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The feline homolog of the a-chemokine receptor CXCR4 has recently been shown to support cell-cell fusion
mediated by CXCR4-dependent strains of human immunodeficiency virus (HIV) and strains of feline immu-
nodeficiency virus (FIV) that have been selected for growth in the Crandell feline kidney (CrFK) cell line. In
this report we demonstrate that expression of CXCR4 alone is sufficient to render cells from diverse species
permissive for fusion with FIV-infected cells, suggesting that CXCR4 is the sole receptor for CrFK-tropic
strains of FIV, analogous to CD4-independent strains of HIV-2. To identify the regions of CXCR4 involved in
fusion mediated by FIV, we screened panels of chimeric CXCR4 molecules for the ability to support fusion with
FIV-infected cells. Human CXCR4 supported fusion more efficiently than feline CXCR4 and feline/human
CXCR4 chimeras, suggesting that the second and third extracellular loops of human CXCR4 contain a critical
determinant for receptor function. Rat/human CXCR4 chimeras suggested that the second extracellular loop
contained the principal determinant for receptor function; however, chimeras constructed between human
CXCR2 and CXCR4 revealed that the first and third loops of CXCR4 contribute to the FIV Env binding site,
as replacement of these domains with the corresponding domains of CXCR2 rendered the molecule nonfunc-
tional in fusion assays. Mutation of the DRY motif and the C-terminal cytoplasmic tail of CXCR4 did not affect
the ability of the molecule to support fusion, suggesting that neither signalling via G proteins nor receptor
internalization was required for fusion mediated by FIV; similarly, truncation of the N terminus of CXCR4 did
not affect the function of the molecule as a receptor for FIV. CXCR4-transfected feline cells were rendered
permissive for infection with both the CrFK-tropic PET isolate of FIV and the CXCR4-dependent RF strain of
HIV-1, and susceptibility to infection correlated well with ability to support fusion. The data suggest that the

second extracellular loop of CXCR4 is the major determinant of CXCR4 usage by FIV.

The initial stage in infection with human immunodeficiency
virus (HIV) involves an interaction between the viral envelope
glycoprotein (Env) and CD4 on the surface of the target cell.
However, fusion of the viral envelope and the plasma mem-
brane of the target cell requires a further interaction between
Env and a member of the seven-transmembrane domain (7TM)
superfamily of G-protein-coupled receptors. Strains of HIV
that form syncytia with the MT-2 cell line (27), formerly clas-
sified as syncytium-inducing (SI) strains, have subsequently
been shown to interact with the a-chemokine receptor CXCR4
(21), while strains of the virus that fail to form syncytia with
MT-2 cells (non-syncytium-inducing [NSI] strains) interact
predominantly with the B-chemokine receptor CCR5 (2, 9,
15, 17, 18). Subsequent studies demonstrated that additional
members of the 7TM superfamily were able to support infec-
tion with HIV, and in some cases simian immunodeficiency
virus (SIV), including additional B-chemokine receptors such
as CCR2b and CCR3 (9, 17, 43, 47), the receptor encoded by
human cytomegalovirus US28 (41), and the orphan receptors
STRL33/Bonzo (16, 30), BOB/GPRI15 (16, 22), V28 (42, 43),
and GPR1 (34). Previous studies have demonstrated that SI
variants of HIV appear with disease progression (27, 28, 45)
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and that the switch to an SI phenotype is accompanied by an
increase in the net charge of the V3 loop (14). The discovery
that 7TM molecules act as coreceptors for HIV infection has
provided a molecular basis for the NSI-to-SI switch. The na-
ture of the coreceptor used by HIV for infection alters with
disease progression (5, 11); in early infection CCR5-dependent
viruses predominate, while in late infection CXCR4-depen-
dent viruses are more abundant (11). Similarly, the alterations
in the V3 loop that generate an SI phenotype select for usage
of CXCR4 as a coreceptor (9, 48). The differential usage of
chemokine receptors for infection by HIV has prompted the
adoption of a new nomenclature in which the nature of the
chemokine receptor used by the virus defines the phenotype of
the virus: a virus using a CXC receptor would receive the suffix
“X,” while a virus using a CC receptor would receive the suffix
“C” (4). Thus, an SI virus may be defined as X4, for CXCR4
usage, whereas an NSI virus may be defined as CS5, for CCR5
usage.

Variants of feline immunodeficiency virus (FIV) that are
able to infect and induce cell fusion in the Crandell feline kid-
ney cell line (CrFK) use the chemokine receptor CXCR4 as
cofactor for infection (54, 55). Furthermore, such CrFK-tropic
viruses display an increase in charge of the V3 loop (46, 52),
analogous to the changes observed in the V3 loop of HIV with
the switch from an NSI to an SI phenotype (14). Infection with
CrFK-tropic strains of FIV resembles CD4-independent infec-
tion with HIV type 2 (HIV-2). CD4-independent infection with
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HIV-2 is mediated by CXCR4, transfection of cells from di-
verse species with CXCR4 alone renders them susceptible to
infection, and infection is inhibited by the anti-CXCR4 anti-
body 12G5 (20). Moreover, the envelope glycoprotein from
CXCR4-dependent strains of HIV interacts directly with
CXCR4 on CD4-negative cells (23). In comparison, human
cells are rendered permissive for fusion with FIV-infected cells
by transfection with CXCR4 (55), and the envelope glycopro-
tein from a CrFK-tropic strain of FIV competes with stromal
cell-derived factor 1 for binding to feline CXCR4 (25).

The interaction between HIV and CXCR4 has been inves-
tigated by using a series of chimeric CXCR4 molecules. In
studies using chimeric molecules generated between CXCR4
and the related a-chemokine receptor CXCR2, the first and
second extracellular loops of CXCR4 were found to be impor-
tant determinants of the interaction with T-cell-tropic or du-
altropic strains of HIV (32). Macrophage-tropic strains could
use CXCR4 only when the amino terminus was replaced with
that of CCRS (32). The principal determinant of CXCR4 us-
age by HIV appeared to be the second extracellular loop in
that replacement of the first and third extracellular loops with
the corresponding regions of CXCR2 generated molecules
that retained the ability to support fusion mediated by some
strains of HIV, albeit with a reduced efficiency (32). When chi-
meras were generated between human CXCR4 and rat CXCR4,
similar findings were observed in that the second extracellu-
lar loop of CXCR4 was shown to be the key determinant of
CXCR4 usage by the NDK strain of HIV-1 (6). Furthermore,
chimeras constructed between murine and human CXCR4
have demonstrated that the second loop of human CXCR4
expressed in the context of murine CXCR4 renders canine
thymocytes susceptible to infection with HIV-1 strains that are
unable to use murine CXCR4 as a receptor (39).

In this study, we investigated the interaction between FIV
and CXCR4. We demonstrate that CXCR4 is sufficient to
render cells susceptible to both fusion and infection with a
CrFK-tropic strain of FIV. Furthermore, using feline CXCR4/
human CXCR4, human CXCR2/human CXCR4, and human
CXCR4/rat CXCR4 chimeras, we show that the fusogenic de-
terminant consists of a discontinuous epitope formed by the
first, second, and third extracellular loops of CXCR4 with the
second extracellular loop containing the major determinant of
receptor function. Thus, despite their evolutionary divergence,
FIV and HIV appear to use similar mechanisms to interact with
CXCR4. The results suggest that a conserved structural feature
exists in the envelope glycoproteins of both HIV and FIV and
that this enables the viruses to bind specifically to CXCR4.

MATERIALS AND METHODS

Antibodies and reagents. All culture media and supplements were obtained
from Life Technologies, Paisley, United Kingdom.

Cell lines and viruses. U87-T4 cells expressing human CXCR4 or CCR5
(U87-T4/huCXCR4 or U87-T4/huCCRS cells) were obtained from Dan Littman,
Skirball Institute for Biomolecular Medicine, New York University Medical
Center. U87 and CrFK cells were maintained in Dulbecco’s modification of
minimal essential medium supplemented with 10% fetal bovine serum (FBS),
2 mM glutamine, sodium pyruvate (0.11 mg/ml), penicillin (100 IU/ml), and
streptomycin (100 pg/ml) (DMEM). The culture media for U87-T4/huCXCR4
and U87-T4/huCCRS cells were supplemented with puromycin (1 pg/ml; Sigma)
and G418 (400 pg/ml; Geneticin, Life Technologies). The CrFK-tropic virus
FIVpgr was prepared from a culture of CrFK cells persistently infected with
FIVpgr. CrFK cells persistently infected with the Petaluma (FIVpgr) and Glas-
gow 8 (FIV gy g) isolates of FIV were generated by coculture of CrFK cells with
concanavalin A-stimulated feline peripheral blood mononuclear cells infected
with the Glasgow 8 and Petaluma isolates of FIV.

Plasmids. The feline CXCR4/human CXCR4 chimeras were generated by
using the Hincll site (nucleotide 421 of GenBank entry X71635) of human
CXCRA4, corresponding to the third transmembrane domain, and the equivalent
HinclI site at nucleotide 377 of feCXCR4.pcDNA3 (GenBank entry U63558).
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As feline CXCR4 has a second Hincll site at position 523, the appropriate
fragments of feline CXCR4 were selected from a Hincll partial digest of
feCXCR4.pcDNA3. The nucleic acid sequences of the chimeric constructs HSF3
and F5H3 were confirmed by sequencing using Sequenase (Amersham Ltd.).
The rat/human CXCR4 and human CXCR2/CXCR4 chimeras have been de-
scribed previously (6, 32) and were obtained from Stephen Peiper, James Gra-
ham Brown Cancer Center, University of Louisville. Bonzo and BOB plasmids
were obtained from Dan Littman; GPR1 and GPR15 were from Brian O’Dowd,
University of Toronto; CCR1, -2b, -3, -4, and -5, CXCR1 and -2, EBI1 (42), and
V28 (42) were obtained from Jacquie Reeves, Chester Beatty Laboratories,
London, United Kingdom. Feline CCRS5 was a generous gift from John Elder,
The Scripps Research Institute, La Jolla, Calif. The molecular cloning and
characterization of feline CCRS5 by using the rapid amplification of cDNA ends
technique will be described elsewhere (29).

Cell fusion assays. Fusion assays were performed between FIV-infected CrFK
cells and cells transfected with feline or human chemokine receptors. Cells to be
transfected were seeded in six-well cell culture plates at 1 X 10° to 1.5 X 10° per
well in DMEM and allowed to adhere overnight. The cells were then washed
twice with serum-free DMEM, and the medium was replaced with Opti-MEM
(Life Technologies) containing 2 pg of plasmid DNA and 5 pl of Lipo-
fect AMINE (Life Technologies) at 1 ml per well. The cells were incubated with
the plasmid-LipofectAMINE mix for 4 h, after which 1 ml of DMEM containing
20% FBS and no antibiotics was added and the cells cultured overnight. The
medium was then aspirated and replaced with DMEM containing 10% FBS and
no antibiotics. The transfected cells were cultured for a further 24 h, trypsinized,
and then seeded in 24-well plates (each well of the original 6-well plate being
divided between 4 wells of a 24-well plate) with FIV-infected CrFK cells at 5 X
10* cells per well. Fusion was allowed to proceed for 18 to 24 h at 37°C, and then
the cells were fixed and stained with 1% methylene blue-0.2% basic fuchsin in
methanol. Syncytia were enumerated by light microscopy using a X12.5 Leitz
periplan eyepiece with a 6.5 X 9 graticule, three separate fields being counted per
well, each well in duplicate. Syncytia were scored as cells with five or more nuclei.

Virus infection assay. CCC-CD4 cells were seeded at 1.5 X 10° cells per well
of six-well tissue culture plates in DMEM and cultured overnight. The cells were
then transfected with 2 pg of plasmid per well in duplicate as described above
and cultured for 48 h, at which time the cells were trypsinized and plated at 5 X
10* cells per well in 24-well tissue culture plates. After overnight incubation, the
cells were infected for 1 h at 37°C with 200 wl of either FIVpgy or HIV-1 RF
(approximately 200 pg of reverse transcriptase [RT] per well) and washed twice
with DMEM,; then the medium was replaced with 0.5 ml of DMEM, and the cells
were cultured at 37°C. Supernatants were collected at day 7 postinfection and
assayed for Mg?*-dependent RT activity by using a nonisotopic assay kit (Lenti-
RT kit; Cavidi Tech AB, Uppsala, Sweden). RT levels were calculated relative to
the HIV-1 RT standard provided with the kit.

Nucleotide sequence accession number. The sequence of feline CCR5 has
been deposited in GenBank under accession no. U92796.

RESULTS

CXCR4 expression alone is sufficient to confer susceptibility
to fusion mediated by FIV. Given that CXCR4-transfected hu-
man cells supported fusion mediated by FIV (55), we next
asked whether CXCR4 expression alone was sufficient to ren-
der cells from diverse species permissive for fusion mediated
by FIV. The murine cell line 3T3, hamster cell line CHO, mink
cell line Mink S+L-, and CXCR4-negative feline cell lines
CCC and AH927 were transfected with either feline or hu-
man CXCR4 and examined for the ability to support fusion
with FIVpe- and FIV, g-infected CrFK cells. Irrespective
of the species of origin, the CXCR4-transfected cells were
rendered permissive for fusion with FIV-infected cells, where-
as the CCRS5-transfected cells remained refractory to fusion.
CXCR4-transfected feline cells CCC and AH927 (Fig. 1) sup-
ported fusion with FIV-infected cells, suggesting that the ab-
sence of CXCR4 in these cells lines is the principal block to
infection with CrFK-tropic strains of FIV. Moreover, the ham-
ster and murine cell lines (CHO and 3T3, respectively) were
also rendered permissive for fusion following transfection
with CXCR4 (Fig. 1), suggesting either that a highly con-
served component of the cell surface acts as the primary re-
ceptor for CrFK-adapted FIV or that there is no primary
receptor for these viruses and that CXCR4 itself is the viral
receptor, analogous to the situation in CD4-independent in-
fection with HIV-2 vep (20). We compared CXCR4 with feline
CCRS5 (Fig. 1) or human CCR1, CCR2b, CCR3, CCR4, CCRS,
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FIG. 1. Transfection of cells from diverse species with CXCR4 renders
the cells permissive for fusion with FIVpg-infected cells. The hamster (CHO),
mouse (3T3), and feline (AH927) cell lines were transfected with either CXCR4
or CCRS, incubated for 48 h, and then trypsinized and seeded with FIV-infected
CrFK cells. Fusion was allowed to progress for 18 h, at which time the cells were
fixed, stained, and photographed.

CXCR2, GPR1 (34), GPR15 (22), Bonzo (16), and BOB (16)
and the orphan receptors EBI1 (42) and V28 (42) in the same
assay system. In each case, fusion was detected only in the
CXCR4-transfected cells (data not shown), suggesting that the
interaction between FIV and CXCR4 is highly specific. Similar
findings were obtained with the CrFK-tropic variant of
FIVg s

The high efficiency of human CXCR4 as a cofactor for FIV-
dependent fusion is mediated by the second extracellular loop.
To map the determinants of CXCR4 involved in infection with
FIV, we compared feline CXCR4 with human CXCR4 and
with chimeric CXCR4 molecules consisting of the N terminus
and first loop of feline CXCR4 fused to the second and third
loops of human CXCR4 (F5H3) or the converse chimera con-
taining the N terminus and first loop of human CXCR4 fused
to the second and third loops of feline CXCR4 (H5F3). Hu-
man CXCR4 consistently proved more fusogenic for FIV Env
than feline CXCR4 (Fig. 2). Moreover, the FSH3 chimera
supported fusion with an efficiency similar to that of human
CXCR4, while the H5F3 chimera supported fusion with an
efficiency comparable to that of feline CXCR4. The findings
were consistent between at least three separate experiments.
Furthermore, transfection of 0.5 g of the green fluorescent
protein expression vector GFPN1 in conjunction with each
individual plasmid sample confirmed that the ability of each of
the constructs to confer permissiveness for FIV-mediated fu-
sion could not be attributed to variability in the relative trans-
fection efficiencies of the plasmids (data not shown). The data
suggest that the second and third extracellular loops of human
CXCR4 contain a determinant which renders human CXCR4
more fusogenic for FIV Env.

We next asked whether the critical determinant of human
CXCRA4 for fusion with FIV Env could be localized specifically
to the second or third extracellular loop. In a previous study

SECOND EXTRACELLULAR LOOP OF CXCR4 IN FIV INFECTION 6477

- 40 40

2 55 % PET | 35 | GL8

2 30 30

©

& 25 25 -

g

£ 20 20

2 15 4 15 |

(=]

S 10 10 4

£

2] % 17

0 T T T T T T 0 T \rﬁlz\ T T

< & ¥ 0O M M
e @ DA RS
QeRLESZ SERLEB
0 Q0 Q o 0 0 Q &)
2 2% L 2B

FIG. 2. Human CXCR4 (huCXCR4) is a more efficient receptor for FIV
than either feline CXCR4 (feCXCR4) or rat CXCR4. CCC-CD4 cells were
transfected with feline, human, or rat CXCR4, the feline/human chimeras FSH3
and HSF3, or the vector pcDNA3 alone; 48 h posttransfection, the cells were
trypsinized and mixed with FIVpg- or FIV g, g-infected CrFK cells. Fusion was
allowed to proceed for 18 h, at which time the cells were fixed and stained, and
the number of syncytia per field was quantified by light microscopy. Results
represent the mean number (n = 6) of syncytia per field = SE.

(6), a panel of chimeras between rat and human CXCR4 (Fig.
3a) were screened for the ability to support fusion mediated by
HIV-1. While the CXCR4-dependent strain LAI used rat and
human CXCR4 with comparable efficiencies for CD4-depen-
dent fusion, replacing the V3 loop of LAI with that of the NDK
strain generated a virus with a marked preference for human
CXCR4 over rat CXCR4; the critical determinant of the pref-
erential usage of human CXCR4 by HIV-LAI/V3-NDK resid-
ing in the second extracellular loop (6). The feline cell line
CCC was transfected with each of the rat/human CXCR4 chi-
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FIG. 3. Receptor function of rat/human CXCR4 chimeras (6) for fusion
mediated by FIV. CCC cells were transfected with a panel of rat/human CXCR4
chimeras (a). Thick lines denote regions derived from human CXCR4; thin lines
denote regions derived from rat CXCR4. The transfected cells were then assayed
for the ability to support fusion with FIVpg- or FIV g, g-infected CrFK cells as
described above (b). Results represent the mean (n = 6) number of syncytia per
field = SE.
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meras and plated with FIV-infected CrFK cells. Previous data
have demonstrated that the panel of rat/human CXCR4 chi-
meras are expressed efficiently at the cell surface (6) following
transfection. Furthermore, cotransfection of each of the plas-
mids with 0.5 pg of GFPN1 plasmid confirmed that the ability
of each of the constructs to confer permissiveness for FIV-
mediated fusion could not be attributed to variability in the
relative transfection efficiencies of the plasmids (data not
shown). Rat CXCR4 supported fusion less efficiently than ei-
ther human or feline CXCR4, allowing good discrimination
between the individual loops of human CXCR4 in the rat
CXCR4 background (Fig. 3b). Chimeras A, F, L, and M sup-
ported fusion with an efficiency similar to that of human
CXCR4, whereas chimeras B, G, K and N supported fusion
with an efficiency similar to that of rat CXCR4. Chimera A
contains extracellular loops 1, 2, and 3 of human CXCR4, F
contains loops 2 and 3, L contains loops 1 and 2, and M
contains the second loop alone in the rat CXCR4 background.
Results represent the mean of six estimations * standard error
(SE). Pairwise comparisons between plasmids containing ei-
ther the second loop of human CXCR4 (A, F, L, M, and
human CXCR4) or that of rat CXCR4 (B, E, G, K, N, and rat
CXCR4) demonstrated that those containing the second ex-
tracellular loop of human CXCR4 supported fusion signifi-
cantly more efficiently than those containing the second loop of
rat CXCR4 (P < 0.001 to 0.005). Comparisons within the two
groups of chimeras demonstrated that the human and rat
CXCR4 loop 2 constructs supported fusion with similar effi-
ciencies. The data suggest that the second extracellular loop
confers the high capacity for FIV-dependent fusion to human
CXCR4 and that the N terminus and extracellular loops 1 and
3 can be exchanged with the equivalent regions of rat CXCR4
without adversely affecting the function of the molecule.

The second loop of CXCR4 alone is insufficient to support
FIV-dependent fusion. The second extracellular loop of human
CXCR4 functioned efficiently in either the feline or the rat
CXCR4 background. It is possible that the N terminus and first
and third extracellular loops of rat CXCR4 maintain the sec-
ond loop of human CXCR4 in the correct conformation for it
to interact with FIV Env. Therefore, we asked whether it
would continue to function as a viral receptor in chimeras
between CXCR4 and human CXCR2 (Fig. 4a). While human
and rat CXCR4 show 92% similarity at the amino acid level,
human CXCR4 and CXCR?2 show only 50.7% similarity. In a
previous study (32), a series of CXCR2/CXCR4 chimeras was
generated and examined for the ability to support CD4-depen-
dent fusion mediated by HIV Env. While the second extracel-
lular loop of CXCR4 appeared to be the principal determinant
of CXCR4 usage by HIV, individual strains showed different
degrees of dependence on the N terminus and the first or third
extracellular loops, exchanging these regions with the corre-
sponding regions of CXCR?2 severely compromising the func-
tion of the molecule as a fusogenic cofactor. We examined
whether CrFK-tropic FIV would tolerate substitutions in the
first and third extracellular loops of CXCR4. CCC cells were
transfected with those members of the panel of CXCR2/
CXCR4 chimeras (32) which had been shown to be expressed
at the cell surface following transfection (32) and then plated
with FIV-infected CrFK cells (Fig. 4b). CXCR2 did not sup-
port fusion mediated by FIV. Replacement of the N terminus
of CXCR4 with that of CXCR2 (constructs 2444 and 2444b)
did not affect fusion with either FIVpp - or FIV, s-infected
CrFK cells. Similarly, truncation of the C-terminal cytoplasmic
domain, preventing internalization of CXCR4 (CXCR4-
TAIL), did not affect fusion. Mutation of the DRY motif
(CXCR4-NAA) to generate a molecule that is unable to cou-
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FIG. 4. Receptor function of human CXCR2/human CXCR4 chimeras (32)
for fusion mediated by FIV. CCC-CD4 cells were transfected with the panel of
CXCR2/CXCR4 chimeras (a). Thick lines denote regions derived from CXCR4;
thin lines denote regions derived from CXCR?2; a circle denotes the location of
the NAA mutation in the DRY motif. The transfected cells were then assayed for
the ability to support fusion with FIVpg- or FIV g, g-infected CrFK cells as
described above (b). Three fields were counted per well, each well in duplicate.
Results represent the mean (n = 6) number of syncytia per field + SE.
feCXCR4, feline CXCR4.

ple to G proteins reduced the efficiency of the molecule in the
fusion assay by approximately 60% but did not ablate function
completely, suggesting that signalling via G proteins is not
required for fusion mediated by FIV. Chimeras in which the
third extracellular loop (4442), the N terminus and first extra-
cellular loop (2244), or the N terminus and first and third
extracellular loops (2242) of CXCR4 were replaced by the
corresponding regions of CXCR?2 failed to support fusion me-
diated by FIV. Given that the first and third loops of human
CXCR4 could be replaced with the corresponding regions of
rat CXCR4, the data suggest either that the first and third
loops of CXCR4 maintain the second loop in a conformation
that is essential for CXCR4 to support fusion mediated by FIV
Env or that all three extracellular loops contribute to the Env
binding site.

The ability of CXCR4-transfected cells to support fusion
correlates with the ability to support infection. The preced-
ing data demonstrated that the second extracellular loop
of CXCR4 contained the principal determinant for fusion
with FIV-infected cells. We next asked whether the ability of
CXCR4-transfected cells to support fusion correlated with the
ability to support infection with cell-free virus. CCC-CD4 cells
were transfected with a series of the CXCR4 constructs; ex-
pression was allowed to proceed for 2 days, at which time the
cells were infected with FIV . or the CXCR4-dependent RF
strain of HIV-1. The cultures were then washed twice and
maintained for 7 days, and then the level of Mg**-dependent
RT activity in the culture supernatant was quantified. When
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FIG. 5. Correlation between FIV-mediated cell fusion and virus infection.
CCC-CD4 cells were transfected with a selection of plasmids which had been
shown previously to support FIV-mediated cell fusion. The cells were then
infected with either FIVpgr or HIV-1 RF and assayed for Mg®"-dependent RT
activity at 7 days postinfection. Results are expressed as mean = SE (n = 2) and
are typical of three separate experiments. hu- and feCXCR4, human and feline
CXCR4.

RT levels were compared, human CXCR4 and the constructs
containing the second loop of human CXCR4 (F5SH3 and chi-
mera M) proved the most efficient cofactors for infection with
both FIVper and HIV-1gg (Fig. 5). Feline CXCR4 and chi-
mera H5F3 containing the second loop of feline CXCR4 func-
tioned less efficiently for both viruses, while rat CXCR4 and
chimera N (containing the second loop of rat CXCR4) did not
differ significantly from the pcDNA3 control. FIVpe used
chimera 2444b efficiently for infection, while HIV-1, was
sensitive to replacement of the N terminus with that of
CXCR?2, in agreement with previous findings (40). Thus, it
would appear that the ability of the CXCR4 chimeras to sup-
port FIV infection correlates well with fusion assays between
transfected cells and FIV-infected cells and that the second
extracellular loop of human CXCR4 contains the principal
determinant of CXCR4 usage by FIV.

DISCUSSION

In this study, we demonstrated that ectopic expression of
CXCR4 on feline, murine, human, hamster, or mink cells was
sufficient to render the cells permissive for fusion mediated by
CrFK-tropic strains of FIV, suggesting that infection with
these strains of virus is analogous to infection with CD4-inde-
pendent strains of HIV-2 (20). Furthermore, human CXCR4
supports both infection and cell fusion with FIV more effi-
ciently than either feline or rat CXCR4. Using this property,
we demonstrated that the second extracellular loop of CXCR4
contains a critical determinant for the function of CXCR4 as a
cofactor for infection with FIV. These findings are similar to
those observed with HIV-1 LAI/V3-NDK, in which the V3
loop of LAI was replaced with that of the NDK strain, but
differ significantly from those observed with the parent LAI
strain itself (6). The LAI strain of HIV-1 fused human and rat
CXCR4-expressing cells with comparable efficiencies, whereas
the HIV-1 LAI/V3-NDK chimeric virus showed preferential
fusion of cells expressing either human CXCR4 or chimeric
molecules carrying the second extracellular loop of human
CXCR4 in a rat CXCR4 background (6). In a similar study, a
chimeric murine CXCR4 in which the second loop was ex-
changed with that of human CXCR4 was found to support
infection with the 89.6 strain of HIV-1 (39) whereas murine
CXCR4 itself did not support infection. In contrast to the LAI
and NDK strains of HIV-1, CrFK-tropic FIV was not sensitive
to deletions of the amino-terminal region of CXCR4. In a
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previous study, the BHS, 89.6, RF, and BK132 strains of HIV-1
and the SBL6669 strain of HIV-2 were shown to be sensitive to
replacement of the N terminus of CXCR4 with the corre-
sponding domain of CXCR?2 (32). Given that these strains of
HIV are CD4 dependent, it is possible that these viruses re-
quire an additional interaction with the N terminus of CXCR4
prior to the interaction with the extracellular loops for fusion
to occur.

Chimeras in which either the first or third extracellular loop
of CXCR4 was replaced with the corresponding domain of
CXCR?2 (chimeras 2442, 2242, 4442, and 2244) failed to sup-
port cell fusion mediated by FIV. These data suggest that
although the second extracellular loop of CXCR4 is the prin-
cipal determinant of function as a receptor for FIV, the adja-
cent loops either maintain the second loop in the appropriate
conformation for a direct interaction between CXCR4 and the
viral envelope (25) or interact directly themselves with the
envelope glycoprotein. These findings are reminiscent of stud-
ies of the interaction between gibbon ape leukemia virus and
feline leukemia virus subgroup B (FeLV-B) and their receptor
Pit1 (8, 49), amphotropic murine leukemia virus (A-MLV) and
Pit2, and ecotropic murine leukemia virus (E-MLV) and
MCAT-1 (1). Chimeric MCAT-1 receptors constructed be-
tween the murine and human MCAT-1 molecules indicated
that the third extracellular loop contained the principal deter-
minant of receptor usage by E-MLV (1). However, the inter-
action between FeLV-B and A-MLV and Pitl and Pit2 appears
more complex, with recent data suggesting that loops 4 and 5
form the initial binding site for the viral envelope and that a
subsequent interaction with loop 2 is essential for infection
(49). By comparing the interaction between FIV and CXCR4
with the interaction between the mammalian type C retrovi-
ruses and multitransmembrane domain molecules such as Pit1,
Pit2, and MCAT-1, it may be possible to determine whether a
common mechanism of interaction is employed by all retrovi-
ruses as has been proposed (49).

While CD4-dependent infection would appear to be the
principal mechanism of infection with HIV and SIV, several
examples of CD4-independent infection have been described
(10, 26, 36, 50). At present, the role of CD4-independent in-
fection in the pathogenesis of AIDS remains unclear; however,
productive infection of CD4-negative cells has been observed
in tissues from HIV-infected individuals (3, 31, 37) and SIV-
infected nonhuman primates in advanced disease states (13,
33). The consequences of high-affinity interactions between the
viral envelope glycoprotein and the chemokine receptor may
extend beyond viral tropism. Recent studies have demonstrat-
ed that binding of HIV envelope glycoprotein to either CXCR4
or CCRS5 results in the transduction of a signal through recep-
tor-coupled G proteins (12). Where binding is CD4 dependent,
the viral envelope may thus mimic the effect of chemokines on
CD4™" cells. However, envelope glycoproteins of HIV and STV
that interact directly with either CXCR4 (20, 23) or CCRS (35)
in the absence of CD4 have been identified. It is possible that
the envelope glycoproteins from these viruses have more di-
verse effects, mimicking the effects of chemokines on CD4-
negative cells such as cells of neuronal origin (23) and perhaps
contributing to the neuropathology associated with AIDS. The
majority of CD4-independent infection appears to occur rela-
tively inefficiently and is only weakly cytopathic. In contrast,
infection with the HIV-2 strains ROD-B and vep occurs effi-
ciently on CD4-negative cell lines (10, 20), while strains such as
HIV-2 CBL-22 will infect efficiently following pretreatment
with soluble CD4 (10). The resemblance between CrFK-tropic
strains of FIV and CD4-independent infection with HIV-2 is
striking. Adaptation of FIV to a CrFK-tropic phenotype is
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accompanied by an increase in charge of the V3 loop (typically
by an E-to-K mutation [46, 52]), while the Q310K mutation in
the V3 loop of HIV-2 ROD-B enhances the CD4-independent
phenotype (44) of the virus. An M751T mutation in the TM
protein of FIV is associated with the CrFK-tropic phenotype
(51), and a similar A526T mutation in the TM protein of
HIV-2 ROD is observed upon adaptation to a CD4-indepen-
dent phenotype (44); in each case the mutations are located
adjacent to the region of TM thought to be involved in the
formation of a coiled-coil domain involved in oligomerization,
viral entry, and neutralization (7, 19, 24, 38, 53). While it is
evident that mutations in other regions of the env gene are
required to confer a CrFK-tropic phenotype on FIV (46, 51,
52) and a CD4-independent phenotype on HIV-2 (44), the two
viruses adapt similarly to the use of pathways of infection that
ultimately result in the use of CXCR4 alone as a viral receptor.
Future studies of infection with CXCR4-independent strains
of FIV may provide an insight into the role of CXCR4-depen-
dent infection in the pathogenesis of AIDS.

It is intriguing that despite the evolutionary divergence be-
tween the amino acid sequences of FIV and HIV, the structure
of the envelope glycoprotein is conserved sufficiently that both
viruses can interact with CXCR4. Moreover, no other human
7TM molecules that we have tested to date will support fusion
mediated by FIV, suggesting that the interaction is extremely
specific. Feline CCRS5 failed to support fusion or infection of
CCC-CD#4 cells with the CrFK-tropic virus FIVpp, and pre-
liminary data (not shown) suggest that CCRS5 expression alone
is insufficient to confer susceptibility to infection with a pri-
mary isolate of FIV, ¢ and that CCRS5 expression does not
correlate with susceptibility to infection with primary isolates
of FIV (29). The primary binding receptor for primary strains
of FIV remains to be discovered; until the nature of this elusive
molecule is determined, the role of 7TM molecules in infection
with primary isolates of virus will prove difficult to resolve. We
have found no evidence for inhibition of infection with pri-
mary isolates of FIV by a range of human pB-chemokines, while
CrFK infection by FIVpey is inhibited efficiently by human
stromal cell-derived factor 1 (25). However, until the feline
homologs of the B-chemokines are available, we cannot dis-
count a role for B-chemokine receptors such as CCRS in in-
fection with FIV.
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