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Genetically simplified derivatives of complex retroviruses that replicate in animal models are useful tools to
study the role of the complex regulatory genes in virus infection and pathogenesis and were proposed as a novel
approach toward the development of vaccines against complex retroviruses. Previously we developed geneti-
cally simple derivatives of bovine leukemia virus (BLV) that can replicate in tissue culture independently of the
BLYV regulatory proteins, Tax and Rex, and the RIII and GIV open reading frames (K. Boris-Lawrie and H. M.
Temin, J. Virol. 69:1920-1924, 1995). These derivatives are encoded on novel, hybrid retrovirus genomes that
contain transcriptional control sequences of a simple retrovirus and gag-pol or env genes of the complex BLV.
The first-generation simple BLV derivatives replicate as complementary viruses (coviruses) by using separate
gag-pol or env genomes, and therefore virus spread is limited to cells that are infected with both covirus
genomes. Here we describe a second-generation simple BLV derivative that is encoded on a single hybrid
genome. We show the virus to be replication competent by successive passage on D17 target cells and by
analysis of viral RNA and proteins in the infected cells. Furthermore, we evaluate the immunogenicity and
infectivity of the simple BLV derivatives in a BLV animal model. Small groups of rats were injected either with
virus-producing cells or with proviral DNA. Western immunoblot analysis revealed that antibodies against the
major viral antigenic determinants are induced in response to either method of introduction and that sero-
conversion is sustained in most of the rats for at least 6 months (the duration of the study). The magnitudes
of the antiviral responses were similar in rats infected with the first-generation simple BLV coviruses, the
second-generation replication-competent derivative, or wild-type BLV. Wild-type BLYV typically infects periph-
eral blood mononuclear cells (PBMC), and the simple BLV derivatives were also found to infect PBMC as
demonstrated by PCR amplification of proviral sequences and reverse transcriptase PCR amplification of viral
RNA in treated rats. These results establish that simple BLV derivatives lacking tax and rex are infectious and
immunogenic in rats. These viruses will be useful tools in comparative studies with BLV to evaluate the role

of tax and rex in maintenance of virus load and in disease outcome.

All retroviruses share a conserved modular genomic struc-
ture and replicate by the same basic series of steps. Genetically
simple retroviruses encode gag, pol, and env genes that are
common to all retroviruses. Complex retroviruses encode ad-
ditional, regulatory genes that dramatically affect the replica-
tion cycle by regulating specific steps in replication. How these
modifications influence virus persistence and pathogenicity re-
mains to be defined. Previously we developed genetically sim-
plified derivatives of bovine leukemia virus (BLV) that can
replicate in tissue culture independently of the regulatory pro-
teins, Tax and Rex, and the RIIT and GIV open reading frames
(5). Genetically simplified derivatives of BLV that can repli-
cate in animals would be important tools for studying the role
of the complex regulatory genes in maintenance of virus load,
virus persistence, and disease progression. Furthermore, sim-
plified derivatives were also proposed as a novel approach to
the development of vaccines against diseases caused by com-
plex retroviruses (20). The previously described simple BLV
derivatives were produced from novel, hybrid retrovirus ge-
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nomes that contain the BLV gag, pol, and env genes and BLV
cis-acting sequences important for replication, including the
encapsidation signal (E), primer binding site (PBS), polypurine
tract (PPT), and att sites. The genomes lack the major BLV
splice donor and splice acceptors, tax, rex, the RIII and GIV
open reading frames, and most of the BLV long terminal
repeat (LTR) sequences, including the Tax and Rex response
elements. The LTRs are hybrid molecules composed primarily
of transcriptional control sequences from a simple retrovirus
(spleen necrosis virus [SNV]). To facilitate gene expression in
the absence of the BLV splice sites, the gag-pol open reading
frame and the env open reading frame were expressed from
separate hybrid genomes, and the progeny virions replicate as
complementary viruses (coviruses). In this configuration, suc-
cessive production of infectious virus was limited to cells in-
fected with both coviruses. This is similar to rescue of the
Bryan high-titer strain of Rous sarcoma virus, which lacks env,
by Rous-associated helper virus-1 and -2 (7).

The aims of the current study were to derive a second-
generation simple BLV derivative that is replication compe-
tent and to introduce the simple BLV derivatives into a BLV
animal model to test their in vivo infectivity and immunoge-
nicity. Here we describe a single-genome simple BLV deriva-
tive that is replication competent in successive replication cy-
cles on D17 cells. The experiments establish that the simple
BLV derivatives are infectious in vivo and induce antiviral
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antibodies. These data validate simple BLV derivatives as use-
ful reagents to study the roles of fax, rex, and the RIII and GIV
open reading frames in BLV infection and pathogenesis. These
results constitute an important step in the evaluation of the
simple BLV derivatives as prototypic retrovirus vaccines.

MATERIALS AND METHODS

Nomenclature. Plasmid vectors are designated with names that start with p;
names without p denote viruses or proviruses derived from the vector.

Vector construction. The poliovirus internal ribosome entry site (IRES) from
pP2A-5" (16) was amplified by PCR and cloned into pCRII (Invitrogen) to make
pKB451. The sequences of the PCR primers were GTC GAC CAG CTC TGG
GGT TGT TCC C and CCC GGG CAT TGA GTG GTG ATG ATA TCA AC,
and they contain Sal/l and Smal termini, respectively. BLV env was amplified with
Vent polymerase with DNA of fetal lamb kidney cells chronically infected with
BLV (FLK/BLV cells) and primers KB566 (TGG CCA AAA GAA CGA CGG
TCC CG) and KB567 (GTC GAC TCA AGG GCA GGG TCG) and cloned into
pCRII to make pKB450. The IRES was excised from pKB451 with Smal and
ligated into the MscI site of pKB450 to make an in-frame fusion between the
IRES ATG and the env open reading frame and create pKB453. pKB453 was
digested with Sphl, and the IRES-env cassette was subcloned into the Sphl site
of pU5gag-pol to yield pUSgag-pol-env. pUSHyg was constructed from the pre-
cursor of phyg, pKB406 (5). This plasmid contains the SNV LTRs and BLV 3’
untranslated region (UTR) sequences. BLV 5" UTR sequences beginning at U5
(nucleotide [nt] 440 as numbered in reference 19) and extending to nt 1147 were
amplified by PCR with primers containing EcoRI and Kpnl termini and cloned
into the homologous sites in pKB406 between the 5" LTR and 3" UTR to
construct pKB430. The BLV UTR contains sequences important for integration
(att), reverse transcription (PBS and PPT), and encapsidation (E). The BLV E
signal is discontinuous and includes gag sequences to nt 1147 (12) and U5
sequences (5a). The Sphl fragment from pgag-polTH (5) that contains the en-
cephalomyocarditis virus IRES joined to hyg was inserted between the 5" UTR
and 3’ UTR in pKB430 to yield pUShyg.

Cells, transfections, and infections. D17 dog osteosarcoma cells were cultured
in Temin’s modified Eagle medium and transfected by the dimethyl sulfoxide-
Polybrene method (9). For infections, producer-cell medium was changed 16 h in
advance. After harvest, the medium was clarified by centrifugation for 10 min at
3,000 X g in a clinical centrifuge, mixed with Polybrene (final concentration, 30
pg/ml), and incubated on 2 X 10° D17 cells in a 60-mm-diameter dish for 4 to 6 h.
Medium containing hygromycin B (80 U/ml; Calbiochem) was added 24 h after
infection.

PCR amplification. For analysis of proviral DNA, D17 cells (107/ml) were
treated with lysis buffer (50 mM KCI, 10 mM Tris [pH 8.3], 2.5 mM MgCl,, 0.1
mg of gelatin per ml, 0.45% Nonidet P-40, 0.45% Tween 20, and 60 pg of
proteinase K per ml), and the lysate was incubated for 2 to 16 h at 55°C and then
for 10 min at 94°C. Five microliters of lysate was used in a 50-pl PCR mixture
with primer pairs complementary to hyg and the PPT or to BLV pol. The
sequences of the yg and PPT primers were GGA AGT GCT TGA CAT TGG
GGA (hyg) and G GTC GGC ATG ATC TTT CAT ACA AAT GAC TCC CCC
TCA GCA TG (PPT), which yield a PCR product 800 bp in length. The BLV pol
primers were KB560 (GGA GGT TTG TGC ATG ACC TAC) and KB576 (GTT
AGG TGT ACG TAG GCT AG), and they yield a PCR product of 793 bp.
Typically, the PCR mixtures were incubated for 1 min at 94°C, 1 min at 58°C, and
1 min at 72°C, cycled for 30 cycles, and analyzed on agarose gels. To prepare
peripheral blood mononuclear cell (PBMC) samples for PCR, PBMCs were
isolated by a Ficoll-Hypaque gradient centrifugation and washed three times with
phosphate-buffered saline. Lymphocytes from 1 ml of blood were resuspended in
10 pl of 10X lysis buffer and diluted 10-fold with sterile water containing 200 pg
of proteinase K per ml, followed by incubation at 55°C overnight and treatment
at 100°C for 10 min to inactivate proteinase K. Five microliters of lysate was
combined in a 50-ul PCR mixture with BLV pol primers KB560 and KB576 or
with primers complementary to pUC19 sequences, KB595 (CAG GGG ATA
ACG CAG GAA AG) and KB596 (CCA CTG GCA GCA GCC ACT G), which
yield a 440-bp PCR product. The reaction mixtures were incubated as described
above for 40 cycles. The PCR products were detected by Southern blot hybrid-
ization with the homologous PCR product that had been 2P labeled by the
random-primer method with the Rediprime reagent (Amersham). Hybridization
was performed in Rapid Hyb solution (Amersham) under stringent conditions.

RNA and protein analysis. Total cellular RNA was prepared in Tri-Reagent
(Molecular Research Center, Inc.) according to the manufacturer’s instruction.
To prepare viral RNA, virus particles were sedimented from clarified medium by
ultracentrifugation at 25,000 rpm for 2 h in an SW28 rotor, and RNA was
extracted with Tri-Reagent. RNA was applied to a Hybond N membrane (Am-
ersham) in a slot blot apparatus (Millipore) and probed with 3?P-labeled BLV pol
DNA probe (nt 2459 to 3252; amplified by PCR with primers KB560 and KB576)
or env DNA probe (nt 4827 to 6369; amplified by PCR with primers KB566 and
KB567), which were prepared with Rediprime reagent (Amersham). Hybridiza-
tion was conducted in QuikHyb buffer (Stratagene) at 68°C for 1 h, and the blots
were washed twice in 2X SSC (1X SSC is 0.15 M NaCl plus 0.015 M sodium
citrate)-0.1% sodium dodecyl sulfate (SDS) at room temperature, washed once
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in 0.1xX SSC-0.1% SDS at 65°C, and exposed by PhosphorImager technology
(Molecular Dynamics, Sunnyvale, Calif.). RNA for reverse transcriptase-PCR
(RT-PCR) analysis was isolated with Tri-Reagent, DNase treated, and incubated
with avian myeloblastosis virus RT by the manufacturer’s protocol (Access RT-
PCR System; Promega). RNA samples without RT were used as controls to
detect DNA contamination. BLV-specific cDNAs were amplified by PCR with
thermostable Tfl DNA polymerase and BLV pol primers KB560 and KB561
(CAT TGG AGG TCT CCT AAG ACC), which yield a 591-bp product.

To analyze BLV proteins in infected cells, subconfluent cultures were incu-
bated in methionine- and cysteine-deficient medium for 30 min, followed by the
addition of 3S-labeled methionine and cysteine (18.5 MBg/ml) (Pro-mix; Am-
ersham) and fetal bovine serum (10% final concentration) for 5 h. The cells were
rinsed with phosphate-buffered saline and lysed in 150 mM NaCl-10 mM Tris
HCI (pH 8.0)-1% Triton-0.5% sodium deoxycholate-0.1% SDS. Clarified ly-
sates were immunoprecipitated with either polyclonal anti-BLV antibody or
preimmune serum for 5 h at 4°C. The immune complexes were collected by
adding 30 pl of 50% protein A-Sepharose suspension (Pharmacia) and incubat-
ing 1 h at 4°C, followed by extensive washing and resuspension in sample buffer
(40 mM Tris-HCI [pH 6.8], 1% SDS, 50 mM dithiothreitol, 5% sucrose, 0.002%
bromophenol blue). The proteins were resolved on SDS-12% polyacrylamide gel
electrophoresis (SDS-12% PAGE) gels and visualized by exposure to X-ray film.

Animals. Adult male Wistar rats 200 to 300 g in weight were used. Blood
samples for Western blotting and PCR analysis were collected from the tail veins
of the experimental rats after various periods of time. Blood samples for RT-
PCR were collected by cardiac venipuncture upon killing of the animals.

Western immunoblot analysis. BLV Gag proteins were prepared by sucrose
gradient centrifugation of supernatant from a chronically infected rat cell line
(2). Since BLV Env protein is not efficiently harvested by this procedure, gp515™
was prepared by immunoaffinity column chromatography. Virus-containing me-
dium was treated with Tween 20 and exposed to an immunoaffinity column
containing anti-gp515™ antibodies, and the gp515™ was eluted. The BLV pro-
teins were then subjected to SDS-PAGE and transferred to a polyvinylidene
difluoride membrane by electrophoretic transfer. The membranes were cut in
strips and incubated in Tris-buffered saline-0.05% Tween 20 with 1% of blot-
qualified bovine serum albumin (Promega) for 3 h at room temperature, fol-
lowed by incubation overnight at 4°C with the test rat sera, known positive
anti-BLV control sera, or preimmune rabbit sera at various dilutions. After the
membranes were washed with Tris-buffered saline-0.05% Tween 20 three times
for 15 min each, anti-rabbit or anti-rat immunoglobulin G conjugated to alkaline
phosphatase (dilution, 1:5,000) was added. Western blue stabilizer substrate
(Promega) for alkaline phosphatase was used for color development.

RESULTS

The single-genome simple BLV derivative is replication
competent. We sought to produce a replication-competent
simple BLV derivative by expressing BLV gag, pol, and env
from a single hybrid genome, rather than from separate com-
plementary virus genomes. The previously described comple-
mentary virus genome that encodes BLV gag-pol (pU5gag-pol)
was modified by inserting BLV env (from pUSenv) directly
downstream of pol (Fig. 1B) (5). The resultant genome lacks
the BLV major splice donor and env splice acceptor (pU5gag-
pol-env) (Fig. 1C). Instead, a poliovirus IRES (16) was fused at
the env AUG to promote cap-independent translation of BLV
env from the pU5gag-pol-env RNA.

To determine if virus expressed from pUSgag-pol-env is rep-
lication competent, D17 (dog osteosarcoma) cells were trans-
fected with pU5Sgag-pol-env, progeny virus was harvested and
passaged on D17 target cells, and infected cells were analyzed.
An initial approach was to passage virus on D17 cells, allow 7
days for virus replication and spread, and then screen the
infected-cell pools for replicated provirus sequences by PCR.
BLV pol sequences were detected in cells infected with the
single-genome simple BLV derivative or the complementary
virus derivatives but not in mock-treated D17 cells (data not
shown). These results are consistent with production of repli-
cation-competent virus from the pU5gag-pol-env hybrid ge-
nome.

A second approach to examine if the single-genome simple
BLV is replication competent was to evaluate the ability of
the virus to replicate a selectable vector (pUSHyg) (Fig. 1D)
through successive replication cycles. pHyg contains a hygro-
mycin B resistance gene, hyg, between SNV transcriptional
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FIG. 1. Wild-type BLV, simple BLV genomes, and pHyg. (A) BLV genome. BLV sequences are shown in black. Untranslated sequences are shown with the thick
horizontal black line, and genes are indicated by labeled rectangles. The locations of the Tax response element (TRE) and Rex response element (RxRE) are shown
in boldface, and major BLV splice sites are denoted with asterisks. (B) Simple BLV complementary hybrid genomes, pU5gag-pol and pUSenv. SNV sequences of the
hybrid LTRs are shown as white, labeled rectangles, while terminal LTR sequences derived from BLV are shown as black, vertical lines and include the 5" LTR U5
region and attR and the 3" attL. The thick black horizontal line designates additional BLV untranslated sequences, which include the encapsidation sequence (E), PBS,
and PPT. Labeled black rectangles indicate BLV genes. (C) Simple BLV single-hybrid genome, pUSgag-pol-env (labeled as in panel B), encoding BLV gag, pol, and
env. The labeled, horizontal gray line denotes the poliovirus IRES fused at the env AUG. (D) Selectable vector genome, pHyg. The shaded box marked hyg indicates
a hygromycin resistance gene positioned between SNV transcriptional control sequences and BLV untranslated sequences sufficient for replication, which are

designated as in panel B.

control sequences and BLV cis-acting sequences sufficient for
replication. When this vector genome is propagated in D17
cells infected with wild-type BLV and passaged on D17 target
cells, the titer is 100 Hyg" CFU/ml (Table 1).

To derive simple BLV producer cells, D17 cells were co-
transfected with pU5gag-pol-env and pU5Hyg, and 3 days later
simple BLV progeny virus was harvested and used to infect

TABLE 1. Titers of vector viruses propagated with
simple BLV or BLV

Vector titer (CFU/ml)*

Virus
Passage 1 Passage 2
Hyg/simple BLV single-genome
derivative

Pool A 30+9 NT®

Pool B 40+ 8 NT

Clone 1 100 = 5

Clone 2 40 =3

Clone 3 35=+15

Clone 4 309

Clone 5 303

Clone 6 10+1
Hyg/BLV* 100 =2 NT
Mock <MD“ <MD

“ Hyg" CFU per milliliter of cell-free medium.

> NT, not tested.

¢ D17 cells transfected with pHyg were infected with cell-free medium from
FLK/BLYV producer cells, and 3 days later progeny virus was harvested and titers
were determined on D17 target cells.

4 <MD, less than the minimum detectable.

D17 target cells. Infected-cell clones were selected with hygro-
mycin B and counted. When the Hyg vector genome was prop-
agated with the single-genome simple BLV derivative, the titer
was 30 to 40 CFU/ml, which is similar to the vector titer when
propagated with wild-type BLV (Table 1). Hygromycin-resis-
tant cell clones were screened for provirus sequences by PCR,
and each clone tested was positive for the /4yg gene and se-
quences between hyg and the PPT, which is consistent with
replication of the Hyg vector (data not shown). BLV pol and
env sequences were also present in 50% of these clones and
indicated that they were also infected with the simple BLV
derivative (data not shown). Six of the doubly infected passage
1 clones were expanded, and progeny viruses were passaged fur-
ther on D17 target cells. Hyg" passage 2 cells were observed, and
the titers averaged 40 Hyg" CFU/ml and ranged from 10 to 100
CFU/ml (Table 1). hyg-PPT provirus sequences were detected
in all of the Hyg" clones tested but not in uninfected D17 cells
(data not shown). Further examination of infected-cell clones
for simple BLV provirus sequences revealed that over 50% con-
tained BLV pol and env sequences, while uninfected cells did
not (data not shown). These results indicate that (i) the Hyg
vector can be replicated in successive replication cycles, and
(ii) the single-genome simple BLV derivative (pU5gag-pol-env)
is replication competent in successive replication cycles.

To confirm these results, infected cells were analyzed di-
rectly for viral RNA expression and protein production. Total
cellular was subjected to RNA slot blot analysis with a probe
complementary to BLV pol. As expected, BLV pol RNA was
observed in cells infected with the simple BLV or wild-type
BLV but not in mock-treated cells (Fig. 2A). Furthermore,
progeny simple BLV virions (passage 3) contain encapsidated
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FIG. 2. (A) Analysis of viral RNA expressed in infected cells or genomic
RNA from pelleted virions by RNA slot blot hybridization assay with a BLV pol
probe and PhosphorImager analysis. Total-cell RNA was extracted from unin-
fected D17 cells (lane 1), pooled D17/U5gag-pol-env cells (passage 2) (lane 2),
and FLK/BLV cells (lane 3). Virion RNA was extracted from supernatant of
mock-infected D17 cells (lane 4), progeny from the D17/U5gag-pol-env cells
(lane 5), and FLK/BLYV virions (lane 6). RNA was prepared from virions har-
vested from 160 ml of cell-free medium (row a, lanes 4 and 5), 16 ml of medium
(row b, lanes 4 and 5), 0.16 ml of medium (row b, lane 6), or a tRNA control (row
a, lane 6). (B) Analysis of BLV proteins by immunoprecipitation of metabolically
35S-labeled proteins in infected cells with rabbit polyclonal anti-BLV antiserum
(lanes 1, 2, and 4) or preimmune serum (lanes 3 and 5). Immune complexes were
recovered with protein A-Sepharose beads and analyzed by SDS-12% PAGE
and autoradiography. Lane 1, FLK/BLV cells (5.4 X 107 cpm per reaction); lanes
2 and 3, D17/U5gag-pol-env cells (passage 2, clone 5B) (6.6 X 10° cpm per
reaction); lanes 4 and 5, D17/U5gag-pol-env cells (passage 2, clone 31) (6.6 X 108
cpm per reaction); lane 6, molecular mass standards.

viral RNA (Fig. 2A). Similar results were observed when blots
were rehybridized with a probe complementary to BLV env
(data not shown). To look directly at the profile of BLV pro-
teins produced in infected cells, passage 1 cells were metabol-
ically labeled with [**S]methionine-cysteine and BLV proteins
were immunoprecipitated with known antibody against BLV.
As expected, BLV Pr14592e-Pol pr66S2e p2452 and gp515™
proteins were observed in simple BLV- and BLV-infected cells
(Fig. 2B). Although functional Env protein was produced, the
amount of Pr725™ and gp30F™ detected by Western blotting
was reduced substantially in simple BLV-infected D17 cells
compared to FLK/BLV cells. Env production may be less ef-
ficient in the context of the IRES as compared to the normal
mode of translation from spliced RNA.

In summary, the simple BLV derivative pU5gag-pol-env is
infectious in successive replication cycles in D17 target cells.
The infected cells express viral RNA, produce BLV proteins,
and release progeny that contain viral RNA. These data dem-
onstrate that the hybrid genome pUS5gag-pol-env produces a
replication-competent simple BLV derivative in D17 cells.

Introduction of the simple BLV derivatives into rats. The rat
is a tractable small animal model to test BLV immunogenicity
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and infectivity in vivo, although rats do not develop BLV dis-
ease (3). The simple BLV derivatives were introduced into rats
by injection of D17 virus-producing cells or by injection of
simple BLV DNA. The rats were monitored for seroconver-
sion to BLV antibody production, and were screened for pro-
virus sequences in PBMCs as an indicator of authentic virus
infection and replication. Four adult Wistar rats (200 to 300 g)
(designated group 1) were injected subcutaneously with heter-
ologous D17 cells producing the complementary simple BLV
at a dose of 80 X 10° live cells (8 X 10° infectious units;
passage 1 simple BLV covirus set 3 in reference 5) in five sites
in the back three times at 1-month intervals. Four rats were
treated with uninfected D17 cells and designated group 2. In
an independent part of the experiment, four additional groups
of rats were inoculated subcutaneously with three 50-j.g doses
of DNA at 10-day intervals. These groups each received the
following DNAs (Fig. 1): group 3, complementary simple BLV
genomes (pUSgag-pol and pUSenv); group 4, single simple
BLV genome (pUSgag-pol-env); group 5, wild-type BLV ge-
nome (pBL913) (kindly provided by David Derse, National
Cancer Institute, Frederick, Md.); and group 6, mock plasmid
(pUC19).

The simple BLV derivatives induce anti-BLV antibodies.
BLYV typically induces an antibody response in rat against BLV
structural proteins p24°*¢ and gp51°™ (3, 17). Induction of
antiviral antibodies in response to injection of simple BLV
DNA would be consistent with virus gene expression and pro-
tein production. Sera from the treated rats were harvested over
time and analyzed by Western blot analysis for the presence of

TABLE 2. Presence of antibodies against BLV p24S¢ and gp51E™
in rats inoculated with complementary virus-producing
cells or various DNAs

a

Antibody presence

Treatment Animal Gag,
group no. p24 gp51En
lmo 2mo 4mo 6mo (6mO)
1 (covirus cells®) 3422 3+ NT 2+ 2+ 2+

326 NT 4+ 3+ NT 1+
327-1 NT 3+ 2+ NT 3+
327-3 NT 3+ NT 2+ 1+

2 (uninfected cells) 344-1 - NT - - -
344-2 - - - - _
3 (covirus DNA) 338-1 - NT NT 3+ 2+

338-2 3+ 3+ 3+ 4+ 1+
338-3 3+ NT NT 2+ 2+

4 (single-genome DNA)  339-1 4+ 4+ 4+ - -
3392 2+ NT NT 2+ 2+
339-3 2+ NT NT 3+ 3+
33944 2+ NT NT 3+ 1+

5 (wild-type BLV DNA) ~ 340-1 3+ 3+ 3+ 3+ 2+
3402 3+ NT NT 3+ 1+

3411 - -  NT - -
3412 - NT - - -

6 (pUC19 DNA)

“ Blood was taken from the treated rats at the indicated times after inocula-
tion, and the presence of anti-BLV antibodies against Gag and Env was tested
with different serum dilutions by Western immunoblot analysis as indicated in
Materials and Methods. 1+, positive reaction at a 10-fold serum dilution; 2+,
positive reaction at a 50-fold serum dilution; 3+, positive reaction at a 100-fold
serum dilution; 4+, positive reaction at a 500-fold serum dilution; —, negative
reaction at a 10- to 50-fold serum dilution; NT, not tested.

> D17/co-virus set 3 (5), 8 X 10° infectious units.
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FIG. 3. Detection of antiviral antibodies in simple BLV-treated rats by Western blot analysis. Whole BLV proteins or gp51F™ was analyzed by electrophoresis,
transferred to a membrane, incubated with sera from the experimental rats or with control serum, and reacted with corresponding alkaline phosphatase-conjugated
antibodies and Western blue stabilizer. Positions of BLV-specific proteins are indicated on the left. (A) Representative data showing the time course appearance of
p24S2¢ antibodies in experimental rats. All sera were diluted 50-fold. Lane 1, polyclonal, polyspecific anti-BLV rabbit serum; lane 2, naive rabbit serum; lane 3, group
1 rat 342-2 1 month after inoculation; lane 4, rat 342-2 at 4 months; lane 5, rat 342-2 at 6 months; lane 6, group 1 rat 327-1 at 2 months; lane 7, rat 327-1 at 4 months;
lane 8, group 2 rat 344-1 at 4 months; lane 9, polyclonal, polyspecific anti-BLV rabbit serum; lane 10, polyclonal, monospecific anti-p24& serum; lane 11, group 3 rat
338-2 at 1 month; lane 12, rat 338-2 at 2 months; lane 13, rat 338-2 at 4 months; lane 14, rat 338-2 at 6 months; lane 15, group 4 rat 339-1 at 1 month; lane 16, rat 339-1
at 2 months; lane 17, rat 339-1 at 4 months; lane 18, rat 339-1 at 6 months; lane 19, group 5 rat 340-1 at 1 month; lane 20, rat 340-1 at 2 months; lane 21, rat 340-1
at 4 months; lane 22, rat 340-1 at 6 months; lane 23, preimmune serum; lane 24, group 6 rat at 2 months. (B) Representative data showing antibodies against gp51F"
6 months after inoculation. Lane 1, monospecific anti-gp51E™ rabbit serum; lane 2, naive rabbit serum; lane 3, group 1 rat 342-2; lane 4, group 1 rat 327-1; lane 5, group

3 rat 338-1; lane 6, group 4 rat 339-1; lane 7, group 5 rat 340-1; lane 8, group 6 rat 341-1.

BLV-specific antibodies. A whole BLV preparation enriched
in p24Gag or a gp51F™ preparation was fixed on membranes
that were used for rat antibody detection. To confirm the
specificity of viral bands detected, control membranes were
incubated with rabbit polyclonal and polyspecific anti-BLV
serum, polyclonal and monospecific anti-p24Gag serum, poly-
clonal and monospecific anti-gpS1Env serum, or correspond-
ing preimmune serum.

In each of the four group 1 rats (D17/covirus), antibodies
against p24°°¢ were detected 1, 2, 3, and 6 months postin-
oculation (Table 2; representative data are shown in Fig.
3A). Antibodies against gp515" were also detected when
assayed at 6 months postinoculation (Table 2; representa-
tive data are shown in Fig. 3B). Antiviral antibodies were
not detected in group 2 rats, consistent with a lack of BLV
proteins in mock-treated controls. These results indicate
that inoculation with D17 cells that produce simple BLV
coviruses induces production of antibodies against BLV Gag
and Env. Seroconversion is sustained for at least 6 months
(the duration of the study), which is consistent with the
sustained presence of antigen.

Similar antibody responses were observed for the group 3
rats injected with the complementary simple BLV genomes
(Table 2; representative data are shown in Fig. 3). Each group
3 rat seroconverted, and p24°2¢ and gp51F™ antibodies were
sustained at 6 months postinoculation. These data indicate that
introduction of simple BLV coviruses by virus-producing cells
or by direct injection of proviral DNA results in antibody
responses that are similar in magnitude.

Group 4 rats injected with the single hybrid genome dis-
played similar patterns of seroconversion to BLV Gag and
Env. However, one of the rats (rat 339-1) failed to produce
antibodies against Gag and Env at 6 months postinjection. Inter-
estingly, this rat initially had the highest anti-Gag antibody titer in

the group. The lack of sustained antibody production is consistent
with elimination of the producer cell population or with the pos-
sibility that the immunological response resulted from transient
expression from the injected DNA.

All rats inoculated with the heterologous simple BLV pro-
ducer cells or proviral DNA, except rat 339-1, exhibited anti-
body titers similar to those of the group 5 rats inoculated with
wild-type BLV DNA. As expected, sera from mock-treated rats
(group 6) were consistently negative for anti-BLV antibody. In
summary, these analyses indicate that (i) introduction of sim-
ple BLV producer cells or proviral DNA induces production of
anti-BLV antibodies; (ii) injection of simple BLV proviral
DNA leads to transcription and translation, and the proteins
are immunogenic; (iii) production of antiviral antibody is sus-
tained for 6 months (the duration of the study) in most of
the virus-treated rats, consistent with sustained presence of
antigen (antibody was no longer detected in one group 4 rat
[339-1] at the 6-month time point); and (iv) anti-BLV anti-
body titers were similar among the virus-treated rats.

The simple BLV derivatives infect PBMCs. Induction of
anti-BLV antibodies in response to the simple BLV genomes is
consistent with virus gene expression and protein production.
The virus proteins may assemble into virions and be released
from the cell as infectious virus. The natural target for BLV is
PBMC:s (8, 13, 15, 18), and one indicator that infectious simple
BLYV is produced would be the presence of provirus sequences
in PBMCs. The input D17 virus-producing cells are destroyed
within weeks after injection because they are immunologically
foreign to the host (3). We performed PCR on PBMC DNA
prepared from the rats 6 months postinoculation to screen for
provirus sequences. BLV pol sequences were detected in PB-
MC:s from group 1 rats (inoculated with D17 covirus-producing
cells) but not in those from group 2 rats (mock-treated con-
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TABLE 3. Presence of BLV pol sequences in PBMCs of rats
6 months after inoculation with complementary
virus-producing cells or various DNAs

Treatment group Animal no. Presence of BLV pol®

1 (covirus cells) 342-2 +
326 NS?
327-1 +
327-3 +

2 (uninfected cells) 344-1 -
344-2 NS

3 (covirus DNA) 338-1 NS
338-2 +
338-3 +

4 (single-genome DNA) 339-1 -
339-2 +
339-3 +
339-4 +

5 (wild-type BLV DNA) 340-1 +
340-2 +

6 (pUC19 DNA) 341-1 -
341-2 -

“ PBMC DNA was isolated and screened for BLV pol sequences by PCR and
analyzed by Southern blotting as described in Materials and Methods.
NS, sample not tested because harvest of PBMCs was not sufficient for PCR.

trols) (Table 3). These results indicate that the simple BLV
covirus infected PBMCs and formed a provirus.

When addressing whether proviruses were formed in PB-
MCs from rats injected with the hybrid genomes, we consid-
ered the fate of injected DNA, which has been examined in
mice (11). In mice, plasmid DNA (50 g complexed with
liposomes) in peripheral blood was rapidly degraded, with a
half-life of less than 1 h. Quantification of plasmid levels by
PCR in various tissues showed that by 6 months, the plasmid is
not detectable in peripheral blood or in tissues, except for
muscle (at a level of less than 0.012 copies/genome). Thus,
although the DNA may be retained at low levels in muscle for
up to 6 months, injected BLV DNA that reaches peripheral
blood is degraded. Replicated BLV DNA integrated into
PBMC DNA would be protected from degradation. We iso-
lated PBMC DNA at 6 months postinoculation and screened
for the unlikely presence of residual plasmid DNA in blood by
PCR with primers complementary to pUC19 (the plasmid
backbone). All samples were negative for pUC19 sequences
(data not shown). In contrast, when we screened for BLV pol
sequences, BLV provirus sequences were observed in the BLV
control rats (group 5) but not in mock-treated controls (group
6) (Table 3). Furthermore, BLV sequences were detected in
each group 3 rat (covirus DNA) and in three of four group
4 rats (single-genome DNA) (Table 3), consistent with virus
infection and provirus formation. Provirus sequences were not
detected in the group 4 rat that was negative in the Western
blot assay at 6 months (rat 339-1). These results demonstrate
that residual plasmid DNA is not detectable in PBMCs and
that BLV provirus is not detectable in rat 339-1.

To obtain further evidence of authentic virus infection and
replication, we performed RT-PCR to detect viral RNA in the
PBMCs. PBMC RNAs were prepared from blood harvested by
cardiac venipuncture of rats in group 4 (single-genome simple
BLV DNA) and group 6 (pUC19 DNA) at 14 months after the
last DNA inoculation. The RNAs were reverse transcribed
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Rat 341-1/ pUC19 RT+
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Rat 339-3/single genome BLV RT+
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FIG. 4. RT-PCR analysis of viral RNA in PBMCs. PBMC RNA was pre-
pared from blood samples harvested by cardiac venipuncture 14 months after the
final inoculation and was treated with avian myeloblastosis virus RT. BLV-
specific cDNAs were PCR amplified by thermostable Tfl DNA polymerase with
BLV pol primers (Access RT-PCR System; Promega). The size of the expected
DNA product (591 bp) is indicated. Lanes 1 and 9, molecular size standards; lane
2, RNA of group 4 rat 339-2 (single-genome simple BLV); lane 3, RNA of group
4 rat 339-3 (single-genome simple BLV); lane 4, RNA of rat 339-2 without RT;
lane 5, RNA of group 6 rat 341-1 (mock); lane 6, RNA of group 6 rat 341-2
(mock); lane 7, RNA of FLK/BLV cells; lane 8, RNA of FLK/BLV cells without
RT.

with avian myeloblastosis virus RT, and BLV-specific cDNAs
were amplified by PCR with thermostable Tf1 DNA polymer-
ase and BLV pol primers (Access RT-PCR System; Promega).
As shown in Fig. 4, viral RNA is detected in PBMC:s of simple
BLV-treated rats (lanes 2 and 3) but not in those of mock-
treated rats (lanes 5 and 6). As expected, the length of the PCR
product is equal to that of the BLV control RNA (Fig. 4, lane
7) (591 bp). A signal was not detected in the absence of RT
(Fig. 4, lanes 4 and 8), which demonstrates that the positive
RT-PCR signal was in response to template RNA, not DNA.
These results indicate that simple BLV RNA is expressed 14
months after DNA inoculation. These results are consistent
with authentic simple BLV infection of PBMCs and at least
one cycle of virus replication.

DISCUSSION

The aims of this study were to construct a second-generation
simple BLV genome that is replication competent, to test the
immunogenicity of the simple BLV derivatives in a BLV ani-
mal model, and to assess the ability of these viruses to infect
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the natural BLV target cell population, PBMCs. We accom-
plished the first aim by combining parts of previously described
Tax- and Rex-independent complementary hybrid genomes to
express BLV gag-pol and env from a single hybrid genome (Fig.
1). A poliovirus IRES was inserted adjacent to the env ATG to
facilitate cap-independent translation of BLV env. IRESs have
been used previously to construct selectable bicistronic retro-
virus vectors in which selection for a downstream drug resis-
tance marker guarantees expression of the upstream gene(s)
(1,5, 10, 14). In this study, the purpose of the IRES in pU5gag-
pol-env was to drive translation of BLV env from a polycis-
tronic genomic RNA. We found that pU5gag-pol-env produces
virions that are replication competent upon two passages in
D17 cells (Table 1). RNA and protein analyses of the infected
cells confirmed directly that proviral RNA is expressed, the
expected viral BLV proteins are produced, and progeny virions
contain viral RNA (Fig. 2).

The second aim of this work was to determine if viral pro-
teins produced from the simple BLV genomes induce antibod-
ies against the major BLV antigenic determinants, Gag and
Env. We compared two approaches for introduction of the
virus into rats: injection of heterologous virus-producing cells
and direct injection of proviral DNA. Previous reports have
demonstrated BLV seroconversion in rats or sheep in response
to introduction of BLV-producing cells and seroconversion in
sheep upon direct injection with BLV proviral DNA (3, 17, 21).
Our experiments confirm seroconversion in response to virus-
producing cells and demonstrate seroconversion in rats in-
jected with viral DNA (Table 2; Fig. 3). The titers of anti-BLV
antibodies were similar in simple BLV- or BLV-treated rats
(Table 2). Furthermore, these results indicate that BLV pro-
teins are produced in vivo from simple BLV derivatives that
lack Tax, Rex, RIII, and GIV open reading frames.

The third aim of this study was to assess the ability of the
simple BLV derivatives to infect the natural BLV target cells,
PBMC:s. Retrovirus infection and replication result in the per-
manent integration of provirus DNA into the chromosome of
the infected cell. We screened PBMC DNA for provirus se-
quences at 6 months posttreatment, since by 6 months, injected
D17 virus-producing cells and injected DNA are eliminated
from the circulation (3, 11). PBMCs from each rat treated with
heterologous virus-producing cells and from several of the rats
treated with viral DNA contained replicated BLV pol se-
quences, whereas those from mock-treated rats did not. The
lack of BLV pol sequences in rat 339-1 (group 4 [single-ge-
nome DNA]) demonstrates that residual input DNA was
absent (Table 3). Furthermore, viral RNA was expressed in
PBMCs of simple BLV-treated, but not mock-treated, rats.
These results are consistent with simple BLV infection of
PBMC:s and at least one cycle of replication.

This study used small groups of rats to establish the immu-
nogenicity and infectivity of simple BLV derivatives that lack
the regulatory genes, tax and rex, and the RIII and GIV open
reading frames. These data validate simple BLV derivatives as
useful reagents to study the roles of Tax, Rex, RIII, and GIV
in BLV persistence and pathogenesis. The small test groups
did not reveal differences in response among the simple BLV
derivatives and BLV. Future studies with larger test groups will
compare virus load and persistence for simple BLV derivatives
and wild-type BLV. Evaluation of the simple BLV derivatives
in BLV models with a disease endpoint (4, 6, 21, 22) will also
contribute toward the evaluation of simple retroviruses as pre-
ventative vaccines.

J. VIROL.
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