NEOPLASIA

Interleukin 3 and granulocyte-macrophage colony-stimulating factor are not
required for induction of chronic myeloid leukemia-like myeloproliferative
disease in mice bBCR/ABL

Shaoguang Li, Silke Gillessen, Michael H. Tomasson, Glenn Dranoff, D. Gary Gilliland, and Richard A. Van Etten

Primitive hematopoietic progenitors from
some patients with Philadelphia chromo-
some (Ph)—positive chronic myeloid leu-
kemia (CML) express aberrant transcripts
for interleukin 3 (IL-3) and granulocyte
colony-stimulating factor (G-CSF), and ex-
hibit autonomous proliferation in serum-
free cultures that is inhibited by anti—IL-3
and anti—IL-3 receptor antibodies. Expres-
sion of the product of the Ph chromo-
some, the BCR/ABL oncogene, in mice by
retroviral bone marrow transduction and
transplantation induces CML-like leuke-
mia, and some leukemic mice have in-
creased circulating IL-3, and perhaps

granulocyte-macrophage colony-stimulat-
ing factor (GM-CSF). These observations
raise the possibility of autocrine or para-
crine cytokine production in the pathogen-
esis of human CML. Mice with homozy-
gous inactivation of the /-3 gene, the
Gm-csf gene, or both, were used to test
the requirement for these cytokines for
induction of CML-like disease by = BCR/
ABL. Neither IL-3 nor GM-CSF was re-
quired in donor, recipient, or both for
induction of CML-like leukemia by p210
BCR/ABL . Use of novel mice deficient in
both IL-3 and GM-CSF demonstrated that
the lack of effect on leukemogenesis was

not due to redundancy between these
hematopoietic growth factors. Analysis
of cytokine levels in leukemic mice where
either donor or recipient was  /-3=/~ indi-
cated that the increased IL-3 originated
from the recipient, suggestive of a host
reaction to the disease. These results
demonstrate that IL-3 and GM-CSF are
not required for BCR/ABL -induced CML-
like leukemia in mice and suggest that
autocrine production of IL-3 does not
play a role in established chronic phase
CML in humans. (Blood. 2001;97:1442-1450)
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Introduction

Human chronic myeloid leukemia (CML) is a myeloproliferativeproven useful for analyzing the molecular pathogenesis of this
disease characterized by excessive clonal production of maturitigeasé:®10

myeloid cells}-2 The principal genetic abnormality in CML is the ~ The mechanism by which Bcr/Abl induces CML is not known.
Philadelphia (Ph) chromosome, the product of a balanced t(9;2gcently, aberrant production of hematopoietic cytokines has been
translocation that is found in multiple myeloid, B-lymphoid, anduggested to play a role in the pathogenesis of CML. CML patients do
sometimes T-lymphoid lineages, suggesting that the translocatiuot typically have increased plasma or serum levels of cytokiriés.
event occurred in an early multipotential or stemlike cell. The PHowever, in some patients with chronic phase CML and predominantly
translocation fuses the ABL gene on chromosome 9q34BLR Ph' primitive progenitors, isolated CD3€D38 cells express aber-

on 22q11, generating a chimeCR/ABLgene. The product of rant RNA transcripts for interleukin 3 (IL-3) and granulocyte colony-
this gene, the Bcr/Abl fusion protein, is a dysregulated nonrecepsiimulating factor (G-CSF), and exhibit limited autonomous prolifera-
tyrosine kinase that transforms fibroblasteytokine-dependent tion in cytokine-free culture’$ The autonomous proliferation is partially
hematopoietic cell line$,and primary bone marrow B-lymphoid inhibited by anti—IL-3 and anti—IL-3 receptor antibodies, coincident
cell® in vitro. Retroviral transduction of thBCR/ABLgene into with decreased tyrosine phosphorylation of STATSnterestingly,
mouse bone marrow cells, followed by transplantation into syngexposure of normal primitive hematopoietic progenitors to exogenous
neic recipient mice, leads to development of CML-like leukemia ifL-3 induces proliferation accompanied by increased differentiation and
all recipients-8 demonstrating tha8CR/ABLIs the principal cause decreased self-renewdlproperties that are characteristic of Pstem

of CML. BCR/ABLinduced murine CML-like disease is charactereells. These observations suggest that autocrine production of IL-3, and
ized by massive expansion of maturing myeloid cells, witperhaps G-CSF, explains the selective advantage opRigenitors to
infiltration of spleen, liver, and lungs by malignant myeloid cellgontribute to hematopoiesis. However, whether autocrine production of
that carry theBCR/ABLprovirus and express Bcr/Abl protein. ThelL-3 or G-CSF or both is essential to the pathogenesis of CML is
cell that initiates the CML-like disease is an early multipotentiagxtremely difficult, if not impossible, to establish using primary human
hematopoietic progenitor cél.Murine CML-like leukemia is CMLcells or cell lines.

therefore an accurate and faithful model of human CML that has Several molecular biologic studies support a role for cytokine
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production, particularly of IL-3, inBCR/ABL transformation. marrow and transplantation of recipient mice was as previously deséibed.
BCR/ABLactivates many signal transduction pathways that overl&piefly, male mice pretreated with 200 mg/kg 5-fluorouracil were used as
with those induced by cytokines, including the Ras/MAPKnd donors; female mice conditioned with 900 cGy (Balb/c) or 1150 cGy
Jak/STAT pathway#? Expression oBCR/ABLinduces the secre (C57BI/6) gamma irradiation were used as recipients. Bone marrow was
tion of IL-3 and granulocyte-macrophage colony-stimulating facté):i,restimulated in IL-3, interleukin 6 (IL-6), and stem cell factor (SCF), and

. - ; subjected to 2 rounds of cosedimentation with retroviral stock. In some
(GM-CSF) from cytokine-dependent hematopoietic cell lihEs

. ' experiments (see Figure 2), IL-3 was omitted from the prestimulation and
although the ability o0BCR/ABLto transform such cells to becometransduction medium, with no discernable effect on leukemogenesis. The

independent of cytokine for survival and proliferation does nQfansplanted cell dose was >51CF cells per recipient, except for
require autocrine secretion. Monocyte/macrophage tumors indugegt-'-Gm-cst/~ (double-knockout) mice, wherext 108 cells per recipi
by BCR/ABLafter retroviral bone marrow transduction and transent was used in some recipients. Diseased mice were subjected to
plantation secrete G-CSF and GM-C8Bnd mice witBBCR/ABL=  histopathologic and molecular analysis, including purification of hematopoi-
induced CML-like myeloproliferative disease have been reportétic lineages and Southern blotting of genomic DNA (gDNA), as de-
to have increased circulating IL-3 and GM-CSFinally, direct scribed® Several independent transduction/transplantation experiments
expression of IL-3 in mouse bone marrow by retroviral ger]gere carried out for each _of the combinations of g_enotypes With _similar
transfer leads to a myeloproliferative illness in recipients closegfsu'ts‘ and the data combined to generate the survival curves in Figures 2,
resembling that induced by transductiorBR/ABL® + 7» and 8A.

The murine retroviral bpne marrow transdu(:ti0n/trans_pIantatiqﬂ,tokine enzyme-linked immunosorbent assays (ELISAS)
model system offers an ideal method to test the requirement of
cytokines for leukemogenesis BCR/ABL If a naturally occurring  Peripheral blood was obtained from diseased mice by sampling of the
or targeted mouse germline mutation exists in a given ger]e,_rﬁ{ro—orbital venous plexus or by cardie‘m puncture at autopsy. Total
principal it is straightforward to test whether that gene is necess%‘g}"””oreacuve IL-3 and GM-CSF (dynamic range, 0.19-200 ng/mL) were

) . . . - termined using ACCUCYTE murine IL-3 and GM-CSF competitive
for induction of CML-like leukemia byBCR/ABL,by using the enzyme immunoassay kits (Cytimmune Sciences, College Park, MD);

mutant m'lce as d?”‘”s and r(?c'p'ems_m t,hls assay. In praptlce, S'éa ivalent results were obtained using heparinized plasma or serum.
an experiment will be most informative if the mutant mice havgejected samples were also tested in Quantikine M kits (R&D Systems,
relatively normal baseline hematopoiesis and bone marrow donghneapolis, MN) for either IL-3 or GM-CSF, dynamic range 7.8 to 500
and recipient function. Fortunately, these conditions are met fpg/mL. For controls, samples were obtained from recipients of nontrans-
mutations in the mous#é-3 and Gm-csfgenes. These loci are duced marrow or recipients of marrow transduced with M8€&irus at 4
closely linked on murine chromosome 11, and each has be#geks after transplantation.

inactivated in mice by homologous recombination. Mice lacking

IL-3 have defective delayed-type hypersensitifitgnd decreased

mast cell/basophil responses to parasitic infectiomhereas mice Results

lacking GM-CSF have pulmonary aveolar proteind3i¥but both

mutant mice have essentially normal hematopoiesis. Recenffgvated circulating IL-3, but not GM-CSF, in mice with

mice with mutations in bothi-3 and Gm-csfhave been generated BCR/ABL-induced CML-like leukemia

by a serial gene _targe_ting approaqh, 'and these animals show (‘Wé( tested plasma from mice witBCR/ABLinduced CML-like
modest perturbations in hematopoiedislere, we have used thesedisease for increased IL-3 and GM-CSF using ELISAs. Plasma or

mutant mice as donors,_re0|p|ents, or both n the bone marQWym 1.3 levels are undetectable in normal mice using most
transduction/transplantation system to determine the role of th ays. We used an ELISA that detects total immunoreactive IL-3
cytokines in the pathogenesis BCR/ABLinduced murine CML- or GM-CSF in a complex biologic fluid such as plasma or ascites

like leukemia. and is insensitive to interfering substances such as soluble recep-
tors, autoantibodies, and binding proteins (see “Materials and
methods”). With this assay, there were low levels of circulating
Materials and methods IL-3 in Balb/c mice transplanted with nontransduced marrow and
in recipients of bone marrow transduced with retrovirus lacking
BCR/ABL(Figure 1A). We found significantly increased IL-3 in
Mice with homozygous null mutations in tiie3 or Gm-csfgened®??were  plasma of mice wittBCR/ABLinduced CML-like disease (Figure
back-crossed at least 9 generations into a Balb/c background. Mice with), in agreement with othefsinterestingly, recipients of marrow
mutations in bothl-3 andGm-csf4 were back-crossed into either Balb/c ortransduced withBCR/ABLIN a retroviral vector that efficiently
C578I/6 backgrounds, where ind_icated, also for more than 9 generatioeaexpresses green fluorescent protein (GFP) had significantly
Wild-type Balb/c and C57BI/6 mice were purchased from Taconic Fam?‘ﬁgher IL-3 levels than recipients of marrow transduced with a
(Germantown, NY). BCR/ABL=MSCVneovirus. In contrast to the previous repémye
detected no significant increase in circulating GM-CSF in mice
with BCR/ABLinduced CML-like leukemia, relative to control
The complementary DNA (cDNA) for p21BCR/ABL(b3a2 isoform) inthe - mice or recipients of empty vector-transduced marrow (Figure 1B).
retroviral vector MSCVieg® was used for most experiments; wheree also tested selected samples using conventional immunoassay

indicated, the vector MSCV-IRES/GFP(similar to Mig RI") was used. kits for IL-3 and GM-CSF that have a sensitivity of 2.5 to 500
Helper-free retroviral stocks were generated by transient transfection of 293 “ . ”

. . A . . pg/mL (see “Materials and methods”). In these assays, IL-3 was
cell using thekat system’ and titered by neomycin resistance (for

MSCVneo virus) or flow cytometric analysis (for MSCV-IRES/GFP) astndetectable in control mice, with low-levek(8 pg/mL) but
describe8i26. all MSCVneo stocks had titers of 3 to & 106 neomycin- detectable circulating IL-3 in a minority of mice witBCR/ABL:

resistant colony-forming units per milliliter, and all stocks gave equivalefiduced CML-like Ieukemia.(data. not ShOWr‘)- Qirculating GM-
proviral copy number, as determined by Southern blot analysis, f#&SF was not detected with this assay in either control or
transduced fibroblasts or primary bone marrow. Transduction of boteukemic mice.

Mouse strains

Bone marrow transduction/transplantation
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Figure 1. Increased circulating IL-3, but not GM-CSF, in mice with BCR/ABL -
induced CML-like disease. (A) Total mean plasma IL-3 levels for mice transplanted
with nontransduced marrow (control BMT), with marrow transduced with MSCVneo
virus (MSCVneo), or for mice with BCR/ABL-induced CML-like leukemia. Bars
indicate SE. The number of mice analyzed were: control BMT = 6, MSCVneo
BMT = 5, BCR/ABL combined = 14, BCR/ABL in MSCV-IRES/GFP = 6, BCR/ABL
in MSCVneo = 8. The difference between control BMT and mice with leukemia
induced by BCR/ABL-MSCV-IRES/GFP, or by the 2 BCR/ABL vectors combined, was
significant (t test, P = .02), whereas the difference between controls and mice with
BCR/ABL-MSCVneo-induced leukemia was of borderline significance (P = .06). (B)
Total mean plasma GM-CSF levels for the same control groups as in panel A, and for
all mice with BCR/ABL-induced leukemia. There was no significant difference in
GM-CSF levels between the groups.

The /I-3 gene is not required for induction of CML-like
leukemia by BCR/ABL

We used mice with homozygous inactivation of i gene as
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observations in a wild-type backgroufdespite the overall
similarity of the organ histopathology, there were some notable
differences in the myeloproliferative process in the blood of
some recipient cohorts. When donor marrow wh8 /-, the
average blood leukocyte count was lower, and there was an
increase in the percentage of circulating immature erythoid cells
(Table 1). When both donor and recipient wek8~/~, recipk

ents also had lower peripheral blood leukocyte counts, but
exhibited an increased percentage of monocytes and macrophage-
like cells in the peripheral blood (average 48% monocyte/
macrophages fol-3~/~ donor/recipient versus 11% for wild-
type, Figure 3F and Table 1). These results demonstrate that
IL-3 is not required for induction of CML-like myeloprolifera-
tive disease in mice bBCR/ABL but monocytosis is observed

in the absence of this cytokine.

The Gm-csf gene is not required for induction of CML-like
leukemia by BCR/ABL

We performed a similar set of transduction/transplantation experiments
using mice with homozygous inactivation of tBen-csfgene. As with

IL-3, we found that all recipients developed CML-like leukemia on
transplantation witBCR/ABL-transduced marrow, regardless of whether
the donor, recipient, or both were Gim-csf~/~ genotype (Figure 5
There was a slight but statistically significant prolongation in survival
when both donor and recipient we@m-csf’/~. There was no
difference in peripheral blood leukocyte count or differential, spleen
weight, or histopathology of the myeloproliferative disease in the
absence of GM-CSF (Figure 3G-l and data not shown). The disease was
polyclonal by Southern blot analysis in all cases (data not shown),
except when both donor and recipient w&m-csf/~, when there
appeared to be fewer proviral clones contributing to the leukemia
(Figure 4A). These results demonstrate that GM-CSF is not required for

donors or recipients in thBCR/ABLbone marrow transduction/ induction of CML-like disease bBCR/ABL.

transplantation model. After transduction wiBCR/ABL, bone

marrow from dononl-3~/~ mice induced CML-like leukemia in
wild-type Balb/c recipient mice with 100% efficiency within 4
weeks after transplantation (Figure 2). Similarly, CML-like disease

developed in alll-3~/~ recipients ofBCR/ABL:transduced wild-

type marrow and when both donor and recipient lacked IL-3. There
was no significant difference in survival when either donor or .
recipient wadl-3~/~, and actually a slight but significant accelera
tion in the disease process when both donor and recipient were oa
II-3~/~ genotype (Figure 2). When both donor and recipient lacked e
IL-3, the CML-like disease was efficiently transferred to irradiated
-3/~ or wild-type secondary recipients by transplantation of
marrow and/or spleen (data not shown), as previously reported in a
wild-type background.The histopathology of the disease process
was similar in all groups (Figure 3 and Table 1). There was massive
splenomegaly of similar magnitude in all recipients, due to
extensive infiltration by maturing myeloid cells with total disrup-

100 BM donor: recipient:
80— —— WT  WT(20)
w© | 9B wWT ”_3'/' (8)
; 60
< - 3" wt @)
40'— -/- /-
——= 13377 1-377(10)
20
ITrr T T T I T T T T T e e T
14 21 28 35 42

days post-BMT

tion of the splenic architecture accompanied by increasé"@ure 2. IL-3 does not contribute to induction of CML-like disease by

megakaryocytes and erythropoiesis (Figure 3A,D). The liv

BCR/ABL . Kaplan-Meier—style survival curve for recipients of marrow transduced

%th p210 BCR/ABL. The genotypes of donor and recipient are indicated by the

sinusoids were heavily infiltrated with maturing myeloid an@ashed lines; all mice were of Balb/c background. The number of recipients in each
erythroid cells (Figure 3B,E). The cause of morbidity or death in adfm s shownin parentheses. All recipients developed typical CML-like leukemia (see

: P : t). Omission of recombinant IL-3 from the prestimulation and transduction medium
cases appeared to be extensive myeIOId infiltration of the Iuﬁgd no effect on leukemogenesis (data not shown). The curve with wild-type donors

parenchyma with hemorrhages (data not shown). Southern bigf recipients is a composite of previously reported mice and additional mice
analysis of gDNA from blood- or spleen-derived myeloid cellgansplanted concurrently with the /-3 and Gm-csf mutant mice. There were no
from leukemic mice demonstrated that muItipIe (average of 9' nificant differences in survival between wild-type (WT) recipients of transduced
. . . . . marrow and transplants where either donor or recipient was /-3~ (P = .65,
Independent prowral clones contributed to the myelOprOIIferatM\ﬁamel-Cox test), whereas the survival of /-3~ mice transplanted with /-37/~

disease in these animals (Figure 4A and data not shown), similani@row was significantly shorter (P = .01).
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Figure 3. Comparison of the histopathology of CML-

like disease in different cytokine-deficient back-

grounds. Photomicrographs of hematoxylin/eosin-stained
sections (magnification X 100) of spleen (A,D,G,J) and
liver (B,E,H,K), and Wright/Giemsa-stained smears (mag-
nification X 400) of peripheral blood (C,F,,L), from mice
with BCR/ABL-induced myeloproliferative disease where
donor and recipient were of wild-type (A-C), II-3-/~ (D-F),
Gm-csf-'~ (G-1), and double-knockout (J-L) genotypes.
Spleens demonstrate complete disruption of follicular
architecture by infiltrating myeloid cells, erythropoiesis,
and megakaryocytosis. Livers exhibit sinusoidal infiltra-
tion with maturing neutrophils, extramedullary erythropoi-
esis, and periportal collections of macrophages. Periph-
eral blood of most /I-37/~ and some double-knockout
recipients of like marrow displayed a predominance of
monocytes and macrophages rather than neutrophils.

Lack of a compensatory increase of the alternative cytokine in mice withBCR/ABLinduced CML-like leukemia is the recipient, rather

1I-37'= or Gm-csf =/~ transplants than the donor-derive@BCR/ABLexpressing leukemic cells. There was

We determined total circulating IL-3 and GM-CSF in leukemi o significant nerease in Clrcijlfmng GM-CSF Ig\{els n @seased mice
pm transplants with arll-3~/~ donor or recipient (Figure 6B),

mice from transplants where donor or recipient lacked eith - ) ) -
cytokine (Figure 6). Interestingly, leukemic wild-type recipients offémonstrating that a compensatory increase in GM-CSF did not
BCR/ABLtransduced marrow frofi3 ~/~ donors had increased plasmaPCcur in the absence of IL-3. Conversely, when the transduced donor
IL-3 levels that were similar to those found in wild-type recipients df€lls were of Gm-csf’~ genotype, the levels of both IL-3 and
transduced wild-type marrow, wherdh8 '~ recipients oBCR/ABL ~ GM-CSF in wild-type recipients were low (Figure 6A,B). This sug-
transduced wild-type marrow had low to normal levels of IL-3 (Figurgests that the majority of circulating GM-CSF in mice shortly after

6A). This suggests that the source of the increased circulating IL-3tiansplantation is donor derived, and GM-CSF production from the

Table 1. Clinicopathologic features of ~ BCR/ABL -induced CML-like disease with cytokine-deficient donor/recipient mice

Differentialt

Genotype*

Median PB WBC Spleen wt
Donor Recipient survival (d) (X10%/pL = SE) N Meta Pro Mo Ery Ly Bl (g = SE)t Liver§  Lungs|
WT WT 22 295 = 59 54 16 3 11 7 7 2 0.91 = 0.06 + +
1-371~ WT 21 110 + 15 (P = .022)1 50 8 4 8 19 9 2 0.85 £ 0.05 + +
WT 1-371= 22 262 £ 93 63 12 2 11 6 4 2 0.87 £ 0.04 + +
-3~ -3~ 20 (P = .01)# 101 = 18 (P =.008)1 31 11 1 48 6 3 1 0.84 + 0.05 + +
Gm-csf~I= WT 23 235 £ 45 46 12 4 9 8 5 3 0.69 = 0.09 + +
WT Gm-csf~/= 23 232 £ 87 56 12 6 7 8 8 3 0.95 £ 0.06 + +
Gm-csf~/~ Gm-csf '~ 27 (P=.002# 226 =40 55 16 3 16 5 5 1 0.80 =+ 0.06 + +
1-:37'= Gm-¢csf~'=  II-37/= Gm-csf =/~ 16 (P = .005)# 334 + 115 44 13 3 27 11 3 1 0.75 £ 0.08 + +

WT indicates wild-type.

*All mice are Balb/c.

tMean % of: N, neutrophils; Meta, metamyelocytes; Pro, promyelocytes; Mo, monocytes and macrophages; Ery, nucleated erythroid cells; Ly, lymphocytes; BI, blasts.
FNone were significantly different from WT to WT (P = .05, unpaired ttest).

§Hepatomegaly with extramedullary hematopoiesis, neutrophil infiltration, and macrophage aggregates.

lIntra-alveolar myeloid cell infiltration with hemorrhages.

fISignificantly different from WT to WT, unpaired ttest.

#Significantly different from WT to WT, Mantel-Cox test.
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Figure 4. Proviral integration patterns in mice with BCR/ABL -induced CML-like leukemia. The gDNA was prepared from hematopoietic cells from mice with CML-like
disease, digested with Bglll, transferred to nylon membranes, and hybridized with a radioactive probe from the neomycin resistance gene, as described.® Sizes (in kilobases) of
DNA markers are shown at the left. (A) Balb/c mice. The gDNA from peripheral blood or spleen myeloid cells was isolated from a typical wild-type recipient of
BCR/ABL-transduced wild-type marrow (WT to WT); 2 different Gm-csf '~ recipients of BCR/ABL-transduced Gm-csf ~/~ marrow (Gm— to Gm-—); 2 different //-3~/~ recipients
of BCR/ABL-transduced /I-3-/~ marrow, and 2 different double-knockout recipients of transduced double-knockout marrow (2ko to 2ko), one of which received 1 X 106 donor
cells (left lane), the other of which received 0.5 X 106 donor cells (right lane). A control DNA sample containing a single proviral copy per diploid genome is included at the far
right (control). The positions of bands derived from the neomycin resistance gene present in the mutated Gm-csfand //-3 loci are indicated by the arrowheads at left. (B,C)
C57BI/6 wild-type mice. (B) The gDNA from myeloid cells from 3 representative C57BI/6 recipients of BCR/ABL-transduced syngeneic marrow. For comparison, gDNA from
leukemic cells of a Balb/c recipient of syngeneic marrow transduced with the same BCR/ABL retroviral stock is shown at right (Balb/c), along with single copy control DNA
(control). (C) The cells initiating CML-like disease in C57BI/6 mice have multilineage repopulating ability. The gDNA from purified peritoneal macrophages (perit. Md),
peripheral blood neutrophils (p. blood), total, B220*, and B220~ spleen cells, and total, TER-119%, and TER-119" liver cells was digested with Bglll and hybridized with a
radioactive neo gene probe to determine the number of distinct proviral integrations in each sample (top panels). Single proviral copy control DNA from a different lane of the
same blot is included at the right. The blot was stripped and reprobed with an ABL probe that detects a common 2.2-kb fragment from all proviruses as well as the endogenous
murine c-abl gene (bottom panels), allowing quantitation of the proviral copy number per diploid genome.® The same 4 proviral clones (2 major and 2 minor) are found in all
hematopoietic lineages of this animal at about one copy per cell, implicating a primitive multipotential target cell, similar to that observed in Balb/c mice.®

BCR/ABL:transduced marrow is necessary to elicit an IL-3 responseere identical to those of wild-type (Figure 3), except that some

from recipients. mice exhibited peripheral blood monocytosis, similar to that
observed in thel-3~/~ donor/recipient transplant (Figure 3L and

Lack of redundancy of IL-3 and GM-CSFin  BCR/ABL -induced Table 1). Although thel-3/Gm-csfdouble-knockout mice exhibit

CML-like leukemia moderate eosinophilia under normal conditidhayve did not

glserve excess eosinophils in the myelproliferative disease induced

The above experiments demonstrate that IL-3 and GM-CSF are ) . T .
y BCR/ABLIn this background. A similar number of proviral

required individually for induction of murine CML-like leukemia - o
by BCR/ABL but do not exclude the possibility that these é:lones cpntrlbgted to the leukemia m the double-.knockout trans-
hematopoietic growth factors may have redundant or overlappiR§nt s in a wild-type background (Figure 4A). This demonstrates
functions in the pathogenesis of the myeloproliferative disease. fifit there is no redundancy in the function of these cytokines in the
address this, we used novel mice with homozygous inactivation Rthogenesis oBCR/ABLinduced myeloproliferative disease.
both thell-3 and Gm-csfgenes (“double-knockout” mice), which Interestingly, about half the double-knockout recipientsBaR/
have only modest perturbations in hematopoigsighenll-3/Gm- ABL-transduced double-knockout marrow transplanted with BP

csf double-knockout mice, in a Balb/c background, were used gells died before 14 days after transplantation because of failure to
both donors and recipients in thBCR/ABL transduction/ engraft, whereas more than 90% of mice that receivedIlF cells
transplantation model system, recipient mice developed typicziigrafted and developed leukemia (data not shown). The failure to
CML-like disease, with significantly shorter latency than wild-typengraft was dependent &CR/ABLtransduction, because vector-
transplants (Figure 7). The clinical features and histopathology wansduced double-knockout marrow efficiently engrafted all double-
the myeloproliferative disease in the double-knockout backgroukdockout recipients at a dose of<L 10 cells (data not shown).
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100 BM donor: recipient:
80— —WT WT (20) Discussion
........ -
T s0- wr Gm-csf = (1) Mice with transplanted wittBCR/ABLtransduced bone marrow
; ............... Gm-cst™ Wt (6) develop a myeloproliferative disease that is a very close pathophysi-
S 40- ; / ologic match to human CML. Diseased mice were reported to have
7 ——— Gm-csf™" Gm-csf™ (8)
2
S 20 o
LoEEEE 2 A 20—
O T T T T T T T 18—
14 21 28 35 42
days post-BMT 16
Figure 5. GM-CSF is not required for induction of CML-like disease by . |
BCR/ABL . Kaplan—Meier-style survival curve for recipients of marrow transduced E 1 2 1
with p210 BCR/ABL. The genotypes of donor and recipient are indicated by the
dashed lines; all mice were of Balb/c background. The number of recipients in each a 1 0 —
arm is shown in parentheses. The prolonged survival of Gm-csf '~ recipients of o
Gm-csf~/~ BCR/ABL-transduced marrow relative to the wild-type recipients of T 8-—-
wild-type transduced marrow was significant (P = .002, Mantel-Cox test), whereas ‘?
there was no significant difference in survival between any of the other transplant | 6 1|
arms (P = .1). Several Gm-csf~/~ recipients transplanted with BCR/ABL-transduced -
wild-type marrow failed to engraft and died before day 12 (see text) and were not 4 i
included on the curve. 2 =
00—
BCR/ABL induces CML-like disease inefficiently in C57BI/6 , .
) ' ] naiently O \?{ﬁ o5 \‘(\ X
mice, and IL-3 and GM-CSF are not required for \\Q - &
leukemogenesis in this strain CQO \é‘\o Q{\O \0\ \&:\,0 Q
Y& K
To extend these observations, we used a different inbred strain of ) VoW $ \/0 -
mice, C57BI/6, for which congeniti-3~/~ Gm-csf~/~ double- \\S) IR ?@ ng
knockout mice are also available. In an earlier, less efficient model OQ‘ Q‘y‘ QAY‘ @ Q5
of BCR/ABLIeukemogenesis, it was reported that C57BI/6 mice %) <bC) %0 Q;C’ @O
did not develop CML-like disease on transplantation with synge-
neic BCR/ABLtransduced bone marrow, but instead developed
leukemias of B-lymphoid, monocyte/macrophage, mast cell, and G
erythroid lineage&® Using our current optimized model systém,
we observed thaBCR/ABLdid induce CML-like myeloprolifera- 88—
tive disease in C57BI/6 mice, but inefficiently (Figure 8). Relative o
to Balb/c mice, C57BI/6 (B6) recipients &CR/ABL-transduced =
marrow exhibited prolonged survival, with 50% of B6 mice £ 6—
developing fatal leukemia by 39 days after transplantation, versus E’ .
22 days for Balb/c (Figure 8A,B). In addition, the B6 recipients no =
longer developed exclusively CML-like leukemia, with some LL 4
animals developing B-lymphoid leukemia or macrophage tumors N 3
in addition to, or instead of, myeloproliferative disease (Figure (',)
8A). The myeloproliferative illness induced BBCR/ABLin B6 = 2
mice was characterized by lower peripheral blood leukocyte counts (3 1
and spleen weights than that observed in Balb/c mice (Figure 8B),
and fewerBCR/ABL:transduced proviral clones contributed to the 00—
disease (Figure 4B), but was otherwise clinicopathologically ) oy \‘f\ \&\
similar. As in Balb/c micé,the same spectrum of proviral clones Q(\Q’ . (©)
was observed in gDNA from neutrophils, macrophages, erythroid O © ’\0 \0\ “@ Q0
precursors, and B-lymphoid cells purified from diseased B6 mice, \s\co \\é He IS O\"\ \é\
indicative of a multipotential target cell (Figure 4C). However, B6 Q?\/ \;V » Q\’ Q)\,
mice with CML-like leukemia did not have significant elevations in Q‘\?‘ ??? ?@ \aR\%
circulating IL-3 (or GM-CSF) relative to B6 recipients of nontrans- Q)Q C)Q\\ 0@ OQ‘ OQ‘
duced marrow (data not shown). When congenic C57Bi8 /- Q7 Q N M)

Gm-csf~/~ mice were used as bone marrow donors and recipients o . -
. Fidure 6. Increased IL-3 in mice with CML-like disease originates from the

CML-like myeloproliferative leukemia deve|0ped in6of7 reCip"recipient. Total circulating IL-3 (A) and GM-CSF (B) levels were determined by
ents, with a similar prolonged latency (Figure 8A). These resulEsiSA (see “Materials and methods”) in leukemic mice from transplants with the

demonstrate that IL-3 and GM-CSE are not required for tH@jicatedgenotypesofdonorsand recipients (donors indicated first, then recipients).
The values for wild-type mice transplanted with wild-type vector-transduced

C_ML'“ke_ myeloprollferatlvg disease induced IZBCR/ABLIH 2 (MSCVneo) or BCR/ABL-transduced (BCR/ABL WT to WT) marrow are reproduced
different inbred mouse strains. from Figure 1 for comparison. Error bars indicate SE.
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100 BM donor: recipient: chronic myelomonocytic leukemia. The mechanism of the shift in
s myelopoiesis in these mice is not known, but the monocytic cells
80 i — WT WT (20) were derived from the same spectrum BER/ABLtransduced
- ! - G -/- G f_/_ clones as the neutrophils (data not shown), and the histopathology
> 60 N m:/‘fo m-5s of the spleen and liver was identical to wild-type transplants
S . -3 I3 " (20)  (Figure 3). The use ofi-3~/~ Gm-csf/~ double-knockout mice
S 40 B demonstrated that these 2 hematopoietic growth factors do not have
\'ﬁ : overlapping or redundant functions BCR/ABLIeukemogenesis.
°* 5o - These results were confirmed in a different inbred mouse strain,
- C57BI/6. Although the CML-like myeloproliferative disease in-
0O+ Il A REEERERE duced byBCR/ABLIn wild-type B6 mice was distinct from that
14 21 o8 35 observed in Balb/c mice, leukemogenesis in B6 mice was indepen-
dent of IL-3 and GM-CSF. In related studi€sye have shown that
days post-BMT the myeloproliferative illnesses induced in mice by the TEL/
Figure 7. Lack of redundancy between IL-3 and GM-CSF in pathogenesis of PDGFBRFG TEL/JAK2% and TEL/TRKC! fusions also do not

BCR/ABL -induced CML-like leukemia. ~ Kaplan-Meierstyle survival curve for recipi-  require these cytokines.
ents of marrow transduced with p210 BCR/ABL. The genotypes of donor and

recipient are indicated by the dashed lines; all mice were of Balb/c background. The

number of recipients in each arm is shown in parentheses. Several double-knockout

mice transplanted with BCR/ABL-transduced double-knockout marrow failed to A
engraft at a lower cell dose (see text) and were not included on the curve. The survival 100
of double-knockout recipients of double-knockout-transduced marrow was signifi-

BM donor: recipient:

cantly shorter than that of the wild-type mice (P = .005, Mantel-Cox test). . ----------- B6 WT B6 WT (18)
80 @- - B6Gm-csf”" B6Gm-cst™”"

elevated circulating IL-3 and GM-CSRyhich are not characteris "_34' "_3'/' (7)

tic of most patients with chronic phase CML, but the mechanism ol= 601

production of these cytokines and their contribution to leukemogen.2 ~ | L Hgg==---"~ i B cmL

esis were unclear. Here, we confirmed that mice \B@R/ABI- E
induced CML-like disease have variable but significant elevation: @ 40—
in plasma IL-3, but we did not detect increased GM-CSF in theses®
mice. Increased circulating IL-3 and sometimes GM-CSF are alsi
observed in mice with myeloproliferative disease induced by
oncogenic fusions of several other tyrosine kinases with the Te
transcription factor, found in human myelodysplastic syndromes 0
atypical CML, and acute leukemfé&.Our findings suggest that

most of the increased IL-3 in mice witlBCR/ABLinduced

@ [] B-ALL

20—

| | | | 1 | ] | | .| |
14 21 28 35 42 49 56 63 70 77 84 91

myeloproliferative disease originates from the recipient, not the days post-BMT
donor. The actual source of the cytokine is not known, but may be B
produced by radioresistant recipient T lymphocytes. Interestingly, i 40 300 _T_ 1 s
wild-type Gm-csfgene was required in donor marrow for the 35 250 L
recipient IL-3 response. We also noted that IL-3 levels were 30 8?:
significantly higher in mice with CML-like disease induced witha 25 200 0.6—
retroviral vector that efficiently coexpresses Bcr/Abl and GFP, 20 150 0.5
compared with 8CR/ABI-MSCVneovector, which coexpresses 15 100 83 B
neomycin phosphotransferase at low and variable levels from a 10 0'2_
internalpgk promoter?> Collectively, these results suggest that the 5 50 01
increased IL-3 represents a reaction of the recipient to transplanti g 04 | 0 T
tion of bone marrow expressing fo_relgn protelns. _ _ @" ‘\é(" éé“' «Qﬁf" é‘&" «Q\‘P
A several-fold elevation in circulating IL-3 is unlikely to * &p ¥ & o

account for the massive expansion of myelopoiesis in mice witt  survival (days) PBWBC (x10/uL)  spleen wt (g)
BCR/ABLinduced CML-like disease, but this does not preclude l%ure 8. IL-3 and GM-CSF are not required for induction of CML-like disease in

pathophysiologic role for cytokines, because IL-3 and other growtia7eie mice by BCR/ABL . (A) Kaplan-Meier—style survival curve for recipients of
factors can stimulate autocrine proliferation without requiringwarrow transduced with p210 BCR/ABL. The survival of Balb/c WT mice is shown by

secretior?® To definitively test the role of IL-3 and GM-CSE in thethe solid line. For C57BI/6 mice (B6, dashed lines), the individual mice in each arm
' are indicated by symbols (squares, wild-type; circles, double-knockout), with the

pathoqeneSis 0BCR/ABLinduced CML-like disease’ we useddisease indicated by the shading. Animals that developed more than one leukemia
Balb/c mice with homozygous inactivation of thle3 gene, the were identified by the characteristic clinicopathologic features of each disease, as

Gm-csf gene and both genes in the retroviral transductioﬁr/eviously described.®1° The cause of morbidity or death in mice with CML-like
t lantati ’ del t (’:) It | | tablish t diﬁsgzse from both strains was extensive pulmonary myeloid cell infiltration (data not
ransplantation model system. ur results clearly establis Q n). The difference in survival between wild-type Balb/c and C57BI/6 transplants

neither IL-3 nor GM-CSF is required individually for induction ofwas highly significant (P < .0001, Mantel-Cox test), whereas there was no significant
CML-like disease byBCR/ABL In the absence of IL-3, the difference in survival between wild-type and double-knockout C57BI/6 transplants

. . . . . (P =.22). (B) Comparison of median survival (days), mean peripheral blood
myeloprollferatlve disease induced Bﬁ:R/ABL\Nas characterized leukocyte count (X 10%/uL), and mean spleen weight (grams, measured at the time of

by lower peripheral blood leukocyte counts with a higher percemtumidity or death) between wild-type Balb/c (in white) and C57BI6 (in black)
age of monocyte/macrophage cells, somewhat reminiscent r@fpients of syngeneic BCR/ABL-transduced marrow. Bars indicate SE.
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Interestingly, we observed a decreased efficiency of engraRh™ progenitors to be quiescetttlt is therefore possible that IL-3
ment of the transplanted marrow when both donor and recipierdguld be involved in the slow expansion of the'Ptlone that is
were of double-knockout genotype. The decreased engraftmesquired for the eventual development of peripheral blood leukocy-
appeared to be dependent &CR/ABL transduction, because tosis and clinical symptoms in human CML. Modifications to the
double-knockout marrow transduced with insertless retrovirustroviral model system may allow this latent period to be modeled
efficiently engrafted double-knockout recipients transplanted with mice, and permit the role of cytokines in this process to be tested.
5-fold fewer marrow cells. It is not clear whether the defect i®ur results also do not exclude a role in the pathogenesis of murine
engraftment requires the absence of IL-3 or GM-CSF or both in ti@ML-like disease for other cytokines instead of, or in addition to,
recipient. Because the impaired engraftment was only observedtha 2 analyzed here. Notably, human CML progenitors also express
transduction oBCR/ABL it is possible that this reflects decrease@berrant G-CSF transcript3,whereas oncostatin M has been
efficiency of establishment &CR/ABL-transduced stem cells afterimplicated in the pathogenesis of myeloproliferative disease in-
transplantation in the absence of IL-3 and GM-CSF. However, thiiced in mice by the TEL/JAK2 tyrosine kinase fusirMice
is unlikely for 2 reasons. First, it is doubtful that the transductiolacking G-CSF are available, allowing the role of G-CSF in
efficiency of stem cells in our experiments was 100%, so thBICR/ABLleukemogenesis to be tested. However, unlikeltg
untransduced normal stem cells are present in the donor marramdGm-csfmutant mice Gesf~/~ mice have significant defects in
population and would be expected to efficiently engraft recipientsematopoietic stem/progenitor cells, impaired myeloid maturation,
Second, efficient engraftment and induction of CML-like disease and chronic neutropenfd. Interpretation of a leukemogenesis
the double-knockout recipients was achieved with just a 2-foltefect in aGesf~/~ background would therefore be more difficult
higher dose of donor marrow, and mice that developed CML-likhan with the mutants used here.
disease in the double-knockout background at either dose of donorln conclusion, we have demonstrated here that neither IL-3 nor
marrow exhibited about the same number of proviral clong&SM-CSF is required, alone or together, for induction of CML-like
contributing to the disease as in a wild-type background (Figumyeloproliferative disease in mice bBCR/ABL Our results
4A), rather than the monoclonal or oligoclonal disease expecteddémonstrate the value of accurate and faithful mouse models of
limiting numbers oBCR/ABL-transduced stem cells were engrafthuman cancer. In this instance, the retroviral bone marrow transduc-
ing. It seems more plausible that the early mortality in thigon/transplantation model of human CML has definitively an-
transplant reflects a negative or toxic effecB&¥R/ABLexpression swered a question about the pathogenesis of CML that would be
on the donor marrow population as a whole, and on the ability difficult if not impossible to settle by studying primary human
the marrow to radioprotect the recipient mice. Further experimer®ML cells. Further application of this model system should
are necessary to understand the precise mechanism of this phenoontinue to provide important new knowledge about the molecular
enon, but the central conclusion that IL-3 and GM-CSF are npathophysiology of the human Pleukemias.
required forBCR/ABLleukemogenesis is not affected.

The data presented here argue that autocrine production of IL-3
does not play an essential role in the pathogenesis of establisitggknowledgments
human chronic phase CML. However, it cannot be concluded that
IL-3 does not contribute at all to this disease process. Perha®D. is a Clinical Scholar of the Leukemia and Lymphoma Society.
because bone marrow cells must be actively cycling to H2.G.G.is anAssociate Investigator of the Howard Hughes Medical
transduced by ecotropic retroviruses, the murine CML-like diseabestitute. R.A.V. is a Scholar of the Leukemia and Lymphoma
does not exhibit the long latent period (18-60 months) characterBeciety and the Carl and Margaret Walter Scholar in Blood
tic of human CML3233which may reflect the ability of primitive Research at Harvard Medical School.
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