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ABSTRACT The wild mouse ecotropic virus, Cas-Br-M
murine leukemia virus, induces myeloid and erythroid leuke-
mias as well as T-cell and B-cell lymphomas in NFS mice. The
ability to establish long-term cell lines from these tumors in the
presence or absence of the T-cell-derived lymphokine interleu-
kin 3 (IL-3) was examined. IL-3-dependent cell lines were
readily obtained from the majority of the myeloid or erythroid
leukemias and immunoblastic lymphomas. In the absence of
IL-3, only one long-term factor-independent cell line was
obtained from a myelogenous leukemia. The majority of the
thymic T-cell lymphomas or B-lineage lymphomas could not be
cultured in the presence or absence of IL-3. The results suggest
that transformation of hematopoietic lineages does not neces-
sarily obviate the requirement for normal growth factors. The
acquisition of independence from growth factors may require
additional transforming events.

A variety of factors contribute to the induction of leukemia
by murine retroviruses. One requirement is a cellular immune
response (1-3). The immune response has been postulated for
the generation of target cell populations for transformation.
In viremic mice, viral antigen-specific helper T cells produce
lymphokines such as interleukin 3 (IL-3), interleukin 2 (IL-2),
and granulocyte/macrophage colony-stimulating factor, re-
sulting in a 50- to 100-fold increase in the frequency of cells
that are under the regulation of these growth factors (4).

IL-3 was identified by its ability to induce the T-cell-
associated enzyme 20a-hydroxysteriod dehydrogenase in
cultures of nu/nu splenic lymphocytes (5-7). By using this
assay, IL-3 was purified to homogeneity and was shown to be
a glycoprotein of 28 kDa (8, 9). More recently, cDNA clones
have been obtained that encode IL-3 (10, 11). Purified IL-3
mediates a variety of biological effects in vitro, including
induction of mast cell differentiation, burst-promoting activ-
ity, colony-stimulating activity, stem cell activating activity,
and induction of Thy-1 expression (9, 12). The spectrum of
biological activities is due to the ability of IL-3 to induce the
proliferation of an early hematopoietic/lymphoid stem cell.
A relationship of primary retrovirus-induced tumors to

IL-3-regulated differentiation was suggested by the observa-
tion that Moloney murine leukemia virus (MoMuLV)-in-
duced lymphomas express 20a-hydroxysteroid dehydro-
genase (6) and often require IL-3 for growth in vitro (1). To
determine whether establishment of IL-3-dependent cell lines
is correlated with primary tumor phenotype, 57 primary
Cas-Br-M MuLV-induced tumors were assessed for their
ability to grow in vitro in the presence or absence of IL-3.
Cas-Br-M is a wild-mouse-derived MuLV that induces a wide

spectrum of hematopoietic neoplasms (13). The results dem-
onstrate that IL-3-dependent cell lines were most often
established from myeloid and erythroid leukemias and from
immunoblastic lymphomas.

MATERIALS AND METHODS
Cas-Br-M MuLV-Induced Neoplasms. Cell-free extracts of

neoplastic spleens or lymph nodes from mice inoculated with
Cas-Br-M ecotropic virus were injected intraperitoneally into
newborn NFS/N mice. Also included in this study were
neoplasms (NFS-58, -60, and -61) of (NFS x DBA/2) F1 or
(NFS x NFS.C58 v-1) F1 mice that had been inoculated with
Cas-Br-M ecotropic virus or a wild mouse ecotropic virus,
C2S, or MCF isolates of C2S-infected mice (J. Hartley,
personal communication).

Cell Culture. Single cell suspensions were made from
neoplastic spleens and were resuspended at 2 x 106 cells per
ml in RPMI 1640 medium and 10% fetal calf serum containing
penicillin and streptomycin or in medium containing 20 units
of purified IL-3 per ml or 25% WEHI-3 conditioned medium
(CM) as a source of IL-3. The WEHI-3 CM was prepared as
described (15).
Flow Cytometry. Cell lines were stained as described (16);

nonviable cells were removed by centrifugation through a
Ficoll/Hypaque gradient. Antibodies to Thy-1.2, Ly-
5(B220), ThB, Ly-5, "8C5," and a goat anti-mouse immu-
noglobulin were used labeled directly with fluorescein iso-
thiocyanate (FITC). Antibodies to Ly-1.2, lak, Ly-17, and
Lyb-2.1 were counterstained with a FITC-labeled anti-mouse
IgG2; Mac-i, Ly-24, and "H-11" were counterstained with
FITC-labeled rabbit anti-rat immunoglobulin. Specificity of
staining was determined by comparison with counterstain-
only controls. Normal spleen cells were used as controls.
Cells were analyzed on a fluorescence-activated cell sorter
(FACS II, Becton Dickinson). Nonviable cells were elec-
tronically gated from analysis by light scatter and uptake of
propidium iodide (17).

Radioreceptor Assay. The procedures used for the detec-
tion of receptors for IL-3 have been described in detail (18).

Other Techniques. IL-3 was purifled to homogeneity and
iodinated as described (8, 9).

RESULTS

Establishment of IL-3-Dependent and -Independent Cell
Lines. The spectrum of hematopoietic tumors induced in
NFS/N mice by Cas-Br-M MuLV is illustrated in Table 1.
Among 57 primary neoplasms, there were 29% thymic

Abbreviations: IL-2 and -3, interleukins 2 and 3; MoMuLV, Moloney
murine leukemia virus.
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Table 1. Establishment of cell lines from Cas-Br-M MuLV-induced tumors

Factor- Factor-independent
No IL-3 limited growth IL-3-dependent independent limited growth

No. growth (3-5 months) lines lines (3-5 months)

Thymic lymphoma 17 8 5 1 1 2
Myelogenous leukemia 12 1 2 8 1 0
Mixed follicular center cell lymphoma 2 0 1 1 0 0
Erythroleukemia 6 1 1 3 0 1
Immunoblastic lymphoma 4 0 1 3 0 0
Lymphoblastic lymphoma 16 7 4 3 2 0
Total 57 17 14 19 4 3

Primary Cas-Br-M MuLV-induced tumors were classified by standard histopathological criteria (13). Growth was characterized as either
limited, in which there was a substantial growth for 3-5 months but a cell line was not established, or as a growth that gave rise to a cell line.

lymphomas, 28% B-cell lymphoblastic lymphomas, 7% B- or
T-cell immunoblastic lymphomas, 3% follicular center cell
lymphomas, 21% myelogenous leukemias, and 11% eryth-
roleukemias. In each case, single cell suspensions were
cultured in either medium or medium supplemented with IL-3
and evaluated for growth (Table 1). Among the 57 primary
neoplasms, 17 (30%) showed no growth in vitro in either the
presence or absence of IL-3. The remainder of the cultures
showed either limited growth for 3-5 months or gave rise to
long-term cell lines. Limited growth was observed with 14
(25%) of the tumors in cultures supplemented with IL-3 and
an additional 3 tumors showed limited growth in the presence
or absence of IL-3. In some cases, the limited growth in IL-3
was dramatic for periods of 1-2 months prior to a crisis when
the cultures died out. In 24 cases (42%), cell lines were
established; 19 (33%) were dependent on IL-3 for growth and
4 (9%) were factor independent for growth.
The establishment of factor-dependent cell lines was as-

sociated with specific tumor types (Table 1). Among the
myelogenous leukemias, cells from only one primary tumor
failed to grow in vitro. Ten of the tumors showed a depen-
dency for IL-3 for growth and eight (67%) were established
as cell lines. One factor-independent cell line was obtained
from a myelogenous leukemia. Similarly, the erythroleuke-
mias exhibited either limited growth or could be established
as cell lines in the presence of IL-3. No factor-independent
cell lines were established from the erythroleukemias. Al-

though there were relatively few immunoblastic or follicular
center cell lymphomas, the majority were established as

factor-dependent cell lines. In contrast, a number of the
thymic lymphomas (50%) or lymphoblastic lymphomas (44%)
showed no growth in vitro. Among those showing growth,
few could be established as cell lines. The establishment of
factor-independent lines was less correlated with the primary
tumor phenotype than was the establishment of factor-
dependent cell lines.
Comparison of the Phenotypic Characteristics, of Primary

Tumors and Cell Lines. There was a good correlation in the
phenotypes between the four factor-independent cell lines
that were established and the primary tumors from which
they were derived (Table 2). Detailed descriptions of these
cell lines have been presented elsewhere (16). There was also
a good correlation in the expression of Mac-1 between the
primary myelogenous leukemias and the factor-dependent
cell lines derived from these tumors. The majority of the
myelogenous leukemias were Mac-l+ and all the factor-
dependent cell lines derived from them were also Mac-l+.
The only exception was a Mac-1- myelogenous leukemia
from which a Mac-1+ factor-dependent cell line was derived.

Approximately one-half of the cell lines from myelogenous
leukemias also expressed Thy-1. In all but one, both Thy-1+
and Thy-1- subpopulations existed. In additional experi-
ments (not shown), sorted Thy-1+ and Thy-1- subpopula-
tions have been shown to give rise to mixed populations,

Table 2. Comparison of phenotypes of primary neoplasms and cell lines

Primary neoplasm Cell line

No. Pathology Phenotype No. Phenotype IL-3 dependency
9 Myelogenous leukemia Mac-1+ 3 Mac-1+ D

1 Mac-1+ I
2 Mac-1+, Thy-1+/- D
1 Mac-1, Thy-1+ D
1 - D

3 Myelogenous leukemia 1 Mac-1+, Thy-1+ D
6 Erythroleukemia 3 - D
16 Thymic lymphoma Thy-1+ 1 Thy-1+/-, Mac-1+/- D
1 Thymic lymphoma Lyb-2+, B220+, ThB+ 1 Lyb-2+, B220+, ThB+ I

12 Lymphoblastic lymphoma Lyb-2', B220+ 2 D
1 Mac-1+, Thy-1+/- D
1 Lyb-2+, B220+ I

2 Lymphoblastic lymphoma Lyb-2+ 1 Lyb-2+ I
2 Immunoblastic lymphoma Thy-1+ 2 - D
2 Imrnunoblastic lymphoma 1 D
1 Mixed follicular center cell sIg+, ThB+, I-A+ 1 D

All tumors were analyzed with the antibodies listed in the Materials and Methods; the distinguishing phenotypes are

presented; -, no distinguishing phenotype. In all cases, the cells expressed Ly-5, "H-11," Ly-24, and Ly-17.1. B220,
Ly-5(B220) as detected by RA3-6B2. Cells were uniformly positive for the antigens listed except when labeled +/-,
indicating that both antigen-positive and antigen-negative cells were present. D, dependent for growth; I, independent for
growth.
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demonstrating that Thy-i expression is not stable. Recent
studies have demonstrated that Thy-i, in addition to T cells,
is transiently expressed during myeloid differentiation (19).
Consistent with this, the Thy-li cell lines had a myeloid
morphology, as noted below.
Primary erythroleukemias were characterized by the ab-

sence of the lineage-specific antigens tested for in this study,
including Mac-i, Lyb-2, Ly-5 (B220), and Thy-i. The factor-
dependent cell lines obtained from erythroleukemias also
lacked distinguishing antigens including Mac-i and Thy-i.
Similarly, one of the immunoblastic lymphomas lacked
characteristic antigens and gave rise to a factor-dependent
cell line with a comparable phenotype. These primary tumors
and the cell lines derived from them, however, expressed
Ly-17, "H-u1," Ly-24, and Ly-5 antigens, which were
common to all the tumors and cell lines examined.
As shown in Table 2, there was a less evident correlation

between the phenotypes of other primary tumors and the
factor-dependent cell lines derived from them. No factor-
dependent lines expressed the B-cell-lineage-associated an-
tigens Lyb-2, Ly-5(B220), ThB, or surface immunoglobulin,
although three long-term IL-3-dependent lines were derived
from Lyb-2' Ly-5(B220)' large pre-B-cell lymphomas. Al-
though a factor-dependent cell line expressing Thy-i was
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derived from a thymic lymphoma, phenotypically and mor-
phologically (Fig. ih) the line had myeloid characteristics. As
also shown, Thy-li immunoblastic lymphomas gave rise to
factor-dependent lines that were Thy-l-.
The morphological characteristics of several of the cell

lines are illustrated in Fig. 1. Most of the lines are myeloid in
appearance and have either a ring-shaped nucleus character-
istic of early myeloblasts (c, d and f), a heterochromatic
nucleus with a large amount of vacuolated cytoplasm, char-
acteristic of monocytes/macrophages (e, g, h, and t), or have
a pleomorphic nucleus and evidence of cytoplasmic granu-
lation, characteristic of granulocytes (a). These lines are
morphologically distinct from a factor-independent cell line
from a pre-B-cell lymphoma (b). There was, however, no
morphological distinction between the factor-independent
myeloid leukemia cell line (d) and some of the factor-
dependent myeloid leukemia cell lines (c and f). Note that
although the cell line shown in c was uniformly Thy-li and
those shown in g, h, and i were heterogeneous for Thy-i
expression, all four had morphological characteristics of
myeloid rather than lymphoid cell lineages.

IL-3 Binding of Primary Tumors. For IL-3-dependent cells
the percentage of IL-3 binding was proportional to cell
number and -6.2% of the input IL-3 was bound by 6 x 106

qw
I

_

':~~ ~ ~ ~ ~ ~ .'

b

Si ] ''#'9

*w-S I

; 1
a:rw#..

FIG. 1. Cytocentrifuge preparation of cell lines obtained from Cas-Br-M MuLV-induced tumors. The cell lines include an IL-3-dependent
line (NFS-36) and a factor-independent cell line (NFS-70) derived from lymphoblastic lymphomas (a and b, respectively); an IL-3-dependent
(NFS-60) and a factor-independent cell line (NFS-124) from two myelogenous leukemias (c and d, respectively); three IL-3-dependent cell lines
from myelogenous leukemias (e, NFS- 107;f, NFS-78; i, NFS-84); IL-3-dependent cell lines from a lymphoblastic lymphoma (g, NFS-35); and
from a thymic lymphoma (h, NFS-22). The preparations were stained with a Wright-Giemsa stain. (x285.)
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FIG. 2. Binding of '25I-labeled IL-3 by cells from primary tumors, to assess the binding, -50,000 cpm with or without a 100-fold excess of
unlabeled IL-3 were incubated with 6 x 106 tumor cells for 30 min at 37TC. The extent of cell-bound material was determined as described (18).
LL, lymphoblastic lymphoma; ML, myelogenous leukemia; TL, thymic lymphoma. For comparison, the binding levels of an IL-3-dependent
cell line from a myelogenous leukemia (NFS-60) is also shown.

cells (Fig. 2). The binding observed with normal spleen cells
was generally 0.2%. Spleen cells from virus-inoculated mice,
prior to the development of disease, showed 3- to 5-fold
higher levels of IL-3 binding, consistent with studies dem-
onstrating an increase in the frequency of IL-3 cells respon-
sive (4). Among the primary tumors examined, there was
considerable variation in the ability to bind IL-3. However,
there was a good correlation between the binding observed
and growth in vitro in IL-3. Among the 19 tumors examined,
cell lines were obtained from 5 of 10 tumors having >0.6%
binding, whereas only one cell line was obtained from a group
of 9 tumors having <0.6% binding levels.

Characteristics of IL-3-Dependent and -Independent Cell
Lines. The doubling times of the IL-3-independent cell lines
varied within the range of 14-20 hr as compared with the
factor-dependent cell lines in the presence of IL-3, which
ranged from 14 to 36 hr. In the absence of IL-3, the
factor-dependent cell lines rapidly lost viability. The factor-
dependent cell lines showed an absolute dependence on IL-3
for proliferation as measured by [3H]thymidine incorporation
(Fig. 3). Half-maximal proliferation was observed at a con-
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FIG. 3. IL-3 dose-response curves for factor-dependent cell
lines. The dose response to purified IL-3 was determined as de-
scribed (15). Two cell lines obtained from myelogenous leukemias
and a cell line obtained from an immunoblastic lymphoma are shown.
Comparable results were obtained with all the IL-3-dependent cell
lines examined.

centration of -0.2 ng/ml comparable to the concentrations of
IL-3 required in other assays (9). The factor-dependent cell
lines have been maintained for >1 year without a loss in the
requirement for IL-3 for growth, with one exception. In this
case, a myelogenous leukemia cell line (NFS-61), which was
IL-3 dependent for =5 months, became factor independent
for growth. The properties of this cell line and its evolution
will be described in detail elsewhere.

DISCUSSION
The results demonstrate that in the presence of IL-3, cell lines
can be established from a number of leukemias and
lymphomas from mice inoculated with Cas-Br-M-MuLV.
The establishment of IL-3-dependent cell lines is not a unique
property of the Cas-Br-M MuLV-induced disease. Similar
results have been obtained with Moloney leukemia virus-
induced lymphomas (1), Rauscher MuLV-induced lympho-
mas (unpublished data) and Graffi ecotropic MuLV-induced
lymphomas (unpublished data). More recently, a series of
factor-dependent cell lines has been established from Friend
helper MuLV-induced neoplasms using WEHI-3 CM (20).
Although purified growth factors were not used, it is likely
that these cell lines are also dependent on IL-3 for growth in
vitro.
The studies presented here demonstrate that the establish-

ment of IL-3-dependent cell lines is associated with
myelogenous leukemias, erythroleukemias, and possibly im-
munoblastic lymphomas. The cell lines established from
erythroleukemias possessed a myeloid rather than an
erythroid morphology. It is conceivable that both trans-
formed erythroid and myeloid cells exist but that the culture
conditions favor the growth ofthe latter. A second possibility
is that a stem cell is transformed and the environment allows
one or the other components to predominate. For example,
IL-3 has been shown to induce the differentiation of
erythropoietin-responsive cells (21), as well as cells that can
be induced to differentiate along the myeloid pathway with
granulocyte/macrophage colony-stimulating factor (19).

Cell lines could be consistently established from myeloid
leukemias in IL-3, whereas only one factor-independent cell
line was established in the absence of IL-3. Morphologically
and phenotypically, the factor-independent cell lines were
similar to the factor-dependent lines. The lack of mature
myeloid elements suggests that transformation may involve a
block in the ability of the cells to terminally differentiate (19).
However, this did not eliminate the requirement for a growth
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factor. These results suggest that multiple stages of myeloid
leukemias may exist that are associated with changes in the
requirement for growth factors, consistent with previous
studies (22-24).
The inability to establish cell lines from thymic lymphomas

suggests that a factor may also be required for their growth
in vitro. The normal growth factor requirements for the
thymic terminal deoxynucleotidyl transferase-positive cells
are not known, although this subpopulation does not prolif-
erate in response to either IL-2 or IL-3 (25). Similarly, the
majority of the B-cell lymphomas could not be established as
cell lines. In this regard, it is interesting to note that an
IL-3-dependent pre-B-cell line has been described (14).
Based on this observation, we anticipated some IL-3-de-
pendent lines from the B-cell tumors.
The results suggest that T-cell-derived IL-3 may be re-

quired for the maintenance of certain transformed cells in
vivo in addition to its role in expanding potential target cell
populations for transformation. The demonstration that cer-
tain leukemias require T-cell-derived growth factors has
therapeutic implications. For example, the rapid loss of
viability of the myeloid leukemia cell lines in the absence of
IL-3 suggests that eliminating the growth factor in vivo may
have a beneficial effect. Since the production oflymphokines
is blocked by cyclosporin A, it will be of interest to assess the
effects of this drug on the in vivo growth of various types of
leukemias.
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