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A time course analysis of SL3-3 murine leukemia virus (SL3) infection in thymus and bone marrow of
NIH/Swiss mice was performed to assess changes that occur during the early stages of progression to
lymphoma. Virus was detectable in thymocytes, bone marrow, and spleen as early as 1 to 2 weeks postinocu-
lation (p.i.). In bone marrow, virus infection was detected predominantly in immature myeloid or granulocytic
cells. Flow cytometry revealed significant reductions of the Ter-119� and Mac-1� populations, and significant
expansions of the Gr-1� and CD34� populations, between 2 and 4 weeks p.i. Analysis of colony-forming
potential confirmed these findings. In the thymus, SL3 replication was associated with significant disruption
in thymocyte subpopulation distribution between 4 and 7 weeks p.i. A significant thymic regression was
observed just prior to the clonal outgrowth of tumor cells. Proviral long terminal repeats (LTRs) with
increasing numbers of enhancer repeats were observed to accumulate exclusively in the thymus during the first
8 weeks p.i. Observations were compared to the early stages of infection with a virtually nonpathogenic SL3
mutant, termed SL3�Myb5, which was shown by real-time PCR to be replication competent. Comparison of
SL3 with SL3�Myb5 implicated certain premalignant changes in tumorigenesis, including (i) increased
proportions of Gr-1� and CD34� bone marrow progenitors, (ii) a significant increase in the proportion of
CD4� CD8� thymocytes, (iii) thymic regression prior to tumor outgrowth, and (iv) accumulation of LTR
enhancer variants. A model in which disrupted bone marrow hematopoiesis and thymopoiesis contribute to the
development of lymphoma in the SL3-infected animal is discussed.

The murine leukemia virus (MuLV)-mediated induction of
lymphoma involves pathophysiologic changes that occur early
in infection and function to establish a preleukemic state fa-
vorable for tumor development. These preleukemic changes
involve the target organ for tumor formation but are not lim-
ited to that tissue. The early stages of MuLV-mediated lym-
phoma are perhaps best understood in the case of infection
with Moloney MuLV (M-MuLV). When inoculated into neo-
natal mice, M-MuLV reliably induces lymphomas of T-cell
origin, most of which originate in the thymus and exhibit the
surface phenotype of immature T cells (CD4� CD8� or CD4�

CD8�) (8, 9). Some of the tumors exhibit a more mature
surface phenotype (CD4� CD8� or CD4� CD8�), an obser-
vation which has been interpreted to suggest that the virus
transforms an immature T-cell target that continues to differ-
entiate to various degrees thereafter (29). During the prema-
lignant stage of M-MuLV-mediated lymphomagenesis, a dis-
tinctive hyperplasia of the spleen occurs. The hyperplasia leads
to a predictable splenomegaly characterized by two- to three-
fold enlargement by 4 to 8 weeks after infection (12). Early
infection of the bone marrow is also essential for efficient
lymphomagenesis mediated by M-MuLV (4). In fact, hyper-
plasia of the spleen is thought to result secondarily from an
inhibition of bone marrow hematopoiesis at early times after
viral infection; thus, the splenic hyperplasia is apparently a

compensatory extramedullary hematopoiesis that plays an in-
tegral role in the malignant process (15, 32). A hallmark of
M-MuLV-mediated disease is the appearance of polytropic env
gene recombinants with the ability to utilize a cellular receptor
different from that of the ecotropic parent virus. These poly-
tropic recombinants are known as mink cell focus-inducing
(MCF) viruses owing to their altered host range (15). Although
MCF viruses are not absolutely required for M-MuLV to in-
duce disease (49, 53), efficient lymphomagenesis in mice is
clearly associated with their generation. Finally, the long ter-
minal repeat (LTR) sequence of M-MuLV has been impli-
cated as a primary determinant of the T-cell specificity and
potency of disease induction. The role of the LTR in disease
induction may be to increase virus replication in the target
tissue for transformation, thus increasing the opportunity for
insertional mutagenesis of a relevant proto-oncogene. Approx-
imately 80% of T-cell lymphomas induced by M-MuLV in
NIH/Swiss mice show proviral insertions near the proto-onco-
gene pim-1, c-myc, or the linked pvt-1 region (15).

Preleukemia or prelymphoma has also been studied in the
AKR mouse. Early disease development during spontaneous
tumorigenesis or following exogenous infection has received
considerable attention (see, e.g., references 11, 19, 39, 40, 56,
and 57). SL3-3 (SL3) is an oncogenic, ecotropic MuLV derived
from a spontaneous lymphoma of an AKR mouse. SL3 infec-
tion reliably induces T-cell lymphoma, typically of thymic ori-
gin, approximately 70 days following inoculation of neonatal
mice (31, 41). Although less is known about the mechanisms of
disease induction in SL3-infected animals, some similarities to
M-MuLV infection are apparent. For example, SL3-induced
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tumors are invariably of T-cell origin and exhibit a range of
surface phenotypes represented most prominently by the fea-
tures of immature cells (21). Equally clear are distinct differ-
ences in SL3-induced disease compared to M-MuLV, suggest-
ing that the mechanisms of lymphomagenesis may be different.
For example, splenic hyperplasia is not characteristic of the
early phase of SL3-induced disease. In our recent time course
analysis of infection with SL3 or with SL3 LTR variants, spleen
weights were observed to increase normally with mouse devel-
opment until the appearance of frank lymphomas. Only at that
time were significantly enlarged spleens evident (35). Thus, the
compensatory extramedullary hematopoiesis and consequent
splenic hyperplasia characteristic of early M-MuLV infection
(15) apparently do not occur during SL3 infection. Further,
our studies and others show that viruses containing polytropic
recombinant genomes arise during SL3 infection (44, 51, 52);
however, no infectious viruses can be isolated from tumor cells
that exhibit a polytropic host range (25, 51, 52). Finally, al-
though the pattern of proto-oncogene activation in SL3-in-
duced tumors has not yet been thoroughly elucidated, it is
clearly distinct from that of M-MuLV. Insertions at c-myc and
pim-1 account for only about 20% of SL3-induced tumors (1,
22, 37, 47). Novel genes have been identified as targets in some
tumors (48), and other, yet-unidentified proto-oncogenes may
be activated by proviral insertion in the majority of the tumors.
This difference in proto-oncogene involvement may be reflec-
tive of a distinct pathogenic mechanism.

A major determinant of the malignant potential and T-cell
specificity of SL3 is encoded in the LTR. Evidence implicates
the transcriptional enhancers within the SL3 LTR as determi-
nants of disease progression, likely through their ability to
drive expression of viral and cellular genes at the sites of
proviral integration (7, 14, 18, 30, 33–35, 38). A three-nucle-
otide substitution that eliminates the c-Myb binding site in the
SL3 enhancer was previously shown to render the virus virtu-
ally nonpathogenic. This enhancer mutant, termed SL3�Myb5,
was shown to induce lymphoma in only 3 of 11 animals after
prolonged latency of 230 days. No lymphomas were detected
within the 100-day period that is typically examined. In addi-
tion, SL3�Myb5 was shown to be a very poor activator of the
c-myc promoter in T cells (38). SL3�Myb5 was subsequently
shown to be replication competent in NIH/Swiss mice, as evi-
denced by the detection of proviral DNA in bone marrow,
spleen, and thymus collected from 1 to 8 weeks postinoculation
(p.i.) (44). As in SL3 infection, polytropic recombinant viral
genomes were detected during SL3�Myb5 infection of NIH/
Swiss mice, although recombinants were generated less fre-
quently and with delayed timing of appearance (44). In the
present study, SL3�Myb5 was used as a tool to define molec-
ular and cellular alterations during the premalignant period of
infection that may be linked to oncogenesis.

During the premalignant period, SL3 replication occurs in
bone marrow and spleen as well as in thymus, although thymus
is the ultimate site of tumor formation (43). The pathophysi-
ologic impact of SL3 replication on bone marrow hematopoi-
esis and/or thymopoiesis is not well understood. Bone marrow
may represent the site of the initial transforming event, since
transplantable potential leukemia cells (PLC) are consistently
found in bone marrow at 3 to 4 weeks following SL3 inocula-
tion. Transplanted PLC can give rise to lymphoma in the re-

cipient animal, in a manner dependent on the presence of the
thymus (20, 50). In the thymus, SL3 infection in AKR mice has
been associated with alterations in thymocyte subset distribu-
tion at 6 to 8 weeks p.i. and with the appearance of immature
thymocytes that fail to mature normally upon transplantation
(23, 24). In the present study, the impact of SL3 replication on
hematopoiesis and thymopoiesis was examined during the
early preleukemic period, defined as 1 to 8 weeks p.i., and was
compared to SL3�Myb5 infection in age-matched animals.
The results show that hematopoiesis and thymopoiesis are
significantly disrupted by virus replication. Comparison of SL3
and SL3�Myb5 infection during the early weeks after inocu-
lation implicates certain premalignant changes as being impor-
tant to the tumorigenic process. Those changes include (i)
significant increases in the proportions of Gr-1� and CD34�

progenitors in the bone marrow early in infection, (ii) a signif-
icant increase in the proportion of CD4� CD8� thymocytes,
(iii) thymic regression prior to tumor outgrowth, and (iv) ac-
cumulation of LTR enhancer variants.

MATERIALS AND METHODS

Virus stocks, animal inoculations, and tissue collection. Stocks of infectious
SL3 or SL3�Myb5 were developed by concatamerization of a molecularly
cloned, single-LTR SL3 or SL3�Myb provirus and introduction into NIH 3T3
cells by lipid-mediated transfection (Lipofectamine Plus reagent; Life Technol-
ogies, Inc.). The culture supernatant of infected cells was collected, filtered
through a low-protein-binding cellulose acetate filter (0.2-�m pore size; Costar),
aliquoted, and frozen at �80°C for storage. The titer of the virus stock was
determined by end point dilution on SC-1 cells. Newborn NIH/Swiss mice (�24
h of age) were inoculated intraperitoneally with 106 infectious units (0.1 ml) of
virus. Mice were sacrificed by carbon dioxide asphyxiation at weekly intervals
following inoculation. Age-matched uninfected control mice were included in
parallel. Thymus, bone marrow, spleen, liver, and kidney were removed at timed
collections as indicated in Results. For preparation of a thymocyte suspension,
the thymus was weighed and minced in cold phosphate-buffered saline (PBS)
(containing, per liter, 6.12 g of NaCl, 1.5 g of Na2HPO4, and 0.4 g of KH2PO4)
by using surgical scissors. A single-cell thymocyte suspension was prepared by
repeated passage of the minced tissue through an 18-gauge needle. Stromal
components were removed by filtration of the suspension through a sterile
0.6-�m nylon mesh (Spectrum). Viable thymocytes were enumerated by trypan
blue exclusion.

Preparation of genomic DNA and PCR amplification for proviral DNA.
Genomic DNA was isolated for PCR amplification using the QiaAMP Tissue Kit
(Qiagen) and was quantified spectrophotometrically. DNA (1 �g) was amplified
by PCR using primers SL3A (5� TCATAAGGCTTAGCCAGCTAACTGCAG
3�) and SL3C (5� AACCTTGAGACAGTTTCTGG 3�) to detect the integrated
proviral LTR of SL3 or SL3�Myb5 as previously described (3). The 346-bp
amplification product was resolved by agarose gel electrophoresis and visualized
by ethidium bromide staining. As a control for the presence of amplifiable DNA,
parallel reactions were conducted using primers for the GAPDH (glyceralde-
hyde-3-phosphate dehydrogenase) gene as previously described (3).

Real-time PCR analysis. Real-time PCR amplifications were performed ac-
cording to specifications provided by Perkin-Elmer (PE) Applied Biosystems.
Each reaction mixture contained 100 ng of genomic DNA, 1� Taqman Universal
PCR Master Mix (PE Applied Biosystems), 900 nM (each) SL3for1 and SL3rev1
primers, and 250 nM sequence-specific 6-carboxy-fluorescein (5�)/6-carboxy-tet-
ramethyl-rhodamine (3�)-labeled probe designed using the Primer Express soft-
ware (PE Applied Biosystems). The sequences of the primers and probe are as
follows: SL3for1, 5�-CTGCAGTAACGCCATTTTGC; SL3rev1, 5�-TGTACTT
CCTTGTTCTTGTTTTTCTGA; and probe, 5�-FAM-AACATCAGCTCTGGT
ATTTTTCCCATGCCT-TAMRA-3�. The primers amplify a 79-bp fragment
from the SL3 or SL3�Myb5 LTR. Amplifications were performed and analyzed
in a 96-well plate format using the ABI Prism 7700 DNA Sequence Detector.
The data from this analysis are reported as critical threshold (CT) values, which
represent the amplification cycle at which a threshold signal is first detected. The
CT value was extrapolated to indicate a precise mass amount of target sequence
by comparison to parallel amplification of a standard dilution series. The stan-
dard curve was generated by adding known amounts of pSL3LTR plasmid to
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thymus or bone marrow DNA from uninfected NIH/Swiss mice. In the present
analysis, the slopes of the standard curves ranged from �3.1 to �3.6, and the
threshold was set to 0.4. The measurement of each sample was repeated in
triplicate.

Flow cytometry. Thymocytes (1 � 106 to 2 � 106 cells per assay) or bone
marrow cells (0.5 � 106 to 1 � 106 cells per assay) were suspended in 100 �l of
standard azide buffer (containing, per liter, 10 g of FA Bacto buffer [Difco], 1 g
of sodium azide, and 10 ml of heat-inactivated fetal bovine serum). For staining
of surface antigens, antibody was added at a 1/40 dilution of the total reaction
volume and allowed to incubate with the cells on ice for 20 min. The cells were
then washed and resuspended in 100 �l of standard azide buffer with 100 �l of
2% paraformaldehyde. The antibodies used were as follows: fluorescein isothio-
cyanate (FITC)-conjugated rat anti-mouse CD4 monoclonal antibody (RM4-4;
BD Pharmingen), phycoerythrin (PE)-conjugated rat anti-mouse CD8a mono-
clonal antibody (53-6.7; BD Pharmingen), FITC-conjugated goat anti-mouse
immunoglobulin G (IgG) monoclonal antibody (F-0257; Sigma), PE-conjugated
anti-Mac-1 (Caltag), PE-conjugated anti-Gr-1 (Caltag), PE-conjugated anti-Ter-
119 (BD Pharmingen), PE-conjugated anti-CD34 (Caltag), and supernatant
from the 24-8 hybridoma (a gift of Miles Cloyd). The 24-8 hybridoma produces
a monoclonal antibody of the IgG2a isotype specific for gp70-p15E polyprotein
precursor of the AKR family of viruses (42). Isotype controls were included for
each antibody used. Surface labeling for CD4 and CD8 was analyzed on a Becton
Dickinson FacsVantage dual-laser cell sorter and interpreted with Becton Dick-
inson Cell Quest software. An EPICS ELITE flow cytometer and EPICS ELITE
software was used to analyze surface labeling of SL3 SU and for lineage-re-
stricted antigens on bone marrow cells. Forward- and side-scatter characteristics
were used to measure cell size and density, respectively, for the purpose of gating
out cell debris. Electronic compensation for spectral overlap of the fluoro-
chromes was performed using single-color staining of controls prepared from
experimental material.

Immunohistochemical staining for virus infection in bone marrow cells. Bone
marrow was recovered by flushing 500 �l of cold PBS through the femur into a
microcentrifuge tube. The bone marrow was mixed with an equal volume of
Cytospin Collection Fluid (Shandon) and was deposited onto gelatin-coated
glass slides by cytocentrifugation for 5 min at 1,000 rpm (Cytospin; Shandon).
Slides were air dried for several hours before fixation in 2% paraformaldehyde–
PBS for 15 min at room temperature. Slides were rinsed in PBS for 5 min and
stained using a polyclonal goat anti-AKR gp70 antiserum (National Cancer
Institute [NCI] repository, no. 80S000008) according to the protocol supplied
with the Vectastain Elite ABC kit (Vector Labs). The staining procedure was as
follows: 30 min in 0.3% hydrogen peroxide in methanol, 5 min in PBS, 20 min in
normal goat serum (NCI repository, no. 79S000703) diluted 1/1,000 in PBS, 5
min in PBS, 30 min in goat anti-AKR gp70 antiserum (NCI repository, no.
80S000008) diluted 1/1,000 in PBS, 5 min in PBS, 30 min in biotinylated anti-goat
IgG (Vector Labs) diluted to 5 �g/ml in PBS, 5 min in PBS, 30 min in ABC
reagent (avidin-biotinylated horseradish peroxidase complex), 5 min in PBS, and
2 to 10 min in diaminobenzidine tetrahydrochloride. After immunohistochemical
staining, the slides were briefly counterstained in Harris’ modified hematoxylin
solution for 30 s, rinsed in tap water, and treated with 0.1% ammonium acetate
for 30 s. The slides were dried and mounted with coverslips using Permount.

Bone marrow colony-forming assays. Bone marrow cells were flushed from the
femur under sterile conditions with Iscove’s modified Dulbecco’s medium con-
taining 2% fetal bovine serum. Cells were enumerated by trypan blue exclusion
and were deposited in 35-mm-diameter petri dishes at a concentration of 2 � 104

cells per 1.1 ml in Methocult 3434 (StemCell Technologies, Inc.) Colonies were
enumerated by microscopic examination after 12 days of growth at 37°C in a
humidified atmosphere containing 5% CO2. Duplicate plates were from pre-
pared from the bone marrow of each animal, and four or five animals were
examined at each timed collection. Age-matched uninfected control animals
were examined in parallel. To amplify SL3 proviral DNA, representative colonies
of the CFU-granulocyte-macrophage (CFU-GM), CFU-granulocyte-erythro-
cyte-macrophage-mekaryocyte (CFU-GEMM), and burst-forming unit-erythro-
cyte (BFU-E) types were aspirated from the plate with a fine-tipped Pasteur
pipette. Cells were washed repeatedly in 1� Hanks balanced salt solution and
were lysed for 10 min at 65°C in 5 �l of alkaline lysis buffer (50 mM dithiothre-
itol, 200 mM NaOH). The reaction was neutralized with 5 �l of neutralization
buffer (0.8 M Tris-Cl [pH 8.3], 0.3 M KCl, 0.2 M HCl). Proviral LTR and
GAPDH sequences were amplified from the resulting DNA as described above.

RESULTS

Virus replication in target hematopoietic tissues and the

accumulation of viral enhancer variants. Previous studies have
shown that bone marrow, spleen, and thymus are targets of
SL3 infection at early times p.i. and that the number of in-
fected cells in the thymus exceeds that in other tissues. In those
studies, tissues were collected from SL3-infected NFS mice at
4 to 8 weeks p.i., and the number of infected cells was quan-
tified using a serological focus assay (43). In the present study,
neonatal NIH/Swiss mice were inoculated intraperitoneally
with 106 infectious units of SL3 or SL3�Myb5 and were sacri-
ficed at 1, 2, 4, 6, and 8 weeks p.i. Thymus, spleen, bone
marrow, liver, and kidney were retrieved at each collection,
and genomic DNA was isolated from the tissues. A single-cell
suspension of thymocytes was also prepared at each timed
collection. PCR amplification was used to detect integrated
proviral DNA as evidence for virus replication in each tissue.
The oligonucleotide primers used for amplification (SL3A and
SL3C) were specific for the SL3 or SL3�Myb5 LTR and have
been previously shown not to amplify endogenous viral se-
quences from NIH/Swiss mice (3). Thus, amplification with
these primers is useful as an indicator of viral infection in
target tissues. As shown in Fig. 1A, SL3 proviral DNA was
readily detectable in the spleen, thymus, and bone marrow of
SL3-infected animals as early as 1 to 2 weeks p.i. Isolated
thymocytes were also positive for proviral DNA (Fig. 1B).
Proviral DNA was not detected in nonhematopoietic tissues
such as liver or kidney (Fig. 1C). Thus, SL3 replication is
apparently restricted to hematopoietic target tissues, beginning
as early as 1 to 2 weeks p.i. A similar pattern was observed in
tissues from age-matched SL3�Myb5-infected animals (data
not shown).

Previous studies of SL3 proviruses retrieved from end-stage
tumors demonstrated frequent variation in the number of
72-bp enhancer repeats within the LTR. The formation of
these enhancer variants, attributed to template misalignment
errors during reverse transcription, may confer a selective rep-
licative advantage to the virus in tumor cells. Alternatively, the
accumulation of proviruses containing additional enhancer re-
peats may confer a selective growth advantage on the host cell,
perhaps through optimal transcriptional activation of an adja-
cent oncogene (35, 37). PCR analysis of the premalignant
thymus in SL3-infected animals demonstrated LTRs contain-
ing predominantly the predicted two enhancer repeats, as ev-
idenced by the presence of a single 346-bp amplification prod-
uct at 2, 4, and 6 weeks p.i. By 8 weeks p.i., larger amplification
products were clearly evident in the thymus (Fig. 1A) and
within thymocytes (Fig. 1B). Sequence analysis demonstrated
these larger products to contain up to four copies of the en-
hancer repeat (data not shown). In an amplification product
containing four enhancer repeats, the newly acquired se-
quences were identical except for a deletion of the core II
binding site (data not shown). Interestingly, this site has been
previously shown to be of minimal importance for pathogenic-
ity of SL3 (18). Analysis of premalignant tissues further dem-
onstrated the accumulation of enhancer repeats uniquely in
the thymus and not in spleen or bone marrow (Fig. 1A). Thus,
the selective advantage conferred by the accumulation of en-
hancer repeats may be effective only in thymocytes. Analysis of
SL3�Myb5-infected animals showed that proviruses with in-
creased numbers of enhancer repeats did not accumulate in
the thymus during infection (Fig. 2), nor were they detectable
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in spleen or bone marrow of the same animals (data not
shown). Thus, the accumulation of additional enhancer repeats
is unique to SL3-infected mice and occurs exclusively in the
thymuses of those animals.

Real-time PCR quantitation of SL3 and SL3�Myb5 repli-
cation during premalignancy. While the replication compe-
tence of SL3�Myb5 was demonstrated by PCR analysis of
proviral DNA throughout the premalignant period in the thy-
mus, bone marrow, and spleen of infected animals (Fig. 2)
(44), the relative levels of SL3 and SL3�Myb5 replication were
not quantified. We quantified the proviral load in thymus and
bone marrow during the premalignant time period by using
real-time PCR. Neonatal NIH/Swiss mice were inoculated in-
traperitoneally with 106 infectious units of wild-type SL3 or
SL3�Myb5 and were sacrificed at 1, 2, 3, 4, 6, and 8 weeks p.i.
Thymus and bone marrow were retrieved at each collection,
and genomic DNA was prepared. Genomic DNA was ampli-

fied with primers SL3for1 and SL3rev1 in the presence of
a sequence-specific Taqman FAM(5�)/TAMRA(3�)-labeled
probe, using the ABI 7700 DNA Sequence Detector for real-
time detection and analysis. Analysis of each sample was re-
peated in triplicate. A standard dilution series in which known
amounts of SL3 plasmid DNA were added to DNA from un-
infected tissues was amplified in parallel. By comparison to the
standard curve thus generated, the CT of each amplification
reaction was extrapolated to indicate the precise mass, ex-
pressed as picograms of 79-bp proviral LTR target sequence
per microgram of total genomic DNA (Fig. 3; Table 1).
The results showed that proviral loads in both SL3- and
SL3�Myb5-infected mice increased during the first few weeks
after inoculation, especially in the thymus. Proviral loads of
SL3�Myb5 were generally lower than those of SL3 and in-
creased more slowly. For example, when the data were trans-
posed to indicate provirus copy number per cell equivalent
(Table 1), the SL3-infected thymus was observed to contain
0.38, 6.5, and 1.7 copies per cell equivalent at 2, 4, and 6 weeks
p.i., respectively. At the same time points, the SL3�Myb5-
infected thymus was observed to contain 0.5, 0.7, and 3.9 copies
per cell equivalent.

Proportion of SU� (gp70�) thymocytes in SL3- or
SL3�Myb5-infected mice. As another measure of relative rep-
lication rate, the proportion of SU� (gp70�) thymocytes in
SL3- or SL3�Myb5-infected mice was quantified throughout
the premalignant time course by flow cytometry. Neonatal
NIH/Swiss mice were inoculated with 106 infectious units of
SL3 or SL3�Myb5, and the thymus was recovered at 2, 4, 6,
and 8 weeks p.i. (from four to six animals at each timed col-
lection). The thymus was minced, and a single-cell thymocyte
suspension was prepared. The percentage of SL3 SU� thymo-
cytes was determined by flow cytometry using as a probe the
supernatant of the 24-8 hybridoma. 24-8 produces a monoclo-
nal antibody specific for the envelope precursor polyprotein of
the AKR family of viruses (42). An FITC-conjugated second-
ary antibody, goat anti-mouse IgG2a, was used to detect the
signal. By this measure, the percentage of SU� cells in the
thymuses of uninfected age-matched control mice was low or
undetectable (average, 3.7% [data not shown]). At the earliest
time point examined (2 weeks p.i.), SU was detectable on 14 to
23% of thymocytes in SL3- or SL3�Myb5-infected animals,
increasing to �35% by 4 weeks p.i. (Table 2). By 8 weeks p.i.
in most SL3-infected animals examined, the majority of thy-
mocytes (51 to 82%) were SU�. Noteworthy among the in-

FIG. 2. PCR amplification of SL3�Myb5 proviral LTR from thy-
muses of virus-infected NIH/Swiss mice. Thymuses were collected at 1,
2, 4, 6, and 8 weeks after intraperitoneal inoculation of neonatal
animals with SL3�Myb5. Genomic DNA was isolated from the tissues,
and 1 �g of the DNA was amplified with primers SL3A and SL3C to
detect the presence of integrated SL3�Myb5 provirus in the host
genome. Representative results for two animals of four examined at
each timed collection are shown.

FIG. 1. PCR amplification of SL3 proviral LTR or GAPDH se-
quences in tissues from virus-infected NIH/Swiss mice. Thymus,
spleen, and bone marrow (A), isolated thymocytes (B), and liver and
kidney (C) were collected at 1, 2, 4, 6, and 8 weeks after intraperitoneal
inoculation of neonatal animals with SL3. Genomic DNA was isolated
from the tissues, and 1 �g of the DNA was amplified with primers
SL3A and SL3C to detect the presence of integrated SL3 provirus in
the host genome. GAPDH sequences were examined as a control for
the presence of amplifiable DNA. Representative results from one
animal of four examined at each timed collection are shown.
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fected animals examined at 8 weeks p.i. were two in which
�10% of thymocytes expressed SU. Interestingly, the spleens
of these animals were grossly enlarged at the time of sacrifice
at 8 weeks. Southern blot analysis of genomic DNA from the
spleen samples revealed clonal rearrangement of the T-cell
receptor beta locus, evidence of T-cell tumor formation in that
tissue (data not shown). In SL3�Myb5-infected mice, in con-
trast, the proportion of SU� cells in the thymus declined to
�17% by 8 weeks p.i. (Table 2). Taken together with the
results of real-time PCR, these studies show that SL3�Myb5 is
replication competent, although it replicates to lower levels
than does SL3 in both bone marrow and thymus.

Virus replication in bone marrow progenitor cells. Several
lines of evidence indicate that early infection of the bone
marrow plays an important role in SL3 pathogenesis. Our
findings (Fig. 1) and those of others (43) show that SL3 rep-
licates in bone marrow cells at early times after inoculation.
Bone marrow may be the site of the initial transforming event,
inasmuch as transplantation assays using SL3-infected AKR
mice demonstrated cells with leukemic potential in bone mar-
row at 3 to 4 weeks p.i. (50). The target cells for virus replica-
tion in the bone marrow have not yet been identified, nor is the
role of bone marrow in SL3 pathogenesis clearly understood.
In the present study, we used an immunohistochemical ap-
proach to analyze replication of SL3 and SL3�Myb5 in bone
marrow during the premalignant period. Neonatal NIH/Swiss
mice were inoculated intraperitoneally with either virus, and
bone marrow was collected from the femur at weekly intervals
thereafter (from five to nine animals per timed collection).
Immunohistochemical analysis was performed with the Vec-
tastain Elite ABC Kit (Vector Labs), using as primary antibody
a goat polyclonal antiserum directed against the SU protein of
AKR-derived MuLV including SL3 (obtained from the NCI
Repository). Following reaction with a biotinylated anti-goat
IgG antiserum as secondary antibody and with avidin-peroxi-

dase (Elite ABC reagent), the addition of diaminobenzidine
tetrahydrochloride as a peroxidase substrate was used to pro-
duce a reddish-brown precipitate indicative of SU expression.
The bone marrow preparation was then counterstained with
hematoxylin to permit visualization of the cells.

Although cells cannot be positively identified on the basis of
morphology in these preparations, four populations are clearly
evident in the bone marrow of uninfected animals (Fig. 4A): (i)
very large cells with abundant cytoplasm and irregular nuclei,
characteristic of megakaryocytes; (ii) medium-sized cells with
large, often eccentric nuclei and relatively abundant cytoplasm,
a morphology consistent with immature myeloid precursors;
(iii) medium-sized cells with crescent- or ring-shaped nuclei
typical of maturing cells of the granulocyte lineage; and (iv)
small cells with scant cytoplasm and condensed nuclei. This
morphology is characteristic of a heterogeneous population
including myeloid precursors, erythroid precursors, and ma-
ture and maturing lymphocytes. In the bone marrow of SL3-
infected animals, virus infection was localized by 3 weeks p.i.
predominantly in maturing cells of the myeloid lineage. Brown
staining was clearly evident over cells with distinctive ring-
shaped nuclei characteristic of maturing granulocytes (Fig.
4B). At 5 weeks p.i., granulocytic cells remained infected, but
infection was also evident in less mature cells of the myeloid
lineage (data not shown). As in SL3 infection, SL3�Myb5
replication was detected predominantly in mature and matur-
ing granulocytes and in less mature cells of the myeloid lineage
(Fig. 4C).

Alterations in bone marrow hematopoiesis in the early,
premalignant stages of SL3 or SL3�Myb5 infection. To
determine the impact of virus replication on bone marrow
hematopoiesis at early times after infection, bone marrow was
recovered from neonatally inoculated NIH/Swiss mice at 2, 3,
and 4 weeks p.i. Cells were stained with antibodies to quantify
surface expression of the lineage-restricted markers Ter-119,

FIG. 3. Quantification of SL3 or SL3�Myb5 viral load by real-time PCR analysis. A 79-bp LTR sequence was amplified from the bone marrow
(A) or thymuses (B) of NIH/Swiss mice infected with wild-type SL3 or the SL�Myb5 mutant. Genomic DNA was isolated from infected tissues
at periodic intervals as indicated after neonatal inoculation. Genomic DNA (100 ng) from each tissue was amplified with primers SL3for1 and
SL3rev1 in the presence of a sequence-specific FAM(5�)/TAMRA(3�)-labeled probe by using Taqman reagents (PE Applied Biosystems). A
standard dilution series in which known amounts of SL3 plasmid DNA were added to DNA from uninfected tissues was amplified in parallel. By
comparison to the standard curve thus generated, the CT of the amplification reaction from each test sample was extrapolated to indicate a precise
mass amount of 79-bp proviral LTR target sequence. The data are expressed as picograms of 79-bp LTR target sequence per microgram of
genomic DNA. Shown are the means of triplicate measurements from three or four animals at each timed collection. Raw data, including standard
errors of the means, are shown in Table 1.
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Mac-1, Gr-1, and CD34 and were analyzed by flow cytometry.
Ter-119 is expressed on immature erythroid progenitors (28).
Mac-1 (CD11b) is expressed on monocytes, macrophages,
granulocytes, and natural killer cells, increasing with cell mat-
uration (55). Gr-1 (Ly 6G) is present on granulocytes, increas-
ing in expression as differentiation progresses, and is expressed
transiently on monocytes and neutrophils (16, 27). CD34 is
expressed on a heterogenous population of immature bone
marrow cells including multipotent progenitors and committed
myelomonocytic progenitors (2). The results revealed a statis-
tically significant alteration in each of the bone marrow sub-
populations examined during the early premalignant period of
infection with SL3 (Fig. 5). Compared to that from age-
matched uninfected controls, bone marrow from SL3-infected
mice was significantly depleted of cells expressing Ter-119 or
Mac-1 by 2 weeks p.i. In contrast, the proportion of Gr-1� cells
was significantly increased at 3 weeks p.i. Similarly, the pro-
portion of CD34� cells was significantly increased at 3 and 4
weeks p.i. Infection with SL3�Myb5 also resulted in a signifi-
cant decrease in the proportion of bone marrow cells positive
for Ter-119 or Mac-1 markers at 2 weeks p.i. (Fig. 5A and B).

In contrast to the case for SL3-infected mice, however, no
significant expansion of the Gr-1� population (Fig. 5C) or the
CD34� population (Fig. 5D) was observed in SL3�Myb5-in-
fected mice. In fact, the proportion of Gr-1� cells was signif-
icantly decreased by 4 weeks p.i. in SL3�Myb5-infected ani-
mals.

The potential impact of virus infection on bone marrow
hematopoiesis was further evaluated by measuring the colony-
forming potential of bone marrow progenitor cells in vitro.
Bone marrow was retrieved from SL3- or SL3�Myb5-infected
mice at 2, 3, and 4 weeks p.i. and from age-matched uninfected
animals. Bone marrow cells were counted and deposited in
semisolid medium supplemented with growth factors. After 12
days, the number of colonies of the BFU-E, CFU-GM, and
CFU-GEMM types were enumerated (Fig. 6). The results
demonstrated a statistically significant reduction in the number
of BFU-E progenitors in bone marrow from SL3-infected mice
at 2 weeks p.i. These findings are consistent with the observed
reduction in Ter-119� cells at the same time point (Fig. 5A)
and suggest that erythropoiesis is significantly diminished at
early times after SL3 infection. A statistically significant in-
crease in the number of CFU-GM progenitors was detected in
bone marrow from infected mice at 3 weeks p.i. This finding is
consistent with the observed expansion of the Gr-1� sub-
population at the same time point (Fig. 5C), since Gr-1�

cells are a downstream differentiation product of CFU-GM. In
SL3�Myb5-infected mice, a significantly reduced number of
colonies of the BFU-E type was detected at 4 weeks p.i.; how-
ever, no change in the ability of progenitors to form CFU-GM
or CFU-GEMM colonies compared to uninfected controls was
observed (Fig. 6). SL3 (or SL3�Myb5) proviral LTR sequences
were detectable by PCR in all types of colonies from infected

TABLE 1. Proviral loads in tissues collected from SL3-infected or
SL3�Myb5-infected mice during the premalignant time course

Tissue Virus Wk
p.i.

Proviral loada

mean 	 SEM

Proviruses
per cell

equivalentb

Bone marrow SL3 1 2.54 � 10�3 	 1.37 � 10�3 0.06
2 3.27 � 10�2 	 3.23 � 10�2 0.65
3 2.60 � 10�3 	 1.87 � 10�3 0.05
4 5.42 � 10�3 	 2.34 � 10�3 0.1
6 9.98 � 10�3 	 6.47 � 10�3 0.2
8 5.12 � 10�2 	 2.49 � 10�2 1.0

SL3�Myb5 1 1.12 � 10�3 	 6.50 � 10�4 0.02
2 5.13 � 10�3 	 3.78 � 10�3 0.1
3 8.30 � 10�3 	 2.48 � 10�3 0.15
4 7.23 � 10�4 	 1.75 � 10�4 0.02
6 4.61 � 10�3 	 3.95 � 10�3 0.09
8 9.21 � 10�3 	 7.69 � 10�3 0.17

Thymus SL3 1 9.23 � 10�4 	 4.31 � 10�4 0.02
2 1.99 � 10�2 	 7.99 � 10�3 0.38
3 1.99 � 10�1 	 6.63 � 10�2 3.8
4 3.40 � 10�1 	 1.62 � 10�1 6.5
6 8.72 � 10�2 	 3.68 � 10�2 1.7
8 1.39 � 10�1 	 4.57 � 10�2 2.7

SL3�Myb5 1 3.76 � 10�3 	 2.75 � 10�3 0.07
2 2.46 � 10�2 	 1.66 � 10�2 0.5
3 3.06 � 10�2 	 5.98 � 10�3 0.6
4 3.62 � 10�2 	 2.24 � 10�2 0.7
6 2.05 � 10�1 	 1.95 � 10�1 3.9
8 3.07 � 10�2 	 3.07 � 10�2 0.6

a Three or four animals were examined at each timed collection. Each sample
was subjected to real-time PCR analysis in triplicate. For calculation of the mass
amount of amplification target, a standard curve in which known amounts of SL3
plasmid DNA were added to DNA from uninfected NIH/Swiss bone marrow or
thymus was amplified in parallel. Values are reported as picograms of 79-bp LTR
target sequence per microgram of genomic DNA. Proviral loads in SL3-infected
animals were statistically indistinguishable from those in SL3�Myb5-infected
animals at each timed collection as determined by Student’s t test, except at 4
weeks p.i. At that time, the SL3�Myb5 proviral load was significantly lower than
the SL3 proviral load in the thymus (P � 0.05).

b Calculated number of copies of proviral DNA per cell equivalent, based on
the quantified mass amount of 79-bp LTR amplification target per microgram of
genomic DNA and assuming a genome size of 3 � 109 bp and two LTRs per
provirus.

TABLE 2. Percentage of thymocytes staining positive for
viral SU protein (gp70) by flow cytometry

Infecting
virus

% Positive at wk p.i.a:

2 4 6 8

SL3 6.5 63.3 50.2 82.2
14.6 57.7 19.4 77.6
64.6 13 5.8 74.6
17.8 27.2 15.5 6.9
17.9 28.3 20.7 50.9
16.9 20.6 49.7 3.6

Mean 23.1 35 26.9 49.3

SL3�Myb5 6.3 59.7 15.5 1
18.2 57.1 16.3 18
15.9 2 14.6 19.9
14.9 10.4 5.2 27.8
15.9 19.2

Mean 14.2 32.3 14.2 16.7

a Percentage of thymocytes expressing SL3 SU protein (gp70) in neonatally
inoculated NIH/Swiss mice infected with SL3 or SL3�Myb5 and collected at 2,
4, 6, and 8 weeks p.i. Surface SU expression was assessed by flow cytometry using
the 24-8 monoclonal antibody and an FITC-conjugated anti-mouse IgG2a sec-
ondary antibody. Four to six animals were examined at each timed collection.
The percentage of SU� thymocytes from each individual animal is shown, as is
the mean for each timed collection. The percentage of SU� cells in uninfected age-
matched control mice was low or undetectable (average 
 3.7%) (data not shown).
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animals, indicating that infection was not restricted from any
lineage (data not shown).

Alterations in thymocyte subpopulation distribution in the
early, premalignant stages of infection. In normal thymopoi-
esis, T-cell precursors originate in the bone marrow and travel
to the thymus for maturation. The phenotype of the bone
marrow-derived precursor is not precisely known, but it lacks
both the CD4 and CD8 cell surface antigens and thus is termed
double negative. As T cells mature in the thymus, they travel
from the cortex to the medulla, interacting with important
stromal components that mediate developmental changes.
Transition to the CD4� CD8� (double-positive) T-cell stage
then occurs, during which time the high degree of expansion
and proliferation among double-negative T cells arrests. In the
double-positive stage, thymocytes undergo positive and nega-
tive selection processes, upregulate T-cell receptor expression
to high levels, lose either CD4 or CD8 expression to become
mature single-positive T cells, and emerge to the periphery (17,
45). To examine the potential pathophysiologic impact of SL3
or SL3�Myb5 infection on thymopoiesis, a study was per-
formed to assess and quantify the CD4 CD8 thymocyte sub-
population distribution throughout the premalignant time
course. Neonatal NIH/Swiss mice were inoculated intraperito-
neally with 106 infectious units of either virus and were sacri-
ficed at weekly intervals between 1 and 8 weeks p.i. (four to
seven animals at each timed collection). The thymus was col-
lected from each animal, and a single-cell thymocyte suspen-
sion was prepared. Two-color flow cytometry was then used to
determine the relative proportions of double-negative (CD4�

CD8�), double-positive (CD4� CD8�), and single-positive
(CD4� CD8� and CD4� CD8�) thymocytes. Age-matched

uninfected control animals were examined in parallel to estab-
lish baseline values. The results showed that the thymocyte
subpopulation distribution was significantly disrupted early in
SL3 infection, beginning at 4 weeks p.i. At that time, the

FIG. 5. Flow cytometric analysis of surface antigen expression
on bone marrow cells from NIH/Swiss mice infected with SL3 or
SL3�Myb5 or from age-matched uninfected (Uninf) control animals.
Bone marrow was collected at 2, 3, and 4 weeks p.i. from three to five
animals at each timed collection. The proportions of Ter-119� (A),
Mac-1� (B), Gr-1� (C), and CD34� (D) bone marrow cells were
measured. Because of overlapping patterns of expression of the mark-
ers, the total number of surface-positive cells may represent �100%.
Asterisks represent significant differences between values from infect-
ed and uninfected mice as determined by Student’s t test (P � 0.05).

FIG. 4. Immunohistochemical staining for SL3 SU protein in bone marrow cells from uninfected NIH/Swiss mice (A) or from mice infected
with SL3 (B) or SL3�Myb5 (C). Bone marrow was collected from the femur at 3 weeks p.i., deposited onto glass slides by cytocentrifugation, and
stained immunohistochemically for SL3 SU (reddish-brown precipitate). Cells were then counterstained with hematoxylin. The enlarged image
from panel A (purple box) shows four morphologically distinct types of cells in uninfected marrow: (i) very large cells with abundant cytoplasm
and irregular nuclei, characteristic of megakaryocytes (black arrow); (ii) medium-sized cells with large, often eccentric nuclei and relatively
abundant cytoplasm, a morphology consistent with immature myeloid precursors (red arrow); (iii) medium-sized cells with crescent- or ring-shaped
nuclei typical of maturing cells of the granulocyte lineage (green arrow); and (iv) small cells with scant cytoplasm and condensed nuclei,
characteristic of a heterogeneous population including myeloid precursors, erythroid precursors, and mature and maturing lymphocytes (yellow
arrow). The enlarged image from panel B (yellow box) shows SL3 infection predominantly in immature and maturing granulocytes with
ring-shaped nuclei. The enlarged images from panel C show SL3�Myb5 infection predominantly in immature myeloid precursors (black box) and
maturing granulocytes (red box).
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proportion of CD4� CD8� thymocytes was observed to in-
crease 3.5-fold over that in uninfected animals (Table 3). In
parallel, a decrease in the proportion of CD4� CD8� thymo-
cytes was also detected, but little change in the single-positive
subpopulations was observed. The observed CD4� CD8� ex-
pansion represented an increase not only in the proportion but
also in the absolute number of cells. Cell counts showed that
CD4� CD8� thymocytes increased in number in the first 2 to
4 weeks after SL3 inoculation, doubling by 4 weeks p.i. (from
2.1 � 107 at 2 weeks to 4 � 107 at 4 weeks; average of four to
seven animals at each timed collection). In uninfected control
animals, by comparison, the number of CD4� CD8� thymo-

cytes did not increase between 2 to 4 weeks of age (data not
shown). In SL3�Myb5-infected animals, expansion of the
CD4� CD8� thymocyte subpopulation was also detected
beginning at 4 weeks p.i. but became statistically significant
(P � 0.05) only after 6 weeks of infection (Table 3). Thus,
SL3�Myb5 infection was associated with a qualitatively simi-
lar, although blunted, effect on the thymocyte subpopulation
distribution early after inoculation.

Thymic atrophy immediately preceding tumor outgrowth.
The weight of the thymus and the total number of thymocytes
were monitored at weekly intervals throughout the premalig-
nant time course in infected animals and were compared to
results for age-matched uninfected controls (Fig. 7). In unin-

FIG. 6. Enumeration of BFU-E (A), CFU-GM (B), and CFU-
GEMM (C) in bone marrow from NIH/Swiss mice infected with SL3
or SL3�Myb5 or from age-matched uninfected (Uninf) control ani-
mals, as determined by assays for colony-forming potential. Bone mar-
row was collected at 2, 3, and 4 weeks p.i. from four or five animals at
each time point and deposited in semisolid medium. Colonies were
counted after 12 days of incubation at 37°C. Asterisks represent sig-
nificant differences between values from infected and uninfected ani-
mals as determined by Student’s t test (P � 0.05).

TABLE 3. Thymocyte subpopulation distribution in weeks 1 to 8
following inoculation of neonatal NIH/Swiss mice

with SL3 or SL3�Myb5a

Subpopulation Wk p.i.

% (mean 	 SEM)b in:

SL3-
inoculated

mice

SL3�Myb5-
inoculated

mice

Uninfected
controls

CD4� CD8� (DN) 1 15.8 	 2.1 7.7� 	 3.7 16.3 	 2.5
2 11.6 	 1.9 10.3 	 1.8 10.5 	 1.8
3 19.0 	 5.1 12.6 	 1.9 17.9 	 3.1
4 19.0� 	 2.9 12.2 	 3.6 5.4 	 0.6
5 19.0� 	 3.3 15.5 	 3.5 10.7 	 1.7
6 22.6 	 4.2 27.2� 	 6.3 16.4 	 0.7
7 19.2� 	 1.0 15.5 	 3.9 13.8 	 1.9
8 22.0 	 4.1 16.5 	 3.4 23.1 	 1.8

CD4� CD8� (DP) 1 65.2 	 4.5 70.3 	 4.4 70.0 	 2.1
2 65.3 	 6.1 75.7 	 2.4 73.4 	 0.9
3 59.5 	 5.1 64.5 	 6.5 58.2 	 3.2
4 58.3� 	 2.1 67.1� 	 3.9 77.6 	 2.6
5 61.9 	 3.8 64.2 	 2.2 70.1 	 2.8
6 55.6� 	 3.5 50.1� 	 4.3 63.5 	 3.0
7 48.9� 	 1.9 62.6 	 3.7 58.4 	 4.4
8 57.3 	 4.8 56.2 	 2.6 48.7 	 4.7

CD4� CD8� (CD4) 1 17.3 	 5.7 16.7 	 5.7 11.1 	 2.5
2 20.1 	 4.7 11.6 	 1.4 13.9 	 2.1
3 17.5 	 2.5 19.0 	 4.9 19.7 	 2.1
4 21.5� 	 0.8 18.1 	 1.0 15.0 	 2.3
5 14.6 	 1.9 16.7 	 2.6 13.6 	 3.2
6 16.9 	 2.0 18.1 	 3.4 16.5 	 2.9
7 23.7 	 1.4 18.6 	 1.3 21.2 	 3.0
8 14.7 	 5.0 19.6 	 2.5 22.5 	 1.8

CD4� CD8� (CD8) 1 1.6 	 0.4 2.6 	 1.7 2.5 	 1.2
2 2.0 	 0.6 2.1 	 0.7 1.9 	 0.2
3 3.9 	 0.4 3.7 	 0.4 4.3 	 0.7
4 1.5 	 0.3 2.6 	 0.5 2.1 	 0.4
5 4.6 	 1.2 3.7* 	 0.3 5.6 	 0.7
6 5.0 	 0.9 3.9 	 0.5 3.6 	 0.9
7 8.2 	 1.0 3.3 	 1.2 6.6 	 1.6
8 6.0 	 2.8 5.4 	 1.9 5.7 	 1.3

a Relative proportions of the thymocyte subpopulations CD4� CD8� (double
negative [DN]), CD4� CD8� (double positive [DP]), CD4� CD8� (single pos-
itive [CD8]) and CD4� CD8� (single positive [CD4]) were examined at weekly
intervals following inoculation of neonatal NIH/Swiss mice with SL3 MuLV or
SL3�Myb5. At each timed collection, single-cell thymocyte suspensions were
prepared and dually stained with FITC-conjugated anti-CD4 and PE-conjugated
anti-CD8. The percentage of thymocytes staining for one or both markers was
assessed by flow cytometry and compared to values from age-matched uninfected
control animals examined in parallel. Four to seven animals were examined at
each timed collection.

b Asterisks indicate values from SL3- or SL3�Myb5-infected mice that are
statistically distinct from those from age-matched uninfected controls as deter-
mined by Student’s t test (P � 0.05).
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fected NIH/Swiss mice, thymus weights and thymocyte counts
were observed to increase in the first 4 weeks after birth and
then to decline gradually through the 8-week time point. By
contrast, the pronounced increase in cellularity of the thymus
characteristic of the first few weeks of life was not seen in
SL3-infected animals. By 6 weeks p.i., a statistically significant
reduction in both thymus weight and thymocyte count was ap-
parent in SL3-infected animals. Shortly thereafter, by 8 weeks
p.i., SL3-infected mice displayed a marked increase in thymus
weight and thymocyte content consistent with the outgrowth of
a tumor. In fact, Southern blot analysis of genomic DNA from
the 8-week thymus demonstrated clonal outgrowth of a T-cell
population with distinctive T-cell receptor beta gene rear-
rangement (data not shown). In SL3�Myb5-infected animals,
no significant reduction in thymocyte cell count or thymus
weight was observed during the premalignant period (Fig. 7).

DISCUSSION

The MuLV-mediated induction of lymphoma is thought to
represent a multistep process that begins early in infection,
long before clinical evidence of disease. Pathophysiologic

changes occur in the target organs for virus replication, includ-
ing the eventual target for tumor development and other tis-
sues as well. In the case of SL3, the thymus is thought to be the
primary site of tumor formation, because the tumor typically
displays the phenotype of an immature T cell (21). In addition
to occurring in the thymus, however, virus replication also
occurs in the spleen and bone marrow at early times after
inoculation and may be required at these sites to establish a
preleukemic state favorable for development of the thymic
tumor. Previous studies using biological assays showed that
SL3 can be detected in thymus, spleen, and bone marrow as
early as 4 to 8 weeks following intraperitoneal inoculation (43).
The present study extends those findings by demonstrating
virus replication in all three tissues as early as 1 to 2 weeks
after inoculation (Fig. 1A). SL3 proviral DNA was demon-
strated in isolated thymocytes by 1 week p.i. (Fig. 1B), a finding
confirmed by flow cytometry for expression of SL3 SU (Table
2). These findings are generally consistent with a recent anal-
ysis demonstrating SL3 replication in the thymus as early as 2
weeks p.i. (54). In that study, however, infection did not occur
in thymocytes and was apparently restricted to cells identified
as stromal components. Why SL3 replication was detected
within thymocytes in the present study but not in the previous
study is unclear, but it may be related to the increased sensi-
tivity of PCR amplification compared to the infectious-cell
center assay used in that study (54). A potential problem with
the use of PCR amplification to identify proviral DNA is that
the tissues examined are contaminated with circulating blood
cells that may be infected, thereby yielding an artifactually
positive amplification signal. The amplification of SL3 proviral
DNA from the tissues and cells examined here apparently does
not represent blood contamination, however, since no ampli-
fication signal was detected from liver or kidney (Fig. 1C).
PCR amplification also demonstrated the accumulation of SL3
LTRs containing multiple enhancer repeats, which was evident
in thymocytes by 8 weeks p.i. It is noteworthy that these en-
hancer variants were readily detected in the thymus but not in
infected spleen or bone marrow (Fig. 1A and B). The accu-
mulation of enhancer repeat variants uniquely in the thymus
may reflect a selective replicative advantage to the virus in
tumor cells. Alternatively, the variants may confer a selective
growth advantage on the host cell, perhaps through optimal
transcriptional activation of an adjacent oncogene (35, 37).

Although the thymus is the target tissue for tumor forma-
tion, preleukemic alterations were initially detected in the
bone marrow. Immunohistochemical analysis of bone marrow
localized SL3 infection predominantly to immature myeloid
cells and maturing granulocytes at early times after inoculation
(Fig. 4). These findings are consistent with significant increases
observed in the number of colony-forming progenitors of the
CFU-GM type (Fig. 6B) and of Gr-1� cells (Fig. 5C), a down-
stream differentiation product of CFU-GM. The data indicate
that SL3 infection may be directly involved in expansion of the
myeloid progenitor population in infected bone marrow, per-
haps to increase the number of available target cells for virus
replication. Flow cytometric analysis further revealed expan-
sion of the primitive CD34� population in the early preleuke-
mic period (3 to 4 weeks) (Fig. 5D). This is an intriguing
observation, since an expanding CD34� population may be
vulnerable to transforming events such as those giving rise to

FIG. 7. Thymocyte cell count (A) and average thymus weight (B) in
NIH/Swiss mice infected with SL3 or SL3�Myb5 and collected at
weekly intervals after inoculation or in age-matched uninfected (Un-
inf) control animals. Four to seven animals in each group were exam-
ined at each timed collection. Statistically significant differences be-
tween values from infected and infected mice were determined by
Student’s t test (P � 0.05) and are represented by asterisks.
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the PLC identified in the bone marrow of SL3-infected mice
about 4 weeks p.i. (50). The mechanism is reminiscent of that
described for M-MuLV-induced disease in which a compensa-
tory extramedullary hematopoiesis in the spleen is thought to
provide hyperplastic progenitor cells that may represent the
transformation targets (15). Both SL3 and M-MuLV appar-
ently act by stimulating the proliferation of primitive hemato-
poietic progenitor cells, either in the bone marrow or at an
extramedullary site. In the case of SL3, polytropic recombinant
viruses are unlikely to be involved in the process, since they are
not detected in bone marrow until 6 weeks p.i. (44).

During the early weeks of infection, SL3 replication in the
thymus increased rapidly as determined by measurement of
proviral load (Fig. 3; Table 1) or surface SU expression (Table
2). As was detected previously by serological focus assay (43),
the viral load varied widely among animals examined at the
same timed collection. Despite the observed variation in viral
load, SL3 replication in the thymus was associated with a
statistically significant disruption of the thymocyte subpopula-
tion distribution (Table 3). Infected animals demonstrated a
statistically significant increase, up to 3.5-fold, in the propor-
tion of immature CD4� CD8� thymocytes between 4 and 7
weeks p.i. The observed increase in the proportion of the most
immature thymocyte subset is consistent with previous studies
of SL3 infection in AKR mice, in which infected thymic lobes
displayed increased percentages of CD4� CD8� thymocytes
between 6 and 8 weeks p.i. (24). It was further shown that
CD4� CD8� thymocytes from SL3-infected AKR mice did not
mature normally when introduced intrathymically into irradi-
ated syngeneic hosts (23). Similarly, in the preleukemic M-
MuLV-infected thymus, the most immature cells were also
detected at an increased proportion (13). These findings im-
plicate physiologic alteration of thymocyte development as an
important element in the premalignant process mediated by
MuLV. In addition to disrupted thymopoiesis, a significant
thymic regression was detected in SL3-infected animals at 6
weeks p.i. as measured by thymus weight or thymocyte count
(Fig. 7). A similar thymic atrophy preceding tumor outgrowth
was previously described for AKR mice infected with MCF13
MuLV (58) and in NIH/Swiss mice infected with M-MuLV (5).
In the former case, thymic atrophy was attributed to increased
apoptosis in the CD4� CD8� thymocyte subpopulation at 6 to
8 weeks p.i. Apoptotic cells occurred predominantly in the
gp70� population, suggesting that apoptosis was a result of
virus infection (58). In M-MuLV-infected mice, preleukemic
thymic atrophy was also attributed to a higher apoptotic rate in
the infected thymus (5). In fact, a high rate of apoptosis was
shown to persist in the transformed cell and was characteristic
of the end-stage tumor (6). In SL3-infected animals, the mech-
anism responsible for thymic regression has not yet been eval-
uated. Polytropic recombinant viruses may have a role, since
they are present in the thymus as early as 2 weeks p.i. (44). In
M-MuLV-infected mice, however, MCF virus recombinants
are not required for preleukemic thymic atrophy (5).

These and other studies clearly demonstrate that pathophys-
iologic changes occur in the target tissue for tumor formation,
and in other infected tissues, long before clinical evidence of
SL3-mediated disease (23, 24, 44, 50). The relationship of
those early changes to the subsequent outgrowth of lymphoma
remains incompletely understood. In the present study, we

used the SL3 mutant SL3�Myb5 as a tool to distinguish early
changes associated with chronic retroviral infection from those
that may be specifically linked to oncogenesis. We considered
that SL3�Myb5 would be a useful tool for this purpose because
it replicates in thymus, spleen, and bone marrow throughout
the preleukemic period (44) but is essentially nonpathogenic
(38). Like for SL3, SL3�Myb5 proviral DNA was demon-
strated in target tissues as early as 1 week p.i. (Fig. 2) (44).
Quantification of proviral load (Fig. 3; Table 1) and surface SU
expression (Table 2) showed that infection levels varied widely,
consistent with previous measurements made using biological
assays of viral load (43). Our results showed a rapid increase in
proviral load during weeks 1 to 3 p.i., especially in the thymus
(Fig. 3B). By 4 weeks p.i. and thereafter, however, SL3�Myb5
replication steadily declined, while SL3 replication increased
(Tables 1 and 2 ). By 8 weeks p.i., mean SL3 proviral loads in
bone marrow and thymus exceeded SL3�Myb5 proviral loads
by fivefold (Table 1). It is noteworthy that, although
SL3�Myb5 replication declined during the preleukemic pe-
riod, some similar changes were induced by SL3 and
SL3�Myb5 in target tissues. Both SL3 and SL3�Myb5 dis-
rupted the thymocyte subpopulation distribution (Table 3),
both viruses were localized predominantly in mature and ma-
turing myeloid cells in the bone marrow (Fig. 4), and both
viruses disrupted bone marrow hematopoiesis (Fig. 5 and 6).
Despite the similarities observed, differences were apparent
during the early weeks of SL3 and SL3�Myb5 infection that
may be informative as to the tumorigenic mechanism. At 2 to
4 weeks p.i., hematopoiesis in the bone marrow was disrupted
by infection with either virus as detected by a decline in the
proportion of Ter-119� cells, a corresponding decrease in the
number of BFU-E colony-forming progenitors, and a decline
in the proportion of Mac-1� cells. Not detected in the
SL3�Myb5-infected animals, however, were the significant in-
creases in Gr-1� cells, in the corresponding CFU-GM colony-
forming potential, and in CD34� progenitors at 3 to 4 weeks
p.i. (Fig. 5 and 6). The mechanism by which SL3, but not
SL3�Myb5, induces these changes remains unknown. A pos-
sibility to consider is that polytropic recombinant viruses arise
in SL3�Myb5-infected bone marrow in considerably fewer an-
imals than during SL3 infection (25 versus 100% at 6 weeks p.i.
[44]). However, since polytropic recombinant viruses were not
detected in bone marrow until 6 weeks p.i., this difference is
unlikely to be involved in the effects on hematopoiesis detected
at 2 to 4 weeks p.i. More likely, the reduced level of replication
of SL3�Myb5 in bone marrow compared to SL3 may account
for the differences in pathophysiologic impact.

By 4 weeks after inoculation, the normal distribution of
thymocyte subpopulations was disrupted in animals infected
with either virus (Table 3). In both SL3- and SL3�Myb5-
infected animals, a significant increase in the proportion of the
most immature thymocyte subset (CD4� CD8� double nega-
tive) was observed, although the magnitude and duration of
the increase were blunted in SL3�Myb5 infection. Again, this
difference in pathophysiologic impact may result from reduced
replication of SL3�Myb5 in the thymus (Fig. 3; Table 1). Of
note is that the disruption of the thymocyte subset distribution
in SL3�Myb5-infected animals was not accompanied by the
significant thymic atrophy detected in SL3 infection (Fig. 7),
thus implicating thymic regression in the malignant process.
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Further, SL3�Myb5 replication in the thymus was not accom-
panied by an accumulation of proviruses bearing increased
numbers of enhancer repeats (Fig. 2). If the accumulation of
enhancer repeats confers a selective growth advantage on the
host cell, through optimal transcriptional activation of an ad-
jacent oncogene as previously suggested (35, 37), the dimin-
ished pathogenicity of SL3�Myb5 might be due in part to its
reduced ability to participate in insertional activation. Not only
might the failure to accumulate enhancer repeats reduce the
potential to activate adjacent gene sequences, but so might the
elimination of c-Myb binding. Indeed, many cellular genes
have been identified that are activated synergistically by the
cooperative binding of c-Myb and Ets-1 or core binding factor,
transcription factors whose binding sites lie in close proximity
on the SL3 LTR (10, 26, 36, 46). Elimination of the c-Myb
binding site in SL3�Myb5 might disrupt the formation of spe-
cific transcription factor complexes required for synergistic
activation, thereby restricting the number of potential en-
hancer activation events mediated by the mutant virus.

Taken together, the results presented here and previously
(44) implicate certain premalignant alterations in the malig-
nant process, including (i) significant increases in the propor-
tions of Gr-1� or CD34� progenitors in the bone marrow early
in infection, (ii) a significant increase in the proportion of
CD4� CD8� thymocytes, (iii) significant thymic atrophy just
prior to tumor outgrowth, and (iv) accumulation of proviral
LTRs bearing increased numbers of enhancer repeats. The
data support a model of SL3-mediated lymphomagenesis in
which virus inoculated into the peritoneum is ferried rapidly to
the bone marrow, where it replicates in actively dividing he-
matopoietic progenitors. Bone marrow hematopoiesis is
thereby altered, particularly with the generation and matura-
tion of increasing numbers of CD34� progenitors, immature
and maturing myeloid cells. The expanding CD34� population
is likely to include precursors to prothymocytes, perhaps the
previously described PLC (19, 50), which exit the bone marrow
and migrate to the thymus for further development. The newly
arrived CD4� CD8� thymocytes, at least in part from virally
induced CD34� precursors, now find a thymic environment
more suitable for their continued expansion. As a consequence
of SL3 replication since the first week after inoculation, thy-
mopoiesis has been disrupted such that the immature CD4�

CD8� subpopulation is increased in size and proportion. The
mechanism of this increase is not yet known, but it may be the
result of increased proliferative capacity and/or prolonged sur-
vival in the CD4� CD8� compartment. Within weeks of the
CD4� CD8� expansion, a marked thymic atrophy occurs,
which is followed shortly by tumor expansion. In an environ-
ment of thymic regression, an immature CD4� CD8� cell with
increased proliferative or survival capacity would have a strong
selective advantage. The selection of an infected, immature
thymocyte, perhaps the PLC, may render it vulnerable to the
late-occurring genetic events that lead to frank malignancy,
e.g., insertional mutagenesis. Proviral LTRs whose structure
optimally accomplishes the enhancer activation of adjacent
cellular proto-oncogenes might then be selected, leading even-
tually to the clonal expansion of fully malignant tumor cells.
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