg of puromycin/ml for 1 to 2 weeks. The resultant cells were
designated NP-2/CD4/GPR1. Over 80% of these GPR1-trans-
duced cells were positive for CD4 (data not shown). NP-2/
CD4/CCRS and NP-2/CD4/CXCR4 cells (19) had been estab-
lished in a way similar to that described above. NP-2/GPR1
cells were established as follows. NP-2 cells were infected with
the amphotropic MuLV pseudotypes containing puromycin re-
sistance and GPR1 genes, which had been produced by $NX-
A cells (16) transfected with pMX-puro/GPR1 plasmid, and
the puromycin-resistant cells were selected by cultivation in
medium containing 2 pg of puromycin/ml for 1 to 2 weeks.

We examined the susceptibility of C8166, BT-20/N, BT-3,
U87/CD4, NP-2/CD4/GPR1, NP-2/CD4/CCRS, and NP-2/
CD4/CXCR4 cells to various HIV-1 strains (GUN-1,, GUN-
1y, GUN-1/A, GUN-1/L, GUN-1/P, GUN-1/R, GUN-1/S,
GUN-1/T, Ill, SF162, and BaL). To do so, 5 X 10* cells were
inoculated with HIV-1 or HIV-2 strains at 37°C for 2 h in
24-well cell culture plates as described elsewhere (24). For
each virus, 10* cpm of reverse transcriptase activity was used as
an inoculum. Then, the cells were washed twice with 500 pl of
phosphate-buffered saline to remove viruses and were then
cultured. The susceptibilities of the cells to HIV-1 and HIV-2
strains were examined by detecting the expression of HIV-1 or
HIV-2 antigens by indirect immunofluorescence assay (IFA) as
described elsewhere (42). Syncytia which formed were micro-
scopically detected after Giemsa staining of the cells.

C8166 cells were highly susceptible to all HIV-1 strains ex-
amined except M-tropic (RS5) strains, SF162, and BaL (Fig.
2A): more than 90% of the cells became HIV-1 antigen posi-
tive, and large syncytia were detected (data not shown). The
high susceptibility of C8166 cells to diverse HIV-1 strains is
probably explained by the high-level expression of CXCR4
(Fig. 1B). BT-20/N and U87/CD4 cells were susceptible to
the GUN-1,, GUN-1/A, GUN-1/S, and GUN-1/T strains:
more than 50% of the cells were HIV-1 antigen positive on day
6 (Fig. 2B and C), and syncytia were detected (data not
shown). About 1 to 2% of BT-20/N cells were also infected
with the T- and M-tropic (dualtropic) GUN-1, strain (Fig.
2B). BT-20/N and U87/CD4 cells were resistant to the dual-
tropic GUN-1/P, GUN-1/L, and GUN-1/R strains, the T-tropic
III strain, and the M-tropic SF162 and BaL strains, and syn-
cytia were not induced in these cells.

NP-2/CD4 cells were completely resistant to all HIV-1
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FIG. 1. Expression of GPR1 mRNA in various types of cells. (A) The expression of GPR1 mRNA in three cell lines (U87/CD4, C8166, and NP-2/CD4), two
fibroblast-like cell lines (BT-20/N and BT-3), and macrophages was detected by RT-PCR. As a control, the expression of G3PDH mRNA was detected by RT-PCR.
Total RNA without reverse transcription gave no bands (data not shown). Similar RT-PCR experiments were done as for the other 11 HIV-SIV coreceptors. Expression
levels were estimated by the intensities of PCR bands and are summarized in Table 1. (B) Determination of the relative amounts of GPR1 mRNA in the brain-derived
cells. The cDNA reverse transcribed from 2 pg of the total RNA extracted from the cells was serially 10-fold diluted and amplified by PCR to detect the GPR1
sequences by using the specific primers. As a control, the level of the expression of CXCR4 mRNA in C8166 cells was determined by the same method. G3PDH mRNA

in each sample detected by RT-PCR is shown as a control.

strains examined under our assay conditions (Fig. 2E). In con-
trast, NP-2/CD4/GPR1 cells were highly susceptible to HIV-1
strains GUN-1,,, GUN-1/A, GUN-1/S, and GUN-1/T that in-
fect the brain-derived cells: more than 50% of the cells became
HIV-1 antigen positive on day 6 after infection with the GUN-
1y, GUN-1/A, and GUN-1/S strains, and 20% were antigen
positive following infection with the GUN-1/T strain (Fig.
2D and 3). Syncytia were induced in NP-2/CD4/GPR1 cells
by GUN-1, (Fig. 4F) and HIV-2,4 (Fig. 4G). Syncytia

were also induced in NP-2/CD4/GPR1 cells by the GUN-1/A,
GUN-1/S, and GUN-1/T strains (data not shown). NP-2/CD4/
GPRI1 cells were not susceptible to HIV-1 strains GUN-1/L,
GUN-1/P, GUN-1/R, IIl, SF162, and BaL.: less than 0.2%
of the cells were HIV-1 antigen positive on day 6 (Fig. 2D).
NP-2/CD4/GPR1 cells were susceptible to the GUN-1y,
strain: 2% of the cells were HIV-1 antigen positive on day 6
(Fig. 2D). GUN-1y could not induce syncytia in NP-2/CD4/
GPR1 cells (Fig. 4E). Infection kinetics of NP-2/CD4/GPR1
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FIG. 2. Susceptibilities of various types of cells to HIV-1 strains. C8166 (A), BT-20/N (B), U87/CD4 (C), NP-2/CD4/GPR1 (D), NP-2/CD4 (E), and NP-2/GPR1
(F) cells were infected with HIV-1 strains GUN-1y,1, GUN-1y,, GUN-1/P, GUN-1/S, GUN-1/T, GUN-1/A, GUN-1/L, GUN-1/R, SF162, BaL, and IIIg. The infections
were assessed by detecting HIV-1 antigens by IFA in challenged cells on days 2, 4, and 6 after inoculation. In this figure, results from day 6 are shown.

cells with various HIV-1 strains are shown in Fig. 3, indicating
the rapid spread of the infectious viruses in these cells. A small
percentage of NP-2/CD4/GPR1 cells were infected with the
GUN-1y, strain (Fig. 2D), suggesting that the low level of
infection of BT-20/N cells with the GUN-1,y strain may be
explained by the inefficient use of GPR1 as a coreceptor for
GUN-1y, (Fig. 2B and D).

To further confirm these findings, we examined the suscep-
tibilities of NP-2/CD4/GPR1 cells to other HIV-1 variants and
to an HIV-2 strain. GUN-4y, and GUN-7, are T- and
M-tropic (i.e., dualtropic) (unpublished results), and the
GUN-4,, and GUN-7,, strains infected the brain-derived
cells (38). HIV-1 strains GUN-4y,, GUN-4,,, GUN-7y,, and
GUN-7,, and an HIV-2 strain, HIV-2,,, efficiently infected
C8166 cells: 60% and 20% of the cells were HIV-1 antigen
positive on day 6 after infection with the GUN-4,, and HIV-
2rop strains and with the GUN-7,, strain, respectively (Fig.
5A). GUN-4y,1 and GUN-7y,¢ infected C8166 cells more ef-
ficiently than these virus strains. Both BT-20/N and U87/CD4
cells were susceptible to the GUN-4,,, GUN-7,,, and HIV-
2rop Strains but not to the GUN-4y,, and GUN-7, strains
(Fig. 5B and C). NP-2/CD4/GPR1 cells showed susceptibility
to the GUN-4,,, GUN-7,,, and HIV-2,, strains but not to
the dualtropic GUN-4y, and GUN-7y strains (Fig. 5D). The
GUN-4,,, GUN-7,, and HIV-2,, (Fig. 4F), but not the

100

HIV-1-antigen-positive cells (%)

0 2 4 6

Day after infection

FIG. 3. Infection kinetics of NP-2/CD4/GPR1 cells with various HIV-1 strains as
detected by IFA. Symbols: O, GUN-1y1; ®, GUN-1y,; A, GUN-1/S; m, GUN-1/
T; ¢, GUN-1/A; *, IlIg, GUN-1/L, GUN-1/P, GUN-1/R, and mock infection.
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FIG. 4. Syncytia induced in NP-2/CD4/GPR1 cells. NP-2/CD4 (A, B, C, and D) and NP-2/CD4/GPR1 (E, F, G, and H) cells were infected with strain GUN-1y
(A and E), GUN-1y, (B and F), or HIV-2zp (C and G). Mock infection of NP-2/CD4 (D) and NP-2/CD4/GPR1 (H) cells is also shown. The cells were fixed with

methanol and stained with Giemsa on day 4 after infection. Magnification, X100.

GUN-4,,+ and GUN-7,, strains induced syncytia in NP-2/
CD4/GPRI1 cells (data not shown). The infectivities of HIV-1 and
HIV-2 strains were confirmed by IFA: NP-2/CD4/CXCR4 cells
were highly susceptible to X4 viruses, while NP-2/CD4/CCRS
cells were susceptible to X4RS5 or RS strains such as SF162 and
BaL (data not shown) as described previously (19). NP-2/CD4
cells were resistant to these virus strains (Fig. SE). These re-
sults indicate that GPR1 can act as a coreceptor which sup-
ports the infection of the cell-free HIV-1 variants and the cell
fusion process induced by them. Moreover, these results
strongly support the idea that GPR1 is a coreceptor of the
HIV-1 variants and some HIV-2 strains and that it determines
the susceptibility of BT-3, BT-20/N, and U87/CD4 brain-de-
rived cells to these viruses.

Using RT-PCR, we estimated the amount of GPR1 mRNA
expressed in NP-2/CD4/GPR1 cells as well as in BT-20/N, BT-

3, and U87/CD#4 cells (Fig. 1B). The amount of CXCR4 mRNA
expressed in C8166 cells was also analyzed by RT-PCR using
the specific primers for the CXCR4 sequence as a control (Fig.
1B). C8166 cells were highly susceptible to T-tropic HIV-1
strains. As shown in Fig. 1B, CXCR4 mRNA could be de-
tected in 10,000-fold-diluted cDNA of C8166 cells. GPR1
mRNA was detected in 100-fold-, 1,000-fold-, 1,000-fold-, and
10-fold-diluted ¢cDNAs of BT-20/N, BT-3, U87/CD4, and
C8166 cells, respectively. Similarly, GPR1 mRNA could be de-
tected in 10,000-fold-diluted cDNA of NP-2/CD4/GPR1 cells.
These results indicate that NP-2/CD4/GPR1 cells expressed
amounts of GPR1 mRNA comparable to those expressed by
BT-3 and U87/CD4 cells. The amounts of GPR1 mRNA
expressed in BT-3 and U87/CD4 cells were estimated to be
approximately 10 times greater than that expressed in BT-20/N
cells.
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2 antigens in infected cells by using IFA. The cells were harvested for IFA on day 6 after infection.

To examine the CD4 dependency of the infection mediated
through GPR1, cells lacking CD4 expression, NP-2/GPR1, were
challenged with HIV-1 and HIV-2 strains GUN-1y,, GUN-1/A,
GUN-1/S, GUN-1/T, GUN-4,,, and GUN-7,, and HIV-2 5.
NP-2/GPRI1 cells were completely resistant to infection with
these HIV-1 or HIV-2 strains (Fig. 2F). These results suggest
that GPR1 allows HIV-1 and HIV-2 infections to the brain-
derived cells in a CD4-dependent manner.

To elucidate the evolutionary relationship among GPR1 and
other CKRs, including reported HIV-SIV coreceptors, we con-
structed a phylogenetic tree for APJ, CCR1, CCR2b, CCR3,
CCR4, CCRS, CCR6, CCR7, CCRS, CCRY9, CCR10, CXCR1,
CXCR2, CXCR3, CXCR4, CXCRS5, GPR1, GPRI15, v28, and
US28 by the N-J method (34) (Fig. 6). A multiple alignment of
amino acid sequences was made for the conserved regions of
these 16 GPCRs. The conserved regions used to make the
multiple alignment were the 4th to 70th, 76th to 96th, 109th
to 174th, and 236th to 264th amino acid sites in the case of
CXCRA4, and similar regions were used for the other GPCRs.
The CC-CKRs and CXC-CKRs were clustered separately in
this tree. However, GPR1 belonged to neither the cluster of
CC-CKRs nor that of CXC-CKRs, suggesting that a ligand for
GPR1 is possibly not a typical chemokine. GPR1 is one of the
evolutionarily most distant of the known HIV-SIV coreceptors.
Because US28 is a viral gene (27) rather than a cellular gene,
it can be deleted from this tree. The natural ligand for GPR1
has not been identified. The location of GPR1 observed in this
phylogenetic tree suggests that GPR1 is not a typical CKR, and
thus various GPCRs in addition to typical CKRs might have a

potential to act as coreceptors for HIV-1, HIV-2, or SIV
strains.

As described above, GPR1 was specifically expressed in the
primary brain-derived fibroblast-like cell strains BT-20/N and
BT-3 and the glioma cell line U87/CD4 that are susceptible to
the HIV-1 variants and mutants and to HIV-2; 5, but not in
the cells resistant to them, such as macrophages (Table 1; Fig.
1A). This result suggests that GPR1 may be a coreceptor spe-
cific for these HIV-1 and HIV-2 strains. Many syncytia were
induced in NP-2/CD4/GPR1 cells positive for HIV-1 or HIV-
2 antigens as determined by IFA (Fig. 4F and G and data not
shown), indicating that GPR1 acts as a coreceptor and thus
supports the fusion process between the envelope protein of
HIV-1 and HIV-2 and the cell membrane of target cells.

It has been shown that a few amino acid changes in the V3
domain affect the use of coreceptors by HIV-1 (40). One-point
mutants such as GUN-1/A, GUN-1/S, and GUN-1/T also uti-
lized GPR1 as a coreceptor (Fig. 2D), while dualtropic mutant
strains such as GUN-1/P, GUN-1/L, and GUN-1/R did not. As
neither T-tropic nor M-tropic HIV-1 strains used GPR1 as a
coreceptor, the cell tropism conferred by GPR1 should be in-
dependent of the T or M tropism. The results obtained here
demonstrate that one-point amino acid changes at the GPGR
tip sequences in the V3 domain enable HIV-1 strains to use a
phylogenetically distantly related GPCR, GPR1, as a corecep-
tor. It remains to be examined whether GPR1 functions mainly
in BT-3 and BT-20/N cells or U87/CD4 cells as a coreceptor
for these HIV-1 variants and mutants and for HIV-2. For this,
blocking experiments for GPR1 should be done.
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GPR1 was not unanimously expressed among glioma-de-
rived cell lines, such as U87/CD4 and NP-2/CD4. We trans-
duced CD4 into five glioma cell lines: two lines were highly
susceptible to T-tropic HIV-1 and two lines could be infected
with the HIV-1 variants we describe here. Only NP-2/CD4 cells
were resistant to all of the HIV-1 strains we tested (data not
shown). Moreover, even from U87/CD4 cells, we could isolate
a clonal line that was susceptible to M-tropic virus (unpub-
lished data). These findings indicate that the expression of
GPR1 in established cell lines derived from brain tumors is not
specific for cell types.

GPR1 was originally cloned from a cDNA library of hippo-
campus of the human brain and is expressed abundantly there
(23). There is a possibility that BT-3 and BT-20/N cells might
have been derived from the brain blood vessels. In the brain,
the dysfunction of the blood-brain barrier (BBB) can be in-
volved in the development of neurological disorders, which are
frequently observed in patients with AIDS (29). However,
the precise mechanism by which the BBB is impaired by HIV-
1 has not been adequately elucidated. It has been reported that
microvascular endothelial cells are susceptible to HIV-1 strains
(31). This infection is independent of CD4 and galactosyl cer-
amide (1). Recently, the involvement of CCRS in the infection
of simian brain endothelial cells with SIV in vitro was reported
(12). Some HIV-2, SIV, and primary HIV-1 isolates were re-
ported to infect U87/CD4 cells (9, 44). These isolates are
expected to show a cell tropism similar to that of the HIV-1
variants described here and to be present in peripheral blood
of HIV-1-infected patients. It remains to be examined whether

brain cells like BT-3 or BT-20/N are infected with HIV-1 in
vivo or whether these cells are involved in the dysfunction of
the BBB.
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