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A heterologous feline immunodeficiency virus (FIV) expression system permitted high-level expression of
FIV proteins and efficient production of infectious FIV in human cells. These results identify the FIV U3 ele-
ment as the sole restriction to the productive phase of replication in nonfeline cells. Heterologous FIV expres-
sion in a variety of human cell lines resulted in profuse syncytial lysis that was FIV env specific, CD4 independent,
and restricted to cells that express CXCR4, the coreceptor for T-cell-line-adapted strains of human immuno-
deficiency virus. Stable expression of human CXCR4 in CXCR4-negative human and rodent cell lines resulted
in extensive FIV Env-mediated, CXCR4-dependent cell fusion and infection. In feline cells, stable overexpression of
human CXCR4 resulted in increased FIV infectivity and marked syncytium formation during FIV replication
or after infection with FIV Env-expressing vectors. The use of CXCR4 is a fundamental feature of lentivirus
biology independent of CD4 and a shared cellular link to infection and cytopathicity for distantly related lenti-
viruses that cause AIDS. Their conserved use implicates chemokine receptors as primordial lentivirus receptors.

The nonprimate lentiviruses include the ungulate lentivi-
ruses and feline immunodeficiency virus (FIV). FIV was dis-
covered in 1986 as a cause of acquired immune deficiency and
neurological disease in domestic cats (Felis catus) (31). FIV
and human immunodeficiency virus type 1 (HIV-1) are the
only lentiviruses that cause selective loss of the CD4" T-cell
subset and AIDS in naturally infected host species. However,
in contrast to the primate lentiviruses, FIV does not use CD4
for entry and displays broader cellular tropism in vivo, infect-
ing large numbers of B cells and CD8™" T cells as well as CD4™
T cells and macrophages (9, 26). Uncoupling of selective CD4
depletion from the use of the CD4 molecule for entry is one of
the most interesting features of the FIV model because it
suggests that there exist basic lentivirus pathogenetic pathways
that are CD4 molecule independent yet affect the CD4™ T-cell
subset preferentially. Primary cell surface receptors have not
been established for any of the nonprimate lentiviruses (13,
44).

Nucleotide sequence comparisons indicate that FIV is more
closely related to the ungulate lentiviruses than to HIV or
simian immunodeficiency virus (28). Phylogenetic and epide-
miological data also suggest an ancient evolutionary diver-
gence of FIV from ancestors of the primate lentiviruses (1, 8,
11, 29, 39). While serological cross-reactivity between struc-
tural proteins of FIV and ungulate lentiviruses has been ob-
served, none is detectable between FIV and the primate len-
tiviruses (14, 27, 39). In addition, FIV encodes a dUTPase, a
fifth pol-encoded enzymatic activity that is found only in the
nonprimate lentiviruses (42). Although FIV infects 2 to 20% of
domestic-cat populations as well as many free-roaming nondo-

* Corresponding author. Mailing address for E. M. Poeschla: De-
partment of Medicine 0665, University of California, San Diego, La
Jolla, CA 92093-0665. Phone: (619) 534-4304. Fax: (619) 552-7416.
E-mail: epoeschla@ucsd.edu. Mailing address for D. J. Looney: De-
partment of Medicine 0678, University of California, San Diego, La
Jolla, CA 92093-0678. Phone: (619) 552-8585, ext. 2626. Fax: (619)
552-7416. E-mail: dlooney@ucsd.edu.

6858

mestic members of the family Felidae worldwide, there is no
evidence for FIV infection of nonfelids (29, 30). Neither hu-
man seroconversion nor any other detectable evidence of hu-
man infection or disease occurs, despite frequent exposure of
humans to FIV by biting, the principal route of natural feline
transmission (sexual transmission does not occur to any extent)
(30).

At the human cellular level, restrictions to both viral pro-
duction and infection by nonprimate lentiviruses are evident,
although the mechanisms are not well understood (12, 22, 40).
Reported obstacles to FIV expression in human cells have in-
cluded poor Rev function (40) and poor long terminal repeat
(LTR) transcriptional activity (22, 35). Because of these blocks,
expression of the nonprimate lentivirus Rev-dependent struc-
tural proteins in nonhost animal cells has received little inves-
tigation. In the present study, we developed an expression
system which revealed that human cells support high-level pro-
duction of Rev-dependent FIV structural proteins and of in-
fectious virus when the transcriptional inactivity of the FIV
LTR is bypassed through promoter (U3 element) substitution.
In addition, these chimeric constructs produced profuse syn-
cytia in human as well as feline cells, a surprising finding that
prompted further investigation of the molecular basis for this
broad cytopathicity.

Expressing FIV directly in cells of a given species avoids the
potential ambiguities of studies employing interspecies cocul-
ture, including the identity of the cells undergoing fusion and
the potentially confounding role of xenotropic retroviruses.
For example, feline cells contain multiple copies of an induc-
ible, xenotropic, replication-competent type C endogenous ret-
rovirus (RD114) that is related at the nucleotide sequence
level to a primate retrovirus (baboon endogenous virus), rep-
licates in human cells, and phenotypically mixes with FIV and
other retroviruses (20, 38).

MATERIALS AND METHODS

Cells, stable cell lines, and viruses. Cell lines used were American Type
Culture Collection lines propagated in Dulbecco minimal Eagle medium sup-
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FIG. 1. Diagram of chimeric FIV expression plasmids. CT5 contains the illustrated fusion of the hCVMIEp to the FIV genome at position —14 between the TATA
box and the mRNA cap site. See Materials and Methods for details of construction. RRE, Rev response element.

plemented with glutamine, pyruvate, antibiotics, and 10% heat-inactivated fetal
calf serum. Plasmid pZ.CXCR4 has the structure LTR-cxcr4-IRES-neo-LTR
(where IRES is a poliovirus internal ribosome entry site) to permit selection for
a bicistronic message encoding CXCR4 and neomycin phosphotransferase and
was constructed by cloning the human CXCR4 cDNA (obtained from A. Ger-
vaix) in place of the hygromycin resistance gene of retroviral vector pJZ308 (47).
G418-stable lines were generated by transduction of the indicated cells with su-
pernatant obtained from PA317 cells cotransfected with pZ.CXCR4 and a ve-
sicular stomatitis virus glycoprotein G (VSV-G) expression plasmid, pHCMV-G,
followed by selection and maintenance in medium containing G418 at 400 to
1,000 pg/ml. All lines were derived from at least 1,000 separate colonies. Infec-
tious FIV was produced in 293T cells by calcium phosphate transfection of CT5
(10 pg/75-cm? flask), harvesting at 24 to 48 h, centrifugation at 1,000 X g, and
filtration through a 0.45-pm-pore-size filter. For production of FIV in Crandell
feline kidney (CrFK) cells, chronic infection of CrFK cells was established by
transfection with p34TF10 and passaging; supernatant was harvested, cleared,
filtered (0.45-wm pore size), and stored at —80°C.

Chimeric FIV plasmid construction. The numbering system used is based on
that of Talbott et al. (39). CF1 was generated by blunt-end ligation of the
Sacl-Espl fragment of p34TF10 between the NotI and Xbal sites in the polylinker
of the cytomegalovirus (CMV) expression plasmid pRc/CMV (Invitrogen). The
5" junction is 97 nucleotides (nt) upstream of the major splice donor site. CF1 has
been deleted of both LTRs except for the 89-nt portion of the 3’ U3 that overlaps
rev and lacks the basis for reverse transcription and integration. CF1Aenv has an
875-nt deletion in env which spans the SU-TM junction and is also frameshifting
(a Sacll linker was inserted between the two PfIMI sites of the subcloned env
gene). CF1ASU and CF1ASU.fs are deleted of nt 1059 to 1596 of SU (encom-
passing the V3 and V4 hypervariable loops). To produce the fusion of the human
CMV immediate-early promoter (hCMVIEp) to the FIV genome over the
TATA box illustrated in Fig. 1, PCR was performed with a SacI-tailed sense
PCR primer homologous to the nucleotides immediately downstream from the
FIV TATA box (5'-ATATAGAGCTCTGTGAAACTTCGAGGAGTCTC-3")
in combination with an antisense PCR primer (5'-CCAATCTCGCCCCTGTC
CATTCCCC-3") homologous to the opposite strand of the FIV gag gene and 3’
to the leader sequence X#ol site. The 450-bp PCR product was first digested with
Xhol (without Sacl, to avoid cleaving the overlapping SacI site 3 nt downstream)
and then subsequently digested with Sacl to generate the 5’ cloning end. The
310-bp cleavage product was cloned into the SacI-Xhol backbone of pRc/CMV,
generating plasmid CRF1. Sa/l-tailed PCR primers 5-TATATAGTCGACTAG
GGACTGTTTACGAAC-3' and 5'-ATATATAGTCGACGCGGCCGCTGCG
AAGTTCTCG-3' were then used to amplify the 3" FIV LTR; after Sa/l diges-
tion, the PCR product was ligated into the Xhol site of CRF1. The resulting
plasmid, CRF(L), has the 5'-LTR fusion and a wild-type 3’ LTR. The major
coding region of the FIV 34TF10 genome (the 8,845-nt Bbel-Espl fragment) was

then inserted into the Bbel-Espl backbone of CRF(L), producing CT5, which
encodes full-length, infectious FIV. The 438-ntpol deletion in CF1Apol and
CT5Apol was constructed by deleting the Nhel-Bsu36I fragment (nt 3122 to
3573). CF1Aenv was generated by a series of three-part ligations that deleted an
875-nt Pflml fragment of FIV env (nt 7322 to 8197) and inserted a SaclI linker
to produce a frameshift. The shorter, 539-nt deletion (nt 7321 to 7860) confined
to SU (in CF1ASU and CF1ASU.fs) was produced by PCR amplification of a
segment including env and the 3’ LTR (using Sacl-tailed sense primer 5'-ATA
TACCGCGGTCTTGTACATCTGACTTGCCATCG-3' and antisense primer
5'-ATATATAGTCGACCGGCCGTGCGAAGTTCTCGG-3'), digestion with
Sacll- and Eagl, and insertion of the resulting fragment downstream of the SacIl
site in CF1 in several steps; blunted closure of the SaclI site restored an open
reading frame.

Radioimmunoprecipitation and RT assays. Radiolabeling with [**S]cysteine
and [**S]methionine in cysteine- and methionine-free medium with 7.5% dia-
lyzed fetal bovine serum was performed for 5 h after a 1-h preincubation in this
medium without isotope. Cells were washed, detached with 5 mM EDTA in
phosphate-buffered saline (PBS), and lysed in 1 ml of radioimmunoprecipitation
buffer containing the protease inhibitors phenylmethylsulfonyl fluoride and leu-
peptin. Subsequent steps were performed at 0 to 4°C in the presence of freshly
added protease inhibitors. Cell lysates were precleared with normal cat serum
and protein A-Sepharose for 2 h and then incubated overnight with continuous
mixing after addition of 10 pl of FIV-infected cat plasma. Antibody-protein
complexes were precipitated with protein A-Sepharose. After repeated washing,
samples were heated to 95°C for 5 min in sodium dodecyl sulfate (SDS) loading
buffer and electrophoresed with prestained protein size markers (Bio-Rad) in
SDS-10 or SDS-12.5% polyacrylamide gels. Reverse transcriptase (RT) assays
were performed in triplicate with a 3?P-based microtiter assay (46).

Transfection assays and transfection efficiency controls. Comparisons of trans-
fected cells were controlled by cotransfection of a GFP or LacZ reporter plasmid
under the control of hCMVIEp as 10% of the input DNA; only experiments with
transfection efficiencies varying <10% between compared cell lines are reported.
Where syncytial destruction of the monolayer was extensive at 24 h for CF1,
comparative transfection efficiencies were assayed in wells transfected in parallel
and maintained in the presence of a 1:300 dilution of FIV-infected domestic-cat
plasma to inhibit syncytium formation. Transfections were performed by calcium
phosphate precipitation except for US7MG and US87MG.CXCR4 cells, which
were electroporated (210 V).

FIA and titration of FIV and FIV-enveloped vectors. For titration of replica-
tion-competent FIV, each line was seeded into 48-well plates at 10* cells per well
and infected in sextuplicate the next day with serial fourfold dilutions. For FIA,
the focal infectivity assay (FIA), foci were scored by immunoperoxidase staining
42 h later, employing FIV Petaluma cat serum and a secondary horseradish
peroxidase-conjugated goat antibody to feline immunoglobulin G (ICN Pharma-
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ceuticals) as described by Remington et al. (34). With this protocol, no back-
ground staining was seen in any cell line. For endpoint dilution, cells were
infected in 48-well plates in the same manner but allowed to proliferate for 4
weeks, with trypsinization and splitting at 4- to 5-day intervals; positive wells were
scored by RT production, and titers were calculated by the method of Spearman
(36). To generate FIV-enveloped vectors, CT5Apol and CF1Aenv were cotrans-
fected into 293T cells. Serial fivefold dilutions of filtered supernatant collected at
48 h posttransfection were used to infect 24-well plates seeded 24 h earlier with
3 % 10* cells of each cell line. Foci were scored by FIA 48 h after infection.

Production and titration of pseudotyped CT5Apol vector. To produce VSV-G-
pseudotyped CT5Apol, 293T cells were cotransfected with CF1Aenv, CT5Apol,
and the VSV-G expression plasmid pHCMV-G (10). At 48 to 96 h after trans-
fection, supernatants were cleared by centrifugation, filtered (0.45-pm pore size),
aliquoted, and stored at —80°C. Serial fourfold dilutions were used to infect
24-well plates seeded 24 h earlier with 3 X 10* cells of each cell line. Foci were
scored by FIA 48 h after infection. Control experiments showed that no back-
ground staining occurred in uninfected cells, in cells infected with heat-treated
(56°C, 30 min) vector, or in cells exposed to supernatant generated with only
CT5Apol and pHCMV-G (leaving the gag-pol expression plasmid out).

Human-feline cell coculture. Cell lines were each plated (3 X 10° cells) in
six-well plates. The next day, 10° 3201-FIV cells (ATCC CRL 10909, maintained
in 10% RPMI) were added, in a 1:1 mixture of 10% RPMI and 10% Dulbecco
minimal Eagle medium, per well.

Analysis of CXCR4 mRNA expression. RNA was prepared by direct addition
of TRIZOL reagent (Gibco BRL) to 10° cells in accordance with the manufac-
turer’s instructions. RNA was dissolved in 50 pl of RNA transcription buffer,
treated with 20 U of RNase-free DNase (Boehringer Mannheim) for 30 min at
37°C, and then heated to 70°C for 10 min. For reverse transcription-PCR, 10 ul
of each DNase-treated RNA sample was reverse transcribed at 48°C for 45 min
in a 50-pl reaction volume containing 1X Promega Access AMV/Tfl buffer,
1 mM MgSO,, 200 uM each deoxynucleoside triphosphate 50 pmol of each
primer, 5 U of avian myeloblastosis virus RT, and 5 U of Tf] polymerase and then
subjected to 40 cycles of 94°C for 30 s, 55°C for 45 s, and 68°C for 1 min followed
by a final 7-min extension at 72°C. Primers used for amplification of human
CXCR4 were 5'-GAAGCTGTTGGCTGAAAAGG-3" and 5'-GATCCCAATG
TAGTAAGGCAGC-3'. Primers used for amplification of human CXCR4 were
5'-GATAACTACACCGAAGATGACTTG-3' and 5'-AAGATGAAATCAGG
AATAGTCAAC-3'. Primers used for amplification of ribosomal protein L32
were 5'-ATGCCCAACATTGGTTATGG-3" and 5'-ATTTGTTGCACATCAG
CAGC-3'. To confirm the adequacy of the DNase treatment, samples were also
subjected to PCR without addition of avian myeloblastosis virus RT. For analysis,
10 pl of each product was run on a 6% polyacrylamide gel and stained with
SYBR Green dye (Molecular Probes, Eugene, Oreg.). Gels were imaged with a
Speedlite Platinum system (LightTools Research, San Diego, Calif.), and bands
were quantitated with ImageQuant software (Molecular Dynamics). Expression
of CXCR4 RNA was plotted relative to L32 mRNA expression, subtracting the
local background from each window and correcting for relative band sizes (332
bp for human CXCR4, 497 bp for feline CXCR4, and 120 bp for L32).

Flow cytometric analysis of cell surface CXCR4 expression. Cells (10°) were
detached with 4 mM EDTA in PBS, incubated with 20 mg of anti-CXCR4
monoclonal antibody (no. 36195X, R-phycoerythrin-conjugated 12G5 clone
mouse immunoglobulin G2A(k); Pharmingen, San Diego, Calif.) in a final vol-
ume of 300 ml of PBS with 1% fetal bovine serum for 1 h at 4°C, washed, and
fixed with 1% paraformaldehyde. Flow cytometric analysis was performed on a
Coulter Elite fluorescence-activated cell sorter apparatus, using a 488-nm argon
laser for excitation; 5,000 cells were counted for each sample. Relative CXCR4
expression was determined by calculating the increase in the mean fluorescence
intensity relative to that of the control unstained cells for each cell type.

RESULTS

Heterologous expression of the FIV genome. FIV 34TF10, a
cell culture-adapted FIV clone with a broadly tropic envelope
glycoprotein (39, 43), was modified for the present work. Al-
though FIV 34TF10 productively infects CrFK cells, neither
34TF10 nor other domestic-cat strains or clones are grossly
cytolytic in this cell line. Scattered, small, multinucleate giant
cells can be detected, but extensive cell death and disruption of
the CrFK monolayer do not occur and chronic infection is
readily established (24, 39, 41).

To determine if substitution of an alternative promoter for
the FIV LTR was feasible and would enable initiation of the
productive phase of FIV replication in both human and feline
cells, the 34TF10 molecular clone was modified as diagrammed
in Fig. 1. The hCMVIEp was arranged to replace either the
entire FIV LTR (in CF1) or only the 5’ U3 element by the
precise fusion of the TATA box to the R repeat (plasmids CT5
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and CT5Apol). The fusion in CT5 aligns the FIV mRNA cap
site downstream of the hCMVIEp TATA box such that the
nucleotide spacing between the replaced FIV TATA box and
the transcription start site is preserved.

In both human and feline cells, transfection of CF1 or CT5
resulted in substantial FIV protein expression with a wild-type
pattern as assessed by radioimmunoprecipitation (Fig. 2), high
levels of pol-specific Mg *-dependent RT activity (Fig. 3), and
profuse syncytia. Expression by CF1 and CT5 exceeded LTR-
directed expression by p34TF10 in cells of both feline and
human origin. p34TF10 expression was undetectable in 293
cells even after prolonged film exposure (Fig. 2A). Expression
of FIV proteins by p34TF10 in HeLa cells was detectable by
radioimmunoprecipitation, but at levels lower than those of
the hCMVIEp chimeras (Fig. 2B and 3).

Transfection of CT5 into human cells resulted in the pro-
duction of infectious FIV. Transfection of either 34TF10 or
CTS5 into CrFK cells, or cell-free passage of virus from CT5-
transfected human cells to CrFK cells, led to the establishment
of a persistent infection with high levels of RT production
(>5 X 10° cpm/ml) by days 7 to 14. However, consistent with
previous studies (24, 39, 41), a minimal cytopathic effect was
seen during either acute or chronic infection of CrFK cells
(mean * standard deviation, 6 to 12 * 4 syncytia, with four to
eight nuclei each, per 9.6-cm? well of a six-well plate). Trans-
fection of CTS in human 293 cells yielded supernatant con-
taining nearly 10° cpm of RT activity per ml (Fig. 3) and in-
fectious FIV with titers of >10° focus forming units (FFU)/ml
on CrFK cells, as determined by a previously described FIV-
specific FIA (34).

CF1, which is designed to supply FIV proteins in trans, lacks
the basis for reverse transcription and integration because of
the deletion of both LTRs. CF1 produced high levels of RT
activity (Fig. 3) but did not produce infectious virus. Passage of
>107 cpm of RT activity from CF1-transfected 293T cells to
5 X 10° CrFK cells or to human cells (HeLa, 293, H9, Molt4,
SupT1, or U937) resulted in a lack of syncytia and no RT pro-
duction. The adherent cell lines were also examined and found
to be negative by the immunoperoxidase FIA, which has a
sensitivity of <5 infectious units per ml on CrFK cells (34).

Syncytium induction in human and feline cells. Enabling
efficient FIV expression in human cells revealed surprising
cytopathicity of the FIV envelope glycoprotein. Transfection of
CF1, CFl1Apol, or CTS5, but not 34TF10, into human cells
resulted in explosive syncytium formation within 12 to 18 h.
HeLa and 293 cell monolayers were reproducibly 90 to 95%
destroyed by syncytial lysis within 36 to 72 h after transfection
of CF1 (Fig. 4A and B and data not shown). In CrFK cells,
transfection of the four plasmids consistently produced >2 log
units fewer and smaller (4 to 12 nuclei) syncytia without dis-
ruption of the monolayer.

To determine if syncytium induction by CF1 and CT5
in human and feline cells was mediated specifically by the
FIV envelope glycoprotein, env mutants with deletions ei-
ther spanning both SU and TM domains (CF1Aenv) or only
in the SU domain (CF1ASU and CF1ASU fs) were constructed
(Fig. 1). The two frameshifting env deletions (CF1Aenv and
CF1ASU.fs) abrogated immunoprecipitable Env but not Gag-
Pol production (Fig. 2A, lanes 5 and 8), while the frame-pre-
serving SU deletion of CF1ASU resulted in expression of the
predicted truncated envelope precursor (Fig. 2A, lane 7). All
of the env mutants expressed high levels of RT and other
immunoprecipitable FIV proteins (Fig. 2 and 3), but none
produced any syncytia. In addition, as shown in Fig. 5, syncy-
tium production in CF1-transfected human cells was potently
blocked by FIV Petamula-infected domestic-cat plasma, with
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FIG. 2. Expression and processing of FIV proteins in transfected human and
feline cells, assessed by radioimmunoprecipitation with FIV (Petaluma strain)-
infected domestic-cat plasma. 293 cells (panel A, all 8 lanes), HeLa (panel B,
lanes 1 to 3), and CrFK cells (panel B, lanes 4 to 6) were transfected with 5 pg
of the indicated plasmids by calcium phosphate precipitation in 25-cm? flasks. At
27 h (293 cells) or 44 h (HeLa and CrFK cells) after transfection, cells were
radiolabeled and immunoprecipitated (see Materials and Methods). The HeLa
cell lysate used for lane 1 in panel B was derived from approximately 15 to 25%
of the amount of cells in the other lanes because of the loss of cells to extensive
syncytial lysis. The data from one of two radioimmunoprecipitations performed
are shown; each yielded the same results. Shown on the left are the positions of
molecular mass markers (in kilodaltons).

50% inhibition in 293T and HeLa cells at 1:32,000-fold and
1:12,700-fold dilutions, respectively, while preimmune domes-
tic-cat plasma had no effect on syncytium formation at any
dilution, even 1:10. In contrast to transfection of CF1 or CT5,
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only rare syncytia containing four to six nuclei were detectable
in HeLa cells 48 to 72 h after transfection of p34TF10. This
result is consistent with the low level of LTR-directed expres-
sion in HeLa cells (Fig. 2B, lane 2).

CXCR4 dependence of syncytium induction. To investigate
the molecular mechanism of fusion mediated by the FIV en-
velope, human cell lines which differ in their expression of the
principal chemokine receptors involved in HIV or SIV infec-
tion (5, 15) were studied. Among all human cell lines tested,
only US7MG and SK-N-MC cells failed to produce syncytia
after transfection of CF1 (n = 9). Transfection of rodent cells
(NIH 3T3, CHO, and rat 208F) also failed to produce syncytia
(n = 8; efficiencies, =10%). However, CF1-transfected rat 208F
cells readily formed syncytia when mixed with a variety of
human cell lines (HeLa, HeLaT4, 293, 293T, Molt4, SupT]l,
HO9, and Jurkat) and with CrFK cells but did not form syncytia
with U87MG or SK-N-MC cells (data not shown). Because
CXCR4, the coreceptor for T-cell-line-adapted strains of HIV
(16), is expressed in all of the tested human cell lines except
U87MG and SK-N-MC, these results suggested involvement of
CXCR4 in FIV envelope glycoprotein-mediated fusion.

To confirm that CXCR4 was specifically responsible for fu-
sion, a CXCR4-expressing Moloney murine leukemia virus-
based retroviral vector (pZ.CXCR4) was constructed and used
to generate a panel of G418-selected cell lines of human,
rodent, and feline origin that stably express human CXCR4
and neomycin phosphotransferase from a bicistronic mRNA.
This vector resulted in consistent, sustained expression of
CXCRA4 in all G418-selected cell lines, which are differentiated
from control lines by the suffix CXCR4. Figure 6 shows the
results of an analysis of human CXCR4 expression in these
lines and control cell lines, as well as the relative levels of feline
CXCR4 mRNA expression determined for feline peripheral
blood mononuclear cells (PBMC) and CrFK cells. Cell surface
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FIG. 3. Supernatant Mg?*-dependent RT activity measured 36 h after trans-
fection of the indicated plasmids in CrFK, HeLa, and 293 cells. Widespread syn-
cytia were present in cells transfected with CT5, CF1, CF1Apol, or pHCMV-G.
The last two plasmids were included as controls for cell lysis to verify the viral
specificity of the RT activity. Supernatants from chronically infected CrFK cells
and H9 cells (infected 2 weeks earlier with HIV-1 at an MOI of 1) were also
assayed for comparison (right side of figure). Each value is the mean of triplicate
measurements * the standard error of the mean.



6862 POESCHLA AND LOONEY

FIG. 4. Fusogenic activity of FIV envelope in human, feline, and rodent cell
lines and effect of stable human CXCR4 coexpression. Each left-right photo pair
is presented for comparison. (A to F) Cells transfected with plasmids (indicated
below) and stained with crystal violet 24 to 48 h later. (A) HeLa cells transfected
with CF1Aenv; (B) HeLa cells transfected with CF1; (C to F) CFl-transfected
3T3 cells, 3T3.CXCR4 cells, HOS cells, and HOS.CXCR4 cells, respectively. (G
to J) Cells infected at equal MOI with VSV-G-pseudotyped env expression
vector CT5Apol and stained by the FIV Env-specific inmunoperoxidase assay 24
to 48 h later. (G) USTMG cells; (H) USTMG.CXCR4 cells; (I) CrFK cells; (J)
CrFK.CXCR4 cells. Generation and characterization of CXCR4-expressing cell
lines are described in the legend to Fig. 6. In addition to the syncytia seen, large
areas of panels B, F, H, and J are denuded because of detachment of syncytia
prior to or during staining. Transfections were controlled for efficiency as de-
scribed in Materials and Methods.

expression of CXCR4, as measured by fluorescence-activated
cell sorter analysis, correlated closely with mRNA expression
(Fig. 6E).

Transfection of CF1 or CT5 into stable US7MG.CXCR4, SK-
N-MC.CXCR4, rat 208F.CXCR4, and murine 3T3.CXCR4
cell lines derived with pZ.CXCR4 led to the production of
extensive syncytia, while simultaneous transfection into the
respective parental lines or into control lines generated with
parental vector JZ308 yielded no syncytia (Fig. 4C and D).
Moreover, while only rare, four- to eight-nucleus syncytia were
seen after transfection of CF1 into HOS cells, parallel trans-
fection of CF1 into HOS.CXCR4 cells resulted in extensive
lysis, with multinucleated giant cells containing more than 100
nuclei (Fig. 4E and F).

These results were specific for CXCR4. In contrast to the ob-
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served strict concordance of cell fusion with CXCR4 expres-
sion, cell lines stably expressing human CCRS from a similarly
constructed retroviral vector were not susceptible to FIV 34TF10
envelope glycoprotein-induced fusion (data not shown).

Single-round infection of human cells by an env-expressing,
pol-deleted FIV provirus. To verify the CXCR4 dependence
of IV envelope glycoprotein-induced cell fusion in a single-
round viral infection, 34TF10 env was expressed in HelLa,
U87MG, and U87MG.CXCR4 cells by using a replication-
defective FIV vector. CT5Apol and CF1Aenv were cotrans-
fected into 293T cells with the VSV-G expression plasmid
pHCMV-G, generatingvector CTSApol(VSV-G). Particles gen-
erated in this manner contain both FIV envelope and VSV-G
glycoproteins on their surfaces but encode only the FIV enve-
lope glycoprotein. As shown in infectivity experiments (see
below), the much greater infectivity of VSV-G allows single-
round infection of CXCR4-negative and CXCR4-positive cell
lines with equal efficiency. Each cell line was infected (multi-
plicity of infection [MOI], 0.2) with filtered CT5Apol(VSV-G)
and examined by FIV-specific immunoperoxidase staining 34 h
later. The FIV LTR was transcriptionally active in US7MG cells,
since CT5Apol(VSV-G)-infected US7TMG cells expressed FIV
proteins heavily. However, these cells formed no syncytia (Fig.
4G). In contrast, simultaneously infected US7TMG.CXCR4 cells
displayed equivalent immunostaining but exhibited marked syn-
cytium formation (Fig. 4H). HeLa cells also exuberantly formed
FIV immunoperoxidase FIA-positive syncytia after CT5Apol
(VSV-G) infection (data not shown).

Infected-cell mixing studies. Feline cat lymphoma cells
chronically infected with FIV (3201-FIV cells) were mixed with
U87MG, SK-N-MC, HOS, and 3T3 cells, their respective
pZ.CXCR4 vector-selected counterparts, and HeLa cells. Be-
tween 12 and 24 h, postinfection, large ballooning syncytia
involving 40 to 80% of the monolayer were observed in the
HeLa cells and in each CXCR4-expressing line, while no syn-
cytia were seen at any time point in control US7MG, SK-N-
MC, HOS, or 3T3 cells. The data from these cell mixing
experiments corroborate the results of the intracellular expres-
sion experiments and indicate that CXCR4-specific fusogen-
esis is not limited to the FIV 34TF10 clone.
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FIG. 5. Specific inhibition of CF1-induced syncytium production in 293T and
HelLa cells by FIV-infected domestic-cat plasma. Dilutions of either FIV-positive
(+) (squares and circles) or FIV-negative (—) (diamonds and triangles) plasma
specimens were added to cells at the time of transfection in 12-well plates (1 pg
of DNA/well) and again with a change of medium 14 h later. Syncytia were
scored at 48 h (as foci per well containing at least eight nuclei) by crystal violet
staining of methanol-fixed cells; values are means * standard deviations of data
from three experiments.
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FIG. 6. Reverse transcription-PCR analysis of human and feline CXCR4
expression. Cell lines stably expressing human CXCR4 are designated by the
suffix CXCR4 and were generated by G418 selection after transduction with
Moloney murine leukemia virus-based retroviral vector pZ.CXCR4. RNA was
isolated, treated with DNase, and analyzed by semiquantitative reverse transcrip-
tion-PCR for human or feline CXCR4 with internal coamplification of a con-
served cellular message (ribosomal protein L32 mRNA). Means of three or more
independent measurements are plotted in panel D, while representative gels are
shown in panels A to C. (A and B) Reverse transcription-PCR of human CXCR4
(332-bp band) and L32 (120-bp band) for human (open bars in panel D), rodent
(shaded bars in panel D), and feline (closed bars in panel D) cells. Lane 1, 293T
cells; lane 2, HeLa cells; lane 3, HOS cells (human osteosarcoma); lane 4,
HOS.CXCR4 cells; lane 5, USTMG cells; lane 6, US7TMG.CXCR4 cells; lane 7,
SK-N-MC cells; lane 8, SK-N-MC.CXCRA4 cells; lane 9, 208F rat fibroblasts; lane
10, 208F.CXCR4 cells; lane 11, CrFK cells; lane 12, CrFK.CXCR4 cells; lane 13,
3T3 cells; lane 14, 3T3.CXCR4 cells. —, RNA extraction blank; +, repeat HeLa
cell positive control. (C) Feline CXCR4 (497-bp band) and L32 (120-bp band)
expression. Lane 15, CrFK cells; lane 16, fresh Ficoll-purified F. catus PBMC
(FePBMC); lane 17, F. catus PBMC stimulated for 48 h with phytohemagglutinin
P in RPMI with 15% bovine serum (PHA-P FePBMC). (D) Expression of
CXCR4 RNA plotted relative to L32 mRNA expression for each sample, with
subtraction of local background from each window and correction for relative
band product sizes. Error bars represent standard deviations of three or more
independent measurements. For each sample, PCR was also performed without
reverse transcription to exclude any contribution of DNA to products, and no
bands were detected (data not shown). (E) CXCR4 mRNA expression, deter-
mined above, as described, was plotted against cell surface expression of human
CXCR4, expressed as the ratio of mean fluorescence intensity of 12G5-PE
stained and unstained control cells. RNA expression was found to be linearly
related to CXCR4 expression on the cell surface (2 = 0.76, P < 0.02).
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TABLE 1. Summary of syncytium induction by FIV envelope
glycoprotein in human, feline, and rodent cell lines”

Syncytium induction resulting from”:

Cell line Transfection of Infection with Coculture with
CF1 or CT5 CT5Apol(VSV-G)  3201-FIV cells

USTMG None None None
SK-N-MC None None None
3T3 None None None
208F None None None
CrFK + + +
HOS + ND None
CHO None ND None
U87MG.CXCR4 ++++ ++++ ++++
SK-N-MC.CXCR4 +4+++ +4+++ ++++
3T3.CXCR4 ++++ ND ++++
208F.CXCR4 ++ ND ++
CrFK.CXCR4 ++++ ++++ ++++
HOS.CXCR4 ++++ ND ++++
HeLa ++++ ++++ ++++
293 ++++ ND e+
293T ++++ ND ++++
Molt4 clone 8 ND ND ++++
SupT1 ND ND ++++
H9 ND ND ++++

“ See Fig. 4 for representative photographs and text for quantitative scoring of
syncytia, details of transfection, infection with replication-defective CT5Apol
(VSV-G), and number of experiments performed. Transfection efficiency con-
trols are described in Materials and Methods.

b ++++, syncytia too numerous to count, or lytic destruction of monolayer;
++, >5 syncytia containing more than 8 nuclei each per cm?; +, <5 such
syncytia per cm?; None, no synctia seen; ND, not done.

CXCR4-dependent syncytium formation in feline cells. To
examine whether feline cells were also dependent on CXCR4
for FIV envelope-mediated syncytium formation, transient trans-
fection, virus infection, and infection with replication-defective
CT5Apol(VSV-G) were studied. CrFK cells infected with rep-
lication-defective CT5Apol(VSV-G) at a high MOI (2.0) were
strongly positive by immunoperoxidase staining for FIV Env at
36 h. However, as shown in Fig. 41, these cells developed syn-
cytia containing only two to eight nuclei, confirming the limited
fusogenic capacity (2-4, 39, 41) of this cell line. In marked
contrast, CrFK.CXCR4 cells infected with CT5Apol(VSV-G)
at the same MOI showed equal antigen-specific staining but
developed dramatically more syncytia, containing hundreds of
nuclei, resulting in coalescent fusion of the entire monolayer
by 36 h (Fig. 4]). Transient transfection of CF1 into CrFK and
CrFK.CXCR4 cells (n = 6) produced equally discrepant re-
sults (data not shown). Consistent with these results, Fig. 6C
shows that CrFK cells express detectable but low levels of fe-
line CXCR4 mRNA. Note that CrFK.CXCR4 cells express
over 100-fold more human than feline CXCR4 message, rela-
tive to L32 RNA (83.6% versus 0.8%), and the expression of
feline CXCR4 is over 10-fold greater in phytohemagglutinin P-
stimulated feline PBMC (9.0%) than in CrFK cells. The abil-
ities of the cell lines used in this study to support FIV envelope
glycoprotein-induced syncytium production are summarized in
Table 1.

Effects of CXCR4 expression on FIV replication Kinetics.
The effect of CXCR4 on the replication kinetics of replica-
tion-competent FIV was investigated by infecting CrFK and
CrFK.CXCR4 cells with 34TF10 virus (produced in CrFK
cells) and simultaneously monitoring RT production and syn-
cytium induction. As shown in Fig. 7, the induction of syncytia
by 34TF10 was dramatically increased in CrFK.CXCR4 cells,
resulting in termination on day 7 because of >99% cell death.
Although early-time-point RT values are compressed in the
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FIG. 7. Effect of CXCR4 expression on FIV 34TF10 replication. RT activity
and syncytium formation were simultaneously measured in cultures of CrFK cells
(circles) and CrFK.CXCR4 cells (squares). Open symbols, RT values; closed
symbols, percent syncytium formation. Results are means *+ standard errors of
the means of data from four separate experiments, with RT activity measured in
duplicate for each sample. A total of 2 X 10° cells of each line were simulta-
neously plated (day —1) and infected (day 0) with virus produced in CrFK cells
(MOI, 0.01). The difference in cytopathicity was dramatic, with CrFK.CXCR4
cultures terminated on day 7 because of >99% cell death.

lower part of the arithmetic ordinate, RT production on days
3 and 5 was also 2.5- and 2.7-fold greater, respectively, in
CrFK.CXCR4 cells than in CrFK cells despite the rapid loss
of CrFK.CXCR4 cells. However, the peak level of RT pro-
duction was much lower in CrFK.CXCR4 cells because of this
rapid cytolysis (Fig. 7).

Effects of CXCR4 on FIV infectivity. To determine whether
CXCR4 expression also correlated with an increase in viral in-
fectivity, the infectivities of wild-type virus and a replication-
defective FIV-enveloped vector on CrFK and CrFK.CXCR4
cells were measured (Table 2). The infectivities of replication-
competent FIV 34TF10 for CrFK cells was compared with its
infectivity for CrFK.CXCR4 cells by two methods: FIA (34)
and, separately, endpoint dilution. By FIA, 34TF10 was 8.2-
fold more infectious on CrFK.CXCR4 cells than on CrFK cells
(mean * standard deviation, 9.75 X 10* = 0.83 X 10* versus
1.19 X 10* = 0.89 X 10* FFU/ml; P = 0.002, signed Wilcoxon
rank sum test). This method might have resulted in the under-
estimation of the infectivity ratio, since rounded, floating cells
that stained by the immunoperoxidase method were detected
in the infected CrFK.CXCR4 wells as early as 42 h. Such cells
were not seen in infected or uninfected CrFK cells, suggesting
that they represented rapidly killed, infected cells which were
not counted in the FIA. A comparative endpoint dilution ti-
tration of 34TF10 virus on the two cell lines was therefore
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performed, and it showed that 34TF10 was 22.6-fold more in-
fective on CrFK.CXCR4 cells than on CrFK cells (1.15 X 10°
versus 5.12 X 10* FFU/ml; P = 0.0001, signed Wilcoxon rank
sum test).

The infectivity on CrFK cells of a replication-defective FIV-
enveloped provirus that mimics a single round of viral infection
was also compared with its infectivity for CrFK.CXCR4 cells by
FIA. Vector, CT5Apol generated by cotransfection with CF1Aenv
in 293T cells, yielded a 12.5-fold-higher titer on CrFK.CXCR4
than on CrFK cells (6.5 X 10* = 0.9 X 10* versus 5.3 X 10° =
0.4 X 10° FFU/ml; P < 0.01, signed Wilcoxon rank sum test).
The mean infectivity ratio (CrFK.CXCR4/CrFK) for the three
sets of experiments was 14.4. In contrast, no infectivity differ-
ence was seen with VSV-G-pseudotyped CT5Apol (Fig. 41 and
J and Table 2).

FIV infection of human cells. In agreement with previous
studies, sustained FIV replication was not observed in hu-
man cells. Infection of HeLa or U§7MG.CXCR4 cells (but not
US7MG cells) with >10° U of RT from CT5-transfected 293T
cells produced only transient syncytium and RT production.
Similarly, transfection of CT5 or p34TF10 into human and ro-
dent cell lines failed to result in a sustained, productive FIV in-
fection of cells that did or did not express CXCR4. Virus pro-
duced by CTS5 transfection of human cells could only generate
sustained replication by passage to CrFK or CrFK.CXCR4
cells. Human cell cultures were RT negative by the second split
after transfection, and they were immunoperoxidase FIA neg-
ative (except for rare positive cells) by the fourth split. In con-
trast, all of these measures produced sustained productive in-
fection of CrFK cells and CrFK.CXCR4 cells (0.5 to 5% of
CrFK.CXCR4 cells survived viral infection and became chron-
ic producers of greater than 10° U of RT/ml).

To examine FIV envelope glycoprotein-mediated infection
of human cells quantitatively, while excluding a confounding
role for endogenous feline retrovirus pseudotypes, filtered
supernatant from 293T cells cotransfected with CT5Apol and
CF1Aenv was used to infect human cells that support FIV LTR-
directed transcription. Simultaneous infection of US7MG,
U87MG.CXCR4, and HeLa cells with this FIV-enveloped,
replication-defective vector yielded titers of <1, 199 * 16, and
1,096 = 110 FFU/ml, respectively (n = 3). This supernatant
yielded 330- and 60-fold-higher titers on CRFK.CXCR4 cells
than on US7MG.CXCR4 and HeLa cells, respectively. In con-
trol experiments, no foci were seen in any of these lines ex-
posed to supernatant from 293T producer cells transfected
with CT5Apol alone or when a 1:250 dilution of FIV serum was
added during infection.

DISCUSSION

Differences in the tropism, epidemiology, and pathogenetic
features of the primate and nonprimate lentiviruses have made

TABLE 2. Effect of CXCR4 on infectivity of the FIV envelope glycoprotein®

Infectivity (FFU/ml) on:

Virus Titration method CrFK/Ct.F.K'CX.CRA‘
CrFK CrFK.CXCR4 infectivity ratio
FIV 34TF10 FIAY 1.19 X 10* + 0.89 x 10* 9.75 X 10* + 0.83 x 10* 8.2
Endpoint dilution® 5.12 x 10* 1.15 X 10° 22.6
CT5Apol(FIV) FIA 5.3 x10* + 0.4 x 10° 6.5 X 10* = 0.9 x 10* 12.5
CT5Apol(VSV-G) FIA 1.95 X 10* = 0.1 X 10° 1.87 X 10* + 0.1 X 10° 0.95

“ See Materials and Methods and Results for experimental details. CrFK versus CrFK.CXCR4 comparisons were performed simultaneously with the same viral

preparation.

b Different FIV preparations were used for the FIA and endpoint dilution experiments with infectious FIV.
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the utility of nonprimate lentivirus infections as models for
HIV pathogenesis uncertain. The present systematic study of
the molecular prerequisites for FIV expression and infection in
both host and nonhost cells indicates that the life cycles of the
primate lentiviruses and FIV share notable core molecular
features.

We conclude that poor promoter activity of the FIV U3
element is the only block to the productive phase of viral
replication in human cells. Previous reports suggested that
more-complex blocks to the productive phase existed, includ-
ing poor Rev activity (40). In the present study, replacement of
the FIV U3 LTR element with a heterologous promoter was
found to be sufficient for efficient production of infectious
virus, demonstrating that the Rev-Rev response element
(RRE) regulatory axis and other productive-phase mecha-
nisms occur efficiently when the obstacle to efficient transcrip-
tion is overcome.

The effects of CXCR4 on infection, fusion, and replication
of FIV were separately examined in the present work. The re-
sults, which were obtained through direct expression of FIV in
human and rodent cells for the first time, corroborate and ex-
tend a previous, methodologically different study that exam-
ined mixing CXCR4-expressing human cell lines with FIV-in-
fected CrFK cells (45). The data indicate that human CXCR4,
but not human CCRS, is sufficient to specifically mediate in-
fection as well as cell fusion by the FIV 34TF10 SU protein,
demonstrating that a common cell surface receptor is involved
in these processes in two distantly related groups of lentivi-
ruses. Enabling efficient production of infectious FIV in non-
feline cells also permitted a conclusive study of the molecular
prerequisites for cell fusion and infection free of the possibility
of pseudotyping by xenotropic retroviruses.

We found a comparatively low level of feline CXCR4 ex-
pression in CrFK cells. This finding contrasts with the results of
Willett et al. (45) but is consistent with our finding that FIV
Env has a limited fusogenic capacity in these cells and with the
observation by us and others (2-4, 39, 41) that chronic FIV
infection of CrFK cells is readily established with minimal cell
death. Whether this low-level feline CXCR4 expression and
limited cytopathicity result from heterogeneous CXCR4 ex-
pression within the monolayer or from uniformly low-level
expression is uncertain. Also in contrast to the results obtained
by Willett et al. with a different FIV strain (45), FIV 34TF10
envelope-mediated fusion of most CXCR4-expressing human
cell lines was not inhibited by a monoclonal antibody (MAD)
directed against CXCR4 (MAb 12GS5, kindly provided by J.
Hoxie through the NIH AIDS Research Reagent Program).
MADb 12GS5 did inhibit the fusogenic activity of CF1 and CT5 in
transfected 293 cells, but only at a high concentration (100 g/
ml for 50% inhibition). This difference in results may reflect
the fact that the activity of 12G5 for inhibition of HIV-1-
induced cell fusion is both viral strain and cell type dependent
(21).

The implications of these data for the reconstruction of
lentivirus evolution are striking: the use of CXCR4, but not of
CD4, has either been conserved since divergence of FIV and
primate lentiviruses from a common ancestor or has evolved
independently (convergently). By either scenario, this common
usage is indicative of a fundamental role for this chemokine
receptor in the replication and cytopathicity of AIDS-causing
lentiviruses. Shared utilization of CXCR4 is particularly in-
triguing in view of the broad tropism of FIV for B cells, CD8"
T cells, and CD4" T cells and its lack of use of CD4 as a
receptor. The uncoupling of selective CD4 depletion from use
of the CD4 molecule for entry is an important distinction
between FIV and HIV infection and suggests that there exist
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basic lentivirus pathogenetic mechanisms that are CD4 mole-
cule independent yet affect this T-cell subset preferentially.
Therefore, conservation of CXCR4 utilization in the two nat-
urally occurring lentivirus infections that cause immunodefi-
ciency characterized by progressive CD4 depletion suggests
that CXCR4 may be central to this and other aspects of disease
causation by both animal and human lentiviruses. In this re-
gard, emergence of CXCR4-utilizing virus HIV strains in vivo
has been correlated with more-rapid disease progression (19).

The cross-species function of human CXCR4 for infection
and syncytium formation by FIV is also remarkable. This ob-
servation is consistent with recently acquired evidence that
C-X-C chemokine receptors can be functionally substituted
not only between species but also between mammalian fami-
lies. For example, coexpression of murine (6, 37) or rat (7, 32)
CXCR4 (but not CCRS5) together with human CD4 has been
shown to permit fusion and entry mediated by some HIV-1,
but not HIV-2 (33), envelope glycoproteins. Moreover, F. catus
CXCR4 (GenBank accession no. U92795) is more homologous
to human CXCR4 (95% homology at the amino acid level)
than to either rodent molecule (murine, 89%; rat, 91%).

These data demonstrate that few restrictions to the life cycle
of this anciently divergent (11) lentivirus exist in cultured hu-
man cells. Clarification of the precise mechanisms restricting
sustained replication will require a more-detailed study of chi-
meric viruses and establishment of whether a primary receptor
for FIV exists. Entry may be mediated by CXCR4 alone, as has
been described for HIV-2 (15). Alternatively, a primary recep-
tor molecule could be ubiquitously present on human cells,
although the human homolog may not be used as efficiently
for viral entry as the feline homolog. The effects of repairing
ORF?2 (43) should also be examined. The minimal transcrip-
tional activity of the FIV LTR in human cells in the present
study is consistent with previous reports (17). Restrictions to
transcription in human cells may reside in several motifs, in-
cluding upstream CTF/NF-1 (—200) and GATA-1 (—160) sites,
an AP-1 site (—116) reported to be responsible for basal ac-
tivity in feline cells, and a more proximal ATF/CRE element
(—51) (17, 18, 23-25).

The use of CXCR4 without the constraint of CD4 as a co-
receptor or in combination with a more widely expressed pri-
mary receptor may contribute to the broader lymphocyte tro-
pism of FIV in vivo. Additional chemokine receptor molecules
may be utilized by FIV. The disparity between the susceptibil-
ity of F. catus and other felids to FIV disease could reflect
differences in chemokine receptor interactions. Investigation
of ungulate lentiviruses will clarify whether CXCR4 use is a
universal lentivirus property.
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