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To delineate the mechanisms of bovine leukemia virus (BLV) pathogenesis, four full-length BLV clones, 1,
8, 9, and 13, derived from the transformed cell line FLK-BLV and a clone construct, pBLV913, were introduced
into bovine spleen cells by microinjection. Microinjected cells exhibited cytopathic effects and produced BLV
p24 and gp5l antigens and infectious virus. The construct, pBLV913, was selected for infection of two sheep by
inoculation of microinjected cells. After 15 months, peripheral blood mononuclear cells from these sheep
served as inocula for the transfer of infection to four additional sheep. All six infected sheep seroconverted to
BLV and had detectable BLV DNA in peripheral blood mononuclear cells after amplification by polymerase
chain reaction. Four of the six sheep developed altered B/T-lymphocyte ratios between 33 and 53 months
postinfection. One sheep died of unrelated causes, and one remained hematologically normal. Two of the
affected sheep developed B lymphocytosis comparable to that observed in animals inoculated with peripheral
blood mononuclear cells from BLV-infected cattle. This expanded B-lymphocyte population was characterized
by elevated expression of B-cell surface markers, spontaneous blastogenesis, virus expression in vitro, and
increased, polyclonally integrated provirus. One of these two sheep developed lymphocytic leukemia-lymphoma
at 57 months postinfection. Leukemic cells had the same phenotype and harbored a single, monoclonally
integrated provirus but produced no virus after in vitro cultivation. The range in clinical response to in vivo
infection with cloned BLV suggests an important role for host immune response in the progression of virus
replication and pathogenesis.

Bovine leukemia virus (BLV) is a B-cell lymphotropic
retrovirus closely related by genomic organization and disease
progression to human T-cell leukemia (lymphotropic) virus
type I (21, 46, 47, 52). BLV is an important pathogen of cattle,
with rates of infection as high as 50% in U.S. dairy herds (8).
Infection has been associated with reduced productivity, repro-
ductive capacity, and survival rate because of the immune
disturbances associated with disease progression (5). BLV
causes a nonneoplastic, persistent lymphocytosis (PL) in about
30% of infected cattle, and a neoplastic proliferation of B
lymphocytes, enzootic bovine leukosis, in approximately 1% of
infected animals after a 5- to 10-year latent period (19). Sheep
are susceptible to experimental infection with BLV and have
an increased rate and frequency of lymphoma (17, 22), fre-
quently preceded by lymphocytosis (14, 16).

BLV-infected animals develop a persistent, high-titered
antibody response to all viral proteins without apparent vire-
mia (12). This suggests that viral antigens are presented to B
cells in an efficient manner (25, 50). The B cells of animals with
PL are activated, cycling cells with elevated levels of surface
immunoglobulin (slg) and class II major histocompatibility
complex antigens (MHC It) (20, 4(0). Peripheral blood mono-
nuclear cells (PBMC) of animals with PL have increased rates
of spontaneous DNA synthesis (41, 60). BLV expression
occurs rapidly following in vitro incubation of infected PBMC
and is enhanced by mitogenic stimulation, providing further
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evidence that B-cell activation is associated with viral replica-
tion and that it may play a role in disease progression (2, 16, 19,
33, 35, 44).
The BLV provirus contains a regulatory X region, located

between the env region and the 3' long terminal repeat (LTR)
(47, 51) with several open reading frames. Two regions encode
the Tax protein, a trans-acting transcriptional activator, and the
Rex protein, a promoter of viral structural proteins (9, 47, 48,
51). Virus transcription in vivo is severely restricted through-
out infection (33, 35), but amplification of reverse-transcribed
mRNA has been used to detect viral transcripts (31). The
tax/rex mRNA is the only message consistently present at all
stages of disease (24). Two additional BLV mRNAs, corre-
sponding to X-region open reading frames, XBL-III and
XBL-IV, have been identified in low abundance in infected
animals (1). BLV regulatory proteins are important to virus
replication and may have a role in tumorigenesis.

Molecular clones of BLV have been shown to induce
syncytia and produce infectious virus in vitro (30) and have
been transfected directly into sheep to establish infection (57,
58). BLV from experimentally infected fetal lamb kidney cells
(FLK-BLV) (55) has been used to infect and to induce
lymphosarcoma in sheep (29). The four full-length BLV pro-
viruses in FLK-BLV cells (designated 1, 8, 9, and 13) have
been cloned and used to characterize the BLV LTR as a cell
type-specific promoter, active only in productively infected
cells (11). Transcriptional utilizations of the LTRs of the four
clones were similar. A plasmid subclone, pBLV913, con-
structed from clones 9 and 13, has been used for the delinea-
tion of BLV trans-acting factors (9, 10).

In the current study, we have characterized the activity of the
previously cloned FLK-BLV proviruses and pBLV913 in vitro.
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TABLE 1. Summary of in vivo infections

Sheep no. Mo p.i. Inoculum

41, 84 57 BESP-913 cells
LI. L2 42 PBMC from sheep 41
L3, L4 42 PBMC from sheep 84
3, 5 70 PBMC from BLV+ cow with PL
94 44 Uninfected bovine adherent PBMC

Further, pBLV913 was used to infect sheep and induce dis-
ease. This model provides a system to elucidate differences in

the viral genome versus the host response which could be
specifically associated with disease induction.

MATERIALS AND METHODS
Cell culture. FLK-BLV cells and primary bovine embryonic

spleen (BESP) cells were cultured in Dulbecco's minimum
essential medium supplemented with 10% fetal calf serum and
L-glutamine.

Preparation of molecular clones. The isolation of full-length
BLV clones from FLK-BLV cells was described previously
(11). The plasmid subclone, pBLV913, consists of the 5' EcoRI
fragment of clone 9 and the 3' EcoRI fragment of clone 13 with
400 bp of 5' cellular flanking sequence and 3 bp of 3' flanking
sequence cloned into Kpnl-modified PvuII sites of pUC9 (9).

Microinjection of BESP cells. Microinjection was performed
by a modified version of the technique of Diacumakos (13) as
previously described (3). BESP cells were seeded at 10" cells
per 60-mm dish and grown overnight prior to injection.
Lambda DNAs were purified on cesium gradients and quanti-
tated spectrophotometrically. Ten femtoliters of a 100-,ug/ml
solution of each BLV clone DNA was injected directly into the
nuclei of 200 cells. This procedure was repeated in seven

separate experiments with multiple preparations of the indi-
vidual clones.
BLV expression in microinjected cells. After microinjection

of BESP cells, syncytia (cells containing at least five nuclei)
were observed and counted with a phase-contrast microscope.
BLV expression was monitored by indirect immunofluores-
cence assay (IFA) (4) with polyclonal rabbit sera against BLV
p24 and monoclonal antibody against gpSl (supplied by Daniel
Portetelle, Department of Microbiology, Gembloux, Belgium)
in situ each day for the first 12 days. Controls included normal
rabbit sera and irrelevant, isotype monoclonal antibodies.
Subsequently, IFAs were performed on passaged cells, and
samples of positive cultures were prepared for examination by
electron microscopy as previously described (4) and viewed in
a Hitachi H-7000 electron microscope at 75 kV.

Reverse transcriptase (RT) assays were performed as de-
scribed by Gonda et al. (23) with protocols of Hoffman et al.
(28). Virus was pelleted from clarified cell supernatants, and
RT activity was measured with poly(rA)-oligo(dT),,_,, tem-
plate-primer, 20 mM Mg2+, appropriate deoxynucleoside
triphosphates (dNTPs), and [3H]TTP. Assays were performed
in triplicate, and results were adjusted to counts per minute of
incorporated 3H per milliliter of virus-containing culture me-
dium to permit comparisons.

Experimental animals. The procedure used for experimen-
tal infection of the nine sheep used in this study has been
described previously (31) and is summarized in Table 1.

Briefly, two Suffolk sheep (no. 41 and 84) were inoculated
intraperitoneally at 3 months of age with 107 clone-infected
BESP cells (BESP-913), established by microinjection with
pBLV913. These sheep were 57 months postinfection (p.i.) by

the end of the present study. At 15 months p.i., PBMC from
these two sheep were transferred intravenously to four
3-month-old Suffolk sheep. Sheep LI and L2 received 108
PBMC from sheep 41, and sheep L3 and L4 received 108
PBMC from sheep 84. These sheep were 42 months p.i. by the
end of the present study. For comparison with infection with a
naturally occurring BLV isolate, two Rambouillet sheep (no. 3
and 5), which had been inoculated intraperitoneally at 3
months of age with 107 PBMC from a BLV-seropositive cow
with PL, were included. These sheep were 70 months p.i. by the
end of the present study. One Suffolk sheep (no. 94) was
inoculated intraperitoneally with 3 x 107 uninfected, primary
bovine leukocyte adherent cells to serve as a negative control.
In addition, five normal Rambouillet sheep, between 2 and 5
years of age, provided average control values for lymphocyte
enumeration.

Cell isolation, serology, and hematology. Venous blood, with
EDTA as anticoagulant, was collected, and total and differen-
tial leukocyte counts were determined manually. PBMC were
isolated by density gradient centrifugation on Ficoll-Hypaque
(Histopaque 1077; Sigma Chemical Co., St. Louis, Mo.).
Anti-BLV antibody titers in serum were determined with a
competitive enzyme-linked immunosorbent assay as previously
described (43) with reagents kindly supplied by Daniel Porte-
telle.
Flow cytometric analysis. For analysis of lymphocyte sub-

sets, 10" PBMC were suspended in 35 ,u1 of the appropriate
dilution of monoclonal antibody. Cells were incubated at 4°C
for 20 min, washed twice in 0.5 ml of phosphate-buffered saline
(PBS) with 1% bovine serum albumin and 0.1% NaN3, and
resuspended in 35 [I1 of a 1:50 dilution of affinity-purified goat
anti-mouse IgG conjugated to fluorescein isothiocyanate (IgG-
FITC) (Kirkegaard & Perry Laboratories, Inc., Gaithersburg,
Md.). After a repeat of the incubation and wash, cells were
analyzed by flow cytometry. Controls for each PBMC prepa-
ration included irrelevant isotype antibodies and goat anti-
mouse IgG-FITC alone. Monoclonal antibodies used to iden-
tify cell surface antigens of sheep lymphocytes included SBU II
for MHC 11 (45), SBU-TI for CD5+ T cells, and SBU-T6 for
CD1c, which marks B cells in sheep (38). Ovine slg was
detected directly with a 1:50 dilution of affinity-purified goat
anti-sheep IgG-FITC (heavy and light chains) (Kirkegaard &
Perry Laboratories). Additional analyses of slg were per-
formed with affinity-purified goat anti-sheep IgG-FITC (y
chain specific) (Kirkegaard & Perry Laboratories) and mono-
clonal antibodies specific for bovine Ig subtypes with docu-
mented cross-reactivity to ovine gamma globulins (27) supplied
by Klaus Nielsen (Agriculture Canada, Nepean, Ontario, Can-
ada); IgGI (M23), IgG2 (M37), IgM (M33), and IgA (M67).
Dual labeling of cells for slg and CD5 was performed by
consecutive applications of SBU-TI, goat anti-mouse IgG-
phycoerythrin (Kirkegaard & Perry Laboratories), and goat
anti-sheep lgG-FITC.

Cell surface label was analyzed with a Coulter EPICS Profile
II flow cytometer equipped with a 488-nm argon laser. Ten
thousand lymphocytes, defined by forward angle versus side
light scatter, were analyzed. Analysis regions were defined to
include less than 2% of preparations stained with irrelevant
primary antibody.

Immunofluorescence assay. For detection of virus expres-
sion, PBMC were cultured at a concentration of 2.5 x 10" per
ml of RPMI 1640 (GIBCO Laboratories, Grand Island, N.Y.)
supplemented with penicillin G (100 U/ml), streptomycin (100
pg/ml), L-glutamine (4 mM), 1% nonessential amino acids
(GIBCO-50 x), 2% essential amino acids (GIBCO-100 x),
3-mercaptoethanol (20 p.M), 20% fetal calf serum (HyClone
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Laboratories, Inc., Logan, Utah), and 50 pLg of phytohemag-
glutinin M (PHA-M; Difco Laboratories, Detroit, Mich.) per
ml for 12 h. Cells were washed and resuspended in PBS at 2 x
107 cells per ml. Five microliters was deposited in 4-mm wells
on glass slides (Cel-Line Associates, Inc., Newfield, N.J.),
dried, and fixed for 5 min in cold acetone-methanol (1:1). IFA
detection of BLV expression was performed as previously
described (50) with polyclonal rabbit sera against BLV. Con-
trol preparations included freshly isolated PBMC, normal
rabbit serum, and monoclonal antibodies for BLV p24 and
gp5l. A minimum of 200 cells were counted by fluorescence
microscopy for determination of the percent positive cells in
each preparation.
Lymphocyte proliferation. The procedures of Cockerell et

al. (7) were used for the lymphocyte proliferation assay.
Briefly, 10' PBMC were cultured per well in a 96-well plate.
Cultures were supplemented with either no mitogen, PHA-M
(50 jig/mI), or formalinized Staphylococcus aureus Cowan (20
bacteria per lymphocyte). Cultures were incubated for 3 days
prior to addition of 0.5 ,uCi of [methyl-3H]thymidine per well
for an additional 18 h. The total contents of each well were

then collected onto glass fiber filters and counted by liquid
scintillation for determination of thymidine incorporation. All
assays were performed in triplicate.

Nucleic acid isolation and analysis. The procedures for
DNA and RNA isolation and Southern and Northern (RNA)
blotting were performed as previously described (8, 50). Au-
toradiographs were digitized on a flatbed scanner (HP Scanjet;
Hewlett-Packard, Palo Alto, Calif.) for densitometric analysis
(Scan Analysis; Biosoft, Ferguson, Mo.).
The polymerase chain reaction (PCR) was used to amplify

BLVpol and tax sequences. The sequences and positions in the
BLV genome (52) of the primers used were as follows: RTa,
5'-GCATGACCTA CGAGCTACAA-3' (nucleotides [nt]
2469 to 2488); RTh, 5'-GCGTAAAGGA TATCGTCCAT-3'
(nt 2819 to 2800); TAXa, 5'-GCCATACGTT ATCTCTCCA
C-3' (nt 7795 to 7814); and TAXb, 5'-GGTTAGCGTA
GGGTCATGAA-3' (nt 8079 to 8060). Purified PBMC DNA
or FLK-BLV DNA (1 jig) was subjected to 30 amplification
cycles in a 50-pLI reaction volume containing 50 mM Tris-HCl
(pH 8.0), 50 mM KCl, 8 mM MgCl2, mg of gelatin per ml, 1%
glycerol, 200 jiM dNTPs, 0.2 FM primers, and 2.5 U of Taq
polymerase (Boehringer Mannheim Corp., Indianapolis, Ind.).
Each cycle consisted of 1 min at 96°C, 1 min at 63°C, and 20 s

at 72°C. A total of 20 pl of product (2 [lI from FLK-BLV DNA
product) was separated by electrophoresis in 3% Nusieve-1%
GTG agarose and transferred to a nylon membrane. Blots
were hybridized with 32P-labeled probes with the primer
sequences excluded.

RESULTS

Molecular clones of BLV. Southern blots of restriction
digestions of the individual BLV proviral clones from the
FLK-BLV genome are presented in Fig. 1. SstI digestion of the
four BLV proviral isolates produced the same two major

hybridizing bands at approximately 7.1 and 1.2 kb in length.
Minor hybridizing bands represent virus-host junction frag-
ments, some of which are linked to the lambda arm. Alterna-
tively, digestion of the four BLV proviral isolates with EcoRI
produced two hybridizing bands of different molecular weights
for each isolate, showing that they are unique.
BLV clones in vitro. The biological activity of the BLV

proviral clones following microinjection of BESP cells is
summarized in Table 2. Clones 9 and pBLV913 consistently
induced syncytia within 48 h, clone 8 induced syncytia within 3
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FIG. 1. Partial restriction map of the BLV genome and Southern
analysis of the FLK-BLV proviral clones. Approximately 1 ,ug of each
lambda isolate was digested with the indicated restriction endonucle-
ase. Hybridization was carried out with a representative probe (specific
activity = 108 cpm/,ug).

to 4 days, and clone 13 did so within 7 to 8 days, while clone 1
did not induce syncytia. Approximately 10% of microinjected
cells produced syncytia. The BLV-induced syncytia were large
cells with 5 to 20 adjacent nuclei surrounded by abundant
cytoplasm (Fig. 2A). BLV expression was confirmed by IFA on
cells in situ. Polyclonal rabbit sera specific for BLV p24 and
monoclonal antibodies against BLV gpSl reacted with syncytia
and morphologically normal cells 2 days after injection with
BLV clone 9 and pBLV913. BESP cells microinjected with
clone 8 or 13 first expressed BLV 3 or 8 days postinjection,
respectively, concurrent with syncytium formation. In virus-
expressing cells, p24 IFA was intense and localized to the
cytoplasm (Fig. 2B); gp5l IFA was less intense and localized
on the membrane (not shown). No BLV antigens were de-
tected in uninjected BESP cells or in BESP cells injected with
clone 1.
RT assays of cell-free supernatants from microinjected cells

showed low levels of RT activity from clone 9 and pBLV913 by
passage 4, from clone 8 by passage 6, and from clone 13 by
passage 8. RT activity increased with successive passages of all
positive cultures; values for RT activity from BESP-913 are
presented in Fig. 3. No RT activity was detected in superna-
tants of clone 1-injected cells. Cells were examined by electron
microscopy after eight passages. Budding virus particles were

TABLE 2. In vitro activity of BLV clones"

Clone no. Syncytia p24 RT EMb Transfer ofinfection

1 - (dl2) - (dl2) - (P8) - (P8) - (P12)
8 + (d3) + (d3) + (P6) NDC + (P9)
9 + (d2) + (d2) + (P4) + (P8) + (P9)
13 + (d8) + (d8) + (P8) ND + (P12)
pBLV913 + (d2) + (d2) + (P4) + (P8) + (P9)

, negative; +, positive; d or P, day or passage of earliest detection.
bEM, virus particles detected by electron microscopy.
ND, not done.
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FIG. 3. RT activity of cell supernatants from BESP-913 cells and
positive control FLK-BLV cells. Passage number refers to microin-
jected cells only; the corresponding FLK supernatant was collected at
each time interval.

appearance of a clonal subpopulation of cells among cells with
polyclonally integrated provirus (Fig. 4B). Northern blots of
poly(A)+ RNA from BESP-913 cells demonstrated levels of
BLV message comparable to that in FLK-BLV cells (not
shown).

A

BESP FLK 41
L2 L3 L4 41 3 5 913 BLV Tumor

FIG. 2. BESP cells microinjected with clone 913. (A) Phase-con-
trast micrograph of syncytia associated with BLV expression; (B)
cytoplasmic BLV p24 antigen detected by immunofluorescence assay.

B

observed in I of 12 thin sections of cells injected with clones 9
and pBLV913 examined (not shown). No particles were de-
tected in clone 1-injected cells. Budding and extracellular virus
were easily observed with FLK-BLV cells. BLV infection was

transferred to naive BESP cells with cell-free supernatants
from all clone-injected cells except those injected with clone 1.
These cells developed syncytia and were positive for BLV
antigen expression and RT activity in subsequent cultures.
pBLV913 in BESP cells and sheep. BESP-913 cells were

expanded continuously in culture for 12 months prior to
inoculation of sheep 41 and 84. Cells were 30% positive for
BLV antigen by IFA and produced 1/10 of the levels of RT
activity observed in FLK-BLV cell supernatants. Southern
analysis of SstI digests of genomic DNA from these cells
indicated that the integrated proviral load was comparable to
that observed in FLK-BLV cells (four copies per cell) (Fig.
4A). HindIII digestion produced two to four visible bands and
an array of heterogeneous fragment sizes. This indicated the

FIG. 4. Southern analysis of PBMC DNA of infected sheep, BESP-
913 cells, FLK-BLV cells, and leukemic cells of sheep 41. (A)
Determination of proviral load with Sstl digestion; (B) digestion at the
internal HindIII site which yields two bands from each clonally
integrated BLV provirus. Sheep 41 and 84 were 53 months p.i.; L2 to
L4 were 38 months p.i.; no. 3 and 5 were 66 months p.i. BESP-913
DNA was prepared at the time of infection of sheep 41 and 84.
Leukemic cells of sheep 41 were taken at 57 months p.i.

-0-- FK-BLV
-s- BESP-913
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FIG. 5. Analysis of PCR products amplified from PBMC DNA of clone-infected sheep early in infection. The 351-bp pol product was first
detected in PBMC of sheep inoculated with BESP-913 cells (no. 41 and 84) at 2 and 13 months p.i., respectively. The pol product was detected
at 2 months p.i. in PBMC of sheep transfused with PBMC from sheep 41 and 84. A total of 20 1ld of PCR product of sheep PBMC DNA and 2
[lI of product of FLK-BLV DNA were subjected to electrophoresis. Uninfected sheep PBMC DNA served as the negative control (neg).

Southern analysis of SstI digests of PBMC DNA from
infected sheep yielded detectable signal only from clone-
infected sheep L4 and 41 at 38 and 53 months p.i., respectively,
and sheep 5, which received BLV+ bovine PBMC, at 66
months p.i. (Fig. 4A). Provirus on Southern blot was first
detected in these animals at 38, 37, and 54 months p.i.,
respectively. Comparison of the intensity of bands on Southern
blots by densitometry indicated approximately one proviral
copy per cell from sheep L4 and 5 and one copy for every five
cells from sheep 41 (on the basis of four copies per cell for
FLK-BLV DNA). HindlIl digestion indicated polyclonal inte-
gration in sheep L4 and 41, and digestion of PBMC DNA from
sheep 5 produced two visible bands of low intensity, indicating
a subpopulation of cells with monoclonally integrated provirus
(Fig. 4B). Southern analysis was again performed on PBMC of
sheep 41 following the development of lymphocytic leukemia

at 57 months p.i. and indicated that the leukemic cells har-
bored a single, full-length BLV provirus (Fig. 4).

Provirus was readily detected in all infected sheep after
amplification of 1-jig quantities of purified PBMC DNA by
PCR with either pol- or tax-specific primers (Fig. 5) (tax
products not shown). Provirus was first detected in PBMC of
sheep 41 and 84, which received BESP-913 cells, at 2 and 13
months p.i., respectively. Sheep Ll, L2, L3, and L4, which
received PBMC from sheep 41 or 84, all had detectable
provirus at 2 months p.i.

Serology. Sheep 41 and 84 seroconverted to gp51 at 3 weeks
p.i. Following early peaks, antibody titers stabilized at approx-
imately 1:104 by 3 years p.i. (Fig. 6A). At that time, there was
approximately a 10-fold increase in the antibody titer of sheep
41. Two of the sheep which received PBMC, either from no. 41
or from no. 84 (one in each group) seroconverted at 5 and 4

weeks post-infection

FIG. 6. Anti-BLV gpSl serum titers of clone-infected sheep. (A) Sheep 41 and 84 inoculated with BESP-913 cells; (B) sheep Li to L4
transfused with PBMC from no. 41 (LI and L2) or no. 84 (L3 and L4). Sheep LI died of unrelated causes at 2 months p.i. Titers were based on
>20% competition with serum antibody with peroxidase-conjugated anti-BLV gpSl monoclonal antibody.

J . VI ROL.



PATHOGENIC MOLECULAR CLONES OF BLV 7101

controls 94 L2 L3 L4 41 84 3 5
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FIG. 7. Enumeration of leukocytes (WBC), lymphocytes, and sIg+ and CD5+ PBMC from control and infected sheep. Data from individual
animals represent mean and standard error of the mean of values obtained from four separate bleed dates over a 6-week period ending when sheep
were 38 months p.i. (L2 to L4), 53 months p.i. (no. 41 and 84), or 66 months p.i. (no. 3 and 5). Control data represent values from single bleeds
of five age-matched animals.

weeks p.i. (L2 and L3, respectively) (Fig. 6B). Antibody titers
in these sheep increased gradually to approximately 1:104.
Sheep LI and L4 seroconverted at 3 weeks p.i. with relatively
high titers. Sheep Li died from unrelated causes at 2 months
p.i. Following an early peak, the antibody titer of sheep L4
stabilized at approximately 1:104 and then increased fivefold at
2.5 years p.i. The sham-inoculated sheep, no. 94, had no
detectable anti-BLV antibodies. Sheep 3 and 5 seroconverted
to BLV gp51 at 4 weeks p.i. and developed serum antibody
titers of 1:51,200 and 1:102,400, respectively, by 50 months p.i.
(not shown).

Hematology. Values for total leukocytes, lymphocytes, and
sIg+ and CD5+ lymphocyte subpopulations are shown in Fig.
7. Clone-infected sheep 41 and 84 developed inverted or
equivalent B/T-lymphocyte numbers at 48 and 53 months p.i.,
respectively. Similar changes developed in sheep L3, L4, 3, and
5 at 38, 33, 60, and 16 months p.i., respectively. Sheep L2 did
not exhibit overt hematological abnormalities. Of the affected
animals, L4, sheep 41 and 5 developed B lymphocytosis. Flow
cytometric analysis demonstrated an increase in expression of
slg in the expanded B-cell populations of these sheep (Fig.
8A). High-intensity fluorescence was also observed with mono-
clonal antibodies for IgM, MHC II, and CDlc, but not for
ovine IgG -y chain or Ig subtypes IgGl, IgG2, or IgA (not
shown). The presence of IgD was not determined. The onset of
leukemia in sheep 41 was evidenced by a total leukocyte count
of 1.27 x 106/pul consisting of more than 99% lymphoblasts
which stained intensely for slg, IgM, CDlc, and MHC II (Fig.
8B). The antibody used to detect ovine CD5, SBU-T1, labeled
approximately 20% of sIg+ cells with low intensity. This
population was excluded from CD15+ totals. Leukemic cells
from sheep 41 were CD5 negative.
Lymphocyte proliferation. Spontaneous proliferation was

increased in cultures of PBMC from all BLV-infected sheep
except sheep 3, and a direct correlation existed between
spontaneous blastogenesis and S. aureus Cowan-induced B-cell
blastogenesis (mean stimulation index = 5.2 + 0.85) (Fig. 9).
The PHA-M response was low in six of seven BLV-infected
sheep compared with the control sheep.
BLV expression in cultured PBMC. Short-term cultured

PBMC from all BLV-infected sheep included cells which
expressed BLV as determined by IFA (Fig. 10). At 53 months

p.i., 5 and 1% of PBMC from sheep 41 and 84, respectively,
were BLV+. At 38 months p.i., sheep L2, L3, and L4 had 0.1,
1.5, and 16% BLV+ PBMC, respectively. BLV+ PBMC ac-
counted for 6 and 79% of PBMC from sheep 3 and 5,
respectively. Cocultures of PBMC from all BLV-infected
sheep with uninfected BESP cells yielded syncytia and IFA-
detectable BLV antigens in the target cells (not shown).
Syncytium induction correlated with numbers of IFA+ PBMC.
Leukemic cells from sheep 41 were BLV- after in vitro
cultivation, and cocultures with BESP cells did not result in
syncytium induction or BLV expression. Poly(A)+ RNAs,
isolated from both fresh and cultured leukemic cells from
sheep 41, were negative for BLV-specific mRNAs when
probed with the 1.2-kb Sac! fragment of pBLV913 (not
shown). The presence of intact mRNAs was confirmed with a
bovine actin probe.

DISCUSSION

Four BLV clones derived from FLK-BLV and one plasmid
subclone, pBLV913, were assayed for infectivity. Clone 9 and
pBLV913 demonstrated the greatest replicative competence,
clones 8 and 13 were intermediate in their ability, and clone 1
was defective. The onset of cytopathic effect and virus expres-
sion were consistent between repeated experiments with new
DNA preparations, indicating a direct relationship to the
sequences of the individual clones. The functional character-
istics of the LTRs of the clones, evaluated previously, had no
differences in promotional capacity (11), and restriction anal-
ysis has shown that each clone represents a full-length BLV
provirus. This excludes roles for substantial deletions and/or
deficits in the promoter regions in the variation of expression.
Sequence analysis of the structural and regulatory genes will be
necessary to further delineate the mechanisms responsible.
A manifestation of BLV-induced disease is the abnormal,

persistent expansion of the peripheral B-lymphocyte popula-
tion (32, 34, 41) accompanied by a high antiviral serum titer
(36). This condition predisposes cattle to the development of
leukemia (18, 32) and frequently precedes leukemia in exper-
imentally infected sheep (14, 16). Infection with BESP-913
cells resulted in B lymphocytosis in one of two sheep after a
prolonged incubation period, and culminated in B-cell leuke-
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FIG. 8. Flow cytometric analysis of surface label on sheep PBMC and leukemic cells. (A) Detection of slg on PBMC; two analysis regions
include (i) all sIg+ cells (less than 2% of negative control labeled cells) and (ii) a subpopulation of intensely staining cells. The percent positive
cells within each region are indicated. Sheep were 38 months p.i. (L2 to L4), 53 months p.i. (no. 41 and 84), or 66 months p.i. (no. 3 and 5). These
results were representative of four separate experiments over a 6-week period. (B) Analysis of expression of slg, IgM, MHC II, and CD1c by
leukemic cells from sheep 41 at 57 months p.i. compared with analysis of PBMC from control sheep 94.

mia. Transfer of lymphocytes from these sheep early in infec-
tion (15 months) to four additional sheep resulted in B
lymphocytosis in one of three surviving sheep. Overall, an
altered B/T-lymphocyte ratio was observed in four of five
clone-infected sheep. The results were comparable to the
conditions induced in cattle and sheep with natural BLV
isolates. The B cells from sheep with B lymphocytosis, and,
subsequently, leukemic cells from one clone-infected sheep,
were characterized by a uniform upregulation of surface IgM
and MHC II, indicating an activated state. B cells of this type
are capable of interaction with class II restricted, antigen-
specific helper T cells (6). This phenotype is comparable to
that of most BLV-associated tumor cells and is in support of a
differentiation-linked mechanism of leukemogenesis (26).
Lymphocyte proliferation assays demonstrated the sponta-

neous growth of lymphocytes from affected sheep upon in vitro
cultivation. This phenomenon is coincident with BLV expres-
sion and common to PBMC of animals with PL. The levels of
spontaneous thymidine uptake were proportional to uptake in
cultures stimulated with the T-cell-independent, B-cell mito-
gen, S. aureus Cowan. This suggests that it is the B-lymphocyte
population which undergoes division upon in vitro cultivation.
Response to the T-cell mitogen, PHA, was decreased in all but
one BLV-infected sheep. Reduced PHA response of PBMC
from sheep and cattle with PL has been previously ascribed to
reduced T-cell numbers (16, 53). The reduced response to

PHA of PBMC from animals with normal T-cell numbers,
however, indicates a deficit in T-cell response to PHA.

Aberrations in B-cell numbers correlated with viral load as
determined by Southern analysis. Likewise, virus expression in
vitro was greatest in PBMC of these sheep. Leukemic cells
from sheep 41 did not express virus upon in vitro cultivation,
and Northern analysis of mRNA from both fresh and cultured
leukemic cells showed no detectable viral message. The inabil-
ity to induce BLV expression in vitro from an apparently
complete provirus has been described for some BLV-induced
tumors (54) and indicates that virus expression, including tax,
is not necessary for maintenance of the transformed state.
Cloned, full-length proviruses from such tumors have been
found to be competent when transfected in mammalian cell
lines (54). These results indicate a cellular mechanism in the
repression of viral gene expression and in the maintenance of
the transformed state.

Southern analysis of PBMC DNA from sheep 5, infected
with noncloned BLV, indicated the presence of clonal, BLV+
cells, and most of the PBMC from this sheep expressed virus in
vitro. BLV clone-infected sheep, 41 and L4, were comparable
to sheep 5 in B-cell number and character, total proviral load,
and virus-positive cells after cultivation in vitro. However, the
status of BLV integration in the PBMC of these sheep
remained polyclonal (prior to onset of leukemia in sheep 41),
and virus-expressing cells were 5 and 15 times less. The
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FIG. 9. Spontaneous, S. aureus Cowan, and PHA-induced blasto-
genesis of PBMC from control and infected sheep. The average
stimulation index for S. aureus Cowan was 5.2 ± 0.85. Data were from
a single bleed when sheep were 38 months p.i. (L2 to L4), 53 months
p.i. (no. 41 and 84), or 66 months p.i. (no. 3 and 5). These results were
representative of four separate experiments over a 6-week period.

development of leukemia in sheep 41, while sheep 5 and L4
remained essentially unchanged, suggests that additional ran-
dom events are responsible for the generation of the trans-
formed phenotype.

Experimental infection of sheep with a single molecular
clone of BLV yielded disparate host responses. A strong initial
serum antibody response was prognostic for development of
hematological abnormalities and high proviral load. Total
lymphocyte counts at the time of seroconversion were greater
in sheep which progressed to B lymphocytosis and lymphoma,
as has been shown previously in experimentally infected sheep
(15, 56). These results suggest an important role for host
immune response in the progression of virus replication and
pathogenesis (16, 35, 44) and support previous studies which
identify genetic susceptibility for BLV pathogenesis in cattle
(19, 37, 42). Analyses of BLV isolates from diverse geograph-
ical origins and molecular clones recovered from transfected
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FIG. 10. Percent of BLV+ cells after 12 h of in vitro cultivation.

Data represent the mean and standard error of the mean of values
obtained from three separate bleed dates over a 6-week period (see
legend to Fig. 7).

animals have indicated a stable genome (39, 49, 59). The
possibility remains that pathogenic variants of the original
pBLV913 clone may have arisen in vivo. The proviruses from
the clone-infected sheep and BESP-91 3 inoculum are now
subject to sequence analysis to determine the presence of such
variants.
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