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The surface glycoprotein (gp95) of the feline immunodeficiency virus (FIV) binds in a strain-specific manner
to several cell surface molecules, including CXCR4, heparan sulfate proteoglycans (HSPGs), DC-SIGN, and a
43-kDa cell surface receptor on T cells recently identified as CD134 by M. Shimojima et al. (Science 303:1192-
1195, 2004). CXCR4 is the entry receptor in all known cases, and the other molecules act as binding receptors
to help facilitate infection. In this report, we confirm and extend the findings regarding CD134 as a primary
receptor for FIV. In addition, we show that temperature critically influences the binding properties of FIV gp95
to CXCR4 and HSPGs. The data show that gp95 of the field strain FIV-PPR bound to CXCR4 at 22°C, whereas
binding was not detected at 4°C. In contrast, binding of the laboratory adapted FIV-34TF10 gp95 was observed
at either 4°C or 22°C, albeit at increased levels at the higher temperature. The level of CXCR4 increased after
the temperature was switched from 4 to 22°C, whereas the level of HSPGs decreased, resulting in higher
binding of gp95 from both strains to CXCR4 and lower binding of gp95 of FIV-34TF10 to HSPGs (FIV-PPR
gp95 does not bind to these molecules). The findings also show that HSPGs facilitate the CXCR4-mediated
infectivity of CrFK and G355-5 cells by FIV-34TF10. These two nonlymphoid cell lines express very low levels
of CXCR4 and are permissive to FIV-34TF10 but not to productive infection by FIV-PPR. However, overex-
pression of human CXCR4 in CrFK or G-355-5 cells resulted in extensive cell fusion and infection by FIV-PPR.
Taken together, these findings indicate that factors that increase the effective concentration of CXCR4 enhance
FIV infectivity and may involve (i) temperature or ligand-induced conformational changes in CXCR4 that
enhance SU binding, (ii) coreceptor interactions with gp95 that either alter gp95 conformation to enhance
CXCR4 binding and/or raise the localized concentration of receptor or ligand, or (iii) direct increase in CXCR4

concentration via overexpression.

Feline immunodeficiency virus (FIV) is the only nonprimate
lentivirus that causes a progressive loss of CD4™" cells and an
AIDS-like disease in its natural host, the domestic cat (28).
One of the main differences between FIV and the primate
lentiviruses is that FIV does not use CD4 as a primary binding
receptor and displays a much broader tissue tropism in vivo,
infecting CD4" T cells, as well as CD8" T cells, B cells, and
macrophages (3, 6, 7, 16, 27).

As with the T-cell tropic human immunodeficiency virus
type 1 (HIV-1), FIV uses CXCR4 as a common entry receptor
(45). In addition, we have shown that the surface glycoprotein
of FIV, gp95, could specifically bind other cell surface mole-
cules, including a 43-kDa protein species expressed on periph-
eral blood mononuclear cells (PBMC) and interleukin-2 (IL-
2)-dependent T-cell lines (9), heparan sulfate proteoglycans
(HSPGs) that have a ubiquitous tissue expression but are pre-
dominantly expressed on epithelial cells and astrocytes (9) and
also DC-SIGN (11). Binding of FIV gp95 to each of these
receptors was dependent on the origin of gp95. The gp95 from
a primary strain (PI) of FIV bound to the 43-kDa receptor and
to DC-SIGN but not to HSPGs, whereas gp95 from a tissue
culture-adapted (TCA) FIV strain could bind all three recep-
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tors (9). Although these differences were observed at the bind-
ing level, entry for both PI and TCA FIV was mediated solely
via CXCR4 (9, 13, 14, 33). We speculated that the 43-kDa
receptor might serve as a primary binding receptor for FIV
similar to CD4 for HIV-1 and that entry of FIV would follow
the two-step model, followed by the primate lentiviruses (re-
viewed in reference 12). This model predicts that gp120 ini-
tially binds CD4, which induces conformational rearrangement
in gp120, exposing the coreceptor binding site on gp120. In a
second step, the CD4-gp120 complex binds to its coreceptor.

Recent studies by Shimojima et al. (36) have now demon-
strated that the 43-kDa receptor is, in fact, CD134 (0X-40), a
molecule specifically upregulated on CD4™" T cells and ex-
pressed on a subset of T-cell lines (21). Although structural
studies must now be performed to verify the nature of the
gp95-CD134 interaction, the overall findings suggest parallels
with the CD4-HIV-1 SU interaction and offer an explanation
as to why FIV primarily targets CD4" T cells even though it
does not bind CD4 (26).

The purpose of the present studies was to compare the
binding properties of FIV adhesins to CXCR4 to results pre-
viously reported for HIV SU-chemokine receptor interactions
(1, 34, 41, 46). In addition, studies were carried out to formally
assess the ability of gp95 adhesins to bind to cells expressing
recombinant CD134. The results show that FIV gp95 binds to
CD134 and, further, that gp95 of field strain FIVs binds to
CXCR4 in a temperature-dependent manner consistent with a
conformation dependence for ligand, receptor, or both.



VoL. 78, 2004

MATERIALS AND METHODS

Cell lines and viruses. CrFK cells were obtained from the ATCC (Rockville,
Md.), and the feline glial cell line (G355-5) was kindly provided by Don Blair
(National Institutes of Health [NIH], Bethesda, Md.). Cat PBMC were prepared
from heparinized whole feline blood by Ficoll-Paque gradient purification. The
IL-2-dependent T-cell line 104-C1 was isolated by limiting dilution cloning of
PBMC and was a gift from Chris Grant (Custom Monoclonal Antibodies, Intl.).
The IL-2-independent lymphoma cell line 3201 was obtained from William
Hardy. The Cf2Th/synCCRS cells were obtained through the AIDS Research
Reagent program, Division of AIDS, National Institute of Allergy and Infectious
Disease (NIAID), NIH, from Tajib Mirzabkov and Joseph Sodroski (24).
CXCR4Mgh G355-5 cells were obtained by transduction with human CXCR4.
Briefly, 293GP cells were transfected with pPBABE-CXCR4 and pCMV-VSV-G.
Two days later, viral supernatant was used to transduce G355-5 cells. One week
after the transduction, CXCR4 positive cells were sorted by fluorescence-acti-
vated cell sorting (FACS). pBABE-CXCR4 was obtained through the AIDS
Research and Reference Reagent Program, Division of AIDS, NIAID, NIH,
from Nathaniel Landau (8, 25). Propagation of the different cell lines was
previously described (23).

The FIV strains used in the present study were FIV-34TF10, a molecular clone
of the FIV Petaluma isolate (39), and FIV-PPR, a molecular clone of the FIV
San Diego isolate (29).

Antibodies and reagents. Anti-CXCR4 antibody (clone 44717.111) was pur-
chased from R&D Systems (Minneapolis, Minn.). The anti-heparan sulfate chain
antibody (clone F58-10E4) was purchased from Seikagaku Corp. (Tokyo, Japan).
The phycoerythrin- and horseradish peroxidase (HRP)-conjugated anti-human
Fc antibodies were purchased from ICN-Cappel (Aurora, Ohio). The bycyclam
AMD3100 was kindly provided by Donald Mosier (The Scripps Research Insti-
tute). Heparin, heparinase I, bovine serum albumin (BSA), and anti-Fc agarose
beads were purchased from Sigma (St. Louis, Mo.). Neutravidin-HRP was pur-
chased from Pierce (Rockford, Ill.). Earle balanced salt solution (EBSS) and
Novex Tris-glycine-sodium dodecyl sulfate (SDS)-polyacrylamide gels were pur-
chased from Invitrogen (Carlsbad, Calif.).

SU adhesins. The FIV SU adhesins PPR-Fc and 34-Fc were previously de-
scribed (9). For JRCSF-Fc, gp120 from the JR-CSF clone of HIV-1 (20) was
subcloned (from the threonine residue at position 50 to the alanine residue at
position 489) by PCR in the pRSC-Fc-GS vector essentially as described for the
FIV SU adhesins. SU adhesins were batch purified from cell supernatants by
protein A affinity chromatography. JR-CSF env and Fc plasmid were kindly
provided by Dennis Burton (The Scripps Research Institute) and Brian Seed
(Massachusetts General Hospital), respectively.

Flow cytometry analyses. Adhesins and antibodies were incubated with 10°
cells for 1 h in 100 pl of EBSS containing 0.1% BSA, washed once in EBSS, and
resuspended in 100 pl of EBSS-0.1% BSA supplemented with the fluorescence-
conjugated secondary antibody at a dilution of 1:250. Samples were analyzed on
a FACScan. The data were acquired with CellQuest software and analyzed with
FlowJo software.

Immunoprecipitation. Cells were cell surface biotinylated as previously de-
scribed (9). Biotinylated cells were lyzed in lysis buffer (20 mM Tris-HCI [pH
7.5], 150 mM NaCl, 1% NP-40, 0.1% SDS) and incubated for 30 min on ice.
Clear supernatants were incubated with 2 pg of adhesins and 10 pl of anti-Fc
agarose beads overnight at 4°C. Beads were then washed three times with the
lysis buffer and once in the lysis buffer minus NP-40 and SDS, subjected to
SDS-PAGE on a Novex 8 to 16% Tris-glycine gel, transferred to nitrocellulose
membrane, and then Western blotted by using neutravidin-HRP.

Receptor overlay assay. A modified virus overlay protein-binding assay was
used. Cell lysates were subjected to SDS-polyacrylamide gel electrophoresis
(PAGE) and Western blotting. Blots were incubated overnight with Fc, PPR-Fc,
or 34-Fc at 1 pg/ml in phosphate-buffered saline (PBS) at 4°C. The blots were
then washed in PBS and further incubated for one h with anti-Fc-HRP at a
1:1,000 dilution. The blots were again washed, and gp95-binding proteins were
revealed by chemiluminescence.

Heparinase treatment. For the infection assay, G355-5 and CrFK cells, plated
the day before at 50 X 10* cells per well in a 12-well plate, were washed once in
EBSS, and resuspended in EBSS containing 2 mM CaCl, and 0.1% BSA in the
absence or the presence of heparinase I at 10 U per ml. The cells were incubated
for 45 min at room temperature on a rocker platform, washed once in EBSS, and
infected for 30 min at room temperature with FIV-34TF10 (27 X 10° cpm
reverse transcriptase [RT] activity containing supernatant). The cells were then
washed again and resuspended in 4 ml of complete Dulbecco modified Eagle
medium. At 7 days postinfection, virus production was assayed on 50 pl of
supernatant by an RT assay (9). For the FACS assay, G355-5 cells were detached
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TABLE 1. Summary of the receptors used by FIV

SU adhesin Binding Entry
Cell type bound” receptor” receptor
Feline
PBMC PPRFc and 34Fc  43-kDa receptor ~ CXCR4
IL-2-dependent PPRFc and 34Fc  43-kDa receptor ~ CXCR4
T cells
IL-2-independent ~ 34Fc only CXCR4 CXCR4
T cells
Epithelial and 34Fc only HSPGs CXCR4
glial cells
Human
Jurkat 34Fc only CXCR4“ CXCR4“
HeLa 34Fc only HSPGs CXCR4
us7 34Fc only HSPGs None®
Hamster
CHO-K1 34Fc only HSPGs None®
CHO-pgsA745 None'

“ SU adhesins from FIV-PPR and FIV-34TF10 strains are denoted PPRFc and
34Fc, respectively.

® The binding receptor involved was identified by FACS, neutralization, and
immunoprecipitation assays (9).

¢ The entry receptor implicated was determined by inhibition of infection by
SDF1-a and AMD3100.

@ FIV uses human CXCR4 as well for binding and entry. A block of infection
occurs at a postentry level (30, 45).

¢ These cell lines are deficient in CXCR4 expression.

/ CHO-pgsA745 cells are deficient in HSPGs, as well as in CXCR4 expression.

in EBSS containing 5 mM EDTA, washed once, and resuspended in heparinase
buffer (see above) in the absence or presence of 10 U of heparinase per ml. After
45 min of incubation at room temperature, cells were washed twice and resus-
pended in EBSS-0.1% BSA and proceed for FACS analysis as described above.

CXCR4"#" cells infectivity assay. Cells were plated at 1.0 X 10 cells per well
in a six-well plate. The next days, cells were infected for 30 min at room tem-
perature with 100 pl of virus stock. The cells were next washed once and
incubated in complete Dulbecco modified Eagle medium. At day 5, supernatants
were analyzed for virus production by using an RT assay as described above.

PCR assays. Newly synthesized viral DNA and RNA were analyzed as previ-
ously described (10). Briefly, 3201 and 104-C1 cells (5 X 10°) were infected with
100 pl of FIV-PPR virus stock (8.5 X 10* cpm RT activity containing superna-
tant). Total DNA and RNA were extracted at 20 and 72 h postinfection, respec-
tively. Viral DNA was analyzed by PCR with the primer pair GAG1 and GAG?2,
which amplifies a 325-bp FIV gag (10). Viral RNA was analyzed by RT-PCR with
the primer pair LA6 and LA13, which amplifies two viral spliced RNA products
of 645 and 710 bp, respectively (10). A CD4 primer pair designed to amplify a
short intron between exons 1.2 and 2 was used as a DNA extraction control, and
a B-actin primer pair was used as a control for RNA extraction (10).

Cloning of feline CD134. Poly(A)* RNA was isolated from 104-C1 cells with
an mRNA messenger kit (Gibco-BRL) and examined for its integrity by North-
ern blot analysis with a radiolabeled GAPDH (glyceraldehyde-3-phosphate de-
hydrogenase) cDNA as probe. cDNA with a 5" EcoRI restriction end and a 3’
Xhol end was generated from 5 pg of poly(A)" RNA by using the Superscript
c¢DNA Synthesis kit (Invitrogen) but according to the manufacturer’s protocol
outlined by Stratagene. A total of 500 ng of cDNA and 0.5 pg of hygroMaRXII
vector (38) digested with EcoRI and Xhol were ligated and transformed into
ElectroMAX DH10B cells (Invitrogen) to generate the cDNA library. We esti-
mated that the primary library included 5 X 10° independent clones. To deter-
mine the quality of the library, 32 randomly chosen clones were subjected to
restriction analysis. The results indicated that 90% of these clones contained
unique cDNA inserts with an average size of 1 kb. Feline CD134 was next cloned
by rapid amplification of cDNA ends (RACE) from the 104-C1 cDNA library.
Briefly, two CD134 regions of high homology at the amino acid level, QACK and
PIQE, were identified by alignment of human mouse and rat CD134. Degener-
ative primers were synthesized. One, sense and corresponding to QACK, had the
sequence 5'-CARGCCTGCAAGCCCTGGACCAA-3’, and the other, antisense
and corresponding to PIQE, had the sequence 5'-GGCTAGATCTTGGCCAG
AGTGGAGTKKGCGGTC-3'. After a first round of PCR with these two prim-
ers, a 350-bp QACK/PIQE amplicon was obtained and confirmed to be homol-
ogous to CD134 by sequencing. Next, the 5’ end and the 3’ end of feline CD134
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FIG. 1. Binding profile of FIV SU adhesins: conformation-dependent binding of FIV SU to CXCR4. (A) FACS analysis of the binding of
HIV-1 JRCSF-Fc to the CD4~ CCR5" Cf2Th synCCRS5 cells requires sCD4 and a temperature shift from 4 to 22°C. (B) FACS analysis of the
binding of FIV PPR-Fc and 34-Fc to the CXCR4* 3201 feline lymphoma cells. Binding of PPR-Fc to CXCR4 requires only a shift in temperature;
likewise, binding of 34-Fc is increased after the temperature shift. (C and D) FACS analysis of the binding of PPR-Fc and 34-Fc at 4 and 22°C
on 104-C1 and G355-5, respectively. Fc alone was used as a negative control.

was obtained by RACE. Finally, amplification of the entire cat CD134 was
performed and cloned into the MIGR1-green fluorescent protein (GFP) vector
(11). Both MIGR1-GFP and MIGR1-GFP/CD134 vectors were transduced in
CrFK cells for SU binding studies.

RESULTS

Cell surface receptors interacting with FIV SU. We previ-
ously reported an experimental approach to scan for cell sur-
face receptors involved in interactions with FIV surface glyco-

protein gp95 (SU) by using adhesins of gp95 fused in-frame
with the Fc domain of human immunoglobulin G1 (9). Two SU
adhesins were constructed: one using SU from the primary
isolate (PI) FIV-PPR (PPR-Fc) and the other using SU from
the TCA isolate FIV-34TF10 (34-Fc). Using PPR-Fc and 34-
Fc in flow cytometry analyses, blocking assays with specific
chemokines and heparin, and immunoprecipitation assays, we
identified three cell surface receptors interacting with either
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one or both adhesins (9) (the results are summarized in Table
1). Under the conditions used, PPR-Fc bound to a 43-kDa
protein expressed on the surface of feline PBMC and primary
feline T cells, but direct binding to CXCR4 was not detected.
The 43-kDa receptor is distinct from CXCR4 in that SDFla
and AMD3100, while efficiently inhibiting infection by primary
isolates, failed to block binding of PPR-Fc to the 43-kDa re-
ceptor (9). The much broader tropism of the TCA strain was
reflected in the ability of the 34-Fc adhesin to bind not only the
43-kDa receptor but also to bind directly to CXCR4 and to
HSPGs in a cell-specific manner that directly reflected the
TCA infectivity pattern (Table 1). Based on competition stud-
ies with AMD3100, the sole entry receptor for both PI and
TCA FIVs is CXCR4 (9) (Table 1). We speculated that (i) the
43-kDa receptor might serve as a primary binding receptor for
PI FIVs and that (ii) FIV entry followed a two-step model
similar to primate lentiviruses in that binding to the 43-kDa
receptor would induce conformational rearrangement in gp95
to facilitate binding to CXCR4. In this scenario, the TCA
isolate would be the FIV equivalent of a CD4-independent
HIV isolate and thus already possess a conformation compat-
ible with high-affinity binding to chemokine receptor.

Binding of FIV SU to CXCR4 is temperature dependent. In
order to test the hypotheses outlined above, additional assays
were carried out to further assess the nature of binding by the
FIV SU adhesins. All of our previous binding studies had been
performed at 4°C (9). Since binding studies with HIV have
revealed a temperature dependence for SU-receptor interac-
tions, we compared binding properties of our adhesins at 4 and
22°C (Fig. 1). As a control, an HIV-1 gp120 adhesin was pre-
pared by using SU of the CCR5-dependent JR-CSF strain of
HIV-1 (20), and binding at 4 and 22°C was assessed on
Cf2ThsynCCRS5 cells (CD4~ CCRS5™) (24) in the absence or
presence of sCD4 (Fig. 1A). Binding of JRCSF-Fc to CCR5
was observed only in the presence of sCD4 and, most impor-
tantly, only at 22°C, a finding consistent with a temperature-
dependent conformational rearrangement of the gp120-sCD4
complex to facilitate binding to the chemokine receptor at
22°C but not at 4°C. Binding of the two FIV SU adhesins to
feline cell lines, including 3201 (Fig. 1B; CXCR4™"), 104-C1
(Fig. 1C; 43-kDa receptor” CXCR4™"), and G355-5 cells (Fig.
1D; CXCR4" HSPG™) was then assessed at 4 and 22°C. As
previously observed, binding of PPR-Fc adhesin was not de-
tected on 3201 cells at 4°C (expressing only CXCR4), but the
34-Fc adhesin bound strongly at this temperature (Fig. 1B). In
contrast, when the assay was performed at 22°C, substantial
binding was noted with the PPR-Fc adhesin, and some increase
in binding was also noted for 34-Fc (Fig. 1B). Binding to the
104-C1 T-cell line (expressing both CXCR4 and the 43-kDa
receptor) was substantial with both adhesins at either temper-
ature, a finding consistent with a lack of temperature depen-
dence for interaction with the 43-kDa receptor (Fig. 1C). Con-
sistent with past findings (9), the PI adhesin failed to bind to
the adherent G355-5 cell line (as well as CrFK cells [not
shown]), but the TCA adhesin bound strongly at both temper-
atures (Fig. 1D).

We previously reported that 34-Fc binding on 3201 cells was
mediated through CXCR4 and that binding could be blocked
by the CXCR4 antagonist, AMD3100 (9). To investigate wheth-
er the increased binding of PPR-Fc that we observed at 22°C
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FIG. 2. Inhibition profile of FIV SU adhesins. Inhibition of
PPR-Fc and 34-Fc binding to 3201, 104-C1, and G355-5 cells at 4 and
22°C by AMD?3100 and heparin. Cells were incubated with the indi-
cated SU adhesins in the absence (none) or presence of AMD3100
(AMD), heparin (HEP), or both (A+H). SU binding, expressed as the
mean fluorescence intensity, was analyzed by FACS analysis as de-
scribed in Materials and Methods. Heparin and AMD3100 were used
at 1 pg/ml. Fc alone was used as a negative control.

was also mediated through CXCR4, we tested the inhibitory
activity of AMD3100 (Fig. 2, top panel). The binding of PPR-
Fc and 34-Fc to 3201 cells at 22°C was CXCR4 dependent,
since AMD3100 inhibited the binding by both SU adhesins by
>90%. In parallel, we also tested the inhibitory activity of
heparin, since 34-Fc has the ability to bind HSPGs. The results
show that heparin partially inhibited the binding of 34-Fc to
3201 cells at 4°C but had no significant inhibitory activity at
22°C (Fig. 2, top panel). Neither AMD3100 nor heparin had a
significant effect on binding of either adhesin to 104-C1 cells at
either temperature (Fig. 2, middle panel). Likewise, AMD3100
did not significantly block binding of 34-Fc to G355-5 cells at
either temperature. However, binding was substantially blocked
at both temperatures by heparin (Fig. 2, bottom panel). The
overall results are consistent with a temperature-dependent
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increase in binding of FIV SU to CXCR4 but not to either the
43-kDa receptor or HSPGs.

The strong binding of both adhesins to the 104-C1 cell line
and to PBMC is facilitated by a 43-kDa protein species unre-
lated to either CXCR4 or HSPGs (9). This is reiterated in the
data shown in Fig. 3A, in which the PI and TCA adhesins were
able to drag down biotinylated receptor from PBMC and
104-C1 cells in immune precipitations but not from 3201,
CrFK, or G355-5 cells. While the present study was in progress,
Shimojima et al. (36) published findings consistent with the
notion that the 43-kDa receptor was the T-cell marker CD134
(OX-40). We subsequently cloned and expressed feline CD134
on CrFK cells and then assayed for specific binding by the
adhesins (Fig. 3B). The findings verify that both the PI and
TCA adhesins bind strongly to CD134 and that the size of the
expressed protein and binding pattern is identical to that ob-
served on PBMC and the 104-C1 T-cell line (Fig. 3, compare
panels A and B). Binding of either adhesin to the CD134
expressing cells was not blocked by AMD3100, heparin, or a
combination of the two inhibitors (Fig. 3C).

Detection of CXCR4 and HSPGs is distinct at 4 and 22°C. It
has previously been shown that CXCR4 can adopt different
conformations from one cell type to another (2). The results
observed here with 3201 cells (Fig. 1B) suggest that the shift in
the temperature from 4 to 22°C increases the affinity of FIV
SU for CXCR4, probably through conformational rearrange-
ment of SU. However, the increase in affinity could also be the
result of a change in the conformation of CXCR4 between the
two temperatures. We also observed a difference in the sensi-
tivity of 34-Fc binding to inhibition by heparin at 4 and 22°C
(Fig. 2), which might indicate a conformational change that
influences HSPG exposure and/or presentation. We therefore
analyzed the relative detection of CXCR4 and HSPGs at 4 and
22°C on the different cell lines (Fig. 4) by using an anti-human
CXCR4 monoclonal antibody that cross-reacts with feline
CXCR4 (clone 44717.111; R&D Systems) and another mono-
clonal antibody that specifically recognizes heparan sulfate
chains present on cell surface proteoglycans (clone F58-10E40;
Seikagaku Corp.). CXCR4 detection, particularly on 3201
cells, is increased markedly upon switching the temperature
from 4 to 22°C (Fig. 4, top panel) but less pronounced on
104-C1 or G355-5 cell lines that express lower levels of
CXCRA4. Pretreatment of 3201 cells with cycloheximide (30
pg/ml) or sodium azide (0.005%) did not abolish the increase
in CXCR4 detection (data not shown), a finding consistent
with the concept that a change in conformation rather than an
increase in CXCR4 expression (either via protein synthesis or
a change in membrane turnover rate) was responsible for in-
creased antibody binding. In contrast, we observed a consistent
decrease in the detection of HSPGs when the temperature was
switched from 4 to 22°C (Fig. 4). The decrease was substantial
in the case of G355-5 cells and detectable with the other cells
(Fig. 4). The results offer an explanation as to why heparin has
reduced inhibitory activity on the binding of 34-Fc to 3201 cells
at 22°C (Fig. 2), since binding under these conditions is almost
exclusively via CXCR4 interactions.

Heparan sulfate chains facilitate infection of CrFK and
G355-5 cells by FIV-34TF10. The entry receptor, CXCR4, is
expressed at relatively low levels on G355-5 cells and CD134 is
not expressed on these cells (Fig. 3). Thus, the presence of a
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FIG. 3. A 43-kDa binding receptor for gp95 on PBMC and the
IL-2-dependent T-cell line 104-C1 corresponds to the T-cell marker,
CD134. (A) Immunoprecipitation studies identified a 43-kDa protein
species on PBMC and 104-C1 cells that specifically interacts with FIV
SU adhesins. Biotinylated cell lysates were incubated with the indi-
cated adhesins. Complexes were resolved by SDS-PAGE, and gp95-
binding proteins were revealed by Western blotting with a neutravidin-
HRP antibody. This receptor was not immunoprecipitated from 3201,
CrFK, or G355-5 cells. (B) A modified virus overlay assay shows that
FIV SU adhesins interact with a 43-kDa protein species on PBMC and
104-C1 cells but not 3201, CrFK, and G355-5 cells. A similarly sized
molecule was bound by both PPR and 34TF10 SU adhesins on CrFK
transduced with MIGR1-GFP/CD134 (CrFK GFP/CD134) but not on
CrFK transduced with MIGRI1 vector expressing only GFP (CrFK
GFP). The indicated cell lysates were resolved by SDS-PAGE. Blots
were then overlaid with the indicated adhesins. Binding of gp95 was
revealed by an anti-Fc-HRP antibody. (C) FACS analysis revealing the
specific interaction of FIV SU with CD134. CrFK cells were trans-
duced with MIGR1-GFP or MIGR1-GFP/CD134. Binding with PPR-
Fc and 34-Fc was assessed by FACS analysis in the absence (none) or
presence of AMD3100 (AMD), heparin (HEP), or both (H+P). Note
that neither AMD3100, heparin, or a combination of both inhibitors
inhibited the binding of either SU adhesin to CrFK expressing CD134.
Heparin and AMD3100 were used at 1 pg/ml.

binding receptor such as HSPGs might improve efficiency of
FIV-34TF10 infection. To address this issue, binding studies
were carried out on G355-5 cells in the presence or absence of
heparinase treatment (Fig. SA). Treating the cells with hepa-
rinase reduced the binding of 34-Fc to G355-5 cells by >90%
and was more pronounced at 4°C than at 22°C. We next in-
vestigated the role of HSPGs in FIV-34TF10 infection of CrFK
and G355-5 cells (Fig. 5B and C). In the first experiment (Fig.
5B), cells were left untreated or treated with heparinase and
then washed and infected with FIV-34TF10, and virus produc-
tion was assessed at 7 days by RT assay. As shown on Fig. 5B,
heparinase treatment reduced FIV infectivity by ca. 35% on
both cell lines, a finding consistent with a facilitating role of
HSPGs in the infectivity by FIV-34TF10 in these adherent
cells. In another set of experiments, infections were carried out
with FIV-34TF10 in the absence or presence of heparin (10 pg/
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ml) or AMD3100 (1 wg/ml), and virus production was mea-
sured at 7 days postinfection (Fig. 5C). The results show that
heparin neutralizes FIV-34TF10 infection of CrFK and
G355-5 cells (Fig. 5C), with reductions of 90 and 80%, respec-
tively. Complete inhibition of infection of both cell lines by
AMD?3100 confirmed that the entry receptor is CXCR4. The
overall data suggest that HSPGs play a significant role in the
permissivity of CrFK and G355-5 cells to FIV-34TF10 infec-
tion, presumably by acting as a primary binding receptor, in the
absence of CD134.

CXCR4 expression level is a limiting factor in permissivity
of G355-5 cells to productive infection by FIV-PPR. As indi-

cated above, primary strains such as FIV-PPR do not produc-
tively infect CrFK and G355-5 cells. However, after 3 to 4
weeks in culture, adaptation occurs and viruses emerge that
are then able to productively infect these cells with kinetics of
infection similar to that of FIV-34TF10 (22). The low level of
CXCR4 expression on CrFK and G355-5 cells and/or the in-
ability of the PI strain to bind to HSPGs may explain why these
cells are not permissive to FIV-PPR infection. To address this
issue, human CXCR4, known to bind FIV and facilitate infec-
tion (5, 43, 45), was transfected into G355-5 cells, and CXCR4"e"
cells were sorted by flow cytometry. Binding experiments with
the PPR-Fc and 34-Fc adhesins on CXCR4™" cells (Fig. 6A)



9138 DE PARSEVAL ET AL.

J. VIROL.

3201

1000 10000 1 10 100
FL2-H

1000

1000 10000 1 10 100 1000 10000

FLI-H

100
FLI-H

10000 1 10

104-C1

1000 10000 1 10
Fl2-H FL2-H

100

1000

1000 10000 1 10 1000 10000

100
FLI-H O]

10000 1 10

#Cells

G355-5

o1
1000 10000 1 10 100
FL2-H Fl2-H

1000

1000 10000 1 10 100 1000 10000

FLI-H

100
FLI-H

10000 1 10

FIG. 4. Temperature-dependent detection of CXCR4 and HSPGs. Cells were labeled at the indicated temperatures, and the detection of
CXCR4 and HSPGs was carried out by FACS analysis. The switch from 4 to 22°C induced an increase in CXCR4 detection that was most
noticeable on 3201 cells. In contrast, HSPG detection was higher at 4°C and markedly decreased when the temperature was raised to 22°C.

revealed a pattern of binding similar to that observed with 3201
T cells (Fig. 1) in that PPR-Fc efficiently bound CXCR4"&"
cells at 22°C but not at 4°C. Binding of 34-Fc also increased
with G355-5 cells at 22°C (Fig. 6A). Also, as observed with
3201 cells (Fig. 4), we noted significant increases in the detec-
tion of CXCR4 on the transduced cells at 22°C (Fig. 6B). The
profile of HSPG detection at both temperatures was similar to
that of the parental cells, although the levels of expression
were lower (compare Fig. 6B and Fig. 4, bottom right panel).
We next analyzed the inhibitory activity of AMD3100 and
heparin on the binding of both SU adhesins (Fig. 6C). A
difference in the inhibitory activity pattern of both compounds
was observed between 4 and 22°C. As with binding to 3201 cells
(Fig. 1 and 2), only 34-Fc bound to the CXCR4 transduced
cells at 4°C, and the inhibition of binding was most pronounced
when both heparin and AMD3100 were added together (Fig.
6C). PPR-Fc binding observed at 22°C was not influenced by
heparin but was completely inhibited by AMD3100, indicating
that the sole binding receptor for PPR-Fc is CXCR4 (Fig. 6C).

Next, parental and CXCR4M2" cells were infected with
FIV-PPR and FIV-34TF10, and virus production was mon-
itored at 5 days postinfection (Fig. 7A). Nontransduced G355-5
cells were permissive only to FIV-34TF10 infection, whereas
CXCR4"" cells were permissive to both FIV strains. Massive
cell death started to occur at 5 days after the initiation of the
infection in the CXCR4"" cell population and was more sig-
nificant for the 34TF10 infection, resulting in lower RT levels
detected in the CXCR4"" infected cell cultures than in the

infected parental cell cultures (Fig. 7A). No syncytia were
observed with the parental cells infected with the PPR strain,
whereas a few syncytia with fewer than 15 nuclei were observed
with parental cells infected with the 34TF10 strain (Fig. 7B). In
contrast, giant syncytia with more than 40 to 50 nuclei were
commonly observed in CXCR4Me" cells infected with either
FIV strain, a finding consistent with a massive cell fusion ac-
tivity (Fig. 7B).

We have previously shown that 3201 cells were permissive to
FIV-34TF10 infection and that productive infection with FIV-
PPR occurred after 2 to 3 weeks of adaptation (23). Adapted
viruses could then productively infect the 3201 cells with a peak
in virus production usually observed 5 to 7 days after the
initiation of infection. We surmised that since 3201 cells lacked
the 43-kDa receptor, the binding to CXCR4 was inefficient (as
noted at 4°C, Fig. 1A) and thus failed to facilitate virus entry
and productive replication. However, in the present study, we
observed substantial binding of the PPR-Fc adhesin at 22°C
(Fig. 1B and 8A) but no productive infection, indicating that
more than simple binding was involved in producing an infec-
tion that could generating significant levels of detectable virus.
Kinetic analyses were performed, comparing viral DNA and
RNA expression in 104-C1 and 3201 cells infected with FIV-
PPR. The findings show that a degree of infection of 3201 cells
does occur (Fig. 8B, lanes 2) but does not amplify as in 104-C1
cells (Fig. 8B, lanes 4), a finding consistent with either ineffi-
cient entry or a postentry block.
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by AMD3100 (AMD) and heparin (HEP) showed that residual binding after heparinase treatment is mediated by both CXCR4 and HSPGs.
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and then infected with FIV-34TF10. Virus production was monitored by an RT assay at 7 days postinfection. (C) Heparin efficiently neutralized
FIV infection. Cells were mock infected or infected with FIV-34TF10 and FIV-PPR. Cells infected with FIV-34TF10 were treated in the absence
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postinfection.

DISCUSSION

FIV and HIV-1 share multiple similarities in the pathologies
they induce in their respective hosts. One interesting paradox
that emerges between both viruses is that the CD4 molecule is
used as a primary binding receptor only by HIV-1, whereas
both viruses induce a specific depletion of the CD4"-T-cell
subset. The reason this cell population is selectively depleted in
the case of FIV infection is interesting when one considers that
FIV has a much broader tropism and also infects B cells, CD8 "
cells, monocytes, and macrophages (3, 6, 7, 16, 27). Uncoupling
of the use of CD4 and the specific depletion of CD4 " T cells
observed with the cat model clearly indicates that this common
mechanism in the pathogenesis of both infections is indepen-
dent of the strict usage of CD4™" as a binding receptor. This
notion is supported by the natural CD4-independent HIV-2
strains that have recently been described (15, 19, 31, 32).

One common point that exists between both viruses is that
they use chemokine receptors for entry into target cells. Two
main chemokine receptors, CCR5 and CXCR4, have been
described for HIV, whereas only CXCR4 has been identified
thus far for FIV (8, 17, 45). The presence of CD4 and an

appropriate coreceptor define the tropism of HIV-1 at the
level of virus entry. In the case of FIV, tropism is apparently
governed by the tissue distribution of CXCR4. However, virus
tropism may be influenced by several factors, including the
affinity of the viral envelope for the receptor, the level of
expression of the receptor, the conformational heterogeneity
of the viral envelope as well as the receptor, the presence of a
coreceptor, and/or the presence of attachment cofactors such
as DC-SIGN (18) and HSPGs.

To date, three different receptors have been identified that
interact with FIV gp95: CXCR4, HSPGs, and a 43-kDa gp95-
binding protein (9, 45). Although CXCR4 interaction with FIV
has been well documented (reviewed in reference 44), the role
played by the two other attachment receptors is less clear. The
recent findings of Shimojima et al. (36) that indicate that the
primary binding receptor on T cells is CD134 is an extremely
important observation and fits well with the binding data
shown previously (9) and extended in the present studies. The
molecular size and SU binding properties of CD134 cloned
and expressed on CrFK cells parallels precisely with the size
and binding properties of the 43-kDa receptor on primary T
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cells were infected with FIV-34TF10 and FIV-PPR, and virus produc-
tion was monitored at 5 days postinfection. (B) Massive cell fusion was
observed in the CXCR4"e" cell population infected with either FIV
strain at 3 days postinfection. Small syncytia with fewer nuclei were
observed only with the parental cells infected with FIV-34TF10.

cells (9) (Fig. 3). The present study extends the Shimojima
study in demonstrating that CD134 binds directly to FIV SU,
thus confirming its role as a binding receptor rather than a
facilitating role through some indirect means.

In addition, the present study demonstrates that the binding
of FIV gp95 to CXCR4 is influenced by temperature and is
presumed to be a function of the conformational heterogeneity
of CXCR4, gp95, or both molecules. Furthermore, the data
show that the level of CXCR4 expression is critical to the
relative ability of a given SU to facilitate virus infection. Fi-
nally, data are presented that support a facilitator role for
HSPGs and presumably for CD134 to enhance infection by
TCA and PI FIVs, respectively. CD134 is expressed on PBMC
and IL-2-dependent T-cell lines, targets for productive infec-
tion by PI and TCA FIVs. Since permissivity to FIV-PPR in-
fection is correlated to cells expressing CD134 (9, 36; the
present study), binding of gp95 to this receptor may increase

fluorescence intensity, was analyzed by FACS analysis as described in
Materials and Methods. Heparin and AMD3100 were used at 1 pg/ml.
Fc alone was used as a negative control.
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exposure of the CXCR4 binding site on gp95 similar to what is
observed upon binding of gp120 by CD4.

A switch in temperature from 4 to 22°C induced a dramatic
increased in the extent of binding of gp95 to CXCR4, a find-
ing consistent with a temperature-dependent conformational
change for ligand, receptor, or both proteins. Although the
temperatures used in the assays reported here are not physio-
logical, this temperature differential facilitated discrimination
of binding properties of the viral glycoproteins under in vitro
conditions that maintain cellular integrity during FACS anal-
yses. Similar results were observed at 22 and 37°C but with
improved cell viability at the former temperature. The results
suggest that CXCR4 may undergo a conformational rearrange-
ment dependent on the temperature of the labeling assay.
Indeed, results showing a marked specific increase in anti-
CXCR4 antibody binding at 22°C versus at 4°C (Fig. 4) sup-
ports the notion of a temperature-dependent conformational
change in the chemokine receptor. It is also known that dif-
ferent conformations of CXCR4 exist from one cell type to
another (2). Whether gp95 also undergoes a conformational
change to facilitate better CXCR4-binding remains to be for-
mally verified.

HSPGs are well known in virus research since they have
often been implicated as adsorption receptors for many vi-
ruses, including HIV and FIV (4, 9, 35, 40). Here we showed
that HSPGs can facilitate FIV infection, at least with labora-
tory-adapted strains such as FIV-34TF10, a virus that has been

adapted to grow on CrFK cells (39). CrFK cells are usually not
permissive to FIV infection by primary FIV strains. Adaptation
to productively grow in CrFK cells requires several weeks of
passage and is associated mainly with mutations of amino acid
residues at positions 407 and 409 to positively charged lysine
residues in the V3 loop of SU (37, 42), resulting in an increase
in the electrostatic charge in that region of the surface glyco-
protein. Whether these mutations induced an increase in the
affinity of SU for CXCR4 or HSPGs remains to be determined,
but our data support the second hypothesis. First, CrFK cells
express very low levels of CXCR4 and very high levels of
HSPGs (Fig. 4). Second, heparin treatment had a profound
inhibitory and neutralizing effect on FIV 34TF10 SU binding
and virus infectivity (Fig. 5). Finally, infection of G355-5 cells
by FIV-34TF10 was less sensitive to heparin neutralization,
and we attributed this to a slightly higher level of CXCR4 that
compensated for the loss in binding to HSPGs.

The overall data clearly indicated (i) that CXCR4 expression
is the limiting factor in the productive infection of these cells
by FIV and (ii) that the level of CXCR4 expression and the
relative affinity of SU for CXCR4 control the degree of virus
spread and cytopathogenicity; i.e., actions that increase the
effective concentration of CXCR4 result in substantial in-
creases in SU binding, which, in the majority of cases, trans-
lates into a productive infection. Additional structural study
will be required to define the precise relationship between SU
and the CD134 coreceptor. The binding of PI PPR SU to
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CXCR4 did not require the presence of a soluble form of
CD134, in contrast to binding by HIV SU, where sCD4 was
strictly required for gp120 binding to its coreceptor. However,
CD134 likely compensates for the relatively low CXCR4 ex-
pression we observed on primary T cells by facilitating SU/
CXCR4 association. A similar role may be played by HSPGs
on CD134™ CrFK and G355-5 cells, where binding to SU of
the TCA strain increases the effective concentration of the
ligand or receptor. The experiments showing that overexpres-
sion of CXCR4 on CrFK and G355-5 cells apparently over-
rode the need for a secondary binding receptor support this
model.
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