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A cytopathic variant of feline immunodeficiency virus (FIV) strain PPR emerged after passage of wild-type
virus on an interleukin-2-independent cell line. The virus, termed FIV-PPRglial, displayed a phenotype
markedly different from the parental virus, including the ability to productively infect previously refractory cell
lines, induction of large syncytia, and accelerated kinetic properties. A chimeric molecular clone, FIV-
PPRchim42, containing the FIV-PPRglial envelope within the backbone of FIV-PPR, exhibited all the char-
acteristics of the FIV-PPRglial phenotype, demonstrating that the viral envelope was responsible for the
acquired traits. Subsequent molecular characterization revealed that the FIV-PPRglial envelope contained five
amino acid substitutions relative to wild-type FIV-PPR. Mutagenic analyses further demonstrated that the
acquired phenotype was minimally attributable to a combination of three mutations, specifically, a glutamine-
to-proline change within the second constant domain of the surface protein (SU); a threonine-to-proline
change within the V4 loop, also in the SU; and a premature stop codon in the cytoplasmic tail of the
transmembrane protein. All three changes were required to produce the FIV-PPRglial phenotype. Cotrans-
fection studies with mutant viruses in combination with each other and with FIV-PPR indicated that the
truncated cytoplasmic tail was responsible for the induction of syncytium formation. Receptor usage analyses
were pursued, and distinctions were observed between FIV-PPR and FIV-PPRglial. In vitro infections with
FIV-PPR, FIV-PPRglial, and FIV-34TF10 on two adherent cell lines were ablated in the presence of SDF1a, the
natural ligand for CXCR4. In contrast, viral infection of T cells was not limited to CXCR4 usage, and inhibition
studies indicate the potential involvement of a CC chemokine receptor.

The feline immunodeficiency virus (FIV) is a lentivirus of
the cat and the etiologic agent of feline AIDS (40). The virus
has a broad host cell range both in vivo and in vitro that
includes CD41 cells, CD81 cells, monocytes/macrophages, and
a subset of immunoglobulin G-bearing B cells, (4, 5, 11, 20) yet
it remains partial to cells of the CD41 lineage (1, 4, 60). While
CD4 is the primary receptor of the primate lentiviruses, it does
not mediate the entry of FIV into target cells (30, 35, 59). The
primary receptor for FIV has yet to be determined, although
earlier studies suggested a role for the tetraspannin, CD9 (30).
Subsequent studies demonstrated that the inhibition by anti-
feline CD9 monoclonal antibody involved the prevention of
virion release from the cell rather than a block in binding and
entry (12). Recently, studies have shown that the alpha 7TMG
protein-coupled receptor, CXCR4, the coreceptor for syncy-
tium-inducing, T-cell tropic, and dually tropic isolates of hu-
man immunodeficiency virus (HIV) (14), and some laboratory-
adapted strains of simian immunodeficiency virus (SIV) (34), is
also able to mediate fusion of FIV with Crandell feline kidney
cells and additionally with human and murine cells ectopically
expressing human CXCR4 (43, 61; B. J. Willett, M. J. Hosie,
J. C. Neil, J. Turner, and J. A. Hoxie, Letter, Nature 385:587,
1997). It has yet to be determined whether CXCR4 acts as a
primary or a secondary receptor for FIV, although certain
isolates of the primate lentiviruses are able to utilize CXCR4
and CCR5 independently of CD4 (17, 19, 28, 31, 44, 45).

Sequence variations and conformational changes within the

viral envelope proteins are responsible for determining recep-
tor usage. Recently, chemokine receptor tropism has been
linked to sequence variations in the highly charged V3 loop of
the envelope surface (SU) protein (10). However, other do-
mains of SU distinct from V3, including the V1/V2 (38) and V4
loops (10, 36) and the constant domains (16), are also impor-
tant determinants and/or codeterminants of cytotropism in the
primate lentiviruses. A study with FIV also reported the im-
portance of the V3 loop in cytotropism, wherein a singular
point mutation, conferring a greater charge to the domain, was
responsible for the acquired CrFK tropism of this virus (58).

The multifunctional transmembrane protein (TM) also plays
a significant role in the determination of host cell range and of
the fusogenic and cytopathogenic potential of lentiviruses. It
was reported that a single residue alteration within the ectodo-
main of the TM expanded the host cell range of a Dutch isolate
of FIV (56), and cats that were experimentally infected with
FIV after immunization with a peptide derived from the mem-
brane-proximal ectodomain experienced a delay in the infec-
tion (48). In the primate lentiviruses, alterations made within
various regions of the ectodomain including the N-terminal
fusion peptide, the leucine zipper, the dicysteine loop, mem-
brane-spanning domains, and the regions which span between
these functional domains dramatically alter syncytium forma-
tion and/or fusogenicity (3, 8, 15, 23, 24, 27, 37), infectivity (8,
9, 15, 22), cytopathogenicity (8), and envelope subunit associ-
ation (6).

In an interesting adaptation, the lentiviruses have dealt ge-
notypically with ex vivo culture by truncating the cytoplasmic
domain of the TM by the introduction of a premature stop
codon. Such truncations to the cytoplasmic tails of the primate
lentiviruses, SIV (7, 32, 50, 53) and both HIV-1 and HIV-2 (51,
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52), and to equine infectious anemia virus (47) cause an ex-
pansion of the viral host cell range and increases in growth
kinetics, envelope fusogenicity, and cytopathogenicity. Trunca-
tions to the cytoplasmic domain also occur in oncoretroviruses,
such as murine leukemia virus (MuLV); they are mediated by
the cleavage of the carboxyl-terminal 16-residue R peptide by
the viral protease prior to virus maturation (25). The MuLV R
peptide is a potent inhibitor of fusogenicity, and after its cleav-
age from the TM, the fusogenic potential of the virus increases
dramatically (62). Thus, removal of the carboxyl-terminal por-
tion of the cytoplasmic tail from diverse retroviruses results in
altered syncytium-forming properties.

Here we have detailed the molecular nature, receptor usage
patterns, and in vitro characteristics of a phenotypically diver-
gent clone of FIV strain PPR (FIV-PPR), FIV-PPRglial. This
isolate arose after passage of FIV-PPR through an interleu-
kin-2- (IL-2)-independent cell line. The virus possesses an ex-
panded host cell range and markedly increased fusogenic prop-
erties. The results show that the phenotype is dictated by an
interesting combination of altered amino acid changes in both
SU and TM.

MATERIALS AND METHODS

Cell lines and propagation. The feline T-cell lines MCH5-4 and 104-C1 (33)
were kindly provided by Chris Grant (Custom Monoclonals, Sacramento, Calif.).
The two continuous IL-2-independent cell lines, MCH5-4DL and 104-C1DL,
were isolated from their parental lines, MCH5-4 and 104-C1, respectively, in our
laboratory after undergoing crisis in the absence of IL-2 and concanavalin A (33).
Crandell feline kidney cells (CrFK) were obtained from the American Type
Culture Collection ATCC (21), and G355-5, a feline glial cell line, was kindly
provided by Don Blair (National Institutes of Health, Bethesda, Md.). The T-cell
lines, MCH5-4 and 104-C1, were cultured in RPMI 1640 (Mediatech) supple-
mented with 10% heat-inactivated fetal bovine serum (Gemini-BioProducts), 13
MEM-vitamins (Sigma, St. Louis, Mo.), 13 nonessential amino acids (Sigma),
13 sodium pyruvate (Sigma), 200 mM L-glutamine (Sigma), 5.5 3 1025 M
b-mercaptoethanol (Gibco-BRL), 50 mg of gentamicin (Gemini-BioProducts)
per ml, 50 U of recombinant human IL-2 (rhIL-2) (a generous gift of Hoff-
mann-La Roche), and 2.5 mg of concanavalin A (Boehringer Mannheim) per ml.
The IL-2-independent T-cell lines, as well as the CrFK and G355-5 cells, were
cultured as above without the addition of IL-2 or concanavalin A.

Viruses. The viral isolates used in these studies included FIV-PPR, a molec-
ular clone derived from a cat in San Diego, Calif. (42); FIV-34TF10, a molecular
clone derived from the Petaluma isolate (55); and FIV-PPRglial, an isolate which
emerged after ex vivo passage of FIV-PPR through the IL-2-independent cell
line 104-C1DL (33).

Viral chimeras. The envelope of FIV-PPRglial was amplified by reverse tran-
scriptase PCR (RT-PCR) (Stratagene) with the following primers: 59-CCCATT
TAGAGTACCTGCAG-39 (6382 to 6401) and 59-CGAATAGTTTTCTGAAG
CGGTC TTCTAAATCTGTCAT CAT-39 (9001 to 9040). A 94°C 5-min presoak
was followed by 35 cycles of 94°C for 30 s, 58°C for 1 min, and 72°C for 3 min,
ending with a 10-min 72°C extension. We used 13 Advantage cDNA polymerase
mix (Clontech, Palo Alto, Calif.) with 13 Advantage cDNA polymerase buffer,
200 mM each deoxynucleoside triphosphate (Promega, Madison, Wis.), and 700
ng of each primer were used per amplification reaction. The 2,658-bp product
was digested with HaeII (which cuts at position 6644) and NdeI (which cuts at
position 8899), yielding a fragment of 2,255 bp, which was reserved for later use.
FIV-PPR was digested with EcoRV (which cuts at 4218) and NdeI (which cuts at
8899). The digest produced two fragments of the virus/pUC119 vector, of 4,681
and 7,953 bp. The 4,681-bp fragment was further digested with HaeII. Two
similar-sized fragments resulted: 2,426 and 2,255 bp. A ligation using high-
concentration T4 DNA polymerase (Gibco-BRL) was set up with the reserved
2,255-bp HaeII-NdeI fragment from FIV-PPRglial, the 2,426-bp EcoRV-HaeII
fragment from FIV-PPR, and the EcoRV-NdeI 7,953-bp backbone from FIV-
PPR. This resulted in a chimera of PPR/PPRglial which contained the distal 150
bp of the leader sequence and the entire SU/TM of FIV-PPRglial ligated into the
remainder of the viral genome of FIV-PPR.

Mutant constructs. Most of the mutant constructs were made by using the
natural restriction sites within the 1.65-kb BclI-NdeI fragment of FIV-PPR (see
Fig. 1) and ligating combinations of the resulting smaller fragments into the
11-kb backbone of either FIV-PPR or FIV-PPRchim42 with the pUC112 vector.
Two of the constructs (P2 and p) were made using PCR and mutagenic primers.
The single-mutant constructs were assembled as follows. The P1 construct was
made by ligating the 1.65-kb fragment of FIV-PPR into the 11-kb backbone of
FIV-PPRchim42. The D mutant was made by preligating the 915-bp fragment
from FIV-PPRchim 42 with the 739-bp fragment of FIV-PPR and then ligating
the whole into the FIV-PPR backbone. The I construct was made by preligating

the 739-bp piece of FIV-PPRchim 42 to the 915-bp piece of FIV-PPR and then
ligating the whole into the FIV-PPR backbone. The P2 construct was generated
with primers 59-TTGTCATATTGAAATGCATAATAAGGTCATCTACCTTC
ATAGTAAACCCGTTTTGTAAGGAACAGTTATACATTTTATTTGCATA
CATGGTACAATCTACAGGATTGGCACCTGAAACATTTAGATTTTTTC
CACATGTATCAATGAGTGAGGGATTATC-39, which ran through the NsiI
site (italicized) and contained a mutation to change the natural threonine to a
proline (underlined), and 59-CAGACCCATTACAAATCCCACTGATCAATT
ATA-39, which ran through the BclI site (italicized). The 100-ml reaction mixture
contained 200 mM each deoxynucleoside triphosphate, 13 Advantage cDNA
PCR reaction buffer with 13 Advantage cDNA polymerase mix, and 700 ng of
each primer. The parameters were 35 cycles of 94°C for 15 s, 58°C for 15 s, and
72°C for 30 s. This generated a 599-bp product that overlapped the BclI-NsiI
564-bp fragment. The product was digested with BclI and NsiI and then ligated
to the 1,090-bp NsiI-NdeI PPR product before being ligated into the PPR back-
bone. The stop (p) construct was made using the 39 megaprimer, 59-AAAATG
GATTCATATGACATATCTTCCTCAAAGGGAAGAAATCAGCTCAGCA
CCTCTCCTGCATTAAGCAGTTCTGAGGCATCTCATCATTCCTCCTCTT
TTTCAGACATGCCACATTGCCTGCCATTTTTCCTCAATTACATTTG
T-39 with the NdeI site italicized and the nucleotide that alters the natural
glutamic acid to the premature stop codon underlined. The same 59 oligonucle-
otide that was used in the P2 construct was used to generate a fragment that
spanned the BclI and NdeI sites. The PCR parameters were 35 cycles of 94°C for
30 s, 58°C for 30 s, and 72°C for 2 min. The reaction conditions were the same
as previously described except for the addition of 5% dimethyl sulfoxide.

The DI mutant was made by preligating the 837-bp fragment of FIV-
PPRchim42 to the 564- and 253-bp fragments of FIV-PPR, which in turn were
then ligated into the backbone of FIV-PPR. The P1* mutant was made by
ligating the 1.65-kb fragment of the stop construct into the backbone of FIV-
PPRchim42. The P2* construct was made by preligating the 564-bp fragment of
the P2 construct with the 1,090-bp fragment of the stop construct and then
ligating the whole into the FIV-PPR backbone. The P1P2 mutant was made by
ligating the 1.65-kb fragment of the P2 construct into the backbone of FIV-
PPRchim 42. The P1P2* mutant was made by ligating the 1.65-kb fragment of the
P2* construct into the FIV-PPRchim 42 backbone. The P2DI* mutant was made
by ligating the 1.65-kb fragment of FIV-PPRchim 42 in to the backbone of
FIV-PPR. The P1P2DI* mutant (regeneration of FIV-PPRchim 42) was made by
ligating the 1.65-kb fragment of the P2DI* mutant into the FIV-PPRchim 42
backbone.

All ligated products were electroporated into electrocompetent SURE cells
(Stratagene, La Jolla, Calif.) in 0.1-cm Gene Pulser cuvettes (Bio-Rad, Hercules,
Calif.) at 8 V in a Gene Pulser. Clones were sequenced with Sequenase 2.0
(United States Biochemical) to verify fidelity.

Transfection and infection studies. One day prior to transfection, 106 G355-5
cells were plated into 100-mm tissue culture plates (Falcon). A 10-mg portion of
plasmid DNA (Qiagen Maxi Preps) was transfected into cells with Superfect
reagent (Qiagen) as specified by the manufacturer. The cells were incubated with
serum-containing medium for 4 h at 37°C, after which the inoculate was aspirated
and 15 ml of fresh medium was added per plate. Four days later, the supernatants
were harvested and assayed for RT activity.

MCH5-4 and MCH5-4DL cells were added 24 h posttransfection and cocul-
tivated overnight with the G355-5 cells. The following day, the cells were washed
and then cultivated separately for 4 days, at which point the supernatant was
harvested and assayed for RT activity.

RT assay. Assessment of viral infection was determined by using virion-asso-
ciated, pelletable RT as previously described (33). The only exception was that
the supernatant volume was reduced to 500 ml and pelleted at 60,000 rpm for 30
min in a TLA 120.1 rotor (Beckman). Accordingly, the entire pellet was used in
the assay in a total volume of 25 ml.

Immunocytochemical analyses. Determination of virus-specific syncytium for-
mation was performed as described previously (39) with some modifications.
CrFK cells (2.5 3 105 per well) were plated out per well in six-well plates
(Costar). Plasmid DNA (2 mg) was transfected with Superfect reagent for 4 h at
37°C. The cells were washed, and fresh medium was added. The following day,
each well was trypsinized and brought up to a volume of 4 ml. Then 0.5 ml was
transferred into each well of a four-well slide chamber (Nunc) and incubated for
2 days at 37°C. The cells were fixed with 2% formaldehyde and then permeabil-
ized with 0.23 Triton X-100 for 15 min. Slides were blocked with 1% bovine
serum albumin (Sigma) for 1 h and then incubated with the anti-CA monoclonal
antibody, PAK3-2C (kindly provided by C. Grant), at 10 mg/ml for an additional
hour. Subsequent incubations and development were as previously described
(39).

Cotransfection studies. The cotransfection assay was set up essentially as
described above. FIV-PPRchim42 DNA (1 mg) was transfected into CrFK cells
together with 1 mg of plasmid DNA from either FIV-PPR, FIV-PPRchim42, P1

(containing the native threonine in V4 and full-length TM), P2 (containing the
native glutamine in C2 and full-length TM), or stop constructs (containing both
the native threonine and glutamine and a truncated TM) in combination with
1 mg of pRSV–b-gal DNA as an internal control. A standard b-galactosidase
(b-gal) assay was performed to assess transfection efficiency (26). The cells were
lifted after 1 day, and equal volumes were seeded into slide chambers for the
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fusion assay or 12-well plates for the b-gal assay. Multiple fields of FIV-positive
cells were scored, and the results tabulated.

Chemokine studies. CrFK cells (5 3 104) or MCH5-4 cells (5 3 105) were
plated into each well of a 12-well plate and allowed to incubate at 37°C overnight.
The cells were then pelleted to remove the supernatant (MCH5-4), or the
supernatant was aspirated (CrFK). The synthetic chemokines, human stromal
cell-derived factor 1-alpha (SDF1a), human regulated upon activation, normal T
cells, expressed and secreted (RANTES), and human macrophage inflammatory
protein 1-b (MIP1-b), each kind gifts of Gryphon Pharmaceuticals, were added
in a volume of 500 ml at a concentration of 1 mg/ml and incubated for 1 h at 37°C.
Then 250 ml of viral supernatant stocks with an RT activity of 106/ml was added
per well and further incubated for 1 h. The cells were then washed twice, and 2
ml of medium containing 1 mg of chemokine per ml was added per well. After 5
days, supernatants were recovered for RT assays. The cells (CrFK) were fixed
with 2% formaldehyde, and immunocytochemistry was performed as described
above.

RESULTS
Generation of FIV-PPRglial and its molecular clone, FIV-

PPRchim42. A previous study described the generation of an
uncharacterized cytopathic pool of FIV-PPR, termed FIV-
PPRglial, possessing an altered cytotropism concomitant with
a vigorous increase in viral kinetics and the ability to form
syncytia upon adherent cell lines (33). To generate a molecular
clone, CrFK cells were acutely infected with FIV-PPRglial.
The envelope was amplified by RT-PCR and subsequently
cloned into the HaeII (position 6644) and NdeI (position 8899)
sites of the parental virus, FIV-PPR (Fig. 1). This mutagenesis
resulted in several chimeric clones of FIV-PPR containing
the C-terminal portion of the envelope leader and the entire
SU and TM of FIV-PPRglial. One chimeric clone, FIV-
PPRchim42, was chosen for further analysis based on its ability
to replicate the altered phenotype. The envelope of FIV-
PPRchim42 was sequenced, revealing five amino acid substi-
tutions relative to wild-type FIV-PPR (Fig. 1 and 2). Specifi-
cally, the substitutions consisted of a glutamine-to-proline
change at residue 224 in C2, a threonine-to-proline change at
residue 470 in V4, an asparagine-to-aspartic-acid change at
residue 527 in C4, a valine-to-isoleucine change at residue 643
between the polar domain and the leucine zipper of TM, and
the introduction of a premature stop codon in the cytoplasmic
tail, abbreviating the TM protein by 17 residues.

Twelve clones were constructed on the parental FIV-PPR
background, containing each of the five mutations singly and in
combination, by using restriction enzyme sites and mutagenic
oligonucleotides in combination with PCR (Fig. 1). Plasmid

DNA was transfected into G355-5 cells, which were in turn
cocultivated with MCH5-4 T cells. Infections were quantitated
by measuring the RT activity of pelleted culture supernatants.

Each of the construct viruses retained the ability to produc-
tively replicate upon the MCH5-4 T-cell line (Fig. 2). However,
only viruses containing a specific triad of mutations were able
to reproduce the characteristics of FIV-PPRglial upon adher-
ent cells (Fig. 2 and 3). The phenotype was minimally attrib-
utable to the synergistic combination of the proline in the
second constant domain of SU at residue 224 with the proline
in the fourth hypervariable loop of SU at residue 470, and the
premature truncation of the cytoplasmic tail of gp41 residue
838. Single or double mutants in any combination failed to
mimic the characteristics acquired by FIV-PPR after passage
through the IL-2-independent cells (data not shown).

Inhibition of syncytium formation and viral spread by co-
transfection of FIV-PPRchim42 with viral mutants. In an ef-
fort to further define the role of the mutations upon syncytium
formation, cotransfection studies were initiated. CrFK cells
were transfected with FIV-PPRchim42 plasmid DNA and con-
currently cotransfected with one of several mutant virus plas-
mids in combination with a pRSV–b-gal plasmid. The infec-
tions were quantitated by immunocytochemical means with the
Gag-specific monoclonal antibody, PAK32C (Fig. 4I), and a
standard b-gal assay was used to evaluate transfection efficien-
cies (Fig. 4III). FIV-positive cells were scored in multiple-field
analyses (Fig. 4II). It was observed that when plasmids ex-
pressing the full-length cytoplasmic tail of the TM (nonper-
missive for replication on CrFK) were cotransfected with FIV-
PPRchim42 (permissive replication on CrFK), the infection
was severely inhibited, in terms of both viral spread and syn-
cytium formation, presumably due to the oligomeric glycopro-
tein complex formation between the envelopes of the full-
length and truncated variants. Cotransfections with viruses
containing the truncated TM did not interfere with syncytium
formation (Fig. 4I, panels A and C). Likewise, mutants con-
taining the wild-type glutamine at residue 224 in C2 (Fig. 4I,
panel E) or the native threonine at position 470 in V4 of SU
(Fig. 4I, pandl D) did not inhibit the infection or fusogenicity
of FIV-PPRchim42 upon CrFK cells. These results suggest
that the mutations within SU are dispensable for fusion events
and that the abbreviated cytoplasmic tail of TM is the crucial

FIG. 1. Schematic representation of mutant construction strategy. The figure illustrates the restriction enzyme sites used in the generation of the mutant viruses
and the location of the nucleotide mutations found with the envelope of FIV-PPRglial and FIV-PPRchim42. LTR, long terminal repeat.
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factor in induction of syncytium formation, as has been ob-
served with SIV (50).

Inhibition of FIV-PPR, FIV-34TF10, and FIV-PPRchim42
by chemokines. Cells were pre-incubated in the presence of the
synthetically derived chemokines SDF1a, MIP1-b (data not
shown), and RANTES, the natural ligands for the a-chemo-
kine receptor CXCR4 and the b-chemokine receptors, such as
CCR1, CCR3, and CCR5, respectively. The chemokines were
added prior to the addition of virus and then maintained
throughout the culture period. Following several days in cul-
ture, the virus was quantitated by both RT activity measure-
ment (Fig. 5A and 6) and immunocytochemical methods (Fig.
5B).

The addition of either MIP1-b or RANTES had no observ-
able effect upon FIV-34TF10 on either G355-5 cells (Fig. 6C,
MIP1-b data not shown) or CrFK cells (data not shown).
Likewise, FIV-PPRchim42 infection of CrFK and G355-5 cells
was not blocked by RANTES or MIP1-b (data not shown) on
CrFK cells, as discerned by RT activity measurement (Fig. 5A
and 6C, respectively) or by cell-staining patterns (Fig. 5B).
However, the presence of RANTES appeared to enlarge the
foci of infection in FIV-PPR (Fig. 5B). This increase in focal
size was undetectable by the RT assay, and the presence of
FIV-PPR infection of CrFK cells was demonstrated only by
immunocytochemical means. It is important to mention that
the foci of infection with FIV-PPR were sporadic and not
distributed evenly over the entire culture area, as seen in FIV-
34TF10-infected (data not shown) and FIV-PPRchim42-in-
fected cultures (Fig. 5B). In direct contrast to the RANTES
result, SDF1a significantly reduced the number of FIV-posi-
tive cells in the FIV-PPRchim42 infection (Fig. 5B) and the
FIV-34TF10 infection (not shown) and completely ablated the
low-level infection of CrFK by FIV-PPR (Fig. 5B). These re-
sults are consistent with the results of recent studies that
indicated that the Petaluma-derived FIV-34TF10 isolate can
utilize CXCR4 for entry (29). The studies also yielded the
unexpected finding that FIV-PPR utilizes CXCR4 in the in-
fection of CrFK cells, although the level of FIV-PPR infection
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FIG. 3. Graphic representation of transfection studies with the mutant con-
structs. G355-5 cells were transfected with FIV-PPR, FIV-PPRchim42, FIV-
34TF10, and 11 mutant FIVs possessing combinations of Env mutations that
distinguish FIV-PPR and FIV-PPRchim42. Release of pelletable RT activity into
the culture supernatant was then monitored over a 3-week period. The results
indicated that only viral constructs containing a specific combination of three
mutations were able to replicate on G355-5 cells and mimic the phenotype of
FIV-PPRglial. Specifically, these were a glutamine-to-proline change in C2, a
threonine-to-proline change in V4, and the premature truncation of the cyto-
plasmic tail by the incorporation of a stop codon. All of the mutants were
replication competent to wild-type levels on MCH5-4 T cells (data not shown);
therefore, the inability to grow on the adherent cells was not due to replication-
deficient constructs. All single and double mutants (listed in Fig. 2) were negative
of productive growth in G355-5 or CrFK cells but were fully infectious on
MCH5-4 T cells (data not shown).
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upon the adherent cells was minimal (Fig. 5A). SDF1a also
inhibited the FIV-PPRchim42 infection of G355-5 cells by 95%
(Fig. 6C). The results are consistent with the notion that all
three FIV isolates utilize CXCR4 for entry into CrFK and
G355-5 cells.

In contrast, distinct differences were noted between FIV-
PPR and FIV-PPRchim42 receptor usage on T cells (Fig. 6A
and B). FIV-34TF10 was excluded from these studies, since it

is unable to productively infect MCH5-4 cells due to an inter-
ruption of the orf2 gene (33). An 85% reduction in the FIV-
PPRchim42 infection of T cells was observed in the presence of
SDF1a, whereas the FIV-PPR infection was inhibited by only
55%. These data indicate that FIV-PPR and FIV-PPRchim42
both utilize CXCR4 for entry into CrFK cells and to different
degrees for entry into T cells. However, the results indicate
that alternative receptors are present on T cells. MIP1-b was

FIG. 4. Results of cotransfection studies with FIV-PPRchim42 and mutant viruses. (I) Photomicrography on CrFK cells cotransfected with FIV-PPRchim42 and
FIV-PPRchim42 (1 control) (A), FIV-PPRchim42 and FIV-PPR (B), FIV-PPRchim42 and the stop construct (which contains the premature truncation of the TM)
(C), FIV-PPRchim42 and P1 (which contains the native threonine in V4) (D), FIV-PPRchim42 and P2 (containing the native glutamine in C2) (E), and no-virus b-gal
control (F). Note the giant syncytia and viral spread present when constructs containing the truncated TM were used as input virus. This phenotype is disrupted when
viruses containing the full-length TM are cotransfected with FIV-PPRchim42. (II) Graphic quantitation of syncytia (more than three nuclei per cell) from multiple fields
from each cotransfection. There was a log-fold reduction in the number of syncytia when constructs containing a full-length TM were cotransfected with FIV-
PPRchim42. (III) b-Gal assay results, demonstrating that the transfection efficiencies were consistent.
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FIG. 5. Results from chemokine inhibition assays on CrFK cells infected with FIV-PPR and FIV-PPRchim42. (A) Graphic representation showing the low-level
infection of FIV-PPR infection upon adherent cells and the contrasting highly productive infection of CrFK by FIV-PPRchim42. The panel also shows the nearly
complete inhibition of FIV-PPRchim42 and FIV-PPR in the presence of SDF1a, indicating that these viruses utilize CXCR4 for entry. RANTES had no effect on the
infections. (B) Immunocytochemical analyses of FIV-PPR and FIV-PPRchim42 infections on CrFK cells in the presence of chemokines. FIV-PPR infection is readily
detected by this method, whereas the infection is below the level of sensitivity of the RT assay, as observed in panel A. Also, the foci of infection were enlarged in the
FIV-PPR infections in the presence of RANTES and the foci were sparse compared with those observed with FIV-PPRchim42, which were not limited to focal points.
Importantly, it was observed that SDF1a was able to severely inhibit the infections correlating with the RT data presented in panel A.
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also used in inhibition studies with MCH5-4 cells (data not
shown). The results were variable and inconsistent, perhaps
indicating that while RANTES and MIP1-b share certain re-
ceptors, the affinities may vary and MIP1-b may not interact
with the viral receptor as avidly as RANTES does.

In contrast to the results on infection of CrFK or G355-5
cells, RANTES was able to curtail FIV-PPR infection of
MCH5-4 T cells by 25% (Fig. 6A), and with a combination of
SDF1a and RANTES, the infection was inhibited by 77% (Fig.
6D); that is, the effect was additive. In contrast, RANTES was
unable to inhibit the FIV-PPRchim42 infection of MCH5-4
cells, and there was no observable augmentation of inhibition
when RANTES was used in combination with SDF1a (Fig. 6A
and D).

Additionally, when either SDF1a or RANTES was added to
FIV-PPR-infected MCH5-4DL cells, which are IL-2 indepen-
dent (33), the inhibition was greater than that observed with
the IL-2-dependent cell line, MCH5-4. However, it must be
noted that this was a percent inhibition of a low-level infection
whose RT activities were less than 25,000 cpm. This greater
inhibition may be due to differential receptor expression be-
tween the two cell lines, although the MCH5-4DL cells origi-
nated from the MCH5-4 cell stock. In a previous study, we
demonstrated that the two cell lines differed with respect to
certain topically expressed and secreted proteins, including
CCR5 (33), and thus it is highly plausible that other receptors
may also be differentially expressed.

DISCUSSION

In this study we have characterized a chimeric molecular
clone of FIV containing the envelope from a phenotypically
divergent pool of FIV-PPR (FIV-PPRglial) which arose after
ex vivo passage in IL-2-independent T cells. The chimeric
clone, FIV-PPRchim42, was able to faithfully replicate the
phenotype of FIV-PPRglial, which included an enhanced host
cell range, increased cytopathogenicity, and enhanced fuso-
genic properties. It was further determined through sequence
and mutational analyses that of the five amino acid alterations
present within the envelope of FIV-PPRglial, three were min-

imally sufficient to generate the phenotype. Additional exper-
imentation revealed that one of the mutations, a stop codon in
the cytoplasmic domain of the TM, was responsible for in-
creased syncytium formation. Subsequent chemokine inhibi-
tion studies were pursued in which both the alpha chemokine
SDF1a and the beta chemokine RANTES were used as po-
tential viral inhibitors. We observed that SDF1a was able to
ablate FIV-34TF10 infection of G355-5 cells and CrFK cells
(data not shown) and FIV-PPR and FIV-PPRchim42 infec-
tions of CrFK cells. Neither RANTES nor MIP1-b had any
effect on infection of CrFK or G355-5 cells by any of the FIV
strains. SDF1a inhibited FIV-PPR and FIV-PPRchim42 infec-
tion of T cells by 55 and 85%, respectively. Addition of the CC
chemokine RANTES in combination with SDF1a increased
the inhibition of FIV-PPR by 25% but had no additive effect
on FIV-PPRchim42 infection of T cells. Taken together, the
findings suggest that CXCR4 is the sole FIV receptor on CrFK
and G355-5 cells. However, the results are consistent with the
involvement of one or more CC chemokine receptors in FIV
infection of T cells.

Initial sequence analyses revealed that the envelope proteins
of FIV-PPRglial contained five amino acid substitutions, three
in the SU protein and two in the TM protein. None of these
mutations occurred within the highly charged third hypervari-
able loop (V3) of SU, suggesting an alternative mechanism to
those previously reported (57, 58), by which FIV may become
CrFK tropic. The mutations within SU were found in the
second and fourth constant domains (C2 and C4, respectively)
and in the fourth hypervariable loop (V4). Both the mutations
in C2 and V4 involved the substitution of proline, which ap-
parently induced conformational changes in protein structure.
Neither of the residues were found in domains predicted to
have alpha-helical structures as judged by computer profiling
using MacVector (Oxford Molecular) (data not shown). How-
ever, the prolines most probably confer an altered conforma-
tion to SU and could be an important factor in determining
receptor preference and/or avidity of receptor binding. The
mutation in C4 introduced an aspartic acid in place of the
native asparagine and was found to be dispensable to the phe-
notype.

FIG. 6. Graphic representation of infections of IL-2-dependent cells (MCH5-4), IL-2-independent cells (MCH5-4DL), and an adherent glial cell line (G355-5) in
the presence of SDF1a and RANTES. A 55% inhibition was observed when SDF1a was added to cultures of FIV-PPR-infected MCH5-4 cells. The inhibition by SDF1a
was increased to 80% in cultures of FIV-PPR-infected MCH5-4DL cells. FIV-PPRchim42 infections were inhibited to a greater extent on MCH5-4 cells and to near
equal levels to FIV-PPR inhibition on the MCH5-4DL cells in the presence of SDF1a. SDF1a inhibited FIV-34TF10 and FIV-PPRchim42 infections on G355-5 cells
to nearly 100%. RANTES inhibited FIV-PPR infection by 30%, whereas there was no effect on FIV-PPRchim42 infection of MCH5-4 cells. RANTES was able to
minimally inhibit FIV-PPRchim42 infection of the IL-2-independent MCH5-4DL cells; however, the most marked effect with RANTES was observed for the FIV-PPR
infection of these cells, although the graph represents a percent inhibition of a low-level infection wherein the RT values were less than 25,000 cpm. RANTES had a
very minimal to no effect on infections of G355-5 cells.
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There were two mutations in the TM; the first was in the
ectodomain at the single position that separates the polar do-
main from the leucine zipper and substituted an isoleucine for
the native valine, and the second introduced a premature stop
codon within the cytoplasmic domain that shortened the tail
by 17 residues. The isoleucine-to-valine mutation within the
ectodomain was dispensable. Mutational analyses confirmed
that the phenotype of FIV-PPRglial was minimally attributable
to three synergistic mutations, the insertion of the two prolines
within the SU protein and the truncation of the cytoplasmic tail
of the TM.

In an effort to further delineate the residue(s) responsible
for certain aspects of the phenotype, studies were initiated in
which the mutant viruses were concurrently cotransfected with
one another and with the parental FIV-PPR in the presence of
a reporter plasmid. It was predicted that coexpression of the
different viruses would result in mixed envelope trimers with
potential changes in phenotype, similar to results reported
for SIV (50) and proposed for MuLV (46). When FIV-
PPRchim42 was cotransfected with mutants containing the
full-length cytoplasmic tail, including FIV-PPR, syncytium for-
mation was severely curbed, as was viral spread, presumably,
due to oligomeric glycoprotein complexes formed between the
full-length and truncated proteins. The syncytium-forming, cy-
topathic properties of FIV-PPRchim42 were not disrupted by
cotransfection with any construct containing a truncated TM,
independent of any of the other changes. Conversely, all con-
structs encoding full-length TM caused a marked reduction in
syncytium formation by FIV-PPRchim42. It is unlikely that the
truncated tail is solely responsible for the enhanced cytotropic
nature of FIV-PPRglial, as has been observed with SIV, since
only viruses containing the truncated TM in combination with
the two changes in SU were able to replicate in either adherent
cell line.

The cytoplasmic domain is multifunctional, and a recent
report determined that the cytoplasmic tails of HIV and SIV
are posttranslationally modified by palmitic acid linkage to
cysteine residues (63). Whether FIV TM is palmitoylated has
yet to be determined. Further studies to determine whether
palmitoylation, or loss thereof, of the cytoplasmic tails of FIV-
PPR and FIV-PPRchim42 is an important phenotypic deter-
minant are underway.

The ex vivo adaptation to growth in particular cell types has
been studied extensively in the primate and equine lentiviruses.
In particular, truncations of TM have been observed in HIV-1
and HIV-2 (51, 52), SIV (7, 32, 50, 53), and equine infectious
anemia virus (47). The mechanism(s) by which this truncation
induces cytopathogenicity, accelerated kinetics, and expanded
host cell ranges is not entirely clear. What is clear is that syn-
cytium formation and increased fusogenicity are common
themes. Precisely what causes this to occur is speculative. Some
studies have reasoned that it is due to an increase in envelope
expression on the cell and viral surfaces (53), while others have
concluded that there is an enhanced budding profile and hence
more viral accessibility (2). We used capture assays in which
both cell-associated and shed SU and p24 Gag expression were
measured. These studies determined that the ratios of SU to
p24 expression were identical in cultures of FIV-PPR and
FIV-PPRchim42 (data not shown). Thus, the increase in syn-
cytium formation and fusogenicity in FIV-PPRchim42 is not
due to an increase in envelope expression. However, another
earlier study proposed that the truncated cytoplasmic tail was
able to induce a conformational change in the ectodomain of
the protein (54), and it is possible that the same is true of
FIV-PPRchim42. Similar assays were not performed in this
study but are planned. Finally, with respect to the truncated

TM, oncoretroviruses lose a 16-residue peptide, termed the R
peptide, from the carboxyl terminus of the cytoplasmic tail
prior to viral maturation (25). The removal of the R peptide
increases the fusogenicity of the virus, and exogenous addition
of the peptide was recently shown to severely reduce the fu-
sogenic nature of MuLV (62). The premature truncation of the
lentivirus cytoplasmic tail and the cleavage of the R peptide
from the same domain by the viral protease in the murine
retrovirus MuLV yield viruses much more fusogenic than their
precursors containing the full-length proteins.

As with the primate lentiviruses, seven-transmembrane G-
protein-coupled receptors have recently been reported to play
a role in the FIV life cycle. Specifically, the alpha chemokine
receptor CXCR4 was able to mediate the fusion of CrFK-
tropic isolates of FIV in feline cells (29) and to mediate fusion
with human (29, 43, 61; Willett et al., letter) and murine (43)
cells bearing the human CXCR4 homolog. Additionally, two
very recent reports showed that the bicyclam AMD-3100, a
small molecule that interacts with CXCR4 and that had pre-
viously been shown to inhibit CXCR4-tropic isolates of the
primate lentiviruses (13), also inhibits FIV (18, 49). It remains
unclear whether CXCR4 acts as a primary or secondary recep-
tor for FIV. Certain isolates of HIV and SIV are able to use
CXCR4 or CCR5, respectively, for entry in the absence of
their primary receptor, CD4, implying that chemokine recep-
tors can facilitate viral entry independently, at least, of other
known receptors.

In these studies, we have also found that the CrFK-tropic
isolate FIV-34TF10 utilizes CXCR4 for entry into both CrFK
(data not shown) and G355-5 cells. We had surmised that
FIV-PPR, which does not productively infect CrFK or G355-5
cells (33, 41), failed to do so because of the lack of a specific
receptor for this isolate in the adherent cells. However, the
results are consistent with the notion that FIV-PPR utilizes
CXCR4 for entry into these cells. Whether the limited spread
of FIV-PPR in CrFK cells is a consequence of the lowered
receptor affinity or the need for coutilization of another recep-
tor remains to be determined.

A distinct picture emerged from chemokine inhibition stud-
ies of entry of FIV-PPR and FIV-PPRchim42 into T cells.
Inhibition of infection with SDF1a was incomplete with both
viruses but was more efficacious for FIV-PPRchim42 (85%)
than for FIV-PPR (55%). Additionally, the CC chemokine
RANTES blocked FIV-PPR infection of T cells by 20 to 40%
but had negligible effect on FIV-PPRchim42. Taken together,
the results suggest that the broader host cell range of the latter
FIV strain coincides with an increased reliance on CXCR4 for
entry into host cells and/or a decreased reliance on a secondary
interaction with a CC chemokine. Conversely, the poor infec-
tion of FIV-PPR on CrFK cells may be due to the absence of
such an interaction on these cells and the successful infection
of this virus on T cells may be facilitated by such an interaction.
Which CC chemokine receptors are involved remains to be
determined, since RANTES interacts with several receptors,
including CCR5, CCR1, CCR3, and DARC Duffy antigen.
Thus, any of these receptors, and possibly still others, might be
utilized by certain FIV strains. Work is in progress to further
define receptor interactions by these FIV strains.
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