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The outcome of feline leukemia virus (FeLV) infection in nature is variable, including malignant, prolifer-
ative, and degenerative disorders. The determinants of disease outcome are not well understood but are
thought to include viral, host, and environmental factors. In particular, genetic variations in the FeLV long
terminal repeat (LTR) and SU gene have been linked to disease outcome. FeLV-945 was previously identified
as a natural isolate predominant in non-T-cell neoplastic and nonneoplastic diseases in a geographic cohort.
The FeLV-945 LTR was shown to contain unique repeat elements, including a 21-bp triplication downstream
of the enhancer. The FeLV-945 SU gene was shown to encode mutational changes in functional domains of the
protein. The present study details the outcomes of infection with recombinant FeLVs in which the LTR and
envelope (env) gene of FeLV-945, or the LTR only, was substituted for homologous sequences in a horizontally
transmissible prototype isolate, FeLV-A/61E. The results showed that the FeLV-945 LTR determined the
kinetics of disease. Substitution of the FeLV-945 LTR into FeLV-A/61E resulted in a significantly more rapid
disease onset but did not alter the tumorigenic spectrum. In contrast, substitution of both the FeLV-945 LTR
and env gene changed the disease outcome entirely. Further, the impact of FeLV-945 env on the disease outcome
was dependent on the route of inoculation. Since the TM genes of FeLV-945 and FeLV-A/61E are nearly
identical but the SU genes differ significantly, FeLV-945 SU is implicated in the outcome. These findings
identify the FeLV-945 LTR and SU gene as determinants of disease.

Feline leukemia virus (FeLV) is a naturally occurring gam-
maretrovirus of the domestic cat. FeLV is endemic in free-
roaming urban domestic cats, serological survey of which
shows that at least 50% of adult animals have been infected
(27). The disease outcome of natural FeLV infection is vari-
able and rather unpredictable. Among persistently infected
animals, the majority succumb to degenerative diseases, in-
cluding anemia or immunodeficiency; however, a substantial
minority develop neoplastic or proliferative diseases, including
lymphoma, leukemia, or myeloproliferative disorder (18, 26).
The determinants of disease outcome in natural FeLV infec-
tion have not been clearly defined but probably involve a com-
bination of host, viral, and environmental factors. While there
is little doubt that the genetic heterogeneity of the outbreeding
mammalian host exerts an influence on disease outcome, the
genetic heterogeneity of FeLV in nature clearly has an impact
as well. Like other natural retrovirus populations, FeLV is not
a single genomic species but represents a family of closely
related viruses. Four natural subgroups of FeLV (A, B, C, and
T) have been described on the basis of sequence differences in
the surface glycoprotein (SU) and on receptor interactions

required for entry (20). Subgroup A FeLV (FeLV-A) includes
the ecotropic, weakly pathogenic viruses that are horizontally
transmitted in nature. Infection with FeLV-A is associated
with prolonged, asymptomatic persistent infection that may
lead to malignant lymphoma, typically of T-cell origin. For
example, experimental infection with FeLV-A/61E in several
studies induced thymic lymphoma in some animals after pro-
longed latency for up to 2 years (22, 25, 28), but other animals
remained healthy for even longer periods of observation (25).
FeLV-A is present in all natural infections and gives rise to the
other subgroups by envelope (env) gene mutation, insertion, or
recombination events de novo (19, 20, 34). FeLV-B is a poly-
tropic virus that arises by recombination with endogenous
FeLV-related sequences (34, 35). The disease association of
FeLV-B infection remains unclear; however, FeLV-B is un-
usually common in animals with lymphoid malignancy and thus
may be linked to the induction of that disease (14, 36). FeLV-C
is also a polytropic virus that arises by mutation in the SU gene.
FeLV-C is strongly associated with aplastic anemia in infected
animals (19). FeLV-T has recently been classified and includes
T-cell-tropic cytopathic viruses that cause lymphoid depletion
and fatal immunodeficiency disease in infected cats (20, 21,
29). FeLV-T evolves from FeLV-A by mutation and insertion
in the SU gene (9, 12). The association of particular outcomes
with FeLV subgroups as described above suggests that the
nature of the virus isolate is the major disease determinant in
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FeLV infection. In fact, in the case of anemia or immunode-
ficiency induced by FeLV-C or FeLV-T, the genetic regions
responsible for directing disease outcome have been localized
to mutations or insertions in the FeLV SU gene (9, 12, 13, 19).
By comparison, the viral determinants of neoplastic disease
have not been as clearly defined.

We recently examined FeLV genetic variation in diseased
tissues from naturally infected cats in a geographic and tem-
poral cohort (6). The cohort included animals diagnosed upon
necropsy with thymic lymphoma, multicentric lymphoma, my-
eloproliferative disorder, mast cell leukemia, or anemia. Thy-
mic lymphomas from the cohort were shown to contain provi-
ral DNA with tandemly repeated transcriptional enhancer
sequences in the long terminal repeat (LTR), as described by
others from similar tumors (17, 19, 30). The lengths and ter-
mini of LTR enhancer duplications were observed to vary
among the natural tumors while uniformly conserving LVb/Ets
and CORE binding sites. Regardless of length, enhancer du-
plications in the LTR conferred little transcriptional advantage
as measured in reporter gene assays (6). In non-T-cell malig-
nant, proliferative, and degenerative diseases, the predominant
LTR species contained a single transcriptional enhancer ele-
ment followed downstream by a 21-bp sequence triplicated in
tandem (6). This unique LTR, characteristic of a prototype
isolate from the cohort previously designated FeLV-945 (2,
16), was shown to confer a replicative advantage on the virus in
a manner dependent on the 21-bp triplication (24). Recent
analysis revealed that the 21-bp triplication encodes binding
sites across the repeat junctions for the transcription factor
c-Myb, that the triplication-containing LTR is responsive to
c-Myb, and further, that c-Myb in complex with the 21-bp
triplication recruits the transcriptional coactivator, CBP, to the
FeLV-945 LTR (10). The unique transcription factor complex
that forms on the FeLV-945 LTR may be responsible for the
utilization of a novel set of common insertion sites in the
induction of lymphoma (2, 15, 16). Analysis of the FeLV-945
SU gene also demonstrated it to be unique in sequence; spe-
cifically, FeLV-945 SU was shown to be most closely related to
FeLV-A, but it also contained several point mutations in the
functional domains VRA, VRB, and PRR. Despite the se-
quence differences, measurements of receptor utilization al-
lowed the assignment of FeLV-945 to subgroup A (5). Initial
studies of the impact of the FeLV-945 elements on pathogen-
esis in cats demonstrated that substitution of the FeLV-945
LTR into prototype FeLV-A/61E did not alter the tumorigenic
spectrum of that virus; however, substitution of the FeLV-945
LTR and env gene into FeLV-A/61E altered the disease spec-
trum entirely from thymic lymphoma of T-cell origin to a
non-T-cell multicentric lymphoma (5). The present study de-
tails the pathogenesis and disease outcome following infection
with those recombinant viruses compared to contemporary
controls infected with FeLV-A/61E. The results show that the
kinetics of tumor induction is determined by the unique FeLV-
945 LTR while the tumor spectrum is determined by the
FeLV-945 SU protein.

MATERIALS AND METHODS

Preparation of virus stocks and in vivo challenge. Recombinant infectious
FeLV proviruses in which the FeLV-945 LTR and env gene, or the FeLV-945
LTR only, was substituted for homologous sequences in FeLV-A/61E were

constructed as previously described (5). The recombinants were designated 61E/
945SL and 61E/945L, respectively (Fig. 1). To prepare infectious viral stocks,
plasmid DNA containing the proviral genome of FeLV-A/61E, 61E/945SL, or
61E/945L was introduced by transfection into feline embryonic fibroblasts. Three
weeks later, culture supernatants were harvested, passaged through a 0.22-�m-
pore-size filter, and concentrated 16-fold using Centriprep centrifugal filter units
(Millipore Corp., Billerica, Mass.). The titer of each virus stock was determined
by quantifying the 50% tissue culture infectious dose (TCID50). For this purpose,
feline embryonic fibroblasts seeded at a density of 5 � 103 per well in 24-well
culture dishes were challenged with threefold serial dilutions of each stock in
quadruplicate wells in the presence of hexadimethrine bromide (Sigma-Aldrich,
St. Louis, Mo.) at 8 �g/ml. After 48 h, the cells were washed twice with Hanks’
balanced salt solution and were maintained for 1 month. At that time, 50 �l of
supernatant from each well was assayed by antigen capture enzyme-linked im-
munosorbent assay (ELISA) (Synbiotics Corp., San Diego, Calif.) for the pres-
ence of FeLV p27Gag antigen. The TCID50 was defined as the lowest dilution of
the virus stock that resulted in infection in 50% of the wells.

Specific-pathogen-free pregnant dams were obtained from Liberty Labs, Inc.,
New Jersey. Within the first 24 h postpartum, neonatal kittens were inoculated
intraperitoneally (i.p.) with infectious virus particles or intradermally (i.d.) with
plasmid DNA. For intraperitoneal inoculation, kittens were injected with 5 � 105

TCID50 of FeLV-A/61E, 61E/945SL, or 61E/945L in a volume of 0.5 ml. For
intradermal inoculation, kittens were inoculated with 50 �g of plasmid DNA
encoding the 61E/945SL provirus combined with 0.40 mg of a cationic lipid
compound (DOTAP; Roche Applied Science, Indianapolis, Ind.) in a final vol-
ume of 0.6 ml of HEPES-buffered saline. The DNA-DOTAP mixture was inoc-
ulated intradermally into five sites over the dorsal thorax and thighs as described
by others (22).

Longitudinal monitoring of infection and disease progression. Infected ani-
mals were observed by daily monitoring and biweekly physical examinations for
evidence of disease, including progressive weight loss, anorexia, diarrhea, dehy-
dration, pallor, inactivity, or debilitation. One animal served as an age-matched
uninoculated control and was housed in a separate room. Peripheral blood was
collected from each animal every 2 weeks for the first year and every 8 weeks
thereafter and was submitted for complete blood count (Anilytics, Inc., Gaith-
ersburg, Md.). Upon evidence of disease, animals were euthanized by intrave-
nous barbiturate overdose (Beuthanasia-D; Schering Plough Animal Health,
Union, N.J.) and submitted for complete necropsy and histopathological exam-
ination. At necropsy, diseased and normal tissues were collected for formalin
fixation, for freezing at �80°C, and for the long-term storage of viable tumor
cells at �80°C in 90% fetal bovine serum (FBS) with 10% dimethyl sulfoxide.

FeLV viremia was detected in blood samples by ELISA (Synbiotics Corp., San
Diego, Calif.) for the detection of p27Gag antigen. For precise quantitation of
p27Gag antigen in serum, an ELISA protocol was developed by Custom Mono-
clonals International (West Sacramento, Calif.) as follows. Immulon 2HB mi-
crotiter plates (Thermo Electron Corp., Milford, Mass.) were coated overnight at
room temperature with anti-FeLV p27 capture antibody CM2 (Custom Mono-
clonals International, West Sacramento, Calif.) in phosphate-buffered saline
(PBS) at 0.5 �g/well and were then washed twice in PBS with 0.5% Tween 20.
Serum samples were added to each well at doubling dilutions of 1:2 to 1:128 in
B3T buffer (0.88% [wt/vol] NaCl, 0.79% [wt/vol] Tris-HCl, 0.03% [wt/vol]
EDTA, 2% [wt/vol] bovine serum albumin, 3.3% fetal bovine serum, 0.07%
Tween 20, and 1% thimerosal [2% solution]). Purified FeLV p27 antigen (Cus-
tom Monoclonals International, West Sacramento, Calif.) was used as a standard
on each microtiter plate by adding it to duplicate wells in doubling dilutions

FIG. 1. Diagram of recombinant FeLV proviruses constructed by
substituting the envelope gene and/or the LTR of FeLV-945 for ho-
mologous sequences in FeLV-A/61E as previously described (5).
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between 250 ng/ml and 2 ng/ml. After incubation for 45 min at room tempera-
ture, the wells were washed three times in PBS with 0.5% Tween 20. The
biotin-tagged anti-FeLV p27 probe antibody, CM1 (Custom Monoclonals Inter-
national, West Sacramento, Calif.) was then added at 0.5 �g/well. After incuba-
tion for 45 min at room temperature, the wells were washed three times in PBS
with 0.5% Tween 20, and streptavidin-horseradish peroxidase (BD Biosciences,
San Jose, Calif.) was added at a dilution of 1:1,000 in B3T buffer. After incuba-
tion for 45 min at room temperature, the wells were washed three times in PBS
with 0.5% Tween 20, and a chromogenic substrate solution was added containing
0.4 mg/ml of o-phenylenediamine dihydrochloride (Sigma-Aldrich, St. Louis,
Mo.) in 0.05 M phosphate citrate buffer (pH 5.0). After a 6-minute incubation,
the reaction was stopped with 3 N HCl and analyzed by quantifying the optical
density at 492 nm using an automated ELISA plate reader. FeLV p27Gag antigen
in each serum sample was thereby quantified by comparison to a standard curve
generated in parallel on each microtiter plate.

Southern blot analysis of genomic DNAs from tumor samples. High-molecu-
lar-weight DNA was isolated from tumors, and Southern blot analysis was per-
formed as previously described (2). For analysis of the beta chain gene of the
murine T-cell receptor (TCR-�) locus, 8 �g of DNA was digested with HincII
and hybridized to probe 86T5, a 600-bp EcoRI fragment from the murine TCR-�
cDNA. For analysis of recombinant FeLV-B proviruses, 8 �g of DNA was
digested with KpnI and hybridized to probe B/S, a Sau3A fragment from the env
gene of FeLV-B/Gardner-Arnstein (35).

Immunophenotypic analysis of tumor cells. For analysis of surface phenotype
by flow cytometry, tumor cells (1 � 105 to 5 � 105 per assay) were suspended in
200 �l of ice-cold standard azide buffer (SAB) with FBS (1% [wt/vol] FA Bacto
Buffer, 0.1% [wt/vol] NaN3, 1% heat-inactivated fetal bovine serum). Primary
antibody (1 �g per assay) was added to the cells and incubated on ice for 60 min.
When secondary antibody was required, cells were washed and resuspended in
SAB with FBS, followed by addition of secondary antibody (1 �g per assay) and
incubation for 30 min on ice. The cells were then washed twice and resuspended
in 500 �l of SAB without serum for analysis. The antibodies used were as follows:
fluorescein isothiocyanate-conjugated mouse anti-feline CD4 monoclonal anti-
body (3-4F; Southern Biotechnology, Birmingham, Ala.), phycoerythrin-conju-
gated mouse anti-feline CD8 monoclonal antibody (fCD8; Southern Biotechnol-
ogy, Birmingham, Ala.), phycoerythrin-Cy5-conjugated rat anti-mouse CD45R/
B220 monoclonal antibody (RA3-6B2; BD Biosciences, San Jose, Calif.), mouse
anti-FeLV monoclonal antibody (C11D8; Custom Monoclonal Antibodies Inter-
national, West Sacramento, Calif.), and fluorescein isothiocyanate-conjugated
goat anti-mouse immunoglobulin G (IgG) polyclonal secondary antibody (South-
ern Biotechnology, Birmingham, Ala.). Mouse IgG1(�) and rat IgG2a(�) isotype
control antibodies (Southern Biotechnology, Birmingham, Ala.) were also used.
The cells were analyzed on a Becton Dickinson FACSCalibur flow cytometer and
interpreted with BD Biosciences CELLQuest Pro Software. Forward and side
scatter characteristics were used to measure cell size and density, respectively, for
the purpose of gating out cell debris. FeLV-infected feline 3201 T-lymphoid cells
(CD4� CD8� FeLV�) were used for electronic compensation for spectral over-
lap of the fluorochromes.

Formalin-fixed paraffin-embedded sections (5 �m thick) from lymphomas
were also examined by immunohistochemical staining using the following mouse
monoclonal antibodies for the primary stain: (i) clone CM7 directed against
feline IgM (Custom Monoclonal Antibodies International, West Sacramento,
Calif.), (ii) clone JCB117 directed against human CD79a (DakoCytomation,
Carpinteria, Calif.), and (iii) clone C11D8 directed against FeLV SU protein
(Custom Monoclonal Antibodies International, West Sacramento, Calif.). Re-
activity to primary antibodies was detected using an avidin-biotin complex en-
zyme technique (Vectastain ABC kit; Vector Laboratories, Burlingame, Calif.),
followed by the addition of diaminobenzidine as a peroxidase substrate. Sections
were counterstained with Mayer’s hematoxylin for visualization. As controls,
duplicate sections were processed without primary antibody.

PCR amplification of FeLV env gene and LTR sequences from tumor DNA.
FeLV env gene and LTR sequences were amplified from tumor DNA by PCR
using primers H18 (5� ACA TAT CGT CCT CCT GAC CAC 3�) and H20 (5�
GAA GGT CGA ACT CTG GTC AAC T 3�), which recognize, respectively,
sequences in the pol gene upstream of the env gene start codon and sequences in
the U3 region of the 3� LTR that are conserved among exogenous FeLVs (7). To
ensure high fidelity of amplification products, PCR was performed using Pfu
DNA polymerase-based enzyme mixes (Expand High Fidelity PCR System
[Roche Applied Science, Indianapolis, Ind.] and Herculase Hotstart DNA poly-
merase [Stratagene, La Jolla, Calif.]). Multiple amplifications were performed
from each DNA sample, and the predominant products were cloned into TA
cloning vectors, pCR2.1 (Invitrogen Corp., Carlsbad, Calif.) or pGEM-T Easy
(Promega Corp., Madison, Wis.).

Nucleotide sequence accession numbers. Three to five clones from each DNA
sample were submitted for automated nucleotide sequence analysis. The results
were submitted to GenBank (accession numbers AY706341 to AY706357 for SU
sequences and AY706360 to AY706380 for LTR sequences).

RESULTS AND DISCUSSION

To study the influence of the distinctive sequence elements
of FeLV-945 on pathogenesis, recombinant infectious FeLV
proviruses were constructed in which the envelope gene (env)
and LTR of FeLV-945 were substituted for homologous se-
quences in FeLV-A/61E or in which only the FeLV-945 LTR
was substituted. These recombinant FeLVs were designated
61E/945SL and 61E/945L, respectively (Fig. 1). Four neonatal
kittens born to an FeLV-free dam were inoculated intraperi-
toneally with 5 � 105 particles (TCID50) of FeLV-61E/945SL
within the first 24 h after birth. FeLV-free litters of five or four
neonatal animals were similarly inoculated with FeLV-61E/
945L or FeLV-A/61E, respectively (Table 1). At regular inter-
vals thereafter, viremia was measured by antigen capture
ELISA for the major capsid protein p27Gag in peripheral
blood. By this measure, persistent viremia was detected in all
animals beginning at 2 to 4 weeks postinoculation. Since the
kittens were housed together with the dam until weaning at 8
weeks of age, the possibility of horizontal transmission to the
dam was also examined by ELISA. Viremia was never detected
in the dam of the litter infected with FeLV-A/61E, but a
self-limiting viremia was observed in the dam of kittens inoc-
ulated with 61E/945L beginning at week 5 and lasting for 1
month. In the dam of animals inoculated with 61E/945SL,
viremia was first detected beginning at week 6 and has per-
sisted throughout the course of the study, now ongoing for �82
weeks.

Previous studies had shown that the FeLV-945 LTR confers
a replicative advantage on the virus in cultured cells (6, 24). To
test the prediction that the FeLV-945 LTR may similarly con-
fer a replicative advantage in vivo, FeLV p27Gag was quantified
by ELISA in serum samples collected serially during the first
16 weeks of infection. The results showed that mean serum
antigen levels for all challenge groups were highest during the
first 4 weeks of infection and then declined. Through 16 weeks
of infection, measurements of antigenemia in peripheral blood
were statistically indistinguishable among the challenge groups
(Fig. 2). Thus, if the FeLV-945 LTR confers a replicative
advantage in vivo, it is not apparent as elevated virus load in
peripheral blood. A possibility as yet untested is that differ-
ences in FeLV antigen levels among the challenge groups may
be evident in target tissues for transformation or in other
infected tissues. Peripheral blood collected from infected ani-
mals at regular intervals during the course of disease was also
submitted for complete blood count. Examination of hemo-
grams revealed a significant depression in the number of cir-
culating red blood cells and segmented neutrophils during the
first 4 weeks postinoculation, particularly in animals infected
with FeLV-A/61E or 61E/945L. By 8 weeks postinoculation,
the numbers of these cells in peripheral blood had recovered to
normal levels (Fig. 3). In animals infected with 61E/945SL, a
significant lymphocytosis was observed in peripheral blood
early in infection beginning at 8 weeks postinoculation and
persisting for at least 1 month (Fig. 3). Other studies of natu-
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rally and experimentally infected cats have also associated the
acute stages of FeLV infection with a transient anemia, lym-
phopenia, or atypical lymphocytosis and neutropenia (31-33).

The kinetics of disease induction were distinct among the
challenge groups. Kaplan-Meier survival estimates and analysis
of the data by the log-rank test demonstrated that 61E/945L
and 61E/945SL induced diseases with indistinguishable kinet-
ics but that both induced disease significantly more rapidly
than did FeLV-A/61E (P 	 0.03) (Fig. 4). Of four animals
infected with FeLV-A/61E, one succumbed to lymphoma at 68
weeks postinoculation. The three remaining animals have
demonstrated persistent viremia as measured by ELISA for
p27Gag in peripheral blood (data not shown) but have shown
no signs of disease throughout the course of the study, ongoing
now for �82 weeks (Table 1). These observations are consis-

tent with previous studies demonstrating FeLV-A/61E to be a
weakly pathogenic virus. Experimental infection with FeLV-A/
61E has been associated with the induction of thymic lym-
phoma in some animals after prolonged latency for up to 2
years (22, 25, 28), but other infected animals have remained
healthy in studies that continued for as long as 812 days (25).
By comparison, animals infected with 61E/945L succumbed to
disease between 26 and 57 weeks postinoculation (average, 47
weeks), and those infected with 61E/945SL succumbed to dis-
ease between 38 and 72 weeks postinoculation (average, 50
weeks) (Table 1). 61E/945L and 61E/945SL have in common
the FeLV-945 LTR (Fig. 1), thus implicating its unique 21-bp
triplication as a potential disease determinant. Previous studies
have shown that the unique 21-bp triplication in the FeLV-945
LTR provides transcriptional enhancer function to the LTR,
modulates LTR transcriptional activity, and confers a replica-
tive advantage in a cell-type-specific manner (3, 6, 24). These
observations suggest that the FeLV-945 LTR may act in patho-
genesis by increasing virus replication in target tissues for
transformation and/or by more efficiently activating expression
of cellular oncogenes relevant to disease induction.

The disease outcomes among the challenge groups were also
distinct (Table 1). In the single animal to have succumbed to
FeLV-A/61E infection to date, and in all animals infected with
61E/945L, necropsy revealed a large thymic tumor that occu-
pied most of the chest, compressed the lungs, and extended
through the thoracic inlet, causing compression on the esoph-
agus and surrounding tissues. Southern blot analysis of tumor
DNA from each case demonstrated clonal rearrangement of
the TCR-� locus; thus, all tumors induced by FeLV-A/61E or
61E/945L were identified as lymphomas of T-cell origin (rep-
resentative data are shown in Fig. 5). Flow cytometric analysis
of tumor cells demonstrated surface phenotypes characteristic
of immature thymocytes, e.g., CD4� CD8� (cats O4 and O23)
or CD4� CD8� (cat O26). One case (cat O27) was character-

FIG. 2. Quantitation of FeLV p27Gag antigen in peripheral blood
of animals infected with FeLV-A/61E (61E), 61E/945L (945L), or
61E/945SL (945SL). Peripheral blood was collected at 4, 8, 12, and 16
weeks postinoculation. For each sample, the amount of FeLV p27Gag

antigen was determined in quadruplicate by ELISA. Shown are the
mean and standard error at each timed collection.

TABLE 1. Summary of inocula, routes of infection, survival times, and disease outcomes in cats inoculated with FeLV or infectious
recombinant viruses

Animal Inoculuma Routeb
Initial detection

of viremiac

(weeks p.i.)

Survival time
(weeks p.i.) Disease outcome

O3 FeLV-A/61E i.p. 2 �82 No disease symptoms
O4 FeLV-A/61E i.p. 4 68 Thymic lymphoma
O5 FeLV-A/61E i.p. 4 �82 No disease symptoms
O6 FeLV-A/61E i.p. 2 �82 No disease symptoms
O23 61E/945L i.p. 4 51 Thymic lymphoma
O24 61E/945L i.p. 2 55 Thymic lymphoma
O25 61E/945L i.p. 2 57 Thymic lymphoma
O26 61E/945L i.p. 2 48 Thymic lymphoma
O27 61E/945L i.p. 2 26 Thymic lymphoma
N89 61E/945SL i.p. 2 72 Uncharacterized
N90 61E/945SL i.p. 2 42 Multicentric lymphoma
N91 61E/945SL i.p. 2 38 Multicentric lymphoma
N92 61E/945SL i.p. 4 49 Multicentric lymphoma
N65 61E/945SL i.d.d 6 49 Thymic lymphoma
N67 61E/945SL i.d. 8 33 Thymic lymphoma

a Neonatal animals were inoculated with FeLV-A/61E or with recombinant virus in which the FeLV-945 LTR, or the FeLV-945 LTR and env gene, was substituted
for homologous sequences in FeLV-A/61E. The recombinant viruses were designated 61E/945L and 61E/945SL, respectively.

b Animals were inoculated i.p. with a whole-virus inoculum or i.d. with plasmid DNA encoding infectious provirus.
c FeLV viremia was determined by ELISA from blood samples collected every 2 weeks after inoculation.
d Five additional littermates were inoculated intradermally with 61E/945SL but did not become viremic. These animals were euthanized at 12 weeks postinoculation

and are not included in Table 1.
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ized as predominantly CD4� CD8�, and another (cat O25)
was of mixed phenotype, including CD4� CD8� (65%), CD4�

CD8� (23%), and CD4� CD8� (12%) (representative data
are shown in Fig. 6). In all cases, tumor cells were shown to
express FeLV SU protein on the surface as measured by re-
activity to the anti-SU monoclonal antibody, C11D8 (Fig. 6).
These findings are consistent with other studies showing that
FeLV-A/61E typically induces thymic lymphoma of T-cell or-
igin after prolonged latency and that tumor cells exhibit the
surface phenotype of immature thymocytes (22, 28). The find-
ings further demonstrate that substitution of the FeLV-945
LTR into FeLV-A/61E did not alter the tumorigenic spectrum.

In contrast, 61E/945SL-infected animals succumbed to disease
with relatively rapid kinetics but in no case developed T-cell
lymphoma of the thymus. Rather, as recently reported (5),
three 61E/945SL-infected animals succumbed between 38 and
49 weeks postinoculation to a multicentric lymphoma that in-
volved multiple organs, including liver, kidney, and lungs, but
excluded the thymus (Table 1). Southern blot analysis of DNAs
from those tumors revealed the TCR-� locus to be in germ line
configuration, indicative of non-T-cell origin (Fig. 5). Consis-
tent with these findings, flow cytometric analysis demonstrated
the absence of CD4 or CD8 expression on the surfaces of
tumor cells (data not shown). Rather, flow cytometry demon-
strated high levels of expression of CD45R/B220, indicative of
B-cell origin of the tumors. Surface expression of FeLV SU
protein was also demonstrated (Fig. 6). The origin of the lym-
phoma from cat N91 was confirmed by immunohistochemical
analysis demonstrating abundant expression of a second B-cell
marker, CD79a. Surface IgM expression was also apparent on
a fraction of tumor cells (Fig. 7). In addition, immunohisto-
chemical analysis confirmed the expression of FeLV SU pro-
tein by the majority of tumor cells (Fig. 7). FeLV-induced
B-cell lymphomas are relatively uncommon; however, a previ-
ous analysis demonstrated FeLV expression in only one of six
B-cell tumors examined (26). Thus, the lymphomas induced by
61E/945SL are unusual with respect to the B-cell origin and the
abundant expression of FeLV. One 61E/945SL-infected ani-
mal, cat N89, survived significantly longer than its littermates
but succumbed to disease at 72 weeks postinoculation (Table
1). Cat N89 showed severe lymphocytopenia beginning from
week 41 postinoculation and throughout the remainder of the
disease course. During this period, the lymphocyte count var-
ied between 0.65 � 103 and 1.3 � 103 per �l compared to
normal limits of 1.5 � 103 to 7.0 � 103 per �l. Necropsy
revealed normal thymus, liver, and spleen. The lungs appeared
generally healthy, but small nodular lesions were observed. A
mesenteric lymph node was significantly enlarged, but other
lymph nodes appeared normal. While the disease presentation
was clearly distinct from 61E/945L-induced thymic lymphoma,
the disorder present in cat N89 remains to be characterized in

FIG. 3. Cell counts in peripheral blood of animals infected with
FeLV-A/61E (61E), 61E/945L (945L), or 61E/945SL (945SL) and in
an age-matched uninfected control (uninf). Peripheral blood was col-
lected at 4, 8, 12, and 16 weeks postinoculation. Shown are the mean
and standard error of red blood cell (Rbc), segmented (Seg) neutro-
phil, and lymphocyte counts at each timed collection. Dashed horizon-
tal lines demarcate the normal levels of each cell count in the periph-
eral blood of cats (Anilytics, Inc., Gaithersburg, Md).

FIG. 4. Kaplan-Meier survival estimates for animals inoculated in-
traperitoneally with FeLV-A/61E (61E), 61E/945L (945L), or 61E/
945SL (945SL). The log-rank test showed a significant difference be-
tween survival rates of FeLV-A/61E-infected cats and those infected
with 61E/945L or 61E/945SL (P 	 0.03).
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detail. Overall, the distinct disease outcome in cats infected
with 61E/945SL compared to 61E/945L implicates the FeLV-
945 env gene as a determinant of the disease spectrum. Recent
analysis of the FeLV-945 env gene demonstrated that the SU
protein differs significantly from FeLV-A/61E across func-
tional domains, although the TM genes are nearly identical (5).
These observations specifically implicate FeLV-945 SU as a
determinant of disease in 61E/945SL-infected cats.

In parallel studies, 61E/945SL was introduced into FeLV-
free neonatal cats by intradermal inoculation of plasmid DNA
encoding the infectious viral genome. Plasmid DNA (50 �g)
was mixed with a cationic lipid compound and injected intra-
dermally into five sites over the dorsal thoraxes and thighs of
seven neonatal littermates as described by others (7, 22). In
studies by others, FeLV-A/61E plasmid DNA introduced in-
tradermally was shown to establish persistent infection within 4
weeks, leading to a typical thymic lymphoma of T-cell origin in
three of four animals by 66 weeks postinoculation (22). In the
present study, 61E/945SL plasmid DNA was introduced intra-
dermally, and viremia was followed by ELISA for p27Gag in
peripheral blood collected at biweekly intervals thereafter. The
results demonstrated viremia in only two of seven animals
beginning at 6 and 8 weeks postinoculation (Table 1). The level
of viremia was comparable to that in animals inoculated intra-
peritoneally with 61E/945SL (data not shown) but was delayed
in appearance (6 to 8 weeks following intradermal inoculation
versus 2 to 4 weeks following intraperitoneal inoculation).
Viremia was not detected in the remaining animals up to 12
weeks postinoculation, and they were euthanized at that time
without evidence of infection or disease. Thus, it appears that
direct intradermal inoculation of proviral DNA was inefficient
in establishing infection by 61E/945SL, perhaps an indication
that this route did not offer access to the optimal target cells.
The two animals that became persistently infected after intra-
dermal inoculation succumbed to disease at 33 and 49 weeks
postinoculation, a latency period comparable to that in animals
inoculated intraperitoneally. The disease outcome, however,
was entirely distinct. Animals inoculated intradermally pre-

sented at necropsy with large thymic tumors typical of infection
with FeLV-A/61E. Southern blot analysis of tumor DNA dem-
onstrated clonal somatic rearrangement of the TCR-� locus,
thus identifying the tumors as lymphomas of T-cell origin (Fig.
5). These findings demonstrated that 61E/945SL, containing
the env gene and LTR of FeLV-945, is capable of inducing
either T-cell lymphoma or non-T-cell disease, depending on
the route of inoculation. By comparison, it is noteworthy that
FeLV-945 was not identified in T-cell tumors in the natural
cohort from which it was originally isolated. Rather, it was
identified in non-T-cell multicentric lymphomas, as well as in
proliferative and degenerative diseases of non-T-cell origin (2,
6). The most frequent route of exposure to FeLV in nature is
thought to be oronasal contact with infectious saliva; however,
it has been speculated that the parenteral routes used experi-
mentally (e.g., intraperitoneal and intravenous) may mimic the
natural introduction of FeLV in the course of cat bites during
fights or copulation (33). In the present studies, it is remark-
able that intraperitoneal inoculation recapitulated the disease
spectrum of FeLV-945 in nature while intradermal inoculation
did not.

Studies were next performed to determine whether the unique
features of FeLV-945 SU and LTR were conserved in end
stage disease from experimentally infected animals. The 3� end
of proviral DNA was amplified by PCR from tumor samples
using oligonucleotide primers H18 and H20, which recognize,
respectively, sequences in the pol gene upstream of the env
gene start codon and sequences in the U3 region of the 3� LTR
that are conserved among exogenous FeLVs (7). DNA samples
representative of each tumor type were subjected to multiple
independent amplifications, and the predominant products of
each reaction were cloned and sequenced. Amplification prod-
ucts from a thymic lymphoma induced by 61E/945L (cat O27)
contained an SU gene identical to that of FeLV-A/61E across
the VRA, VRB, and PRR coding domains, with five predicted
amino acid substitutions outside those domains. One of those
mutations replaced a histidine residue at position 6 with pro-
line within an SPHQ motif known to be critical for fusion upon

FIG. 5. Southern blot analysis of the TCR-� locus in genomic DNA from tumors induced by infection with FeLV-A/61E, 61E/945L, or
61E/945SL introduced i.p. or with 61E/945SL introduced i.d. DNA samples were digested with HincII and hybridized to a probe representing the
beta chain gene of the murine T-cell receptor (TCR-�). Indicated in each set are the identifying animal number and a control sample from the
liver of an uninfected cat (C). Indicated are the 8.4-kb and 2.9-kb fragments definitive of germ line organization of the feline TCR-� locus (closed
circles) and a polymorphism occasionally detected in the TCR-� locus (arrowhead). A portion of these data was reported previously (5).
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virus entry (Fig. 8A) (4, 37). The identical H6P mutation in
FeLV SU has been reported previously from viruses in natural
and experimentally induced lymphomas (28). These viruses,
like FeLV-T isolates containing the H6 mutation, may require
trans-activation by a soluble cofactor for entry (1, 12). SU
genes isolated from 61E/945SL-induced thymic lymphomas
(cats N65 and N67) were identical to FeLV-945 across the
VRA, VRB, and PRR coding domains and contained four
predicted amino acid substitutions outside those domains. The

SU gene from N65 also contained a 12-nucleotide insertion in
the same region as that previously reported from T-cell cyto-
pathic FeLV isolates 81T and 61C (Fig. 8B) (21, 28, 29). The
insertions in 81T and 61C SU proteins were previously shown
to confer T-cell cytopathic properties on the virus, but intro-
duction of the 81T insertion into FeLV-A/61E rendered the
virus defective for replication. Tissue culture-adapted variants
competent to replicate in feline cells were shown to contain a
compensatory glutamine-to-proline substitution at position 7

FIG. 6. Surface phenotypes of tumor-derived cells from animals inoculated intraperitoneally with FeLV-A/61E, 61E/945L, or 61E/945SL. The
surface expression of CD4, CD8, CD45R/B220, and FeLV SU on tumor cells was quantified by flow cytometry.

FIG. 7. Immunohistochemical analysis of the multicentric lymphoma from cat N91 invading the liver. Shown is immunohistochemical staining
for expression of (left) B-cell marker CD79a, (right) FeLV SU protein, and (center) IgM.
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within the critical SPHQ motif (12). It is intriguing that N65
SU also contained the Q7P substitution (Fig. 8A), perhaps
acquired as a compensatory mutation for the insertion in SU.
SU genes isolated from 61E/945SL-induced multicentric lym-
phomas (cats N90, N91, and N92) were identical in sequence
to FeLV-945 except for the predicted substitution of three
amino acids in the PRR of N90 SU (Fig. 8C). It is not known
what effect this substitution may have on the PRR-mediated
modulation of SU conformation.

Another determinant implicated in FeLV-mediated lym-
phomagenesis is the emergence of FeLV subgroup B (FeLV-B)
viruses that arise de novo during the course of infection.
FeLV-B viruses contain a novel envelope gene derived by
recombination between exogenous FeLV-A and endogenous
FeLV-related sequences in a manner analogous to the gener-
ation of mink cell focus-forming recombinant viruses during
murine leukemia virus infection. In nature, FeLV-B is over-
represented in the diseased tissues of animals with lymphoma
compared to asymptomatic FeLV-infected cats. For these rea-
sons, the emergence of FeLV-B recombinants has been linked
to the induction of malignant disease in infected animals (14,
19, 34). In the present study, the PCR amplification of provirus
sequences from tumor DNA samples yielded only a single
FeLV-B amplification product that was represented in only
one of four clones sequenced from tumor N90 (data not
shown). This observation implies that the generation of
FeLV-B recombinants was a relatively rare event in tumors
induced by 61E/945L or 61E/945SL. It is possible, however,
that some FeLV-B recombinant env genes would not have
been successfully retrieved using our PCR approach because
the binding site for the upstream primer, H18, may have been
altered during the recombination event (21, 28). To evaluate
the frequency with which FeLV-B viruses arose in tumors in
the present study, a Southern blotting approach was used in

which tumor DNA was digested with KpnI and hybridized to a
probe (B/S) specific for the major classes of endogenous FeLV
that serve as substrates for recombination (35). Using this
approach, FeLV-B recombinant proviral DNA can be visual-
ized in genomic DNA as a novel hybridizing fragment of 
3.6
kb, distinct in size from the related endogenous sequences (28,
36). The results of this analysis demonstrated no evidence of
FeLV-B recombinants in T-cell lymphomas induced by 61E/
945L or in multicentric lymphomas induced by 61E/945SL. In
contrast, FeLV-B was readily detected in one of two T-cell
lymphomas induced by intradermal inoculation of 61E/945SL
and in the single T-cell lymphoma resulting to date from in-
fection with FeLV-A/61E (Fig. 9). Thus, while FeLV-B recom-
binants can be detected by this approach, they were apparently
involved infrequently in the generation of lymphomas induced
by virus containing FeLV-945 sequence elements.

LTR sequences were also analyzed in amplification products
from tumors induced by 61E/945L and 61E/945SL. The results
demonstrated that the 21-bp triplication-containing FeLV-945
LTR was conserved in all tumors examined, although several
tumors also contained LTR variants (Fig. 10). For example,
multiple LTR species were detected in the T-cell lymphoma
from animal N65: (i) LTRs with a single enhancer followed by
three copies of the 21-bp sequence, (ii) LTRs with a single
enhancer followed by two copies of the 21-bp sequence, and
(iii) LTRs with duplicated enhancers of various repeat lengths
followed by three copies of the 21-bp sequence. Duplication of
enhancers is typical of the FeLV LTR in lymphomas of T-cell
origin (6, 17, 19), and the generation of enhancer repeats de
novo during the course of disease has been previously reported
(30). Enhancer duplications were 27 or 38 bp in length, in both
of which the LVb and CORE binding sites were conserved.
These findings are consistent with previous reports showing
that LVb and CORE sites, but not necessarily NF-1 or GRE,
are typically duplicated in FeLV LTRs in T-cell lymphomas (6,
11, 23). In contrast, duplication of enhancers was not detected
in T-cell lymphomas from animals O27 and N67; rather, these
tumors contained LTRs with a single enhancer followed by
triplication or quadruplication of the 21-bp repeat element.

FIG. 8. Comparison of the predicted amino acid sequences of por-
tions of the SU protein of FeLV-A/61E (8), FeLV-945 (2), the immu-
nodeficiency-inducing FeLV isolates 61C and 81T (21, 28), and provi-
ral sequences from tumors induced by infection with 61E/945L (cat
O27) or 61E/945SL (cats N65 and N90). The numbers above the
sequence correspond to the amino acid positions of the mature FeLV-
A/61E Env protein (8). Asterisks indicate amino acid identity. Dashes
are included to optimize the sequence alignment, allowing for amino
acid insertions. Shading demarcates an SPHQ motif previously shown
to be critical for fusion events upon virus entry (4, 37).

FIG. 9. Southern blot analysis of FeLV-B proviral DNAs in tumors
induced by intradermal inoculation with 61E/945SL (cats N65 and
N67) or intraperitoneal inoculation with 61E/945L (cat O27), 61E/
945SL (cats N90, N91, and N92), or FeLV-A/61E (cat O4). DNA
samples from the tumor (lanes T) or control uninvolved tissue from the
same animal (lanes C) were digested with KpnI and hybridized to a
Sau3A probe (B/S) derived from the env gene of FeLV-B/Gardner-
Arnstein (35). The presence of recombinant FeLV-B proviral DNA in
tumors from cats N67 and O4 is evident as a novel hybridizing frag-
ment of 
3.6 kb that is distinct from endogenous FeLV-related se-
quences (asterisks).
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These observations are consistent with previous reports that
the 21-bp triplication confers a strong replicative advantage on
the virus in feline T cells (6). Thus, the FeLV-945 LTR may
potentiate induction of T-cell disease even in the absence of a

duplicated enhancer because of the influence of the 21-bp
triplication. Duplication of enhancers was not detected in any
of the multicentric lymphomas induced by 61E/945SL. Rather,
those lymphomas contained LTRs with a single copy of the
enhancer followed by two, three, or four copies of the 21-bp
repeat element. Similar variation in copy numbers of the 21-bp
element was previously reported in diseased tissues of the
natural cohort from which FeLV-945 was originally identified.
In that study, Southern blot analysis was used to demonstrate
that LTRs with variable numbers of 21-bp elements were not
artifacts of PCR amplification but were detectable in genomic
DNA (6).

In summary, the present study examined the influence of the
unique LTR and SU gene of FeLV-945 on pathogenesis in
infected animals. The 21-bp triplication-containing LTR of
FeLV-945 was previously shown to confer a replicative advan-
tage in vitro (6, 24) and was shown in this study to determine
the kinetics of disease induction. Specifically, substitution of
the FeLV-945 LTR for homologous sequences in FeLV-A/61E
resulted in a significantly more rapid induction of disease (Fig.
4). Substitution of the FeLV-945 LTR did not alter the tumor-
igenic spectrum of FeLV-A/61E, but substitution of both the
FeLV-945 LTR and env gene changed the disease outcome
entirely (Table 1). The 61E/945SL recombinant virus con-
tained the entire env gene of FeLV-945; however, the env
genes of FeLV-945 and FeLV-A/61E differ significantly only in
the SU coding sequence (5). Thus, FeLV-945 SU is implicated
in the outcome of 61E/945SL infection. Multicentric lympho-
mas induced by 61E/945SL were shown to express B-cell mark-
ers, as well as FeLV SU (Fig. 6 and 7). While the variable
disease outcome of natural FeLV infection is likely due to both
virus- and host-derived factors, these findings clearly implicate
the FeLV-945 LTR and SU gene as determinants of disease
outcome in infected cats.
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