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The use of chemokine receptors as cell recognition signals is a property common to several lentiviruses,
including feline, human, and simian immunodeficiency viruses. Previously, two feline immunodeficiency virus
(FIV) isolates, VICSF and Petaluma, were shown to use chemokine receptors in a strain-dependent manner to
infect human peripheral blood mononuclear cells (PBMC) (J. Johnston and C. Power, J. Virol. 73:2491-2498,
1999). Since the sequences of these viruses differed primarily in regions of the FIV envelope gene implicated
in receptor use and cell tropism, envelope chimeras of VICSF and Petaluma were constructed to investigate the
role of envelope diversity in the profiles of chemokine receptors used by FIV to infect primate cells. By use of
a receptor-blocking assay, all viruses were found to infect human and macaque PBMC through a mechanism
involving the CXCR4 receptor. However, infection by viruses encoding the V3-to-V5 region of the VICSF
surface unit was also inhibited by blockade of the CCR3 or CCRS5 receptor. Similar results were obtained with
GHOST cells, human osteosarcoma cells expressing specific combinations of chemokine receptors. CXCR4 was
required for infection by all FIV strains, but viruses expressing the V3-to-V5 region of VICSF required the
concurrent presence of either CCR3 or CCRS. In contrast, CXCR4 alone was sufficient to allow infection of
GHOST cells by FIV strains possessing the V3-to-VS region of Petaluma. To assess the role of primate
chemokine receptors in productive infection, Crandell feline kidney (CrFK) cells that expressed human
CXCR4, CCR3, or CCRS in addition to feline CXCR4 were generated. Sustained infection by viruses encoding
the V3-to-V5 region of VICSF was detected in CrFK cells expressing human CCR3 or CCRS but not in cells
expressing CXCR4 alone, while all CrFK cell lines were permissive to viruses encoding the V3-to-V5 region of
Petaluma. These results indicate that FIV uses chemokine receptors to infect both human and nonhuman
primate cells and that the profiles of these receptors are dependent on envelope sequence, and they provide

insights into the mechanism by which xenoinfections may occur.

A large body of evidence supports the ability of retroviruses
to cross species. For example, it is accepted widely that human
immunodeficiency virus type 1 (HIV-1) is the result of the
propagation and adaptation of a simian immunodeficiency vi-
rus (SIV) strain (SIVepz) from chimpanzees to humans, fol-
lowing an earlier cross-species transmission from monkeys to
chimpanzees (15). However, little is known about the mecha-
nisms by which viruses adapt to and spread in a new host.
Feline immunodeficiency virus (FIV) is a retrovirus that causes
persistent infection and an immunodeficiency syndrome in do-
mestic cats similar to those caused by HIV and simian SIV in
their respective hosts (1). Although FIV is antigenically dis-
tinct from the primate lentiviruses, it shares many biological
properties that manifest in its ability to infect productively both
primary and immortalized primate cell lines in vitro (10, 20, 22,
28, 44). Thus, it is likely that the determinants of feline cell
tropism, such as envelope-mediated entry of target cells and
long terminal repeat-mediated transcription of the viral ge-
nome following entry, may also influence infection of primate
cells by FIV.

The requirement for specific cell surface molecules to act as
receptors for viral entry represents a major obstacle to lenti-
viral xenoinfection (17). Within its natural host, FIV possesses
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a broad cell tropism, infecting many blood- and brain-derived
cell types with various degrees of efficiency (5, 7, 9, 13, 35). In
contrast, a pattern of in vitro cell tropism exists in which most
primary isolates of FIV infect primary lymphocytes, but fewer
viral strains exhibit the ability to adapt to and replicate in
fibroblast-derived Crandell feline kidney (CrFK) cells (8). The
diverse nature of the cells permissive to FIV suggests that a
widely expressed host molecule serves as a cell recognition
signal for infection; however, the primary receptor used by FIV
has not been identified. Although FIV preferentially targets
CD4" lymphocytes during infection (49), the feline CD4 mol-
ecule is not the primary FIV receptor. As with HIV and SIV,
however, recent studies have implicated the chemokine recep-
tors, a family of G-protein-coupled integral membrane pro-
teins that mediate the biological activities of chemokines, in
infection by both primary isolates and molecular clones of FIV
(38). For example, CXCR4 antibodies (50), agonists (18), and
antagonists (11) have been shown to block FIV infection and
FIV-mediated fusion, while expression of CXCR4 on nonper-
missive cell lines has been shown to increase their susceptibility
to FIV infection (36, 50). Although the potential for other host
molecules to serve as receptors for FIV infection remains un-
clear, several lines of evidence suggest that chemokine recep-
tors other than CXCR4 may be involved. For example, the
inhibition of FIV infection by CXCR4 inhibitors and agonists
is incomplete and varies between primary and culture-adapted
FIV strains (38). In addition, the presence of CXCR4 alone on
target cells is not sufficient to allow infection by all FIV strains
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(18, 26), and previous reports have demonstrated that FIV can
interact with both CXC and CC chemokine receptors in a
viral-strain-dependent manner during the infection of feline
(26) and nonfeline (22) cells. However, it is not known whether
chemokine receptors are the primary FIV receptors or whether
they have accessory functions as coreceptors.

The capacity of both primate and nonprimate lentiviruses to
interact with chemokine receptors suggests common determi-
nants in the pathogenesis of these viruses that may facilitate
cross-species transmission. For example, the CD4-independent
use of human chemokine receptors has been shown to mediate
infection of primary human cells by both SIV (21) and FIV
(22) through a mechanism that is viral-strain dependent. Sim-
ilarly, FIV infection of human and rodent cell lines expressing
primate CXCR4 has been demonstrated (36). Since the pri-
mary function of the envelope glycoproteins is host cell recog-
nition and entry, the mutability of these proteins provides a
molecular basis for differences in target cell tropism and re-
ceptor usage (1). For example, single amino acid changes in
the V3 region of the FIV surface unit (SU) envelope glycop-
rotein (47) or transmembrane (TM) glycoprotein (46) deter-
mine whether FIV strains are preferentially tropic for inter-
leukin-2-independent cell lines, such as CrFK cells, or primary
lymphocytes. Similarly, residues in the V3 and V4 domains of
the SU determine FIV tropism for macrophages (45). Despite
wide variations in sequence, the major functions of the enve-
lope are maintained across genetically distinct viruses (32),
suggesting that lentiviral envelope proteins possess a conserved
structural framework that may promote similarities in biolog-
ical properties conducive to xenoinfection. For example, spe-
cific envelope sequences have been shown to determine the
ability of SIV to infect human cells (21) and to influence the
development of disease in primate zoonoses involving chime-
ras of SIV and HIV (SHIVs) (6, 40).

Previously, it was demonstrated that infection of primate
cells by FIV is viral-strain dependent and involves human che-
mokine receptors (22). Moreover, xenoinfection of nonhuman
primates by FIV has been reported recently (24). In the
present study, these results were extended by showing that
chemokine receptors also mediate FIV infection of primary
cells from a nonhuman primate species. Furthermore, by use
of envelope chimeras of blood-derived Petaluma and cerebro-
spinal fluid (CSF)-derived V1CSF, the V3-to-V5 region of the
FIV SU was found to be the principal determinant of this
property. Although CXCR4 was essential to infection by all
FIV strains, the requirement for the concurrent presence of
additional chemokine receptors, such as CCR3 and CCRS, to
allow infection by chimeras expressing the V3-to-V5 region of
VICSF suggested the cooperative use of multiple chemokine
receptors by some FIV strains. These results indicate that
common factors mediate the ability of FIV to infect primary
cells from different primate species, and they may provide
insight into the mechanism of cross-species infection and the
role of diversity in the lentiviral envelope gene in this process.

MATERIALS AND METHODS

Cell culture. Peripheral blood mononuclear cells (PBMC) used for infection
studies and preparation of viral stocks were isolated from blood obtained from
specific-pathogen-free adult felines by density-gradient centrifugation, as de-
scribed previously (22). PBMC were initially stimulated for 3 days with 5 pg of
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FIG. 1. The VICSF-Petaluma envelope chimeras. Fragments rep-
resenting specific regions of the FIV envelope gene (env) were re-
moved from the Petaluma molecular clone (34TF10A) and replaced
with equivalent sequences from V1CSF that were amplified and cloned
from genomic DNA from V1CSF-infected feline PBMC. The resulting
chimeras included viruses encoding the entire envelope (FIV-Ch), the
SU (FIV-ChSU) or TM (FIV-ChTM) glycoprotein alone, or only the
V3-to-V5 region of the SU (FIV-ChV35) from VICSF.

concanavalin A/ml and then maintained in RPMI 1640 medium with 15% fetal
calf serum (FCS) and 100 IU of interleukin-2/ml. CrFK cells were obtained from
the American Type Culture Collection (Manassas, Va.) and cultured in minimal
essential medium (MEM) with 10% horse serum, 2 mM L-glutamine, and 1 mM
sodium pyruvate. CrFK cells transfected with human chemokine receptors
(trCrFK) were cultured in the same media with the addition of 700 wg of
G418/ml (Gibco, Burlington, Ontario, Canada). Human osteosarcoma cells ex-
pressing specific combinations of chemokine receptors (GHOST cells; National
Institutes of Health [NIH] AIDS Reagent Program) were cultured in MEM
supplemented with 10% FCS, 100 wg of hygromycin/ml, 500 wg of G418/ml, and
1 pg of puromycin/ml. Parental GHOST cells expressing only CD4 were cultured
in the absence of puromycin. All cells were grown in the presence of penicillin
and streptomycin.

Construction of trCrFK cells. CrFK cells (4 x 10°) were seeded in 6-well
plates and cultured for 24 h to achieve 50% confluence. Plasmid DNAs (2 pg)
encoding the human CCR3, CCRS, or CXCR4 chemokine receptor (NIH AIDS
Reagent Program) and Lipofectin reagent (10 wl; Gibco) were each diluted in
100 pl of Opti-MEM serum-free medium (Gibco) and incubated at room tem-
perature for 30 min. The two solutions were combined, incubated for 10 min at
room temperature, and added to CrFK cells in 2 ml of Opti-MEM. Cells were
incubated for 8 h at 37°C, washed twice with phosphate-buffered saline (PBS),
and cultured in MEM containing 10% horse serum for 3 days. After 3 days,
stable transfectants were obtained by selection for 4 weeks in medium containing
700 pg of G418/ml. Following selection, chemokine receptor expression in each
cell line was confirmed by Western blot analysis (23) and flow cytometry. Mock-
transfected cells were generated by using an empty vector (pcDNA3.1) lacking
an expression cassette for any of the chemokine receptors and were analyzed in
the same manner as transfected cells.

Viruses. The FIV strains used in this study included the primary isolate
V1CSF, which was derived from the CSF of a cat with encephalopathy (37) and
underwent fewer than 10 passages in feline PBMC prior to the present experi-
ments to minimize the effects of culture adaptation. Virus was also obtained from
infectious molecular clones of FIV by transfection into CrFK cells and selection
in feline PBMC, as described previously (23). These viruses included a hybrid of
two molecular clones of the blood-derived Petaluma strain of FIV (34), pFIV-
34TF10 and pFIV-14 (NIH AIDS Reagent Program), which was constructed by
replacing sequences encoding the ORFA gene (nucleotides [nt] 5328 to 6393) of
pFIV-34TF10 with equivalent sequences from pFIV-14. The resulting hybrid
lacked both the 8 kb of extraneous cellular DNA incorporated into pFIV-14 and
the stop codon present in the ORFA gene of pFIV-34TF10. Similarly, an enve-
lope chimera of VICSF and Petaluma was generated by replacing specific re-
gions of the envelope gene of the Petaluma hybrid with equivalent regions from
VICSF (23). These chimeras included viruses expressing the entire envelope
(FIV-Ch, nt 6393 to 8906), the SU (FIV-ChSU, nt 6363 to 8287) or TM (FIV-
ChTM, nt 8287 to 8906) glycoprotein, or the V3-to-V5 region (FIV-ChV35, nt
7325 to 8200) of VICSF (Fig. 1). Culture supernatants from FIV-infected feline
PBMC, which served as sources of infectious virus for these experiments, were
cleared of cellular debris by centrifugation and titered by limiting dilution as
described previously (22). For infection, cells were inoculated with 200 pl of viral
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stock (10%° to 10*> 50% tissue culture infective doses [TCIDs,]/ml), incubated
for 2 h at 37°C, washed twice, and cultured as described above until supernatants
and cells were harvested. Uninfected cells or cells treated with heat-inactivated
virus served as controls.

PCR analyses. Genomic DNA was isolated from cultured cells by using DNA-
zol reagent (Gibco) according to the manufacturer’s protocols. PCRs were per-
formed in a mixture containing 0.2 mM deoxynucleoside triphosphates, 2.5 mM
MgCl,, 0.2 wM both sense and antisense primers, 5 mM KCl, 1 mM Tris-HCI,
0.25 U of Tag DNA polymerase, and 2 pl of template (300 to 400 ng) in a total
volume of 25 pl. For semiquantitative PCR, template DNA or ¢cDNA was
amplified by 1 cycle of 95°C for 5 min (denaturing), 30 cycles of 95°C for 1 min,
50 to 65°C for 1 min, and 72°C for 2 min (amplification), and 1 cycle of 72°C for
10 min (extension). Nested PCR was performed by using 2 pl of product am-
plified in the first PCR with the same reagents and reaction conditions. FIV
infection was detected by amplification of a conserved region of the FIV pol gene
using primers 5'-GAAGGATCCAGAAAAGATACTATGG-3" and 5'-GGCA
ACATTAGCTTTACCCCTGTTGG-3', generating a 770-bp fragment corre-
sponding to region 3361 to 4131 following 30 cycles of PCR. Nested PCR with
primers 5'-CCAGATATGATGGAGGGAATCT-3' and 5'-CATATCCTGCAT
CTTCTGAACT-3' generated a 192-bp fragment corresponding to region 3860
to 4052. To minimize the possibility of contamination, PCRs were prepared in
one room, templates were added in a second, and the actual PCR amplification
was conducted in a third area. As a contamination control for each reaction, 2 .l
of water was added to the reaction mixture instead of the template. Loading of
equal amounts of template from each sample was ensured by amplification of the
host glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene using primers
5'-AGCCTTCTCCATGGTGGTGAAGAC-3" and 5'-CGGAGTCAACGGAT
TTGGTCG-3' at an annealing temperature of 50°C. To optimize the number of
cycles and amount of template necessary for amplification within the linear range
of detection of the PCR protocol, standard curves were generated for all primer
pairs by using serial dilutions of template from control samples. The limit of
detection for primers used to amplify the FIV pol gene was determined previ-
ously to be 10 to 25 proviral copies (22). Genomic DNA or cDNA derived from
FIV-infected feline PBMC served as a positive control for all studies involving
detection of FIV infection. Templates derived from uninfected cell cultures
served as negative controls.

Southern blot and densitometric analyses. PCR products were separated by
agarose gel electrophoresis, transferred to a nylon membrane via capillary action,
and probed with an [a-*?P]dCTP-labeled oligonucleotide probe specific for the
FIV pol gene (5'-TGTCAAACAATGATGATAATAGAAGG-3') or the
GAPDH gene (5'-ATCAATGGAAATCACCATCTTCCAG-3'), as described
previously (22). DNA and cDNA levels were quantitated by densitometric anal-
ysis of a minimum of three Southern blots from separate experiments. Briefly,
blots were scanned in grayscale at high resolution (>600 dpi; Hewlett-Packard
ScanJet 6300C), and optical density was measured by using Scion Image image
processing and analysis software. Levels of each host or viral gene were normal-
ized to the corresponding GAPDH level for statistical analysis and compared to
standards with known concentrations. Standards were included on all mem-
branes to calibrate for relative transfer and exposure efficiency and to allow
comparison between blots.

Chemokine receptor-blocking assay. Cells were incubated at 37°C for 1.5 h
with monoclonal antibodies recognizing specific chemokine receptors, washed
twice, and then resuspended in 0.3 ml of medium containing both virus and
antibody (half the original blocking concentration). Following incubation at 37°C
for 2 h, cells were washed twice and cultured for 24 h. Infected cells were
harvested, and FIV proviral levels in genomic DNA were determined by semi-
quantitative PCR and densitometric analysis of the FIV pol gene, as described
above. Uninfected cells and cells infected in the absence of antibodies to any of
the chemokine receptors served as negative and positive controls, respectively.
FIV DNA levels were normalized to the corresponding GAPDH level for sta-
tistical analysis and were compared to the positive controls for each strain. A
minimum of two blots from separate experiments were analyzed. To investigate
the effect of a nonspecific protein on FIV infection, human PBMC were incu-
bated with 1 pg of either bovine serum albumin or an anti-mouse immunoglob-
ulin G (IgG) antibody/ml and viral DNA levels were assessed in the same manner
as with the chemokine receptor antibodies. Antibodies to human CCR3, CCRS,
and CXCR4 were obtained from the NIH AIDS Reagent Program (catalogue
numbers 3932, 3933, and 4084) and used at concentrations of 3, 3, and 5 pg/ml,
respectively. To determine optimal concentrations, defined as the concentration
at which maximal inhibition of FIV infection was observed, dose-response stud-
ies were conducted using human PBMC infected with VICSF in the presence of
varying concentrations (0.5 to 5.0 wg/ml) of antibody.

J. VIROL.

Flow cytometry. CrFK and trCrFK cells were harvested and pelleted by cen-
trifugation, and approximately 10° cells were resuspended in PBS containing
0.1% sodium azide. Cells were incubated for 20 min at room temperature with
the monoclonal antibody to human CXCR4 (10 pg/ml), CCR5 (5 pg/ml), or
CCR3 (5 pg/ml) described above, washed twice, and then incubated for 20 min
with fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse IgG (0.25
pg/pl; Becton Dickinson, San Jose, Calif.). Labeled cells were washed twice and
resuspended in 0.5 ml of 1% formalin in PBS for analysis. By using a FacScan
flow cytometer (Becton Dickinson) with the argon laser excitation set at 488 nm,
data were collected from approximately 15,000 events for each experimental
condition, and results were expressed as a single-parameter log fluorescence
histogram. Aliquots of each cell line incubated in the absence of antibodies or
with 1 pg of FITC-labeled, isotype-matched murine IgG1 (Becton Dickinson)/ml
served as controls.

RT assay. Reverse transcriptase (RT) activity in culture supernatants was
measured by using a protocol described previously (23). Briefly, 10 .l of culture
supernatant was cleared of cellular debris by centrifugation and incubated with
40 pl of a reaction cocktail containing [«->?P]TTP for 2 h at 37°C. Samples were
blotted on DE81 Ton Exchange Chromatography Paper (Whatman International
Ltd., Maidstone, United Kingdom) and washed three times for 5 min in 2X SSC
(1X SSC s 0.15 M NaCl plus 0.015 M sodium citrate) and twice for 5 min in 95%
ethanol. RT levels were measured by liquid scintillation counting. All assays were
performed in duplicate and repeated a minimum of two times.

Statistical analyses. Statistical analyses were performed by using Graphpad
Prism, version 3.0 for Windows (Graphpad Software, San Diego, Calif.). For
comparisons of three or more unmatched groups, one-way analysis of variance
(ANOVA) was performed followed by a Tukey-Kramer multiple-comparison
posttest to determine differences between specific groups. For data derived from
two groups, Student’s ¢ test was used. P values below 0.05 were considered
significant for all tests.

RESULTS

Feline cell tropism of the parent and chimeric FIV strains.
To investigate the infectivity and cell tropism of the parent and
chimeric viruses (Fig. 1), CrFK cells were transfected with
plasmids encoding each virus, and RT activity was measured in
culture supernatants at successive days posttransfection. Com-
pared to mock-transfected cells, RT activity that increased
over a 1- week time course was detected in CrFK cultures
transfected with either the hybrid molecular clone of Petaluma
or the FIV-ChTM chimera (Fig. 2a). In contrast, RT activity
was increased to similar levels immediately following transfec-
tion with the other chimeras but declined to background levels
by day 5 posttransfection. To investigate the relative abilities of
the viruses to replicate in feline cells following cell-free infec-
tion, CrFK cells and primary feline PBMC were infected with
parent or chimeric virus and replication was assessed over a
2-week period. Analysis of RT activity in culture supernatants
confirmed infection of feline PBMC by all viruses, with peak
RT activity detected at day 10 postinfection (p.i.) (Fig. 2c).
However, the chimeras other than FIV-Ch replicated to a
lesser extent than either of the parent viruses (P < 0.005),
whereas FIV-Ch infected PBMC as effectively as VICSF and
Petaluma. Compared to mock-infected controls, elevated RT
activity that increased over a 2-week time course was also
detected in CrFK cultures infected with Petaluma or FIV-
ChTM (Fig. 2b), but as with PBMC, RT activity in CrFK cells
infected with FIV-ChTM was lower than that in Petaluma-
infected cultures (P < 0.005). In contrast, increased RT activity
was not detectable after 3 days p.i. in CrFK cells infected with
the other viruses (Fig. 2b). These results, which supported the
findings of the transfection studies, indicated that FIV-ChTM
possessed a feline cell tropism that resembled that of Peta-
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FIG. 2. Replication of parent and chimeric FIV in feline cells fol-
lowing transfection and cell-free infection. Replication was investi-
gated by RT assay of culture supernatants from transfected CrFK cells
(a) or from CrFK cells (b) and primary feline PBMC (c) infected in a
cell-free manner by each virus. RT activity for each clone is expressed
as the mean = standard error of the mean (counts per minute per
milliliter) of triplicate samples from three independent wells. Signifi-
cant differences in RT activity relative to control cultures were deter-
mined by ANOVA and the Tukey-Kramer posthoc test. (a) Increased
RT activity was detected beyond 3 days only in CrFK cells transfected
with Petaluma or FIV-ChTM. Significant differences between mock-
and FIV-transfected cultures were observed at day 1 for all clones (P <
0.01) and at days 3, 5, and 7 for 34TF10A and FIV-ChTM (P < 0.001).
(b) Elevated RT activity relative to controls was detected at all days p.i.
(P < 0.001) in CrFK cells infected with Petaluma or FIV-ChTM.
Activity in CrFK cells infected with FIV-ChSU or FIV-ChV35 was
increased at day 1 p.i. only (P < 0.001). RT levels in Petaluma-infected
cells exceeded thoaw in FIV-ChTM-infected cells at days 7, 10, and 14
(P < 0.005). (c) Compared to mock-infected controls, increased RT
activity that peaked at day 10 p.i. was detected in all FIV-infected
PBMC cultures. (P < 0.001 at all days). RT activity was significantly
greater in PBMC infected with V1CSF, Petaluma, or FIV-Ch than in
cells infected with the other viruses at days 7, 10, and 14 p.i. (P <
0.005).
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luma, while the other chimeras more closely resembled the
VICSEF isolate.

Infection of primate PBMC by FIV involves chemokine re-
ceptors. Previously, we demonstrated that blockade of human
chemokine receptors inhibited infection of human PBMC by
primary isolates of VICSF and Petaluma in a viral-strain-
dependent manner (22). To assess the role of envelope diver-
sity in this process, a receptor-blocking assay (22) was em-
ployed in which human or cynomolgus macaque PBMC were
infected with FIV in the presence or absence of blocking an-
tibodies specific to the human CCR3, CCRS, or CXCR4 che-
mokine receptor. Viral entry was assessed by semiquantitative
PCR and densitometric analyses of the levels of the FIV pol
gene in antibody-treated and untreated cultures following a
single round of infection, as shown for macaque PBMC (Fig.
3a). For all viruses, treatment with anti-CXCR4 antibodies
resulted in the greatest decrease in viral DNA levels, but dif-
ferences were observed in the extent of inhibition depending
on the FIV strain. FIV genome levels in Petaluma-infected
macaque (Fig. 3b) and human (Fig. 3c) PBMC were decreased
by 68.4% = 6.3% and 80.3% = 6.8%, respectively, while in-
fection by VICSF (66.0% * 5.7% and 55.6% * 4.5%) and
FIV-Ch (61.5% * 4.5% and 52.6% * 4.5%) was reduced to a
lesser extent. With V1CSF, antibodies to the CCR5 and CCR3
chemokine receptors inhibited infection of PBMC from either
species by approximately 50 and 40%), respectively (Fig. 3b and
¢). Although similar decreases in FIV DNA were detected in
both FIV-Ch-infected human PBMC and FIV-Ch-infected ma-
caque PBMC following treatment with anti-CCRS5 antibodies
(approximately 50%), anti-CCR3 antibodies significantly in-
hibited infection of human PBMC (P < 0.05) but not macaque
cells (33.3% = 5.1%; P = 0.06). Of interest, simultaneously
pretreating primate PBMC with antibodies to all three chemo-
kine receptors inhibited infection by both V1CSF and FIV-Ch
to a greater extent than treatment with any single antibody, but
no significant differences were observed between these cells
and cultures treated with anti-CXCR4 antibodies alone (P =
0.7) (Fig. 3b and c). In contrast, infection of primate PBMC by
Petaluma was not inhibited significantly by antibodies against
either CCR3 or CCRS, nor did the combination of these an-
tibodies and anti-CXCR4 antibodies increase the degree of
inhibition detected with antibodies to CXCR4 alone. To en-
sure that antibodies shown to block HIV infection would also
specifically inhibit infection by FIV, human PBMC were in-
fected with VICSF in the presence of varying concentrations of
anti-chemokine receptor antibodies. A dose-dependent de-
crease in V1CSF proviral DNA levels was observed with each
of the antibodies, confirming a role for primate chemokine
receptors in FIV infection of primate cells (Fig. 3d). These
findings demonstrated that FIV infection of both human and
nonhuman primate cells was mediated by several primate che-
mokine receptors. Furthermore, diversity within the FIV en-
velope gene was found to determine the profile of chemokine
receptors used to infect primate cells.

Infection of human GHOST cells by FIV. Several mecha-
nisms can be envisaged to explain the ability to attenuate FIV
infection of PBMC by inhibiting both CXC and CC chemokine
receptors. Specific envelope sequences may confer the ability
to use multiple chemokine receptors independently for cell
entry. Alternatively, infection by VICSF and FIV-Ch may re-
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FIG. 3. Infection of primate PBMC by FIV involves chemokine receptors. Primary macaque and human PBMC were infected with parent or
chimeric FIV strains (10*> TCIDsy/ml) in the presence or absence of antibodies recognizing the human CCR3 (R3, 3 pg/ml), CXCR4 (X4, 5
wg/ml), or CCRS (RS, 3 pg/ml) chemokine receptor. Additional wells were infected in the presence of all three antibodies (A). Genomic DNA
was isolated after 24 h, and infection was assessed by semiquantitative PCR detection of the FIV pol gene and densitometric analysis. Uninfected
PBMC (U), PBMC infected in the presence of an anti-mouse IgG antibody (Ab), and PBMC infected without pretreatment with anti-chemokine
receptor antibodies (C) served as controls. Lane H, water blank. FIV DNA levels were normalized to the corresponding GAPDH levels in each
sample, and inhibition of FIV infection was represented as percent change in proviral DNA levels relative to levels in untreated controls. Values
are mean percentages * standard errors of the means from three experiments, for which representative blots are shown. Statistical significance
was determined by ANOVA and the Tukey-Kramer posthoc test, with differences between treated and untreated groups indicated (x, P < 0.05;
wx, P < 0.01). (a) Representative blot demonstrating PCR detection of the FIV pol gene in treated and untreated PBMC from cynomolgus
macaques. Representative blots for human cells are not shown. (b) Densitometric analysis of the relative FIV proviral DNA levels in macaque
PBMC treated with anti-chemokine receptor antibodies. (¢) Inhibition of FIV infection of human PBMC by anti-chemokine receptor antibodies.
(d) Human PBMC were infected with V1CSF in the presence or absence of varying concentrations of antibodies against the human CCR3 (0.5
to 3.0 pg/ml), CCRS5 (0.5 to 3.0 wg/ml), or CXCR4 (1.0 to 5.0 pwg/ml) chemokine receptor. NMA, non-chemokine receptor isotype-matched antibody.

quire the presence of more than one chemokine receptor that
interact to allow infection or to increase the efficiency of in-
fection. For example, heterodimerization of chemokine recep-
tors, which has been demonstrated previously for polymorphic
CCRS receptors (2), could result in the formation of a func-
tional receptor complex for FIV entry. Similarly, different re-
gions of the FIV envelope may interact with different chemo-
kine receptors concurrently, as proposed for HIV (39). To
address this question, we investigated the abilities of parent
and chimeric viruses to infect GHOST cells, a series of cell
lines derived from human osteosarcoma cells (29). In addition
to being transfected stably with human CCR3, CCRS, and/or
CXCRA4, all cells in this series express endogenous levels of
CXCRA4. The nontransfected parent GHOST cell line served
as a control. As with primate PBMC, FIV infection of GHOST

cells was assessed by PCR detection of FIV-specific sequences
in genomic DNA isolated 24 h after infection.

Nested PCR analyses revealed infection of all GHOST cell
lines by Petaluma that could be eliminated by pretreatment
with anti-CXCR4 antibodies (Fig. 4). In contrast, antibodies to
either CCR3 or CCRS did not affect the ability of Petaluma to
infect any of the GHOST cell lines. These findings likely re-
flected the presence of endogenous CXCR4 on GHOST cells
and agreed with the results observed for primate PBMC indi-
cating that CXCR4 is the chemokine receptor used exclusively
by Petaluma to infect primate cells. Following infection with
VICSF or FIV-Ch, however, FIV-specific sequences were de-
tected in GHOST cells expressing CCR3 or CCRS, but parent
GHOST cells or cells transfected with CXCR4 alone were
refractory to infection by either virus (Fig. 4). As with primary
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FIG. 4. FIV infection of human GHOST cells. Human GHOST cells were infected with 10** TCIDs, of parent or chimeric FIV strains/ml, and
infection was assessed after 24 h by nested PCR amplification of the FIV pol gene from genomic DNA. GHOST cell lines used included
nontransfected parent cells (P), cells transfected with the human CCR3 (3), CXCR4 (4), or CCRS (5) receptor, and cells transfected with all three
chemokine receptors (A). Mock-infected cells (U) served as negative controls, and amplification of a water blank (W) was performed to ensure
the absence of contamination. The role of specific chemokine receptors in FIV infection was determined by infecting cells in the absence (none)
or presence of antibodies to CCR3 (aR3), CCRS5 (aR5), or CXCR4 (aX4), alone or in combination. Although Petaluma infected all cell lines,
infection by either V1CSF or FIV-Ch was restricted to cells expressing CCR3 or CCRS. For all viruses, anti-CXCR4 antibodies inhibited infection,
but antibodies to CCR3 or CCRS affected infection by VICSF and FIV-Ch.

PBMC, antibodies against either CCR3 or CCRS inhibited
infection by VICSF and FIV-Ch of cells transfected with the
corresponding chemokine receptor (Fig. 4). In GHOST cells
expressing all three chemokine receptors, pretreatment with
antibodies to CCR3 and CCRS together, but not individually,
prevented infection by V1CSF and FIV-Ch, indicating that
these viruses were able to use either receptor for entry. Sur-
prisingly, infection of all three cell lines expressing CC chemo-
kine receptors was also inhibited by anti-CXCR4 antibodies.
Taken together, these results suggested that expression of
CXCR4 was necessary, but not sufficient, to permit infection of
GHOST cells by VICSF and FIV-Ch. Rather, the concurrent
presence of a second receptor, such as CCR3 or CCRS, was
also required.

Infection of trCrFK cells by FIV. The previous experiments
allowed an assessment of FIV entry under conditions in which
replication was limited to a single round but did not provide
insight into the role of chemokine receptors in productive
infection. To answer this question, feline cells, termed trCrFK
cells, were generated by stably transfecting CrFK cells with
plasmids encoding human CCR3, CCRS, or CXCR4. Follow-
ing neomycin selection, trCrFK cells were analyzed by Western
blotting (Fig. 5a) and flow cytometry (Fig. 5b through m), and
a minimum of 45% of cells in each line were found to express
their respective receptor. In addition, like human GHOST
cells and in agreement with previously published reports, flu-
orescence-activated cell sorter (FACS) analysis confirmed the
presence of endogenous feline CXCR4 on each of the trCrFK
cell lines. In contrast, neither mock-transfected cells nor CrFK
cells not transfected with human CCR3 or CCRS5 were labeled
with antibodies against receptors other than CXCRA4.

The ability of FIV to replicate in trCrFK cells was assessed
by RT assay of culture supernatants (Fig. 6) and PCR analysis
of genomic DNA (Table 1) following infection with the parent
and chimeric viruses. Compared to mock-infected controls, RT
activity that increased from day 3 to day 7 p.i. was observed in
all CrFK cell lines infected with Petaluma (Fig. 6a). However,
the levels of RT activity detected in CrFK cells transfected with
human CXCR4 were increased significantly at both time points
(P < 0.01) compared to the other cell lines. RT activity was
also increased in nontransfected CrFK cells and in CrFK cells
transfected with human CXCR4 following infection with
V1CSF (Fig. 6b) or FIV-Ch (Fig. 6c) relative to that in con-
trols, but no significant differences were detected between the

two cell lines. In contrast, RT activity in trCrFK cells express-
ing CCR3 or CCRS was elevated significantly following infec-
tion with VICSF or FIV-Ch (P < 0.005) and, unlike the ac-
tivity detected in the other cell lines, increased from day 3 to
day 7 p.i. However, RT activity was approximately 50% lower
than that detected in the same cell lines following infection
with Petaluma.

PCR analysis of genomic DNA from these cells revealed that
FIV DNA was detectable in all cultures in which increased RT
activity was observed (Fig. 7). Furthermore, a single round of
PCR was sufficient to amplify FIV sequences at days 3 and
7 p.. from all Petaluma-infected cell lines and from trCrFK
cells expressing CCR3 or CCRS that were infected with
V1CSF or FIV-Ch (Fig. 7). However, nested PCR was re-
quired to detect virus in parent CrFK cells or cells expressing
human CXCR4 following infection with V1CSF and FIV-Ch.
Even with nested PCR, viral DNA was not detected in these
cultures beyond 3 days p.i., suggesting that VICSF and FIV-Ch
were unable to replicate and spread efficiently in cells lacking
chemokine receptors other than CXCR4 (Fig. 7). Confirma-
tion that FIV infection of trCrFK cells was mediated by che-
mokine receptors was obtained by infecting these cells in the
presence of anti-chemokine receptor antibodies. As with the
human GHOST cells, antibodies to CXCR4 inhibited infection
by V1CSF and FIV-Ch of CrFK cells expressing CCR3 or
CCRS (Table 1). Similarly, anti-CCR3 and -CCRS antibodies
also inhibited infection of the cell lines expressing the corre-
sponding chemokine receptors (50% for CCR3 and 60% for
CCRS5 with either VICSF or FIV-Ch). In contrast, only anti-
bodies to CXCR4 significantly influenced the ability of Peta-
luma to infect any of the cell lines (Table 1).

Envelope domains mediating chemokine receptor use by
FIV. Based on the experiments investigating feline cell tro-
pism, FIV-ChTM was posited to possess a Petaluma pheno-
type, whereas the other chimeras resembled VICSF more
closely. In addition, the sequence of the V3-to-V5 region of the
SU glycoprotein was implicated as a determinant of these
properties. Thus, the trCrFK cells were used as a feline cell
model to determine the profile of primate chemokine recep-
tors used by these chimeras. As was observed with cytotropism,
FIV-ChTM exhibited the same ability to replicate in all trCrFK
cell lines as the parent Petaluma strain, with the greatest levels
of RT activity detected in cells transfected with human CXCR4
(Fig. 6d). Like V1CSF and FIV-Ch, both FIV-ChSU (Fig. 6¢)
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FIG. 5. Chemokine receptor expression on trCrFK cells. Expression of chemokine receptors on nontransfected CrFK cells (N) and on CrFK
cells transfected stably with the human CCR3 (R3), CXCR4 (X4), or CCRS (R5) receptor was determined by Western blot analysis (a) and FACS
analysis (b through m). (a) Expression of CXCR4 was evident in all cells when anti-CXCR4 («CXCR4) antibodies were used, but CCR3 and CCRS5
proteins were detectable only in cell lines transfected with these receptors. (b through m) Surface expression of chemokine receptors was assessed
by FACS analysis using nontransfected cells incubated without antibodies (b), with the secondary antibody alone (c), or with an isotype-matched
antibody (d) as a control. Mock-transfected and nontransfected CrFK cells expressed CXCR4 abundantly (g and j), but minimal expression of
CCR3 (e and h) or CCRS5 (f and i) was detected. In contrast, a minimum of 45% of cells transfected with CCR3 (k), CCRS5 (1), or CXCR4 (m)
expressed their respective receptor. Representative histograms from triplicate experiments are shown.

and FIV-ChV35 (Fig. 6f) exhibited limited ability to replicate
in the parent and CXCR4-transfected CrFK cells, but signifi-
cantly increased RT activity relative to that in the parent cell
line was detected in CrFK cells expressing human CCR3 or
CCRS at both day 3 and day 7 p.i. (P < 0.01). A similar pattern
was observed following PCR amplification of the FIV pol gene
from genomic DNA. Nested PCR was required to detect FIV
DNA in cells lacking human CC chemokine receptors follow-
ing infection with FIV-ChSU or FIV-ChV35, whereas a single

round of PCR was sufficient to amplify FIV sequences from all
other infected cultures (Fig. 7). Furthermore, antibodies to
CXCR4 inhibited infection of permissive cells by any of the
chimeras, but antibodies to CCR3 or CCRS only affected the abil-
ity of FIV-ChSU and FIV-ChV35 to infect trCrFK cells trans-
fected with those receptors (44 to 59%) (Table 1). These re-
sults suggested that, like the ability to replicate in CrFK cells,
the profile of primate chemokine receptors used by FIV for in-
fection was determined by the sequence of the V3-to-V5 region.
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FIG. 6. RT activity in FIV-infected trCrFK cells. trCrFK cells were infected with Petaluma (a), VICSF (b), or FIV-Ch (c) at 10*° TCIDs,/ml
or with FIV-ChTM (d), FIV-ChSU (e), or FIV-ChV35 (f) at 10> TCIDs/ml, and RT activity was measured in culture supernatants at days 0, 3,
and 7 p.. trCrFK cell lines included nontransfected parent cells and cells transfected with human CCR3, CXCR4, or CCRS. RT activity is
expressed as counts per minute per milliliter of medium, with the mean = standard error of the mean from triplicate samples shown. Significant
differences relative to parent cells were determined by ANOVA and the Tukey-Kramer posthoc test (x, P < 0.01; #x, P < 0.005). Increased RT
activity was detected over the time course in all Petaluma- and FIV-ChTM-infected cell lines, but following infection with the other viruses,
increased RT activity was detected only in cells transfected with CCR3 or CCRS.

DISCUSSION

The present study demonstrated that the use of chemokine
receptors by FIV to infect primate cells is a property conserved
between different primates. In agreement with earlier reports
demonstrating that all FIV strains can use the feline CXCR4
receptor to infect feline cells (38), infection of primate cells by
FIV also involved the preferential use of CXCR4. The ability
of the primate CXCR4 receptor to mediate infection by FIV is
not surprising given that the sequence of this receptor shares
95% similarity with the feline homologue (25), and that feline
CXCR4 binds with high affinity to human stromal cell-derived
factor-la and -1, the principal ligands for this receptor (18).
Although CXCR4 played a pivotal role in FIV infection of
primate cells, viruses that exhibited the ability to interact with
human CC chemokine receptors, such as V1CSF, failed to
infect human GHOST cells that expressed CXCR4 only. It is

unlikely that this observation simply reflected the density of
CXCR4 on target cells, since the same profile was observed in
GHOST cells transfected with, and expressing high levels of,
CXCRA4. Rather, these results suggest that CXCR4 is neces-
sary, but not sufficient, to allow infection of human cells by
FIV. In contrast, Petaluma could gain entry to parent CrFK
cells that expressed feline CXCR4 only, possibly indicating
that this receptor alone is sufficient to mediate infection of
some feline cell lines by FIV. The independent use of a single
chemokine receptor for cell entry has been demonstrated pre-
viously for other lentiviruses, most notably the use of CCRS5 by
SIV (27) and of CXCR4 by HIV-1 and -2 (12, 19). Therefore,
it is possible that CXCR4 alone can mediate FIV infection, as
suggested for the Petaluma strain (26, 48). However, these
results might also reflect the presence of an unidentified FIV
receptor on CrFK cells or nonspecific cell entry that occurred



3634 JOHNSTON AND POWER

TABLE 1. Infection of trCrFK cells by FIV

Infection® by the following virus:

Cell”  Ab®
Mock VICSF Ch  Petaluma ChSU ChTM ChV35

Parent None - + + +++  + ++ +

X4 - - - - - - -

R3 -+ + +++  + ++ +

R5 -+ + +4++ + ++ +
CXCR4 None — + + ++++ + ++  +

X4 - - - + - - -

R3 -+ + ++++ + ++ +

R5 -+ + ++++ + ++ +
CCR3 None — +++  +++ ++++ +++ ++ 44+

X4 - - - - - - -

R3 - ++(53) ++(49) ++++ ++(47) ++ ++(44)

R5 - +++ ++++ o+ ++ 4+
CCR5 None — +++  +++ +H+++ A+ ++ 4+

X4 - - - - - - -

R3 - +++ A+t +4+++ -+ ++ A+

R5 —  ++(62) ++(61) ++++ ++(59) ++ ++(54)

“ trCrFK cells used in this study included nontransfected cells (parent) or cells
transfected with the human CCR3, CCRS5, or CXCR4 chemokine receptor. All
trCrFK cell lines expressed endogenous feline CXCR4.

b Ab, antibody trCrFK cells were infected in the absence of anti-chemokine
receptor antibodies (none) or in the presence of antibodies to human CCR3
(R3), CXCR4 (X4), or CCRS5 (R5).

¢ trCrFK cells were infected with either 10*° TCID5, of V1CSF, FIV-Ch (Ch),
or Petaluma/ml or 10 TCIDs5, of FIV-ChSU (ChSU), FIV-ChTM (ChTM), or
FIV-ChV35 (ChV35)/ml. Infection was assessed after 72 h by PCR amplification
of the FIV pol gene from genomic DNA (—, not detectable; +, nested PCR
required; ++++, +++, and ++, detectable by single-round PCR with decreas-
ing abundance. Graded responses are measured relative to cells infected in the
absence of antibodies, with percent decreases in viral DNA given in parentheses.

through an envelope-independent mechanism, as has been re-
ported for HIV (14, 33).

In addition to CXCR4, some FIV strains were also found to
interact with primate CCR3 and CCRS. Although the se-
quences of CCR3 and CCRS are highly conserved between
primates, the similarity with their feline counterparts is not as
pronounced as that observed with CXCR4 (approximately
75%) (25). Therefore, a rationale for the ability of FIV to use
primate CC receptors to infect primate cells is not as obvious
as that for CXCR4, and it is possible that the use of CC
receptors by FIV is a phenomenon restricted to primate cells.
However, recent studies have demonstrated that blocking CC
chemokine receptors inhibits infection of feline cells by some
FIV isolates (26) and that macrophage- or T-lymphocyte-
tropic FIV strains that use feline CC or CXC receptors, re-
spectively, may also exist (25). Because the primary receptor
for FIV has not been defined, it is conceivable that primate
CCR3 and CCRS5 closely resemble another feline cell surface
molecule with which FIV interacts; therefore, the results ob-
served with feline cells may not be specific to the CC receptors.
However, CCR3 and CCRS5 are sufficiently diverse (25) that it
is unlikely that they would mimic the same receptor. Since
complete inhibition of infection of primate PBMC was not
observed with anti-CCR3, anti-CCRS5, or anti-CXCR4 alone or
in combination, it is also plausible that other receptors for FIV
infection are present on primate cells. Although blockade of
chemokine receptors was able to completely eliminate the de-
tection of FIV sequences in specific human GHOST cell lines
and, in some cases, in trCrFK cells, these results likely re-
flected the lack of alternate receptors on these cell lines.

The results presented here are also consistent with cooper-
ativity between two or more chemokine receptors during FIV
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infection of primate cells. In this model, CXCR4 functions as
the principal receptor by which FIV infects primate cells, anal-
ogous to CD4 for HIV. However, an additional chemokine
receptor, such as CCR3 or CCRS, is required to allow cell
entry to occur, possible by acting as a coreceptor to promote
the conformational changes required to initiate the fusion pro-
cess. This model explains the failure of V1CSF to infect human
GHOST cells lacking CCR3 or CCRS, despite the ability of
anti-CXCR4 antibodies to block infection of all cell lines. Sim-
ilarly, it is consistent with the results obtained from primate
PBMC in which antibodies to CCR3, CCRS5, or CXCR4 could
each inhibit infection by VICSF, but all three antibodies to-
gether did not exceed the inhibition obtained with CXCR4
alone. Moreover, this model allows for FIV strains capable of
interacting with human CXCR4 in the absence of supporting
receptors, such as Petaluma, to also infect primate cells. The
potential cooperative use of chemokine receptors by some FIV
strains is also consistent with the finding that diversity in the
V3-t0-V5 region of the FIV envelope gene influenced chemo-
kine receptor use, since the determinants required to bind to
CXCR4 and induce a conformational change necessary to ex-
pose the TM fusion domain are contained within the V3-to-V5
region of the FIV SU (48). In contrast to the SU encoded by
Petaluma, which can assume an appropriate conformation in
the absence of binding to an additional receptor, exposure of
the V1CSF fusion domain may require a second conforma-
tional change induced by binding to an additional receptor.
These findings complement previous reports demonstrating
that the V3-to-V5 region of FIV determines tropism for feline
cells (3, 31, 41, 45, 47, 50) and extend those results to show that
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FIG. 7. Detection of FIV sequences in trCrFK cells. Cells were
infected with 10** (V1CSF, Petaluma, and FIV-Ch) or 10*° (FIV-
ChSU, -ChTM, and -ChV35) TCIDs, of FIV/ml, and the FIV pol gene
was detected in genomic DNA by single-round (770 bp) or nested (192
bp) PCR at 3 and 7 days p.i. trCrFK cell lines used included nontrans-
fected parent cells and cells transfected with human CCR3, CXCR4,
or CCRS5. Amplification of a water blank (W) ensured the lack of
contamination. FIV sequences were detected by a single round of PCR
amplification in all Petaluma- and FIV-ChTM-infected cell lines and in
cells expressing either CCR3 or CCRS5 that were infected with the
other viruses. In contrast, nested PCR was required to detect FIV
DNA in parent cells and in cells expressing human CXCR4 following
infection with VICSF, FIV-Ch, FIV-ChSU, or FIV-ChV35.
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the same regions also determine the ability of FIV to infect
primate cells and interact with primate chemokine receptors.

Because both primate and nonprimate lentiviruses have
been shown to interact with chemokine receptors during cell
entry, these receptors have been proposed to represent a com-
mon mechanism of infection and an evolutionary link in the
pathogenesis of divergent lentiviruses (50). However, as the
present study illustrates, a receptor system that is shared by
multiple species also has the potential to mediate the initial
cross-species transmission of pathogens, possibly providing in-
sight into the evolution of lentiviral infections. For example,
the capacity for SIV strains to use both CXCR4 and CCRS
independently of CD4 has been proposed to facilitate infection
of human cells by these viruses by obviating the need to adapt
to the human CD4 molecule (4, 21). The feline CD4 homo-
logue shares less than 60% sequence similarity with the pri-
mate molecules (30); therefore, the advantage of a mechanism
permitting infection of human CD4 " cells without using CD4
becomes evident. Moreover, the ability of HIV to infect cells
via CD4-independent mechanisms, such as the use of chemo-
kine receptors (12, 19) or galactosylceramide (16), may repre-
sent a conserved property originating from the SIV strains
from which HIV evolved. Analogous to the use of chemokine
receptors by FIV, the capacity for feline and primate retrovi-
ruses to use other common, widely expressed surface mole-
cules as cell recognition signals has been shown previously. For
example, the feline endogenous retrovirus RD114 and simian
type D retroviruses employ a common neutral amino acid
transporter for infection (42), while some feline and primate
leukemia viruses share the gibbon ape leukemia virus (GALV)
receptor (43). In each case, the presence of these receptors on
human cells facilitates cross-species infections by these feline
pathogens. Recently, we demonstrated xenoinfection of cyno-
mologus macaques by the FIV strain Petaluma, which was
accompanied by viral replication and the development of an
anti-FIV immune response (24). The results of the present
study implicate chemokine receptors as a potential mechanism
by which FIV establishes an infection in cells from nonfeline
species, possibly allowing the virus to adapt to its new host.
However, it should be noted that the ability of chemokine
receptors to mediate the spread and replication of FIV in vivo
has not been demonstrated in either felines or primates.

The present findings may also be relevant to the mechanism
by which FIV infects feline cells. In agreement with previous
reports that specific sequences in the FIV envelope gene de-
termine the ability to replicate in CrFK cells (26, 46, 47),
VICSF and all chimeras encoding the V3-to-V5 domains of
the V1CSF SU were found to infect primary feline PBMC but
not CrFK cells. In contrast, only the Petaluma parent and
FIV-ChTM, which encodes the SU of Petaluma, replicated
efficiently in both cell-types, indicating that this property
mapped primarily to the SU of VICSF. However, the finding
that FIV-ChSU, -ChTM, and -ChV35 replicated to a lesser
extent than FIV-Ch or the parent viruses suggests that se-
quences in both the SU and TM are essential to the tropisms
of VICSF and Petaluma. For example, it is conceivable that
structural differences in the envelope glycoproteins of V1CSF
and Petaluma precluded optimal association within the viral
envelope and reduced infectivity. In addition, the facts that
all chimeras possessed the same long terminal repeat and
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that infectious virus could be obtained from CrFK cultures
transfected with any of the chimeras, but only FIV-ChTM
replicated efficiently in CrFK cells, support a receptor-based
mechanism for these differences. However, the presence of
increased RT activity in CrFK cultures immediately following
cell-free infection with VICSF or the chimeras suggests that
receptors capable of interacting with the VICSF SU are pres-
ent on CrFK cells, but that replication occurs inefficiently com-
pared to that of Petaluma. Like the requirement for multiple
chemokine receptors on human cells, these observations may
indicate that VICSF requires the concurrent expression of
additional receptors for cell entry that are not all present on
CrFK cells. VICSF could infect CrFK cells that expressed
CXCR4 as their sole chemokine receptor, but replication and
spread were reduced markedly compared to those in CrFK
cells expressing other chemokine receptors. Thus, CrFK cells
may lack a coreceptor to complement CXCR4, a function that
was performed by human CCR3 and CCRS in the trCrFK cells.
However, similar functions for feline CCR3 and CCRS may
not apply to infection of feline cells, since another feline re-
ceptor may play an equivalent role. Therefore, the decreased
ability of VICSF to replicate in trCrFK cells compared to that
of Petaluma despite the presence of CCR3 and CCRS5 could
indicate that these receptors cooperate with feline CXCR4 less
efficiently than the feline receptor.

Zoonoses continue to be a major concern as a potential
source of new human pathogens, particularly in light of the use
of viruses for human gene therapy and the use of nonhuman
cells and organs for xenotransplantation. Recent studies dem-
onstrating the capacity of viruses to cross species in vitro and in
vivo raise questions about ongoing transmissions and render
the study of the adaptations required for a virus to be trans-
mitted from one host species to another increasingly relevant.
Although feline tissues are unlikely candidates for use in hu-
man transplantation, the results of the present study may pro-
vide insight into the mechanisms by which xenoinfections by
other pathogens may occur. For example, recent studies have
demonstrated that infection of primate cells by porcine endog-
enous retroviruses (PERV), viruses implicated in cross-species
transmissions following xenotransplantation, exhibits species-
and envelope-dependent properties similar to those of FIV
(51). Similarly, infections of human cells by FIV and SIV
incorporate many common properties, such as CD4-indepen-
dent chemokine receptor use and dependence on envelope
sequence (21). Consequently, FIV infection of primates may
provide a model in which to study the process by which HIV
was acquired in the human population. Thus, FIV infection of
primate cells provides a system to assess both the mechanism
of cross-species infection and the role of envelope diversity in
the process of lentivirus adaptation to new hosts.
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