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ABSTRACT

Juvenile myelomonocytic leukemia (JMML) carries a poor prognosis.
The endogenous production ofcytokines by the JMML cells contributes to
their growth and therapeutic resistance. Interleukin (IL)-4, IL-lO, and
IL-13 inhibit cytokine production in monocytes. We have now studied
whether these cytokines can inhibit JMML cell cytokine production,
thereby potentially reducing the malignant cell load in this dIsorder. We
found that IL-lO, but not IL-4 or IL-13, dose dependently inhibited
JMML cell production of the hemopoietic growth factors granulocyte
macrophage colony-stimulating factor, tumor necrosis factor a, and IL
113.Similarly, IL-b, but not IL-4 or IL-13, suppressed JMML colony
formation and cell viability. This was not due to the absence of receptors
because we could detect mRNAs for the IL-4 and the IL-13 receptor a
subunits and the IL-2 common y subunit in JMML cells. Furthermore,
the receptors were active since both IL-4 and IL-13 up-regulated surface
expression of MHC class 11 and down-regulated CD14 antigens on JMML
cells and monocytes. Unlike activated monocytes, the JMML cells did not
produce IL-lO. It is suggested that the loss of cytokine inhibitory effects of
IL-4 and IL-13 could play a role in the pathogenesis of this disorder. On
the other hand, the inhibition of cytokine production, growth, and viabil
ity of JMML cells by IL-lO suggests that this cytokine may have a
therapeutic potential in JMML.

INTRODUCTION

The rare myeloproliferative disorder JMML,3 also know as juvenile
chronic myelogenous leukemia, affects infants and small children (1).
Despite various therapeutic interventions including chemotherapy,
retinoid supplements, and bone marrow transplantation, the outcome
is invariably poor (2â€”4).The malignant potential of this leukemia may
reflect the inherent ability of the leukemic cells to synthesize factors
that promote their growth and viability (5).

The JMML cell has been shown to produce and secrete several
hemopoietic cytokines including GM-CSF, TNF-cr, and IL-l (6â€”12).
There is substantial experimental evidence that GM-CSF is the chief
regulator of growth and survival of JMML cells: Spontaneous JMML
colony growth can be blocked with anti-GM-CSF mAbs, and exoge
nous GM-CSF profoundly increases JMML growth (7â€”9).Moreover,
we recently demonstrated that a specific GM-CSF receptor antagonist
effectively inhibited JMML colony formation and overall survival by
inducing apoptosis (programmed cell death; Ref. 10). TNF-a also
promotes JMML cell growth as demonstrated by adding exogenous
TNF-a, and anti-TNF-a mAbs inhibit colony formation (9, 10). The
effect of IL-l on JMML growth is less clear. Although some studies
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have provided evidence in support of the growth-promoting effects of
IL-i (I 1â€”13),this has been challenged by others (6, 9, 10).

Another group of cytokines has been shown to negatively regulate
cells of monocytic origin. IL-lO is produced by a variety of cells
including polymorphonuclear cells, B and T lymphocytes, and mono
cytes (14). Although unstimulated, peripheral blood monocytes are
apparently unable to synthesize cytokines in vitro, monocytes stimu
lated with IFN-'y or LPS produce a wide range of cytokines including
IL-lO, and IL-lO has repeatedly been shown to inhibit their production
(15â€”17).Evidence also indicates that IL-4 and IL-13 can suppress
monocyte production of cytokines (18â€”21).We have now examined
the effect of exogenous IL-4, IL-b, and IL-13 on JMML cell pro
duction of GM-CSF, TNF-a, and IL- 1f3, and on JMML cell growth
and viability. In this study, we show that IL-b dose dependently
inhibited JMML cell production of these cytokines. In contrast, even
though IL-4 and IL-13 affected the expression of surface markers
similarly on both JMML cells and monocytes, they did not inhibit the
production of cytokines by JMML cells. The results demonstrate a
selective role for IL-lO in negatively regulating cells from JMML and
suggest that IL-lO may be useful as a therapeutic treatment of this
aggressive childhood malignancy.

MATERIALS AND METHODS

Subjects and Cells. Seven patientswith JMML diagnosed accordingto
criteria suggested by the International Juvenile Myelomonocytic Leukemia
Working Group4 were included in the study. The main laboratory findings at
the time of blood sampling have recently been reported (10). Parental consent
was given to collect cells, and the protocol was approved by ethics committees.
Peripheral blood samples were also collected from five consenting adult

subjects without any ongoing hematological disorders.
Polymorphonuclear cells were removed from the samples using density

centrifugation (Lymphoprep; Nycomed, Oslo, Norway) after dextran sedimen
tation of erythrocytes. From the patient samples, we removed T cells with an
anti-CD3 mAb coupled to a magnetic bead (Miltenyi Biotech, Gladbach,

Germany). We used an anti-CD14 mAb coupled to a magnetic bead (Miltenyi
Biotech) to further isolate monocytic (JMML) cells.

Following the density centrifugation step, monocytes from the healthy
subjects were isolated by incubating the mononuclear cells with the anti-CDI4
mAb coupled to the magnetic bead, yielding a purity of monocytes exceeding
95%. Culturing purified monocytes overnight resulted in dissociation with the

mAb-coated beads as detected by flow cytometry, and since these monocytes

did not produce detectable amounts of cytokines, they most likely had not been
preactivated (data not shown).

The purified CD14-positive JMML cells and monocytes displayed similar
morphological appearance as judged by examination of May-Grunwald
stained smears (data not shown). These two cell types were cultured in RPM!

1640 supplemented with bicarbonate (0.23% w/v), FCS (10% v/v), L-gluta
mine (1.7 mM), penicillin (10.5 mg/ml), and gentamicin (14 mg/mI) in a
humidified atmosphere with 5% CO2 in the air.

Cytokines We used rHuIL-4 (Genetics Institute, Cambridge, MA),
rHuIL-lO (DNAX, Palo Alto, CA), rHuIL-l3 (DNAX), rHuGM-CSF (Genet
ics Institute), rHuTNF-a (Genentech Inc., South San Francisco, CA), and
rHuIL-l@ (Hoffmann-La Roche, Inc., Nutley, NJ).

4 H. Hasle, personal communication.
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Fig. 1. IL-lO, but not IL-4 or IL-13, inhibits JMML cell production of GM-CSF, TNF-a, and IL-l@ and in a dose-dependent manner. Cells were grown for 24 h in medium
supplemented with titrations of either IL-b (A), IL-4 (B), or lL-l3 (C). Supernatants were then assayed for the concentration of GM-CSF (U), TNF-a (0), and IL-1(3(A). Values are
means from the seven JMML patients. Bars, SE. a. significant decline in JMML cell production of all three cytokines compared to cells without exogenous interleukins.

RNA Isolation, Reverse Transcription, and PCR. JMML cells (6 X 106)
were lysed in 800 @xlof total RNA isolation reagent (Advanced Biotechonolo
gies, Leatherhead, United Kingdom). RNA was isolated at 4Â°Cby chloroform

extraction, isopropanol precipitation, and ethanol washes and dried under
vacuum prior to synthesis of cDNA. The RNA was reverse-transcribed using
5 units of reverse transcriptase (Boehnnger Mannheim, Sydney, NSW, Aus
tralia) and 20 i.@gof oligodeoxythymidine primer (Boehringer Mannheim) in a
total of 20 p1. The reaction mixture was incubated at 42Â°Cfor 50 mm and then
heated to 94Â°Cfor 2 mm. The mixture was diluted 1:5 with water before PCR

analysis. A 5-pA aliquot of the cDNA mixture was used in each reaction.

Deoxynucleotide triphosphate and Mg2@ concentrations were 200 MMand I .5
mM, respectively. Primer sequences (5' and 3', respectively) and cycle number

were as follows: GAPDH: ACCACCATGGAGAAGACTGG, CTCAGTG
TAGCCCAGGATGC, 20 cycles; IL-4 receptor a subunit (24): GATGCCTT
TCCAGGGCTCTGG,AGGTGGCTCCCTGTCCAGTCC,35 cycles; IL-2re
ceptor )@(24): GAAGACACCACAGCTGAmC, ACTCTCAGCCAGTCC
CTFAGA, 35 cycles; and IL-l3 receptor a subunit (25): AAGTGGA
GGTCAATAATACTCAAA, CCAGTGCAGGGTATCATCA, 43 cycles.

Each PCR reaction was set up on ice in 50 @xland placed in the thermal
cycler (Hybaid Model HBTR1 or Hybaid Omnigene PCR Machine) preheated
to 94Â°C.Cycling parameters were 94Â°Cfor I mm, 60Â°Cfor I mm, and 72Â°C
for I mm for GAPDH; 95Â°Cfor 30 s, 60Â°Cfor 30 s, and 72Â°Cfor 2 mm for
the IL-4 receptor a and @csubunits; and 96Â°Cfor 30 s, 55Â°Cfor 30 s, and 72Â°C
for 45 s for the IL-l3 receptor a subunit.

Statistical Analyses. Experiments were done in triplicate and the cone
sponding medians were used to calculate means and SE based on the seven
patients and the five healthy subjects. We used the Kruskal-Wallis test com

Cytokine Production. The concentrations of cytokines were assayed in
supernatants collected from JMML cells or monocytes (106cells/mI) grown for
24 h. JMML cells were cultured in medium alone whereas the monocyte
cultures were incubated with LPS (100 ng/ml). We used the following com
mercial ELISA kits according to the instructions provided by the manufactur
ers: We performed triplicate measurements of GM-CSF (R&D Systems, Inc.,
Minneapolis, MN; sensitivity > 0.5 pg/mI), TNF-a (Endogen, Boston, MA;
sensitivity > 0.5 pg/mi), LL-l@(R&D Systems; sensitivity > 0.3 pg/mI), and
IL-lO (R&D Systems; sensitivity > 0.3 pg/ml).

Colony Formation. JMML cells were plated at l0@/culture and were
grown in methylcellulose as described (22). To the JMML cell cultures, we
added either(a) IL-lO (100 ng/ml), with or without GM-CSF, TNF-a, or IL-l@
(10 ng/ml), or (b) IL-4 alone (100 ng/ml) or IL-l3 alone (100 ng/ml). Colonies
(>40 cells) in triplicates were scored after 2 weeks.

Determination of Cell Viability. The numbers of dead (apoptotic) JMML
cells were quantitated after 60 h as reduced binding of propidium iodide to
DNA as described(23) and using flow cytometry(EPICS-ProfileII; Coulter
Electronics, Hialeah, FL). To the JMML cell cultures, we added either (a)
IL-b (100 ng/ml), with or without GM-CSF, TNF-a, or IL-l(3 (10 ng/ml), or
(b) IL-4 alone (100 ng/ml) or IL-l3 alone (100 ng/ml).

Expression of Surface Markers. We measured surface expressions of the
MHC class II and CD14 antigens using specific mAbs (Becton Dickinson,
Mountain View, CA). JMML cells or monocytes were stained with the relevant
mAbs after incubation with either IL-4, IL-lO, or IL-13 (100 ng/ml, 3 h). An
irrelevant mAb of matching isotype was used as a negative control to deter
mine background fluorescence. Samples were analyzed using the EPICS
Profile II flow cytometer.
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Fig. 2. IL-lO, IL-4, and lL-13 dose dependently inhibit the production of GM-CSF. TNF-a, and IL-l@in monocytes stimulated with LPS. Cells were grown in medium supplemented

with titrations of either IL-b (A), IL-4 (B), or IL-13 (C). Values are means from five healthy subjects. Bars, SE. 0, TNF-a; N, GM-CSF; A, IL-lf3.
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bined with Bonferroni's test or Wilcoxon's rank sum test to evaluate differ
ences. Two-tailedtests were used. Significancewas establishedfor P < 0.05.

RESULTS

Production of Cytokines. Fig. 1 shows that JMMLcells sponta
neously produced significant amounts of the cytokines GM-CSF,
TNF-a, and IL-1f3. The addition of IL-lO to the JMML cell cultures
dose dependently reduced the production of GM-CSF, TNF-a, and
IL-113 (Fig. 1A), and similar dose-response curves were obtained for
the IL-lO-mediated inhibition of the production of GM-CSF, TNF-a,
and IL-lj3. The addition of either IL-4 or IL-13 had no signficant
effect on JMML cytokine production even when they were titrated up
to 1 @Lg/m1(Fig. 1, B and C).

Although unstimulated monocytes did not produce measurable
amounts of cytokines (data not shown), supplements of LPS markedly
enhanced the production of GM-CSF, TNF-a, and IL-l@ to an extent
similar to that observed in JMML cells (Fig. 1 versus 2). IL-lO, IL-4,
and IL-13 all significantly inhibited the production by monocytes of
GM-CSF, TNF-a, and IL-l@3and in a dose-dependent manner (Fig.
2).

LPS-stimulated monocytes produced IL-lO (25 Â±4 pg/l06 cells)
but JMML cells did not produce measurable amounts. Moreover, we
could not detect mRNA for IL-lO in JMML cells, and a neutralizing
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Fig. 5. mRNAs for the IL-4 (A) receptor a subunit, the IL-2 receptor @c(B), and the
IL-l3 receptor a subunit (C) are detectable in JMML cells. RNA was isolated from JMML
cells,andusingRT-PCRthePCRproductswerevisualizedonethidiumbromide-stained
gels. GAPDHwas usedas aninternalcontrol(D). Duplicatedata(LanesI and2) fromone
JMML patient are shown, and these are representative of those from one other patienLWe
used human monocytes toprepare a positive control(Pos), and the product of transcription
of water was used as the starting material for the negative control (Neg). Right lane,
molecular markers (M) in kb.
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anti-IL-lO mAb did not alter spontaneous JMML cytokine production
(data not shown).

114_b, but not IL-4 or IL-13, Suppresses JMML Colony For
matlon. Since IL-lO markedly inhibited JMML cell production of
hemopoietic growth factors, we asked whether IL-lO would influence
JMML cell growth. Fig. 3 shows that IL-lO profoundly suppressed
spontaneous JMML colony formation (P < 0.05). This suppression
could be inhibited by adding either GM-CSF or TNF-a, whereas
IL-113 had no effect. The addition of either IL-4 or IL-l3 did not alter
JMML colony formation compared to the spontaneous growth rate
(P > 0.05).

114_b Decreases JMML Cell Survival. We next determined
whether IL-lO could affect JMML cell survival by virtue of its
inhibition of JMML cytokine production. Fig. 4 shows that the addi
tion of IL-lO with or without IL-1@3to JMML cells shortened their
survival by about 50% at the end of the 60-h observation period.
Neither IL-lO plus GM-CSF, nor IL-lO plus TNF-a, nor IL-4, nor
IL-l3 significantly affected JMML survival.

Expression of IL-4 and IL-13 Receptors in JMML Cells. Since
neither IL-4 nor IL-13 could affect JMML cytokine production, it was
important to establish whether these cells expressed receptors for IL-4
and IL-13. Using RT-PCR, we demonstrated intact mRNAs for the
IL-4 and IL-13 receptor a subunits and the IL-2 receptor ye (Fig. 5).
The identity of the bands shown in Fig. 5 was confirmed by Southern
blot hybridization using 32P-labeled oligonucleotides internal to the
PCR primers (data not shown).

Having established that the JMML cells expressed mRNAs for the
IL-2 receptor @vand the IL-4 and IL-13 receptor a subunits, we
studied whether IL-4 and IL-l3 could generate a biological signal in
JMML cells. Table 1 demonstrates that both cytokines induced an
up-regulation of MHC class II concurrent with a down-regulation of
CD14 and to similar extents. Furthermore, this response was similar to
that observed in monocytes. These data show that both IL-4 and IL-13

*
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JMML cell viability (%) at 60 bra

Number of colonies per 10@JMMLcells

Fig. 3. IL-b, but not IL-4 or IL-l3, suppresses IMML colony formation. JMML cells
were platedto grow colonies for 14 days supplementedwith eitherIL-lOwith or without
GM-CSF or TNF-a or IL-l@, or IL-4. or IL-l3. Values are means from seven JMML
patients.Bars,SE.*, significantincreasein colonynumberscomparedwithspontaneous
growth; #, significant decrease.
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Fig. 4. IL-b, but not 11-4or IL-13, inhibits JMML cell survival. IL-lO with or without
GM-CSFor TNF-a or IL-lB, or IL-4,or IL-l3 were addedto JMMLcell cultures.
Viability was detennined at 60 h by DNA binding of propidium iodide using flow
cytometry. Values are means from seven JMML patients. Bars, SE. a, significant decline
in JMMLsurvivalcomparedwithcellsgrownin mediumonly.
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Table 1Both IL-4 and IL-13 significantly up-regulate MHC ciass II and down-regulate CD14 both on JMML cells andon stimulatedmonocytesâ€•Cell+IL-4+[L-l3MHC

class[I
(%)CD

14
(%)MHC

class[1
(%)CD

14
(%)Monocytes

JMMLcelIs43Â±5 39Â±6â€”79Â±8 â€”73Â±838Â±7 43Â±7â€”72Â±9 â€”65Â±5

IL-b SUPPRESSESLEUKEMICCELLGROWTH

a The values are expressed as percentage of change in mean fluorescence intensity from surface expression of MHC class II and CDI4 on unstimulated cells. Values are mean Â± SE

from monocytes of five healthy subjects and JMML cells of seven patients.

receptors are functional and able to elicit a biological response in
JMML cells.

DISCUSSION

This is the first study demonstrating that exogenous IL-b can
inhibit the endogenous JMML cell production of the hempoietic
growth factors GM-CSF, TNF-a, and IL-l@. We also report that
IL-b decreases JMML colony formation and survival. In contrast,
two othernegativeregulatorsof monocyticcells, IL-4andIL-l3, had
no effect on JMML cell cytokine production, growth, and survival.
This was despite the fact that the mRNAs for the IL-2 receptor -ycand
the IL-4 and IL-l3 receptor a subunits were present in the JMML
cells and that both IL-4 and IL-l3 could regulate surface expression of
MHC class II and CD14 in a manner similar to that observed with
stimulated monocytes from healthy subjects.

Cytokine Requirements for JMML Cell Growth and Survival.
There is extensive evidence that GM-CSF can increase growth and
survival in JMML cells (6â€”10),and this is confirmed in the present
study. Moreover, both anti-GM-CSF mAbs and a GM-CSF antagonist
significantly attenuate JMML cell proliferation (6â€”10).The endoge
nous production of this hemopoietic growth factor, which at least in
part results in autonomous growth of JMML cells, might explain the
aggressive nature of this childhood leukemia.

Emerging evidence suggests that the development and progression
of various myeloproliferative disorders, including JMML, is the result
of a constitutive activation of the ras signaling pathway (26, 27). The
central role of GM-CSF in the pathogenesis of this disorder supports
this notion by virtue of the ability of GM-CSF to enhance the acti
vation of ras (28). Interestingly, patients with myeloproliferative
disorders, including JMML, carry a high frequency of mutated ras
genes (29, 30), and transgenic mice expressing elevated levels of
GM-CSF show pathological features similar to those of JMML
patients (31).

A number of experimental findings also link TNF-a to the patho
genesis of JMML. TNF-a can increase JMML colony formation, and
this is inhibitable with anti-TNF-a mAbs (9, 10). Notably, the sup
pression of normal bone marrow function in JMML patients has been
shown to result from endogenous TNF-a since anti-TNF-a mAbs
abolished the growth suppressive action on normal bone marrow
colony formation of supernatants collected from JMML cell cultures
(9). TNF-a has been suggested as an autocrine regulator ofJMML cell
production of GM-CSF (9), and preliminary data indicate that TNF-a
may enhance GM-CSF gene expression in JMML cells by activation
of the transcription factor NF-scB.5

The role of IL-l is less clear. Despite contrasting findings regarding
any direct effects of IL-l on JMML growth and survival (6, 9â€”13),
IL-! may act as a regulator of the autocrine production of cytokines
(9), but this has yet to be confirmed.

Roles of IL-4 and IL-13. Despite evidence that both IL-4 and
IL-13 can act as cytokine synthesis inhibitors in stimulated monocytes

5 M. Kochetkova, P. 0. Iversen, A. F. Lopez, and M. F. Shannon, unpublished

observations.

(18â€”21),thiswasnotfoundto bethecasein JMMLcells.Yet,these
cells expressed the mRNAs for the IL-2 receptor yc, the IL-4, and the
IL-l3 receptor a subunits as demonstrated with RT-PCR. We did not
detect IL-4 in either JMML cell supernatants or lysed JMML cells
(data not shown), corroborating earlier findings that JMML do not
produce IL-4 (6). Moreover, IL-4 and IL-l3 down-regulated the
surface expression of CD14 and up-regulated the expression of MHC
class II on JMML cells in a manner comparable to that observed with
stimulated monocytes (21, 32). Interestingly, this lack of cytokine
synthesis inhibitory effect of IL-4 and IL-l3 has also been observed in

mononuclear cells collected from extravascular inflammatory sites in
patients with asthma (33), inflammatory bowel disease (34), and
rheumatoid arthritis (35, 36), yet peripheral blood monocytes from the
same patients down-regulated their cytokine production in response to
IL-4 in a manner similar to monocytes from healthy subjects. Fur
thermore, Wong et al. (32) reported that after cancer patients were
exposed to IL-4 as part of therapy, their monocytes no longer re
sponded in vitro to the cytokine inhibitory activities of IL-4.

Role of IL-b. IL-lO inhibits the productionof several cytokines,
including GM-CSF, TNF-a, and IL-lfJ, by stimulated monocytes in
vitro (15â€”17)and in vivo (37, 38). The exact molecular mechanism for
this is not fully understood, but various findings indicate that IL-lO
destabilizes cytokine mRNAs (16, 17). Alternatively, IL-lO may

down-regulate transcription factors such as NF-.B (39). We now
report that, in contrast to IL-4 and IL-l3, IL-lO inhibits JMML cell
production of GM-CSF, TNF-a, and IL-l@ and in a dose-dependent
manner similar to that observed with stimulated monocytes from
healthy subjects. We could not detect any production of IL-lO in
JMML cells, whereas monocytes produce IL-lO. This putative loss of
negative feedback regulation of hemopoietic growth factor synthesis
in JMML cells as exemplified by lack of IL-lO production may
contribute to the growth autonomy in this disorder.

Given the firm evidence that GM-CSF is the key stimulator of
JMML cell growth, at least in vitro (6â€”10),the inhibitory effect of
IL-lO on cytokine production in JMML cells may offer an alternative
approach to treatment. In the present study, we only focused on the in
vitro JMML cell production of GM-CSF. Thus, we cannot exclude the
possiblity that other cellular sources of GM-CSF in vivo might be
resistant to IL-lO inhibition of cytokine production, although recent
data from healthy individuals indicate that IL-lO can inhibit cytokine
production by monocytes (37, 38).
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