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More than 10 G protein-coupled receptors (GPCRs) have been shown to act as coreceptors for infection of
human immunodeficiency virus type 1 (HIV-1), HIV-2, and simian immunodeficiency virus (SIV). We have
isolated HIV-1 variants infectious to primary brain-derived CD4-positive cells (BT-3 and BT-20/N) and
U87/CD4 glioma cells that are resistant to T-cell line-tropic (T-tropic), macrophage-tropic (M-tropic), and T-
and M-tropic (dualtropic) (X4, R5, and R5X4) HIV-1 strains. These primary brain-derived cells were also
highly susceptible to HIV-2xp, HIV-2451 66600 @and SIV,,  4cpe.1- A factor or coreceptor that determines the
susceptibility of these brain-derived cells to these HIV and SIV strains has not been fully identified. To identify
this coreceptor, we examined amino acid sequences of all known HIV and SIV coreceptors and noticed that
tyrosine residues are well conserved in their extracellular amino-terminal domains. By this criterion, we
selected 18 GPCRs as candidates of coreceptors for HIV and SIV strains infectious to these brain-derived cells.
mRNA expression of an orphan GPCR, RDC1, was detected in the brain-derived cells, the C8166 T-cell line,
and peripheral blood lymphocytes, all of which are susceptible to HIV-1 variants, but not in macrophages,
which are resistant to them. When a CD4-expressing cell line, NP-2/CD4, which shows strict resistance to
infection not only with HIV-1 but also with HIV-2 or SIV, was transduced with the RDC1 gene, the cells became
highly susceptible to HIV-2 and SIV,,,, strains but to neither M- nor T-tropic HIV-1 strains. The cells also
acquired a low susceptibility to the HIV-1 variants. These findings indicate that RDC1 is a novel coreceptor for

several HIV-1, HIV-2, and SIV strains which infect brain-derived cells.

Human immunodeficiency virus type 1 (HIV-1), HIV-2, and
simian immunodeficiency virus (SIV) enter target cells primar-
ily in a CD4-dependent manner (12, 33). Several human or
animal cell lines show resistance to infection with various
HIV-1 strains, although the CD4 molecules are detected on
the cell surface (7). These findings suggested that some factors
other than the CD4 molecule are necessary for the HIV-1
infection process. Later, a CXC-chemokine receptor (CKR),
CXCR4, was shown to mediate the fusion of the cells express-
ing the Env protein of T-cell line-tropic (T-tropic) HIV-1
strains, but not of macrophage tropic (M-tropic) HIV-1 strains,
with CD4-positive cells (22).

CKRs, which belong to the G protein-coupled receptors
(GPCRs), play important roles in the chemotaxis system in
vivo in collaboration with their ligands, chemokines. GPCRs
constitute a large family consisting of more than 100 receptor
molecules, such as the receptors for chemoattractants, light,
and peptide hormones (38). Four CC-CKRs (CCR2b, CCR3,
CCRS, and CCRY) were shown to serve as specific coreceptors
for M-tropic or primary T-tropic HIV-1 strains (1, 4,5, 8, 9, 16,
22,47, 49). Thus, several CKRs have abilities to act not only as
coreceptors but also as determinants of the susceptibility of
cells to HIV-1 strains. A cytomegalovirus-encoded CKR
(US28), a CX;C-CKR (v28), and four orphan GPCRs (APJ,
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GPR1, GPR15, and STRL33) were also shown to act as core-
ceptors for several HIV-1, HIV-2, or SIV strains (8, 14, 19, 34,
35, 40).

We isolated three wild-type HIV-1 strains, GUN-1,
GUN-4y, 1, and GUN-7,, from peripheral blood lymphocytes
(PBLs) of AIDS patients and found that they are T- and
M-tropic (i.e., dualtropic) (R5-R3-X4) (46, 51, 52). From each
viral preparation, variant strains GUN-1,, GUN-4,, and
GUN-7,, were isolated (46, 51, 52). These variants show an-
other type of cell tropism: GUN-1,,, GUN-4,, and GUN-7,,
strains infect both T-cell lines and brain-derived cells, such as
the CD4-transduced glioma cell line U87/CD4, and BT-3 and
BT-20/N cells, which are normal fibroblast-like cells probably
originating in human brain blood vessels (51). T-tropic, M-
tropic, and dualtropic HIV-1 strains (i.e., X4, R5, and X4R5
strains) cannot efficiently infect these brain-derived cells (51,
52). Recently, we found that a CC-CKR (CCRS8/TER1) facil-
itates the infection of the dualtropic HIV-1 strains and the
HIV-1 variants which are infectious to the brain-derived cells
(31). However, a cell surface molecule that is expressed in the
brain-derived cells and determines the susceptibility to the
HIV-1 variants, HIV-2, or SIV infectious to the brain-derived
cells has not been identified.

It has been shown that tyrosine residues are well conserved
in the extracellular amino-terminal (N-terminal) domains of a
few HIV/SIV coreceptors (8, 19, 20). Deletion of these ty-
rosines abolished the coreceptor function of CCRS (20). Re-
cently, it was shown that sulfation of these tyrosines in the
N-terminal domain is critical for the coreceptor function of
CCRS (21). In this study, we show that mRNA for an orphan
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GPCR, RDCI, which also has tyrosines in the extracellular
N-terminal domain, was detected in the human brain-derived
cells, PBLs, and an established T-cell line and that it acted as
a coreceptor for HIV-1, HIV-2, and SIV strains infectious to
the brain-derived cells when it was transduced into HIV/SIV-
resistant NP-2/CD4 cells.

MATERIALS AND METHODS

Cells. A human T-cell line, C8166 (44), was mostly used to prepare the viral
stocks of HIV-1, HIV-2, and SIV strains. NP-2/CD4, NP-2/RDCI1, and NP-2/
CD4/RDCI1 cells were established by introducing CD4 and/or RDC1 genes into
a human glioma cell line, NP-2 (31, 45), using retrovirus vectors as described
elsewhere (31, 48). NP-2/CD4/CCR5 and NP-2/CD4/CXCR4 cells were also
established by introducing the CCR5 or CXCR4 gene into NP-2/CD4 cells by
using retrovirus vectors as described previously (31). These NP-2-derived cells
and a CD4-transduced human glioma cell line, U87/CD4 (41, 51), were main-
tained in Eagle’s minimum essential medium (Nissui Co., Ltd., Tokyo, Japan)
supplemented with 10% fetal calf serum (FCS). C8166 cells were cultured in
RPMI 1640 medium (Nissui) containing 10% FCS.

The brain-derived fibroblast-like BT-3 (51, 52) and BT-20/N (51, 52) cells,
which have been thought to originate in brain blood vessels, were cultured in
RPMI 1640 medium containing 10% FCS, 10 g of endothelial cell growth
supplement per ml, and 10 ng of epidermal growth factor per ml. BT-3 and
BT-20/N cells were derived from surgically dissected human brain tissues of
patients with meningioma and glioma, respectively. BT-3 and BT-20/N cells stop
growing after 10 to 15 cell passages and have not shown any specifically differ-
entiated cell markers so far tested (data not shown). Because monoclonal anti-
bodies raised against BT-3 cells reacted with blood vessels, BT-3 and BT-20/N
cells may be derived from the cells associated with blood vessels, although these
brain-derived cells were negative for factor VIII-related antigens (endothelial
cell marker) or glial fibrillary acid protein (astrocyte marker) (data not shown).

Macrophages were isolated from PBLs of healthy blood donors as described
previously (36). Macrophages were cultured in RPMI 1640 medium containing
10% FCS and 10% human serum. PBLs were stimulated with phytohemagglu-
tinin and cultured in RPMI 1640 medium containing 10% FCS and 100 U of
recombinant interleukin-2 per ml.

Virus strains. Three HIV-1 strains infectious to T-cell lines and macrophages
(GUN-1ywr [52], GUN-4y [46], and GUN-7y [46]), three HIV-1 variants
infectious to the brain-derived cells as well as T-cell lines (GUN-1y, [52],
GUN-4y, [46], and GUN-7y, [46]), one HIV-1 strain infectious to T-cell lines
(IlIg [54]), two M-tropic HIV-1 strains (SF162 [6] and BaL [55]), two HIV-2
strains (ROD [25] and SBL6669 [25]), and three SIV strains (mac251 [13],
mndGB-1 [53], and agmTYO-1 [23]) were used. GUN-4y and GUN-7t
strains are primary HIV-1 isolates because their passage numbers are less than
10. The culture supernatants of C8166 cells infected with HIV-1, HIV-2, or SIV
strains were harvested as the viral stocks when many syncytia were detected
microscopically. The M-tropic HIV-1 strains SF162 and BaL were propagated in
human PBLs.

GPCRs and PCR primers. Oligonucleotide primers (Nihon Idenshi Kenkyujo,
Co., Ltd., Miyagi, Japan) were synthesized to detect the expression of various
GPCRs RNA by reverse transcription (RT)-PCR. Names of GPCRs, nucleotide
sequences of PCR primers to detect the cDNA of GPCRs, orientations of the
primers, and positions of the primers in the open reading frame (ORF) of
GPCRs are as follows: APJ, 5-ATGGAGGAAGGTGGTGATTTTGACAAC
TAC-3’ (sense, positions 1 to 30) and 5'-CTAGTCAACCACAAGGGTCTCC
TGGCTGTAG-3' (antisense, positions 1113 to 1143) (DDBJ/Genbank/EMBL
accession no. U03642); C5a receptor, 5'-ATGAACTCCTTCAATTATACCAC
CCCTGAT-3' (sense, positions 1 to 30) and 5'-CTACACTGCCTGGGTCTTC
TGGGCCATAGTG-3' (antisense, positions 1023 to 1,053) (M62505); CCRI1,
5'-ATGGAAACTCAAAACACCACAGAGGACTATG-3' (sense, positions 1
to 31) and 5'-TCAGAACCCAGCAGAGAGTTCATGCTCCCCTG-3" (anti-
sense, positions 1037 to 1,068) (L09230); CCR4, 5'-ATGAACCCCACGGATA
TAGCAGATACCACC-3' (sense, positions 1 to 30) and 5'-CGTCGCATTCG
CGGCCGCCTACAGAGCATCATGAAG-3" (antisense, positions 1066 to
1083) (X85740); CCR7, 5'-CGCGTCCTTCTCATCAGCAAGCTGTCCTGT
G-3' (sense, positions 508 to 538) and 5'-GTGCCGACAGGAAGACCACTGC
CGGAGCTG-3' (antisense, positions 1051 to 1080) (X84702); CCR9/CCR10,
5'-ATCCCTGATATGGTCTTTGTACAGACACATG-3' (sense, positions 529
to 559) and 5'-GCTGGATAATGAGGCCTGGGCAGTGCCAGG-3' (anti-
sense, positions 1002 to 1038) (U94888); CXCR1, 5'-GTAGGAGGTAACACG
ATGACGTGCCAAGAA-3' (antisense, positions 988 to 1017); CXCR?2, 5'-AT
GGAAGATTTTAACATGGAGAGTGACAGC-3' (sense, positions 1 to 30)
and 5'-AAAGGAAGGCCTGCTGTCTTTGGGCAGGGA-3' (antisense, posi-
tions 1015 to 1044) (M99412); CXCR3, 5'-CGGGGGCCCCCGGCCCGCGTG
ACCCTCACCTG-3' (sense, positions 481 to 515) and 5'-CTGGAGCCCTCTC
TGGTTGGGGCAGCCCAGGC-3' (antisense, positions 1004 to 1035) (X95876);
CXCR4, 5'-CCAAGGAAGCTGTTGGCTGAAAAGGTGGTCTA-3" (sense,
positions 439 to 470) and 5'-TCCACCTCGCTTTCCTTTGGAGAGGATCT
T-3' (antisense, positions 979 to 1008) (X71635); CXCR5/BLR1, 5'-GGGACC
ATCTGGCTGGTGGGCTTCCTCCTTG-3' (sense, positions 511 to 546) and
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5'-GAGACTGCTCCTGCGCCAGCTAGGGAAGAG-3' (antisense, positions
1051 to 1080) (X68149); DEZ o, 5'-ATGAGAATGGAGGATGAAGATTAC
AACACTTC-3' (sense, positions 1 to 32) and 5'-TCAAAGCATGCCGGTCT
CCCTCTCATTCATAG-3' (antisense, positions 1091 to 1122) (U79526); DEZ
B, 5" ATGGAGGATGAAGATTACAACACTTCCATC-3' (sense, positions 1
to 30) and 5'-TCAAAGCATGCCGGTCTCCCTCTCATTCATAG-3' (anti-
sense, positions 1085 to 1116) (U79526); Duffy antigen, 5'-ATGGCCTCCTCT
GGGTATGTCCTCCAGGCGGAG-3' (sense, positions 1 to 33) and 5'-CTAG
GATTTGCTTCCAAGGGTGTCCAGATGAG-3' (antisense, positions 986 to
1017) (U01839); GPR-9-6, 5'-ATGGCTGATGACTATGGCTCTGAATCCAC
ATC-3' (sense, positions 1 to 32) and 5'-TCAGAGGGAGAGTGCTCCTGAG
GTTGTCTCC-3' (antisense, positions 1044 to 1074) (U45982); GPRS, 5'-ATG
GAGTCCTCAGGCAACCCAGAGAGCACC-3' (sense, positions 1 to 30) and
5'-TCAGTAGAAGGAGGCGCCCTCATAGGCGAAG-3" (antisense, positions
972 to 1002) (L36149); GPR12, 5'-ATGAATGAAGACCTGAAGGTCAATTT
AAGCGG-3' (sense, positions 1 to 32) and 5'-CTACACATCACTGGGCGAG
CGCGCTCTCTGGG-3' (antisense, positions 974 to 1005) (U18548); GPR15,
5'-ATGGACCCAGAAGAAACTTCAGTTTATTTG-3' (sense, positions 1 to
30) and 5'-TTAGAGTGACACAGACCTCTTCCTCCTCCTGG-3' (antisense,
positions 1052 to 1083) (U34806); GPR25, 5'-ATGGCCCCCACAGAGCCCT
GGAGCCCCAGCCC-3' (sense, positions 1 to 32) and 5'-CTACCAGGAGGC
CGAGGCAGTGTTCGCGGCC-3' (antisense, positions 1053 to 1083) (U91939);
and RDC1, 5'-AAGAAGATGGTACGCCGTGTCGTCTGCATCCTG-3' (sense,
positions 469 to 501) and 5'-CTGCTGTGCTTCTCCTGGTCACTGGACGCC
GAG-3' (antisense, positions 717 to 749) (M64749).

Detection of GPCR mRNA. Total RNA was isolated from BT-3, BT-20/N,
C8166, NP-2/CD4, and U87/CD4 cells as well as macrophages and PBLs by using
an RNA extraction kit (SepaGene; Sanko-Junyaku Co., Ltd., Tokyo, Japan) in
accordance with the manufacturer’s protocol. cDNA of the total cellular RNA
was constructed as described elsewhere (48). The GPCR sequences in the cDNA
preparation were detected by PCR as described elsewhere (48), using the specific
primers for each GPCR. As a control, the mRNA of glyceraldehyde-3-phosphate
dehydrogenase was detected by RT-PCR. The efficiencies of PCR primer pairs to
detect CCRS, CXCR4, and RDC1 RNA in cells were estimated by detection of
serially diluted plasmid DNA containing each GPCR as PCR templates. The
amplified cDNA was examined by 1% agarose gel electrophoresis.

Cloning of RDC1 gene. The DNA fragment containing the ORF of the RDC1
gene was obtained by RT-PCR using RDCl-specific primers RDCICN and
RDCICR. The ¢cDNA was constructed from the total RNA which had been
isolated from BT-3 cells. The ORF DNA of RDC1 was cloned into the EcoRV
site of the expression plasmid pcDNA3 (Clontech Co., Palo Alto, Calif.), and the
resultant plasmid was designated pcDNA3/RDC1. The DNA fragment contain-
ing the RDC1 ORF was separated from plasmid pcDNA3/RDCI1 by digestion
with the BarmHI and NotI and subcloned into the expression plasmid pMX-puro.
The RDCI plasmid obtained was designated pMX-puro/RDCI1. The cloned
RDCI1 gene was sequenced and found to be 99.2% homologous in amino acid
sequence to the reported gene (50). Serine, glycine, and leucine at amino acid
positions 130, 131, and 174 in the reported RDCI1 were replaced with glycine,
serine, and serine, respectively, in the RDCI1 gene which we cloned. These
changes were not localized in the extracellular regions.

Establishment of RDC1-expressing cells. RDCI-transduced cell lines were
established as follows. The plasmid harboring the genes of the receptor for
ecotropic murine leukemia virus (MuLV) and hygromycin resistance was intro-
duced into NP-2/CD4 cells by DNA transfection using Lipofect AMINE (GIBCO
BRL), and hygromycin-resistant cells were selected as described previously (31).
These cells were infected with the ecotropic MuLV pseudotype, which had been
produced by BOSC23 cells (ATCC CRL 11554) transfected with plasmid pMX-
puro/RDCI1 containing the puromycin resistance and RDC1 genes. The puro-
mycin-resistant cells were selected by cultivation in medium containing 2 pg of
puromycin per ml for 1 to 2 weeks. The obtained cell line was designated
NP-2/CD4/RDCI1. Over 80% of these RDCl-transduced cells were found to be
positive for expression of CD4 molecules by flow cytometric analyses (data not
shown). NP-2/RDC1 cells were established by transfection of pMX-puro/RDC1
DNA into NP-2 cells. NP-2/CD4/CCRS and NP-2/CD4/CXCR4 cells were es-
tablished as described previously (31).

Infection assay. BT-20/N, NP-2/CD4, NP-2/CD4/CCR5, NP-2/CD4/CXCR4,
NP-2/CD4/RDC1, and U87/CD#4 cells (5 X 10*) were seeded into 24-well culture
plates 24 h prior to inoculation. These cells were inoculated with HIV-1, HIV-2,
or STV in an amount corresponding to 10* cpm of reverse transcriptase activity
as described previously (30). The cells were passaged every 2 days.

Susceptibilities of BT-20/N, NP-2/CD4, NP-2/CD4/CCRS5, NP-2/CD4/CXCR4,
NP-2/CD4/RDC1, NP-2/RDCI1, and U87/CD4 cells to HIV-1, HIV-2, and SIV
strains were determined by an indirect immunofluorescence assay (IFA) which
detected HIV or SIV antigens expressed in the infected cells as described pre-
viously (52). HIV-1-infected human serum or SIV,,-infected macaque serum
was used as the first antibody. The infection was checked on days 2, 4, 6, and 8
after inoculation. The cells infected with HIV-1, HIV-2, or SIV were stained with
Giemsa reagent after fixation with methanol on day 6 after infection, and syncytia
induced were microscopically detected. Infection was also checked by PCR using
specific primers for HIV-1, HIV-2, or SIV.

Phylogenetic analysis. Multiple alignment of amino acid sequences for the
conserved regions (amino acid positions 40 to 70, 76 to 96, 109 to 174, and 236
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TABLE 1. mRNA expression of GPCRs containing tyrosines in the extracellular N-terminal domains in various cells

GPCR mRNA expression®

GPCR
BT-20/N BT-3 U87/CD4 C8166 NP-2/CD4 Macrophages PBLs
CCR1 - - - - - - -
CCR4 * + * ++ * - ++
CCR7 - + - ++ - + ++
CCRY/CCR10 - - - - - - -
CXCRI1 - ND - - - ND ND
CXCR2 - ND - - - ND ND
CXCR3 - - - - - - ++
CXCR5/BLR1 - + - - - + ++
APJ - - - - - - -
C5a receptor - ++ + — - - +
DEZ « - - - - - - -
DEZ B - * - - - - -
Dufty antigen - - - - - - -
GPR-9-6 - + - - - * -
GPRS - - + - - - +
GPR12 - * - * - - -
GPR25 - - - - - - -
RDCI ++ ++ + + - - +

“ Determined by the intensities of specific RT-PCR bands as shown in Fig. 1A. *, faint; +, weak; ++, strong; —, not detected; ND, not done.

to 264 in the case of CXCR4) of 23 GPCRs (APJ, CCR1, CCR2b, CCR3, CCR4,
CCRS5, CCR6, CCR7, CCR8/TER1, CCRY, CCR10, CXCR1, CXCR2, CXCR3,
CXCR4, CXCR5/BLR1, Dufty antigen, GPR1, GPR15, RDC1, STRL33, US28,
and v28) was carried out. The phylogenetic tree was constructed by the neighbor-
joining (N-J) method (43).

RESULTS

Expression of candidate GPCRs for novel HIV/SIV corecep-
tors. The four extracellular regions of HIV/SIV coreceptors
(i.e., extracellular N-terminal domain and three loop struc-
tures) were reported to be involved in the interaction with the
Env protein of HIV-1 (15, 39), and tyrosines in the extracel-
lular N-terminal domains of human CCRS5 and simian CCRS
were necessary for their function as an HIV/SIV coreceptor
(19, 20). Therefore, we selected 18 GPCRs (APJ, C5a recep-
tor, CCR1, CCR4, CCR7, CCRY9/CCR10, CXCR1, CXCR2,
CXCR3, CXCR5/BLR1, DEZ «, DEZ B, Dufty antigen, GPRS,
GPR12, GPR25, GPR-9-6, and RDC1) from 96 GPCRs which
were found in the DDBJ/EMBL/Genbank database as candi-
dates for novel HIV/SIV coreceptors because they also have
tyrosines in their extracellular N-terminal domains. APJ, DEZ
B, and C5a receptor were included because they had not been
identified as coreceptors when this study started. These candi-
dates and newly identified coreceptors might also include a
specific coreceptor for HIV-1, HIV-2, or SIV strains infectious
to brain-derived cells. It was recently reported that sulfation of
these tyrosines in the N-terminal domain is critical for the
coreceptor function of CCR5 (21).

We examined the mRNA expression of these 18 GPCRs in
various cells, including the brain-derived cells, by RT-PCR
using the primers specific for each GPCR (Table 1). The
mRNA of an orphan GPCR, RDCI, was detected in the C8166
T-cell line, PBLs, and three brain-derived cell lines (BT-3,
BT-20/N, and U87/CD#4), all of which were susceptible to vari-
ants GUN-1,,, GUN-4,,, and GUN-7,, (see Fig. 2B and C) (18,
51). Expression of RDC1 mRNA was not detected in NP-2/
CD4 cells and macrophages (Table 1 and Fig. 1A), which were
resistant to infection with these HIV-1 variants (Fig. 2E and
data not shown). CCR4 mRNA was detected not only in BT-3,
BT-20/N, and U87/CD4 cells brain-derived cells but also in
NP-2/CD4 cells which were resistant to the HIV-1 variants

(Table 1 and Fig. 2E). These results suggested that RDC1 but
not CCR4 might act as a coreceptor for these variants.

We determined the relative level of RDC1 mRNA expressed
in BT-3 cells in comparison with those of CXCR4 or CCRS5 in
C8166 cells or PBLs (Fig. 1B). Reverse-transcribed cDNA was
serially diluted 10-fold, and the level of RDC1 mRNA in the
brain-derived BT-3 cells and levels of CCRS and CXCR4
mRNA in C8166 cells and PBLs, respectively, were examined
by RT-PCR under similar assay conditions. Serially 10-fold-
diluted plasmids containing the CCRS, CXCR4, or RDCl1
gene were used as PCR templates to detect corresponding
genes. C8166 cells which abundantly express CD4 and CXCR4
have been used as cells highly susceptible to T-tropic HIV-1
strains (48). PBLs which express CCR3 and CCRS are suscep-
tible to M-tropic HIV-1 strains (9). From the results in Fig. 1B,
the amount of the RDC1 mRNA expressed in BT-3 cells was
estimated to be similar to that of CXCR4 mRNA expressed in
C8166 cells and 100-fold more than that of CCR5S mRNA in
PBLs when results shown in Fig. 1C were taken into account.
These results suggest that RDC1 may be used as a coreceptor
of HIV-1, HIV-2, or SIV strains which are susceptible to the
brain-derived cells.

RDC1-mediated infection. To examine the activity of RDC1
as a coreceptor for HIV-1, HIV-2, or SIV, NP-2/CD4/RDC1
and NP-2/RDCI1 cells as well as four different types of cells
(BT-20/N, C8166, NP-2/CD4, and U87/CD4) were infected
with nine HIV-1 strains (GUN-1y, GUN-1,, GUN-4y,,
GUN-4,, GUN-7y, GUN-7,, IIl;, SF162, and Bal), two
HIV-2 strains (ROD and SBL6669), and three SIV strains
(mac251, mndGB-1, and agmTYO-1). C8166 cells were highly
susceptible to HIV-1 strains GUN-1y,, GUN-1,,, GUN-4y,,
GUN-4,,, GUN-7y, and GUN-7,, and to all HIV-2 and SIV
strains, while C8166 cells were not susceptible to the M-tropic
HIV-1 strains SF162 and BaL (Fig. 2A). The brain-derived
cells BT-20/N and U87/CD4 were susceptible to GUN-1,,
GUN-4,,, and GUN-7,, strains (Fig. 2B and C) as reported
previously (46). Moreover, BT-20/N and U87/CD4 cells were
also susceptible to HIV-2g o, HIV-2451 6660» and SIV, L aGB1
strains: 20 to 40% of the cells were IFA positive 6 days after
inoculation (Fig. 2B and C). These three HIV-1 variants, two
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FIG. 1. Detection of RDC1 mRNA expressed in several kinds of cells by
RT-PCR. (A) RDC1 mRNA expression was detected in seven cell types (BT-3,
BT-20/N, C8166, NP-2/CD4, and U87/CD4 cells, macrophages, and PBLs) by
RT-PCR using primers specific for RDC1 (RDCICN and RDCICR). BT-3,
BT-20/N, NP-2/CD4, and U87/CD4 cells originated in the human brain. The
PCR primers amplify 1.1-kb DNA fragments when RDC1 mRNA is expressed in
these cells. Expression levels (— to ++) were determined by the intensities of
RT-PCR bands and are summarized in Table 1. As controls, the expression levels
of glyceraldehyde-3-phosphate dehydrogenase (G3PDH) mRNA in each sample
were determined by RT-PCR. The susceptibility of each cell to HIV-1 variant
GUN-1y, (Fig. 2) (40, 41) is shown by + or —. (B) The relative amount of the
RDC1 mRNA in BT-3 cells was determined by comparison with that of CXCR4
in C8166 cells and CCR5 in PBLs. RT-PCR was done with 1:1, 1:10, 1:100,
1:1,000, and 1:10,000 dilutions of cDNA as templates. (C) Efficiencies of PCR
primer sets to detect CCRS5, CXCR4, and RDC1. The plasmid DNA containing
each GPCR was serially diluted 10-fold and used as the template. PCR bands
with similar intensities were detected at each dilution when CCRS and CXCR4
were examined. Detection of RDC1 was 10-fold less efficient than that of CCRS
or CXCR4. Experiments were repeated three times. The intensity of the bands
is indicated by +, =, or — under each strip.

HIV-2 strains, and SIV,, ,4Gp.; strain induced numerous syn-
cytia in the brain-derived cells (data not shown). SIV . .5, and
SIV sgmrvo-1 strains infected BT-20/N and U87/CD4 cells but
inefficiently: less than 2% of the cells were IFA positive on day
6 after infection.

As control experiments, NP-2/CD4/CXCR4 (31) and NP-2/

J. VIROL.

CD4/CCRS (31) cells were also infected with these HIV and
SIV strains. NP-2/CD4 cells were highly resistant to infection
with all virus strains tested (Fig. 2E). NP-2/CD4/CXCR4 and
NP-2/CD4/CCRS cells were infected with the 14 HIV and SIV
strains. Seven HIV-1 strains (GUN-1y,1, GUN-1,,, GUN-4y,,
GUN-4,,, GUN-7, GUN-7,, and IIly), two HIV-2 strains
(ROD and SBL6669), and SIV,, 4gg.: efficiently plated onto
NP-2/CD4/CXCR4 cells, while seven HIV-1 strains (GUN-
1wt GUN-1,, GUN-4y,, GUN-4,, GUN-7\,, GUN-7,
and SF162), HIV-24g; 6660, and SIV_ . s, efficiently infected
NP-2/CD4/CCRS cells: more than 50% of the cells were IFA
positive on day 6 after infection (data not shown). These find-
ings indicate that all HIV and SIV strains were highly infec-
tious to compatible target cells as previously reported.

NP-2/CD4/RDCI cells were susceptible to HIV-2 o, HIV-
25B16660> and SIV  isp. (Fig. 2D): 20 to 40% of the cells
were IFA positive on day 6 after infection. HIV-2; 5 and
HIV-2gg; 6660 induced large syncytia in NP-2/CD4/RDCI1 cells
on day 6 after infection, although no syncytia were detected in
NP-2/CD4 cells infected with these strains (data not shown).
SIV naGe. also induced syncytia in NP-2/CD4/RDCI cells on
day 6 after infection (data not shown). NP-2/CD4/RDCI cells
showed low susceptibilities to variant strains GUN-1,,, GUN-
4,,, and GUN-7,, and to SIV,,»5;- Only 2 to 5% of the cells
were IFA positive on day 6, and large syncytia could not be
detected (data not shown). The infections of NP-2/CD4/RDC1
cells with GUN-1,,, GUN-4,,, and GUN-7,, were also con-
firmed by PCR assay using primers specific for HIV-1 (data not
shown). The infection of these HIV and SIV strains to NP-2/
CD4/RDC1 cells spread slowly, and less than 10% of the cells
became IFA positive after cultivation for up to 8 days (data not
shown). NP-2/CD4/RDCI1 cells were resistant to infection with
GUN-1yw, GUN-4,, GUN-7y,, III;, SF162, Bal, and
SIV .gm1vo-1- Recently, we noticed that NP-2/CD4/RDCI cells
have been infected with amphotropic MuLV. However, NP-2/
CD4 and NP-2/RDCI cells infected with amphotropic MuLV
were highly resistant to infection with HIV and SIV strains
(data not shown). This result indicates that the susceptibilities
of NP-2/CD4/RDCI1 cells to several HIV and SIV strains are
CD4 and RDC1 dependent. Thus, RDC1 can facilitate the cell
entry of HIV-1, HIV-2, and SIV strains infectious to the brain-
derived BT-20/N and U87/CD4 cells (Fig. 2B and C). RDCl1
functions as a novel coreceptor for several HIV-1, HIV-2, and
SIV strains, supporting the entry of cell-free viruses and cell
fusion after infection.

CD4 dependency. It was reported that HIV-2 /5 and neu-
rotropic SIV,,..174 strains can enter CD4-negative cells and
that their entry is directly mediated through coreceptors
CXCR4 and CCRS, respectively (3, 17, 42). To examine the
CD4 dependency of the infection of NP-2/CD4/RDC1 cells
with HIV-1, HIV-2, or SIV,,,qGB-1, CD4-negative NP-2/RDC1
cells were infected with these strains. The expression of CD4
molecules was detected on the surface of NP-2/CD4 cells but
not of NP-2/RDC1 cells by flow cytometry using anti-CD4
monoclonal antibodies (data not shown). Figure 2E shows that
NP-2/RDCI1 cells were resistant to infection with all HIV-1,
HIV-2, and SIV strains examined. HIV-2y o, HIV-2451 6660
and SIV, .4Gs.1» Which efficiently infected NP-2/CD4/RDCl1
cells, did not induce syncytia in NP-2/RDC1 cells (data not
shown). These results indicate that RDC1 serves as a corecep-
tor for several HIV-1, HIV-2, and SIV strains in a CD4-de-
pendent manner.

Molecular phylogeny of RDC1. A natural ligand for RDC1
has not been identified, although RDCI1 has the characteristic
amino acid sequence of GPCRs (18). Amino acid sequences
required for GPCRs to function as HIV or SIV coreceptors
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FIG. 2. Susceptibilities of C8166 (A), BT-20/N (B), U87/CD4 (C), NP-2/CD4/RDC1 (D), NP-2/CD4 (E), and NP-2/RDC1 (F) cells to 14 HIV-1, HIV-2, and SIV
strains. The results by IFA obtained 6 days after inoculation are shown. NP-2/CD4 and NP-2/RDC1 cells were resistant to all 14 viruses examined up to 8 days after

infection. The experiments were repeated three times.

have not been clearly identified. To determine common prop-
erties of the HIV and SIV coreceptors among many GPCRs,
we analyzed the evolutional relationship of the novel HIV/SIV
coreceptor RDC1 with other reported HIV and SIV corecep-
tors. We constructed a phylogenetic tree for 10 CKRs (CCR1,
CCR4, CCR6, CCR7, CCRY, CCR10, CXCR1, CXCR2,
CXCR3, and CXCRS5/BLR1) and 12 HIV/SIV coreceptors
(APJ, CCR2b, CCR3, CCRS5, CCRS8, CCR9, CXCR4, GPRI1,
GPR15, STRL33, v28, US28, and RDC1) by the N-J method
(43) (Fig. 3). In this tree, CXC-CKRs, including CXCRI,
CXCR2, CXCR3, CXCR4, and CXCRS5, and CC-CKRs, in-
cluding CCR1, CCR2b, CCR3, CCR4, CCRS5, CCR6, CCR7,
CCRS, CCRY and CCRI10, were clustered separately. This
result suggests that the CC-CKRs and CXC-CKRs have
evolved independently of each other. An orphan GPCR,
STRL33, was located in the cluster containing CC-CKRs. Four
orphan GPCRs (APJ, GPR1, GPR15, and RDC1) were lo-
cated outside the clusters containing CC-CKRs and CXC-
CKRs. The data in Fig. 3 suggest that RDC1 may not be a
CX;C-CKR, CC-CKR, or CXC-CKR; that is, GPCRs other
than CKRs can function as HIV and SIV coreceptors.

DISCUSSION

We showed that an orphan GPCR, RDCI, which is ex-
pressed in brain-derived cells, PBLs, and T-cell lines, acted as

a novel coreceptor for several HIV-1, HIV-2, and SIV strains.
Tyrosines are conservatively contained in the extracellular N-
terminal domains of known HIV and SIV coreceptors (20, 21).
This property was used as a criterion to select 18 candidates for
a novel coreceptor of HIV and SIV strains infectious to T-cell
lines, PBLs, and brain-derived cells. Among them, RDC1 was
chosen as a possible GPCR for the coreceptor because it was
expressed in cells susceptible to these HIV and SIV strains but
not in cells resistant to them (Table 1 and Fig. 1A). Recently,
it was shown that sulfation of these tyrosines of CCRS is
necessary for its coreceptor functions (21).

NP-2/CD4/RDC1 cells were much more susceptible to
HIV-2 strains HIV-2gop and HIV-2gg; 6660 than to HIV-1
variants GUN-1,,, GUN-4,,, and GUN-7,, and to SIV,, .qaGB.-1>
all of which infected the brain-derived cells (Fig. 2D). There-
fore, the susceptibilities of the brain-derived cells to HIV-1,
SIV, and, in particular, HIV-2 strains may partly be explained
by their use of RDCI as a coreceptor. RDCI is obviously used
by HIV-1 variants GUN-1,,, GUN-4,,, and GUN-7,, as their
coreceptor even though the levels were much lower than those
found for infection of HIV-2pop and HIV-2¢g; 4660 strains.
Thus, the RDC1 may not be a major coreceptor used by GUN-
1y, GUN-4,,, and GUN-7,, variants. The primary brain-de-
rived BT-3 cells were estimated to express 10-fold more RDC1
mRNA relative to that of CXCR4 in C8166 cells and that of
CCRS in PBLs (Fig. 1B).
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It was reported that some primary HIV-1 isolates as well as
HIV-2 and SIV strains infect U87/CD4 cells, which are not
transduced with any CKR genes (2, 10). The cell tropism of
these HIV-1 isolates may be similar to that of the HIV-1
variants described here. The HIV-1 variants which we used
have glycine-serine-glycine-arginine (GSGR), GT(threonine)GR,
or GA(alanine)GR sequence at the tip of the V3 region of
gp120, while most HIV-1 strains have GP(proline)GR at this
position. It was reported that a small percentage of HIV-1
isolates from patients have the sequence GSGR (32). This
report suggests that HIV-1 strains which may show cell tropism
similar to that of the HIV-1 variants described here are
present in vivo. As for SI'Vs, we examined only three strains
(SIV agmryo-15 STV imacast> and SIV o6 ). It is thought that
there are genetic variations among these SIV strains. Although
SIV ac2s1 @and SIV . ryo.; did not use RDC1 as an efficient
coreceptor, other strains of SIV,,,. and SIV ., may do so.

We recently noticed that NP-2/CD4/RDCI1 cells harbor am-
photropic MuLV. We also detected expression of amphotropic
MuLV in PA317/CD4 packaging cells (37), HOS.T4 cells (28),
and some US87/CD4 cells. Nucleotide sequences of the env
gene were partially determined after RT-PCR of cellular RNA
of these cells: the sequence of MuLV expressed in NP-2/CD4/
RDCI1 cells was identical to that of PA317/CD4 cells but
slightly different from that of HOS.T4 cells. These findings
suggest that PA317/CD4 cells may have produced competent
MuLV, which might have infected NP-2 cells when CD4 was
transduced.

RDCI1 has been isolated as a human homologue of the

canine vasoactive intestinal peptide receptor (18). However, a
natural ligand for RDCI has not been identified (11). Phylo-
genetic analysis for CKRs and HIV/SIV coreceptors including
RDCI1 revealed that RDC1 is located in the clusters of neither
CC-CKRs nor CXC-CKRs, suggesting that a ligand for RDC1
may not be a typical chemokine (Fig. 3). This result may make
it easier to identify a natural ligand for RDC1.

The RDC1 mRNA was reported to be detected in the lung,
testis, and kidney but not in the brain (18). However, we
detected the RDC1 mRNA in the human glioma cell line
U87/CD4 and the primary brain-derived cell lines BT-20/N and
BT-3 (Table 1 and Fig. 1A), which may have originated in cells
associated with the brain blood vessels, such as smooth muscle
cells or pericytes. The blood-brain barrier consists mainly of
astrocytes, endothelial cells, and pericytes which affect the
function of endothelial cells (27). Dysfunction of the blood-
brain barrier may result from damage of the brain blood ves-
sels. Infection of these cells with HIV-1 may promote the
development of neurological disorders such as HIV encepha-
litis and AIDS dementia complex, which have frequently been
observed in AIDS patients (24). The expression of RDCI in
different types of the cells of the brain has not been well
elucidated. The role of RDC1 in the transmission and patho-
genesis of HIV and SIV remains to be studied.
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