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Feline leukemia virus (FeLV) subgroups have emerged in infected cats via the mutation or recombination of the env gene of sub-
group A FeLV (FeLV-A), the primary virus. We report the isolation and characterization of a novel env gene, TG35-2, and report
that the TG35-2 pseudotype can be categorized as a novel FeLV subgroup. The TG35-2 envelope protein displays strong sequence
identity to FeLV-A Env, suggesting that selection pressure in cats causes novel FeLV subgroups to emerge.

eline leukemia viruses (FeLVs) are pathogenic retroviruses of

domestic cats (1, 2), which are classified into subgroups A (the
parent virus), B, C, D, and T based on their interference and in
vitro host range properties (3, 4, 5, 6, 7, 8). Subgroups B and D
arose from the recombination of FeLV-A env and the env genes of
endogenous FeLV or endogenous retroviruses in the genomes of
domestic cats (ERV-DCs) (7, 9, 10). Subgroups C and T possibly
arose from mutations in FeLV-A env (11, 12). The recombination
or mutation of env often alters the interference and host ranges of
FeLVs by affecting their receptor usage (5, 6, 13, 14, 15, 16).

FeLV env genes were isolated by PCR from the blood DNA of a
1-year-old castrated male cat, TG35, with a bite injury, stomatitis,
loss of appetite, and FeLV infection, although he had been vacci-
nated with inactivated FeLV (genotype III) (16). Five clones
(TG35-1 to -5) were isolated, and we focused on TG35-2, TG35-4,
and TG35-5. The env sequences of these clones showed strong
similarity (Fig. 1), and the viruses clustered phylogenetically with
those of genotype I/clade I FeLV, found mainly in Japan (16). The
encompassing variable region A (VRA) of TG35-2 Env differs at
eight amino acids from those of the TG35-4 and TG35-5 Env
proteins. The proline-rich regions of TG35-2 and TG35-4, but not
TG35-5, contain an inserted sequence of 25 amino acids (Fig. 1)
not found in the cat genome database and of unknown origin.

To identify the FeLV subgroup to which this viral strain be-
longs, we used an interference assay (16) and generated (3-galac-
tosidase (LacZ)-encoding pseudotype viruses expressing TG35-2,
TG35-4, or TG35-5 envelope (Env) proteins in GPLac cells (7).
Pseudotype viruses TG35-2, -4, and -5 infected uninfected
HEK293T cells (Table 1). However, HEK293T cells preinfected
with FeLV-A/clone 33 (293T/clone 33 cells) (17) or FeLV-A/Glas-
gow-1 (293T/Glasgow-1 cells) (9) were infected by pseudotype
virus TG35-2, but not by TG35-4 or TG35-5. Neither cell type was
infected by FeLV-A/clone 33 or FeLV-A/Glasgow-1. Therefore,
only the TG35-4 and TG35-5 viruses interfered with FeLV-A. Nei-
ther the TG35-2, TG35-4, nor TG35-5 pseudotype interfered with
other subgroups of FeLV, or with retroviruses such as ERV-DCI10,
areplication-competent feline ERV (7) (Table 1). Therefore, FeLV
TG35-4 and TG35-5 belong to the FeLV-A subgroup. However,
TG35-2 could not be categorized.

We next constructed a replication-competent virus (33TGE2)
containing the TG35-2 env gene and the LTR, gag, and pol genes of
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FeLV-A clone 33 (GeneArt; Thermo Fisher Scientific, Waltham,
MA). HEK293T cells were transfected with virus p33TGE2, and
productive replication was confirmed by detecting the FeLV p27
antigen. 33TGE2-infected HEK293T cells (293T/33TGE2) were
successfully infected with FeLV-A (clone 33), FeLV-A (Glasgow-
1), FeLV-B (Gardner-Arnstein) (18), FeLV-C (Sarma) (19),
FeLV-D (ON-T) (7), TG35-4, TG35-5, ERV-DC10, and ampho-
tropic murine leukemia virus (MLV) 4070A (16), but not with the
TG35-2 pseudotype. However, the pseudotype virus infected
293T/FeLV-A, 293T/FeLV-B, 293T/FeLV-C, 293T/FeLV-D,
293T/ERV-DCI10, and 293T/4070A cells (Table 1). FeLV 33TGE2
did not interfere with xenotropic MLV (X-MLV) from 22RV.1
cells (20) or vice versa (the viral infectious titers were 8 X 10* and
2 X 10° infectious units [[U]/ml, respectively) in HEK293T cells,
but neither virus infected HEK293T cells already infected with
itself. Thus, FeLV 33TGE2 displayed the same interference behav-
ior as the TG35-2 pseudotype.

When we examined AH927 feline cells, the TG35-2 pseudotype
virus infected AH927 cells infected with FeLV-A, FeLV-B, or
FeLV-C, but not 33TGE2-infected AH927 cells (Table 2), as seen
with human HEK293T cells (Table 1). To determine whether
TG35-2 interferes with FeLV FY981, which uses the THTRI,
FLVCRI, and FLVCR2 receptors (21), we constructed a plasmid
expressing a chimeric gene-synthesized FY981 env gene (FY33)
encoding the surface glycoprotein SU of FeLV FY981 and the
transmembrane (TM) protein of FeLV clone 33. Pseudotype virus
FY981 infected 293T/33TGE2 and AH927/33TGE2 cells, but not
FeLV-C-infected cells, so FY981 was newly categorized as FeLV-C
(Tables 1 and 2). We then tested whether TG35-2 uses known
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FIG 1 Receptor-binding domains (RBDs), proline-rich regions (PRRs), C domains, and TM regions of the Env protein are shown for FeLV-A clone 33 (17),
FeLV-A Glasgow-1 (9), FeLV-C Sarma (19), FeLV FY981 (21), FeLV TG35-2 (16), TG35-4 (accession number LC029807), and TG35-5 (accession number
LC029808). The variable regions, VRA and VRB, are also shown. Dots indicate identical residues, and dashes indicate spaces that were introduced for the amino
acid alignment. Boxes indicate the positions of the PCR primers (16). The Env sequences were aligned with the Genetyx program (Genetyx Corporation, Tokyo,

Japan).

FeLV receptors, such as THTR1 (15), PIT1 (5), PIT2 (22),
FLVCRI (13, 14), or FLVCR2 (21), for cell entry. The TG35-2
virus infected neither MDTF cells nor MDTF cells expressing any
of these receptors (Table 3).

We then determined the minimal changes in the Env protein
required to produce the TG35-2 phenotype. When the VRA of
TG35-2 was replaced with that of TG35-4, the pseudotyped vi-
ruses (chimeras 1 and 2) showed the phenotype of TG35-2, and
conversely, when the VRA of TG35-4 was replaced with that of
TG35-2, the pseudotyped virus (chimera 3) showed the pheno-
type of FeLV-A/TG35-4. Furthermore, pseudotyped viruses
(mt2,3,4,5 and mt2,3,4) generated by the site-directed mutagen-
esis of the VRA showed that a substitution of 2 to 3 amino acids in
addition to the insertion of threonine and leucine in the VRA of
TG35-4 conferred the TG35-2 phenotype (Fig. 2A and B). There-
fore, specific amino acids within the VRA are responsible for the
TG35-2 and FeLV-A phenotypes.

The host range of TG35-2 was determined using infectious
clone 33TGE2 (Fig. 2C). 33TGE2 infected a broad range of cell
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lines yielding high titers, whereas FeLV-A displayed restricted in-
fection. Neither virus infected mouse, hamster, or guinea pig cells.
Therefore, the host range properties of FeLV 33TGE2 and FeLV-A
differ.

We have characterized a novel FeLV that does not interfere
with known feline retroviruses, including FeLV-D and ERV-
DC10. A pseudotype virus expressing TG35-2 Env infected FeLV-
A-, FeLV-B-, and FeLV-C-infected cells, and all cells that express
the receptors THTR1, PIT1/2, and FLVCRI (data not shown).
TG35-2 did not infect guinea pig cells (104C1), which are permis-
sive for FeLV-C and FY981 (FeLV FY33) (Table 2) (4, 21, 23),
suggesting that TG35-2 differs from FeLV-C and FY981. MLV
4070A was used as a positive control because it and some FeLV-B
viruses use PIT2 for viral entry (24, 25, 26). The wide host range of
TG35-2 is not attributable to its xenotropic nature (27). A pseu-
dotype virus expressing TG35-2 Env infected FeLV-D- or ERV-
DC10-infected cells, but the receptors of neither virus have been
identified. FeLV-T requires FeLIX for infection (6), but TG35-2
infected cells without FeLIX. Artificial mutation of the FeLV-A
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TABLE 1 Receptor interference assay using various pseudotyped FeLVs in HEK293T cells

Titer of pseudotyped virus®

FeLV-A Clone
Preinfecting virus Clone 33 Glasgow-1 FeLV-B (GA) FeLV-C (Sarma)  FeLV (FY981) FeLV-D (ON-T) TG35-2 TG35-4 TG35-5 ERV-DC10 Ampho-MLV
None (4.1 £ 0.4) X 10> (4.9 +0.3) X 10° (2.1 +0.0) X 10° (7.1 £0.6) X 10> (1.3 + 1.0) X 10° (4.1 +0.2) X 10* (1.1 =0.1) X 10* (1.1 £ 0.6) X 10> (2.3 = 1.3) X 10° (1.9 + 0.0) X 10° (8.2 = 0.4) X 10*
FeLV-A (clone33) 0 0 (1.8 £0.3) X 10° (5.3 +0.3) X 10° (1.6 = 1.0) X 10° (4.6 = 0.5) X 10* (7.1 = 0.3) X 10° 0 0 (2.4 £0.2) X 10> (1.6 = 0.1) X 10°
FeLV-A (Glasgow-1) 0 0 (1.6 = 0.2) X 10° (3.0 + 0.4) X 10°> (1.4 *=0.9) X 10> (4.8 +0.5) X 10* (9.0 + 1.0) X 10> 0 0 (1.9 +0.1) X 10° (1.2 + 0.0) X 10°

FeLV-B (GA)
FeLV-C (Sarma)
FeLV-D (33/ON-T)
33TGE2
ERV-DC10
Ampho-MLV

(1.6 = 0.0) X 10°
(2.1 £ 0.0) X 10°
(22 +0.2) X 10°
(4.3 *0.4) X 10°
(2.8 = 0.1) X 10°

(4.1*1.1)X10° 0
(1.0 = 0.0) X 10°
(5.1 £0.7) X 10°
(83 *1.1) X 10°
(6.4 = 0.8) X 10°
ND ND

ND

(4.3 £ 0.6) X 10°
(1.6 = 0.1) X 10° 0
(1.6 £ 0.2) X 10°
(1.5 +0.0) X 10°
(1.9 =0.1) X 10°

ND

(3.3 0.4) X 10°
(1.1 £ 0.0) X 10*
(6.9 *0.7) X 10°

(2.9 *0.8) X 10°
0

(1.9 * 1.3) X 10°
(22 *+1.5) X 10°
(2.0 = 1.2) X 10°
ND

(42 =0.2) X 10*
(4.5 + 0.4) X 10*
0

(3.5*0.2) X 10*

(6.6 = 0.3) X 10°
(L0 *0.1) X 10*
(6.0 = 0.2) X 10°
(5.8 +0.7) X 10* 0

(1.0 = 0.1) X 10*

ND (1.1 £0.1) X 10* ND

(1.1 £0.8) X 10° (1.6 = 1.1) X 10°
(8.4 *6.3) X 10> (1.1 +0.8) X 10°
(1.0 £ 0.7) X 10°
(1.0 = 0.6) X 10°
(1.0 £ 0.5) X 10°

ND

(1.3 % 0.5) X 10°
(1.4 = 0.6) X 10°
(1.4 £0.5) X 10> 0

ND

(1.1 £ 0.0) X 10°
(1.2 +0.1) X 10°
(2.6 =0.1) X 10°
(2.4 = 0.4) X 10°

(9.8 = 1.5) X 10*
(1.4 *0.1) X 10°
(1.2 *0.1) X 10°
(1.2 +0.1) X 10°
(1.1 £ 0.0) X 10°
0

“ The indicated FeLV env genes inserted into the pFUAss expression vector were used to prepare the LacZ pseudotype viruses. GPLac cells, an env-negative packaging cell line containing a LacZ-encoding retroviral vector (7), were
transfected (with ScreenFect Reagent; Wako, Osaka, Japan) with each env expression vector. Supernatants were passed through 0.45-pm filters and used for infection assays. pFUAss clone 33 (FeLV-A/clone 33 env), pFUAss A5 [FeLV-
A/Glasgow-1(pFGAS5) env], pFUAss GB (FeLV-B/Gardner-Arnstein env), pFUAss SC (FeLV-C/Sarma env), pFUAss ON-T (FeLV-D/ON-T env), pFUAss DC10 (ERV-DC10 env), and pFUAss 4070A (amphotropic MLV/4070A env)
have been described previously (7). pFUAss TG35-2 (TG35-2 env), pFUAss TG35-4 (TG35-4 env), pFUAss TG35-5 (TG35-5 env), and pFUAss FY33 (the SU was derived from FeLV FY981, and the transmembrane [TM] protein was

derived from FeLV-A clone 33) were newly constructed in this study. The target cells used were FeLV-A-, FeLV-B-, FeLV-C-, FeLV-D-, FeLV/33TGE2-, ERV-DC10-, and Ampho-MLV (4070A)-infected HEK293T cells. Infectious clone

33TGE2 was constructed from FeLV clone 33 (but contained the TG35-2 env gene) and was used to transfect HEK293T cells, thus establishing persistently infected cells. Viral titers were determined as IU per milliliter with X-Gal (5-
bromo-4-chloro-3-indolyl-B-d-galactopyranoside) staining, as previously described (7). The data are the means from 3 to 4 independent experiments, with their standard errors. Ampho-MLV, amphotropic MLV; ND, not done.

TABLE 2 Receptor interference assay using various pseudotype FeLV Env proteins in feline AH927 cells

Titer of pseudotyped virus®:

FeLV-A Clone

Cell line Clone 33 Glasgow-1 FeLV-B (GA) FeLV-C (Sarma)  FeLV (FY981) TG35-2 TG35-4 TG35-5 Ampho-MLV

AH927 (1.7 £ 0.2) X 10* (4.2 £0.4) X 10* (3.5*+0.1) X 10* (5.1 *0.3) X 10> (1.1 =0.2) X 10* (4.0 = 0.4) X 10> (3.4 £0.5) X 10° (4.7 = 0.2) X 10> (7.9 = 0.8) X 10*
AH927/clone 33 0 0 (8.7 +1.6) X 10* (6.3 *1.6) X 10> (1.6 0.1) X 10* (5.7 *+0.7) X 10> 0 0 (7.7 £ 1.7) X 10*
AH927/Glasgow-1 0 0 (9.8 +0.6) X 10* (5.3 *0.4) X 10> (1.9 +0.0) X 10* (7.5 0.5) X 10> 0 0 (6.2 £0.7) X 10*
AH927/GA (45+0.7) X 10* (1.4 £0.4) X10° 0 (9.7 £0.9) X 10> (2.1 £0.2) X 10* (9.2 *+1.3) X 10> (1.2 £0.1) X 10* (1.8 +0.2) X 10* (1.3 =0.1) X 10°
AH927/Sarma (3.1 £0.2) X 10* (1.1 =0.1) X 10° (8.4 £0.9) X 10* 0 0 (1.1 £0.2) X 10* (9.3 £0.5) X 10> (1.2 £0.1) X 10* (9.0 = 0.7) X 10*
AH927/33TGE2 (3.7 £ 0.4) X 10* (7.5 *0.4) X 10* (1.8 = 1.6) X 10* (9.5*1.4) X 10> (1.3*+0.1)X10* 0 (4.8 =1.0) X 10> (9.8 £0.6) X 10° (3.1 =0.2) X 10*
104C1 0 0 0 (1.6 2 0.9) X 10> (2.3 £1.2)X10° 0 ND ND (5.5 *+0.2) X 10*
CRFK (1.5+0.1) X 10* (4.7 £0.6) X 10* (9.1 = 0.4) X 10* (2.8 = 0.4) X 10° (3.7 + 0.4) X 10* (1.4 = 1.2) X 10> ND ND (9.1 +0.5) X 10*

“ The target cells used for the viral interference assay were uninfected feline AH927 cells or FeLV-A/clone33-, FeLV-A/Glasgow-1-, FeLV-B/GA-, FeLV-C/Sarma-, or FeLV/33TGE2-infected feline AH927 cells, 104C1 cells (guinea pig),
or CREK cells (feline). Viral titers were determined as IU per milliliter with X-Gal staining as previously described (7). The data are the means from three independent experiments, with their standard errors. ND, not done. Ampho-
MLV, amphotropic MLV.
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TABLE 3 Receptor usage by FeLVs®

Novel Feline Leukemia Virus env Gene

Cell line FeLV-A (clone 33)* FeLV-B (GA)? FeLV (FY981)” Clone TG35-2° 33TGE2” Ampho-MLV* Mock
MDTF - — + — — ++ —
MDTF/feTHTR-1 ++ — ND — — ND —
MDTF/fePit-1 - ++ ND — - ND —
MDTF/fePit-2 - + ND — - ND —
MDTF/hFLVCRI1 - ND ++ - ND ++ —
MDTF/hFLVCR2 - ND ++ — ND ++ —
MDTF/feFLVCR1 — ND ++ — ND ++ —

“ The indicated env genes were used to prepare the LacZ pseudotyped viruses.

b Replication-competent viruses carrying the LacZ-encoding retroviral reporter were used for infection.

¢ Each retroviral expression plasmid encoding feline THTR1 (feTHTR1), feline PIT1 (fePit-1), feline PIT2 (fePit-2), feline FLVCRI (feFLVCR1), human FLVCRI (hFLVCR1), or human
FLVCR2 (hFLVCR2) was expressed in MDTF cells under G418 selection. The pooled G418-resistant cells were tested in the viral infection assay using the indicated viruses. Titers were
determined from three experiments with X-Gal staining. —, infection titer of 0; +, 1 to 10° IU/ml; ++, 10® to 10° IU/ml. ND, not done. Ampho-MLV, amphotropic MLV.

env gene changed its receptor to that of porcine endogenous ret-
rovirus A (PERV-A) (28), but the host range of PERV-A differs
from that of TG35-2 (28, 29), and PERV-A isolated from PK15

(data not shown). A mutagenesis analysis confirmed that subtle
changes in the VRA altered the interference patterns of the
TG35-2 and FeLV-A phenotypes, but some of these Env mutants

cells (30) did not interfere with FeLV 33TGE2 in HEK293T cells  did not infect AH927 cells (Fig. 2B), although they expressed the
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FIG 2 Determination of the amino acids in the Env protein that are required for the TG35-2 phenotype and the host range of FeLV 33TGE2. (A) The indicated mutant
FeLV env genes, constructed in either the TG35-2 or TG35-4 env gene, were generated with site-directed mutagenesis or recombination of the VRA in the pFUAss vector
(7). The env sequences other than the VRA, derived from TG35-2 or TG35-4 env, are described at right. (B) GPLac cells were transfected with the indicated FeLV env genes
inserted into the pFUAss expression vector. Supernatants were passed through 0.45-pum filters and used for infection assays in AH927 cells, AH927/FeLV-A (clone 33)
cells, and AH927/33TGE2 cells. Titers were determined with X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside) staining (7). The data shown are the averages
from several independent experiments, with their standard errors. (C) Replication-competent virus or its LacZ-encoding pseudovirus, produced by the transfection of
293Lac cells (HEK293T cells stably containing a LacZ-encoding retroviral vector) with either FeLV-A clone 33 or the FeLV 33TGE2 plasmid, was used for the infection
assay. The indicated target cells were used to determine the host ranges of the viruses. Titers were determined with X-Gal staining. —, zero infection titer; +, 10" to 10
1U/ml; ++, 10 to 10° IU/ml; +++, >10° IU/ml. The data shown are the averages from three independent experiments.
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Env protein, as demonstrated with Western blotting (data not
shown). Artificial mutation of the FeLV env gene may not alter its
receptor. However, subtle mutation of the env gene may predis-
pose the virus to enhanced replication in vivo and subsequent
conversion to different FeLV subgroups (31, 32, 33). We also
found an intermediary between the env genes of FeLV-A and
FeLV-B (16). Therefore, the emergence of a novel FeLV subgroup
may be mediated by intermediaries arising through several steps,
possibly under selection pressure from cats (e.g., by vaccination).

We propose that FeLV-E is a novel interference subgroup of
FeLV.

Nucleotide sequence accession numbers. The sequences re-
ported here have been deposited in DDBJ/EMBL/GenBank under
accession numbers LC029807 and LC029808.
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