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Subgroup B feline leukemia viruses (FeLV-Bs) evolve from subgroup A FeLV (FeLV-A) by recombining with
portions of endogenous FeLV envelope sequences in the cat genome. The replication properties of FeLV-B are
distinct from those of FeLV-A; FeLV-B infects many nonfeline cell lines and recognizes the human Pit1
(HuPit1) receptor, whereas FeLV-A infects primarily feline cells, using a distinct but as yet undefined receptor.
Here, we demonstrate that some FeLV-Bs can also use human Pit2 (HuPit2) and hamster Pit2 (HaPit2) for
entry. By making viruses that contain chimeric surface (SU) envelope proteins from FeLV-A and FeLV-B, and
testing their infectivity, we have defined genetic determinants that confer host range and specific receptor
recognition. HuPit1 receptor recognition determinants localize to the N-terminal region of the FeLV-B SU,
amino acids 83 to 116, encompassing the N-terminal portion of variable region A (VRA). While this 34-amino-
acid domain of the FeLV-B VRA is sufficient for infection of some cells (feline, canine, and human), amino acids
146 to 249 of FeLV-B, which include variable region B (VRB), were required for efficient infection in other cell
types (hamster, bovine, and rat). Chimeras encoding FeLV-B VRA and VRB also infected cells expressing
HaPit2 and HuPit2 receptors more efficiently than chimeras encoding only the VRA of FeLV-B, suggesting that
VRB provides a secondary determinant that is both cell and receptor specific. However, viruses containing
additional FeLV-B sequences in the C terminus of SU could not recognize HuPit2, implying that there is a
determinant beyond VRB that negatively affects HuPit2 interactions. Thus, Pit2 recognition may drive selection
for the generation of specific FeLV-B recombinants, offering an explanation for the two major classes of
FeLV-B that have been observed in vivo. Furthermore, the finding that some FeLV-Bs can use both Pit1 and
Pit2 may explain previous observations that FeLV-B and GALV, which primarily uses Pit1, display nonrecip-
rocal interference on many cell types.

Exogenous feline leukemia viruses (FeLVs) have been clas-
sified into three receptor interference groups, subgroups A, B,
and C (46, 49). Subgroup A FeLVs (FeLV-As) efficiently infect
feline cells but are limited in their ability to infect heterologous
cells, whereas subgroup B (FeLV-B) and C (FeLV-C) viruses
infect several feline and nonfeline cells lines (21). The FeLV-C
determinant for host range has been mapped to the N-terminal
87 to 92 amino acids (aa) of the surface glycoprotein (SU)
encoded by the envelope (env) gene (6). Presumably, this en-
velope determinant plays a role in receptor recognition, al-
though this has not specifically been analyzed because the
FeLV-C receptor has not been defined. To date, only the
human homolog of the FeLV-B receptor, human Pit1 (HuPit1,
formerly known as Glvr1), has been identified. HuPit1 is a
phosphate symporter protein that functions as a receptor for
FeLV-B as well as gibbon ape leukemia virus (GALV) and
murine leukemia virus (MuLV) 10A1 (22, 31, 32, 35, 36, 55).
The FeLV-B determinants that specifically recognize HuPit1,
or the as yet unidentified feline homolog, as the viral receptor
have not been defined.

All FeLV-B proviruses characterized to date contain endog-
enous FeLV (enFeLV) sequences in portions of their ge-
nomes, including the envelope gene. FeLV-related endoge-
nous sequences, which are present at multiple copies in the

feline genome, are transcribed and translated but do not gen-
erate infectious virus (4, 23, 29). Subgroup B FeLVs include
viruses that encode variable portions of enFeLV SU, which
shares approximately 82% homology with the exogenous
FeLV-A parental virus (5). Two major classes of FeLV-B re-
combination structures have been observed to date; members
of one, typified by FeLV-B-Snyder/Theilin, FeLV-B-90Z, and
FeLV-EARLE, contain enFeLV through nearly all of SU (5,
34, 38). Members of the other, typified by FeLV-B-Gardner/
Arnstein and FeLV-EAGLE, contain enFeLV through only
the N-terminal domains of SU (5, 38, 56). The fact that all
FeLV-B variants that have been molecularly characterized
share N-terminal SU sequences from enFeLV suggests that
receptor binding determinants within this region are required
for the expanded host range properties of FeLV-B (5). How-
ever, the host range and receptor use properties of these
FeLV-B classes remain unclear because no comparative stud-
ies have been performed with specific molecular clones.

Evolutionarily, FeLVs are most related to MuLVs (9).
MuLVs have been categorized into five subgroups: ecotropic
MuLV (E-MuLV), which infects only murine cells; xenotropic
MuLV (X-MuLV), which infects only nonmurine cells; and
amphotropic (A-MuLV) and polytropic (P-MuLV) MuLVs
and MuLV-10A1, which infect both murine and nonmurine
cells with somewhat distinct specificities (8, 17, 18, 25, 26, 41,
42, 45). The viral host range determinants of several MuLVs
have been identified: E-MuLV determinants lie in the N-ter-
minal half of the protein (19, 33, 40, 42). P-MuLV, A-MuLV,
X-MuLV, and MuLV-10A1 also rely on N-terminal sequences
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for host range specificity; more specifically, variable region A
(VRA) is a primary determinant of host range for these vi-
ruses, although additional env sequences, including variable
region B (VRB), may serve a secondary role in their infectivity
or structure (2, 3, 33, 39). Biochemically, VRA encompasses
two disulfide bonded loops, and VRB corresponds to a single
loop (27, 28). While the viral determinants of MuLV host
range have been well defined, no studies have analyzed the
domains of MuLV that confer recognition of specific receptors
despite the fact that many of these molecules have been iden-
tified: E-MuLV recognizes the cationic amino acid transporter
CAT (formerly known as Rec1) (1); A-MuLV recognizes the
phosphate symporter Pit2, both human (HuPit2, formerly
known as Glvr2) and hamster (HaPit2) homologs (31, 57); and
MuLV-10A1 recognizes HuPit1, HuPit2, and HaPit2 (32, 55).

FeLVs are also evolutionarily related to GALV (9). While
FeLV-B and GALV both use HuPit1 as a viral receptor and
display similar host ranges in vitro, these viruses have histori-
cally been placed in different interference groups because they
display nonreciprocal interference in some cell lines (47, 49).
Studies with hybrid HuPit1 and HuPit2 receptors suggest that
GALV and FeLV-B rely on different HuPit1 domains for rec-
ognition (39). Amino acid comparisons between representative
MuLV, FeLV-B, and GALV indicate that they share limited
primary sequence conservation: A-MuLV and FeLV-B show
39% amino acid identity in SU; GALV and FeLV-B show 23%
amino acid identity in SU (3). These differences may provide a
molecular explanation for subtle differences in Pit receptor
recognition by these related mammalian type C retroviruses.

We undertook this study to more precisely define FeLV-B
host range and receptor recognition determinants. For this
purpose, we constructed chimeric viruses between subgroup A
and B FeLVs and examined the infection properties of these
chimeras. Using these chimeric viruses, we demonstrate that
VRA is a primary determinant of FeLV-B host range and
receptor interactions. However, there are distinct subdomains
of FeLV-B SU that are important for efficient infection of
different cells and recognition of different Pit receptors. Our
studies also show that FeLV-B can recognize both hamster and
human alleles of the Pit2 receptor.

MATERIALS AND METHODS

Cell culture studies. Feline fibroblasts (AH927, a gift from W. Nelson-Rees),
canine osteosarcoma cells (D17 [43]), murine cells (MDTF [24]; MDTF-HuPit1,
MDTF-HuPit2, and MDTF-HaPit2 [13, 55]), hamster cells (E36 [16]), rat cells
(NRK [12]), and human cells (HOS [30] and 293T [11]) were maintained in
Dulbecco’s modified Eagle medium with 10% fetal calf serum. Hamster cells
(CHOK1 and glycosylation mutant CHOK1/lec8 [50, 51]) were maintained in
minimum essential medium with 10% fetal calf serum. All media were supple-
mented with penicillin (100 U/ml), streptomycin (100 mg/ml), amphotericin fun-
gicide (0.25 mg/ml), and L-glutamine (2 mM).

Plasmid constructions. For these studies, we used a prototype subgroup A
virus, FeLV-61E (10), and a subgroup B virus, FeLV-90Z (5). These plasmids,
which represent full-length proviral clones derived from the tissues of infected
cats, were used in the construction of all chimeric FeLV envelope plasmids.
Envelope sequences were constructed in a subclone of the 39 half of the FeLV-
A-61E genome (39EE, nucleotides 5318 through the end of the virus [37]). After
construction of the chimeric envelope sequences, the 59 half of FeLV-A-61E
from EcoRI-XhoI was added to the 39 subclones as described previously (5).

We constructed chimeras in which we exchanged five regions of the SU
encompassing VRA and VRB defined previously in MuLV (3) (amino acid
numbers [in parentheses] refer to the SU amino acid positions of the FeLV-B-
90Z genome [GenBank accession no. L25632]): region 1, the first conserved
region (aa 1 to 82); region 2, the N-terminal half of VRA (aa 83 to 116); region
3, the C-terminal half of VRA (aa 117 to 145); region 4, the entire VRB (aa 146
to 249); and region 5, the C terminus of SU (aa 250 to 662). In previous studies,
the four-letter names for FeLV clones have signified the origin of the 59 long
terminal repeat (59LTR)-gag, pol, SU, and transmembrane (TM)-39LTR regions,
respectively (thus, “EEZZ” represents a clone containing the FeLV-A-61E
59LTR-gag and pol and the FeLV-B-90Z SU, TM, and 39LTR) (5). The chimeric
envelopes used in these studies are designated according to the origin of each of

these five regions within SU, numbered 1 to 5 as described above. Thus, EEZZ
is now defined as EE(Z1-5)Z.

The following restriction endonuclease sites were used in the cloning of chi-
meric viruses; base numbers (in parentheses) refer to the nucleotide sequence of
the FeLV-A-61E genome: XhoI (5818) is in pol; HindIII (6542) is in the SU gene
(there is a second HindIII site in the multiple cloning region of the pUC18
vector); AocI sites (5920 and 6682) are in the pol and SU genes, respectively.
EE(Z1-4)E was constructed by ligating the 0.7-kb 39pol-59env AocI fragment
from EEZZ with the 5.6-kb 39env-LTR AocI fragment of the 39EE vector.

All other chimeric FeLV plasmids were assembled by cleaving PCR-derived
fragments with XhoI-HindIII, which spans 39pol and 59env, and then introducing
the purified DNA fragments into a complementary 39EE plasmid. The precise
sequences and locations of all primers used are shown in Fig. 1A, with approx-
imate locations of several envelope primers depicted in Fig. 1B.

To construct EE(Z1-3)E, FeLV-EEZZ was amplified with FeLV-pol-1 and
FeLV-B-env-26 primers to create a novel HindIII site (which corresponds to the
HindIII present in FeLV-A-61E at position 6542). Amplified DNA fragments
were digested with XhoI and HindIII and cloned into a similarly digested 39EE
plasmid.

EE(Z1-2)E, EE(Z2)E, and EE(Z3)E were made by overlap extension PCR
(20). Briefly, two separate first round reactions were carried out with FeLV-A-
61E as the template for one reaction and FeLV-B or chimeric FeLV-A/B as the
template for the other reaction. For each construct, FeLV-pol-3 was used as the
59 primer for the 59 template and FeLV-env-8 was used as the 39 primer for the
39 template. These primers were each combined with FeLV-A/B primers that
were specific for each chimera: EE(Z1-2)E was made with FeLV-A/B-env-46 and
-47, using EE(Z1-4)E as a 59 template and FeLV-A-61E as a 39 template;
EE(Z2)E was constructed with FeLV-A/B-env-36 and -37, using EE(Z1-2)E as
the 59 template and FeLV-A-61E as the 39 template; EEZ(Z3)E was constructed
with FeLV-A/B-env-36 and -37, using FeLV-A-61E as the 59 template and
EE(Z1-3) as the 39 template. First-round reactions were carried out with ap-
proximately 0.1 pg of template. For second-round overlap extension, first-round
product was combined and amplified with additional FeLV primers (FeLV-pol-1
and FeLV-env-20). In all cases, second-round PCR product was digested with
XhoI and HindIII for subsequent cloning.

Consistent PCR conditions were used for all reactions (35 rounds of amplifi-
cation consisting of a denaturing step [94°C, 1 min], a primer-annealing step
[40°C, 1 min], and a primer extension step [72°C, 3 min]). For PCR-derived
constructs, appropriate regions were verified by nucleotide sequence analysis.
The structure of each construct was also verified by restriction fragment analysis.

Virus and LAPSN pseudotype origins, transfection, and infection. The repli-
cation of the chimeras was first assessed by transfection of feline AH927 cells,
which are susceptible to both subgroup A and B FeLV, and canine D17 cells,
which are susceptible to only subgroup B FeLV. These cells were transfected
with plasmid DNA by electroporation (400 V, 960-mF capacitance), and viral
replication was monitored 3 to 5 weeks later, at which time FeLV p27 Gag
(Synbiotics Corporation, San Diego, Calif.) was measured; under conditions used
for transfection, p27 Gag can be detected only if virus is amplified by replication
in the culture. Virus was also expressed by transiently transfecting 293T cells by
the calcium phosphate method (Stratagene mammalian cell transfection kit).
The transfection efficiency in these cells is high enough to circumvent the need
for amplification through replication. At 40 h after transfection, virus was har-
vested and used to infect feline AH927 cells, feline T cells (3201 cells), and
canine D17 cells.

For quantitative infection studies, we generated FeLV particles that encapsi-
dated retroviral vector RNAs encoding a selectable marker. The vector chosen,
LAPSN, is a MuLV-based retroviral vector that encodes the genes for alkaline
phosphatase (AP) and neomycin resistance (32). The LAPSN vector, which can
be efficiently packaged by FeLV (7), was stably expressed in D17 cells (44). To
generate FeLV particles carrying LAPSN RNA, cell-free viral supernatant from
each of four FeLV-B-like chimeras [FeLV-EE(Z1-5)Z, -EE(Z1-4)E, -EE(Z1-
3)E, and -EE(Z2)E] was used to infect D17-LAPSN cells. Virus was assayed by
reverse transcriptase activity. The infectious titer was determined by AP staining
of D17 cells. Cells were infected for 36 to 48 h in the presence of Polybrene (4
mg/ml) before fixation and staining for AP activity (15). A focus of two to four
AP-staining cells was scored as one infection event in this assay because during
36 to 48 h, the cells have divided once or twice; the infectious titer is reported as
the number of AP focus-forming units (FFU)/milliliter. Each infection was re-
peated at least four times, in duplicate and in two independent experiments.
Additional control viruses for these studies were a defective FeLV-A-61E that
carries the LAPSN vector, D17-61EDC/LAPSN (7), and a similar defective
GALV/LAPSN (31).

RESULTS

FeLV-A and -B host range determinants. To define se-
quences important for FeLV-A and FeLV-B host range spec-
ificity, we constructed chimeras between FeLV-A and FeLV-B
in which five specific regions of the SU were exchanged (Fig.
2). EE(Z1-5)Z contains FeLV-B through the entire env;
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EE(Z1-4)E contains FeLV-B through the N-terminal VRA
and VRB; EE(Z1-3)E contains FeLV-B through VRA;
EE(Z1-2)E contains FeLV-B through the N-terminal VRA
domain; EE(Z2)E contains FeLV-B in only the N-terminal
VRA domain, not in the first conserved region pre-VRA;
EE(Z3)E contains FeLV-B in only the C-terminal VRA do-
main. The host range of each of these viruses was analyzed in
feline and nonfeline cells. Feline AH927 cells are infectable by
both FeLV-A and FeLV-B. Feline 3201 T cells can be infected
by FeLV-A but not FeLV-B, presumably because there is re-
ceptor interference in these cells by an endogenous FeLV-SU
protein (29). In contrast, canine D17 can be efficiently infected
by FeLV-B but not FeLV-A. Therefore, we defined the
FeLV-B determinant as the FeLV-B SU domain that con-
ferred infection of both feline AH927 and canine D17 cells but
not feline 3201 cells. We defined the FeLV-A determinant as
the SU domain that conferred infection of feline AH927 and
3201 cells but not canine D17 cells. For this purpose, cells were
exposed to FeLV and monitored for virus spread by enzyme-
linked immunosorbent assay (ELISA) for FeLV p27 Gag.
The results of these infection experiments are summarized
in Fig. 2. EE(Z1-5)Z, EE(Z1-4)E, EE(Z1-3)E, EE(Z1-2)E,

and EE(Z2)E all replicated in D17 and AH927 cells, consistent
with FeLV-B host range. The minimal FeLV-B sequence
shared by these constructs encompasses aa 83 to 116 encoded
by the 59 subdomain of VRA which contains a putative cysteine
loop. EE(Z3)E, which encodes the N-terminal VRA of FeLV-
A-61E and the C-terminal VRA from FeLV-B-90Z, replicated
only in feline cells, consistent with FeLV-A host range.

Secondary host range determinants. In addition to effi-
ciently infecting canine D17 cells, FeLV-B replicates in a va-
riety of other nonfeline cells, with murine cells being a notable
exception. We compared the host ranges of FeLV-B-like chi-
meras EE(Z1-5)Z, EE(Z1-4)E, EE(Z1-3)E, and EE(Z2)E to
that of FeLV-A-61E in several mammalian cell lines. We gen-
erated virus that carried the retroviral vector LAPSN so that
infection could be visualized by AP expression after a single
round of infection, thus circumventing the need for virus
spread (32). The results of these infection studies are summa-
rized in Table 1. Cell lines exhibited one of three types of
susceptibility: (i) some cells could be efficiently infected with
all of the chimeric viruses (AH927, D17, and HOS); (ii) some
were resistant to all chimeric viruses (MDTF); and (iii) some
were differentially sensitive to chimeras encoding larger por-

FIG. 1. Diagrammatic description of primers used for PCR construction of SU chimeras. (A) Schematic diagram of the relative locations of these primers in the
context of the FeLV genome. The SU-encoding portion of the genome has been expanded, and the putative SU structures that correspond to exchanged regions are
shown below (3, 27, 28). (B) Oligonucleotides used in this study, with the location of each primer relative to the nucleotide position in FeLV-A-61E (GenBank M18247).
For consistency, FeLV-A-61E was chosen as a reference for all primers, even though, in some cases (e.g., FeLV-env-26), the sequence of the primer most closely
resembles the sequence of FeLV-B-90Z. The HindIII site is also indicated above primer FeLV-B-env-26, with the altered nucleotides underlined.
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tions of FeLV-B, including both VRA and VRB, compared
with those containing the VRA alone (NRK, MDBK, CHOK1/
lec8, and E36). In this latter group of cells, EE(Z1-5)Z and
EE(Z1-4)E, which encode FeLV-B in VRA and VRB, consis-
tently displayed $1-log-higher titers (AP units per milliliter)
than EE(Z1-3)E and EE(Z2)E, which encode FeLV-B only in
VRA. The results of multiple experiments compiled for rep-
resentative infected cultures (D17, NRK, and MDBK cells) in
Fig. 3 demonstrate the reproducibility of the experiment.

FeLV-B receptor recognition determinants. To correlate the
determinants for host range specificity with recognition of a
specific receptor, we examined receptor use by three FeLV-B-
like chimeras: EE(Z1-5)Z, which encodes FeLV-B through the
entire env, EE(Z1-4)E, which encodes FeLV-B through VRA
and VRB, and EE(Z2)E, which encodes FeLV-B only in the N
terminus of VRA. Results obtained with cells expressing spe-
cific Pit receptors, HuPit1 (35), HuPit2 (57), and HaPit2 (55),
are shown in Table 2. Each Pit receptor allele was expressed in

FIG. 2. Schematic representation of chimeric viruses and summary of infection studies in feline and canine cells. For each construct, sequences from the parental
FeLV-B-90Z are in black and those from FeLV-A-61E are in white. The SU protein was divided into five regions for this study (approximate exchange junctions are
indicated by vertical lines): 1, aa 1 to 82 of FeLV-B-90Z; 2, the N-terminal half of the VRA (aa 83 to 116), 3, the C-terminal half of the VRA (aa 117 to 145); 4, the
entire VRB (aa 146 to 249); and 5, the C terminus of SU (aa 250 to 662). A schematic depiction of the N-terminal SU structure, based on that proposed for MuLV
VRA and VRB (3), is shown beneath the diagram of the FeLV constructs. The host range properties of the constructs in feline cells (fibroblast AH927 and T-cell 3201)
and canine cells (osteosarcoma D17) are indicated at the right. Replication was assessed in three ways, described in Materials and Methods. (i) All constructs were first
introduced into AH927 and D17 via electroporation and passaged for 5 weeks. At this time, virus replication was assessed by FeLV p27 Gag ELISA. (ii) Cell-free virus
was then transmitted from transfected AH927 [for 61E and EE(Z3)E] or D17 (for all other chimeras) cells onto 3201, AH927, and D17 cells; virus spread was also
assessed at 5 weeks postinfection. (iii) Constructs were independently transfected into 293T cells via calcium phosphate transfection, and cell-free virus was transmitted
to AH927 and D17 cells. In all cases, virus replication was assayed by p27 Gag ELISA at 3 to 5 weeks posttransfection or postinfection. Similar results were obtained
by all of these methods.

TABLE 1. Host ranges of chimeras in several lines

Cell line Species

Alkaline phosphatase (FFU/ml)a

VRA/B chimeras VRA chimeras

EE(Z1-5)Z EE(Z1-4)E EE(Z1-3)E EE(Z2)E FeLV-A-61E

D17 Canine 170 130 130 170 1
HOS Human 330 330 100 70 0.3
MDTF Mouse ,0.003 ,0.003 ,0.003 ,0.003 ,0.003
NRK Rat 30 30 3 3 ,0.003
E36 Hamster 2 10 0.3 0.2 ,0.003
CHOK1 Hamster ,0.003 ,0.003 ,0.003 ,0.003 ,0.003
CHO1/lec8 Hamster 2 3 0.2 0.2 ,0.003
MDBK Bovine 2 7 0.02 0.01 ,0.003

a Titer following infection with virus/LAPSN normalized to titer observed on feline fibroblasts (AH927 cells). The AH927 cell line was chosen as a standard because
it was highly susceptible to infection by all viruses. The titer on AH927 cells for all viruses was approximately 1 3 105 to 5 3 105 FFU/ml and was assigned a value
of 100%. Infections were carried out for 2 days so that a focus of two to four cells is scored as one infection event in this assay. Each value represents the mean of at
least three separate experiments, each performed in duplicate. Uninfected controls were negative, giving no background (data not shown).
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MDTF cells, which are resistant to FeLV-B and GALV infec-
tion (reference 13 and Table 1). Cells expressing HuPit1 were
infected with equal efficiency by all FeLV-B-like chimeras and
the GALV control. Cells expressing HaPit2 were sensitive to
infection by both GALV and FeLV-B, although EE(Z1-5)Z
and EE(Z1-4)E, which encode FeLV-B sequences in VRA and
VRB, consistently display titers that are .1 log higher than
those of EE(Z2)E, which only encodes FeLV-B in the N-
terminal domains of the VRA. Cells expressing HuPit2 were
sensitive to infection by some FeLV-B but not others. EE(Z1-
4)E and EE(Z2)E both infected these cells, although EE(Z1-
4)E display titers that are .1 log higher than those of
EE(Z2)E. In contrast, EE(Z1-5)E, which contains FeLV-B
sequences throughout the SU, did not recognize HuPit2. As
expected, the GALV control did not infect MDTF-HuPit2
cells. None of the viruses infected MDTF control cells.

DISCUSSION
FeLV-B has an extended host range compared to FeLV-A,

which replicates most efficiently in feline cells (21). Previous
studies have demonstrated that FeLV-B recognizes the HuPit1
receptor (53). Here, we show that certain FeLV-B recombi-
nants or chimeras can also infect cells expressing either the

HuPit2 or HaPit2. To define domains of the viral envelope
protein important in receptor recognition, we constructed
FeLVs with envelope genes that were chimeric between a
prototypic FeLV-A and FeLV-B, exchanging domains that
were defined on the basis of related MuLV structural motifs (2,
14, 27, 28). Infection studies with these viruses demonstrated
that N-terminal domains of the SU protein encode critical
primary and secondary determinants for FeLV-B host range
and Pit receptor interactions.

FeLV chimeras that displayed a FeLV-B host range and
recognized the HuPit1 receptor encoded, minimally, the N-
terminal VRA of SU from FeLV-B (aa 83 to 116). Thus, these
findings provide experimental support for speculations by our-
selves and others that the N-terminal SU of FeLV-B binds the
receptor and confers extended host range properties charac-
teristic of this subgroup (5, 29, 38, 48, 52). Our studies also
suggest that the N-terminal region of FeLV-A may determine
the ecotropic subgroup A host range, although additional chi-
meras will be needed to fully determine this. These host range-
defining sequences are also similar to those demonstrated for
FeLV-C, which relies on the N-terminal half of VRA for its
unique ability to replicate in guinea pig cells (6). Similarly,
studies of MuLV host range have implicated VRA, although

FIG. 3. Infection studies in canine, bovine, and rat cells. The left three-by-three matrix of micrographs shows different cells, indicated to the left, stained for AP
following infection with virus/LAPSN pseudotypes (indicated above). Infected cells that appear black express AP, which indicates infection. Viruses tested were
EZ(1-4)E, which contains FeLV-B sequences through VRA and VRB, and EE(Z2)E, which contains FeLV-B sequence only in VRA. Cells (canine D17, rat NRK, and
bovine MDBK) were plated at 104 cells per ml in 24-well dishes and maintained for 12 to 18 h. The same amount of each virus (approximately 105 AP-staining units
per ml, as assessed on feline fibroblasts [AH927 cells]) was added to each well, in the presence of Polybrene (10 mg/ml), for 36 to 48 h. At this time, cells were fixed,
stained, and photographed (objective magnification, 340). Micrographs were taken with a Nikon inverted microscope and camera. Color slides were digitized by using
a Nikon scanner with Adobe Photoshop and converted to grey scale for publication. To the right of the micrographs are corresponding numerical graphs that summarize
infection studies with all chimeras EE(Z1-5)Z, EE(Z1-4)E, EE(Z1-3)E, and EE(Z2)E. The number of AP-staining units per milliliter of virus obtained was determined
by averaging three infection experiments, each performed in duplicate.
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these analyses have not yet defined a smaller region within
VRA that is sufficient to confer in vitro host range.

While VRA appears to be the primary FeLV-B host range
determinant, the additional presence of FeLV-B sequences in
VRB enhanced infectivity for some nonfeline cells and cells
expressing human and hamster Pit2 receptor alleles. Our stud-
ies show that the differential infection properties of FeLV-B
VRA-VRB and VRA chimeras in MDTF-HaPit2 cells are
similar to infection patterns in hamster E36 cells from which
HaPit2 was originally isolated. These data may indicate that in
E36 hamster cells, FeLV-B recognizes the Pit2 receptor. It is
unclear what receptor is recognized by FeLV-B in rat NRK
and bovine MDBK cells, where there is also an effect of VRB
on viral infectivity. Additional studies using cloned receptors
from these cells and/or receptor-specific competitive inhibitors
of FeLV-B will be important in clarifying the Pit2 proteins that
require FeLV-B VRB determinants for optimal envelope-re-
ceptor interactions.

In addition to N-terminal VRA and VRB determinants, a
C-terminal SU domain appears to provide a third receptor
recognition determinant that is specific for HuPit2. This con-
clusion is based on the observation that the full-length natural

FeLV-B recombinant, FeLV-B-EE(Z1-5)Z, recognizes HaPit2
but not HuPit2. In contrast, the chimera FeLV-B-EE(Z1-4)E
recognizes both Pit2 alleles. This differential infectivity may
explain why previous groups did not observe FeLV-B infection
of cells expressing HuPit2; the FeLV-B used in these studies
may have been structurally similar to EEZ(1-5)Z, although it is
difficult to assess which FeLV-B recombinant was used because
a molecularly uncharacterized isolate was employed (39). It is
also possible that these earlier negative findings are attribut-
able to the low infectious titer of FeLV-B used in these exper-
iments because the infectivity of FeLV-B for cells expressing
HuPit2 is approximately 3 logs lower than that for cells ex-
pressing HuPit1. In any case, it is clear from our data for
well-characterized FeLV-B recombinants that some Pit2 ho-
mologs can be recognized by FeLV-B.

In the context of the studies presented here, it is perhaps
significant that all naturally occurring FeLV-Bs analyzed to
date encode N-terminal enFeLV sequences, including VRA
and VRB, although only a subset encode enFeLV sequences in
the C terminus of SU (5). Our studies suggest that chimeras
which encode enFeLV VRA and VRB efficiently recognize
both Pit receptors, suggesting that FeLV-B recombinants may
be selected for optimal and flexible receptor recognition. The
parental virus used for this study, FeLV-90Z, was isolated
directly from the tissue of a cat infected with FeLV-A (5).
FeLV-90Z and the previously described FeLV-B clone (Sny-
der-Theilen [34]) encode SU proteins derived almost entirely
from enFeLV sequences (5). A similar class of recombinant
proviruses, defined as FeLV-B-EARLE, are selected in feline
cells infected with a FeLV-A clone (38). A second class of
FeLV-B recombinants encode only the N terminus of enFeLV;
these include FeLV-B-EAGLE (38), FeLV-B-Gardner/Arn-
stein (56), and the chimera EEZ(1-4)Z used in this study.
While EEZ(1-4)E, which resembles the FeLV-B-EAGLE
class, can efficiently infect cells expressing both human Pit1 and
Pit2, EEZ(1-5)Z, which resembles the FeLV-B-EARLE class,
fails to recognize HuPit2 as a receptor. The presence of VRB
in all natural FeLV-B isolates from cats, and in both FeLV-B-
EARLE and FeLV-B-EAGLE classes may suggest that Pit2
recognition is an important selection factor in vivo. It will be
important to examine this model by using the feline Pit recep-
tor homologs.

Finally, these studies further illustrate the overlap in recep-
tor recognition of feline, murine, and primate type C retrovi-

FIG. 4. Summary of Pit receptor specificity of feline, murine, and primate C-type retroviruses. The schematic depicts receptor use among FeLV-A, three
recombinant FeLV-B classes described in this study [FeLV-B-SU, typified by FeLV-EE(Z1-5)Z, FeLV-B-S/T, and FeLV-B-EARLE; FeLV-B VRA/B, typified by
FeLV-EE(Z1-4)E, FeLV-B-G/A, and FeLV-B-EAGLE; and FeLV-B VRA, typified by FeLV-EE(Z1-3)E, FeLV-EE(Z1-2)E, and FeLV-EE(Z2)E], GALV, MuLV-
10A1, and A-MuLV. The structure of the viral SU is shown schematically to the left. FeLV-A SU sequences are shown in white; FeLV-B sequences are shown in black;
MuLV and GALV sequences are shown in different shades of grey, reflecting sequence divergence relative to FeLV. Receptor use by HuPit1, HuPit2, and HaPit2 is
summarized in the matrix to the right. p, new data presented in this study.

TABLE 2. Receptor use by FeLV-B chimeras

Cells
Alkaline phosphatase (FFU/ml)a

EE(Z1-5)Z EE(Z1-4)E EE(Z2)E 61E GALV

MDTF expressing:
HuPit1 100 100 100 ,0.003 100
HuPit2 ,0.003 6 0.1 ,0.003 ,0.003
HaPit2 7 10 0.1 ,0.003 5
No receptor ,0.003 ,0.003 ,0.003 ,0.003 ,0.003

AH927 reference 100 100 100 100 ND

a Titer following infection with each virus/LAPSN (FeLV or GALV) normal-
ized to the titer observed on MDTF cells expressing HuPit1 (arbitrarily assigned
a value of 100%). This cell line was chosen as a standard because it was highly
susceptible to infection by FeLV-B. The actual infectious titer for FeLV chime-
ras was approximately 1 3 105 to 5 3 105 FFU/ml, and that for GALV was 6 3
104 FFU/ml. Infections with FeLV-A-61E were carried out with up to 5 3 105

FFU/ml, based on infection of feline AH927 cells. Infections were carried out for
2 days. A focus of two to four cells is scored as one infection event in this assay.
Each value represents the mean of at least three separate experiments, each
performed in duplicate. Uninfected controls were negative (data not shown).
ND, not determined.

VOL. 71, 1997 FeLV-B RECEPTOR DETERMINANTS 8121



ruses, which share limited primary sequence identity (summa-
rized in Fig. 4). Our novel finding that FeLV-B uses both
human and hamster Pit1 and Pit2 receptors may explain why
GALV and FeLV-B have historically shown nonreciprocal in-
terference patterns in certain cell types (47, 49, 54). Taken
together, these studies also provide evidence for an evolution-
ary relationship among these viruses that is reflected not in
sequence identity but rather in function.
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