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Abstract T cell targeting immunotherapy is now con-
sidered a possible strategy in acute myelogenous leu-
kaemia (AML), and IFNy release may then contribute
to the antileukaemic effects. We investigated the effects
of IFNy on native human AML cells. Normal T cells
could be activated to release IFNy in the presence of
AML cells. Furthermore, high levels of CD119 (IFNy
receptor o chain) expression were observed for all 39
patients examined. Receptor expression was decreased
after exposure to exogenous IFNy, and receptor ligation
caused Statl phosphorylation but no phosphorylation
of the alternative messengers Erkl/2. The effect of
exogenous IFNy on AML blast proliferation was
dependent on the local cytokine network and IFNy (1)
inhibited proliferation in the presence of exogenous
IL1p5, GM-CSF, G-CSF and SCF; (2) had divergent
effects in the presence of IL3 and FIt3 (65 patients
examined); (3) inhibited proliferation in the presence of
endothelial cells but had divergent effects in the presence
of fibroblasts, osteoblasts and normal stromal cells (65
patients examined). IFNy increased stress-induced
(spontaneous) in vitro apoptosis as well as cytarabine-
induced apoptosis only for a subset of patients. Fur-
thermore, IFNy decreased the release of proangiogenic
CXCLS8 and increased the release of antiangiogenic
CXCL9-11. We conclude that IFNy can be released in
the presence of native human AML cells and affect
AML cell proliferation, regulation of apoptosis and the
balance between pro- and antiangiogenic chemokine
release.
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Introduction

Interferon gamma (IFNYy) (reviewed in [1, 2]) is a type 11
interferon synthesized by T lymphocytes and natural
killer cells. It has pleiotropic effects on a wide range of
target cells. Among the important effects of IFNy are (1)
upregulation of MHC class I and induction of MHC
class Il protein expression by a variety of immuno-
competent as well as nonimmune cells; (2) regulation of
humoral immune responses; and (3) modulation of the
release of a variety of other immunomodulatory cyto-
kines such as IL12 and tumour necrosis factor (TNF) .
IFNy-induced gene expression is important for several
of these effects, but the molecular mechanisms have not
been characterized in detail.

Acute myelogenous leukaemia (AML) is an aggres-
sive malignancy characterized by accumulation of
immature myeloid cells [3]. The overall disease-free
survival is less than 50% even for younger patients who
can receive the most intensive therapy [3]. However, the
experience from allotransplanted patients shows that T
cells can mediate posttransplant anti-AML effects and
thereby contribute to improved prognosis. Targeting of
autologous T cells is therefore considered a possible
therapeutic approach [4, 5]. T cell release of antiprolif-
erative, proapoptotic or antiangiogenic cytokines is then
a possible antileukaemic effector mechanism, and IFNy
is of particular interest because it is released at high
levels by human T cells. These high levels have been
observed both for normals, AML patients receiving
intensive chemotherapy and allogeneic stem cell recipi-
ents [0, 7]. IFNy has also been tried in the treatment of
AML, and the results from these initial small clinical
studies suggest that IFNy can mediate antileukaemic
effects in vivo [8, 9].
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The heterodimeric IFNyR (CD119) complex (re-
viewed in [2, 10]) consists of the IFNy-binding R1 or «
chain (CDw119) and the signal-transducing R2 or f
chain. Receptor ligation induces phosphorylation of Ja-
nus kinases 1 and 2 that mediate activation of signal
transducer and activator of transcription (STAT) mole-
cules as well as Statl-independent pathways [2, 10]. In a
recent study we demonstrated that downstream intra-
cellular signalling events after ligation of CD119 can even
be used in prognostic classification of AML patients [11].
In vitro effects of IFNy on native human AML cells have
also been investigated previously, but in these studies (1)
relatively low numbers of patients have been included; (2)
patient selection has not been described; (3) the clinical
and biological characterization of the patients are
incomplete; and (4) only the examination of proliferation
and membrane molecule expression have been included
[9, 12—18]. In the present study we therefore characterized
CD119 receptor expression, intracellular events follow-
ing CD119 ligation and a wide range of functional effects
of IFNy in native human AML derived from a large
group of consecutive patients.

Materials and methods
Acute leukaemia patients

The study was approved by the local Ethics Committee
and samples collected after informed consent.

Acute leukaemia cells were derived from 87 consec-
utive AML patients (39 females and 48 males; median
age 63 years with range 26-84 years) and 9 acute lym-
phoblastic leukaemia (ALL) patients [19] with high
peripheral blood blast counts. Sixty-nine patients had de
novo AML, the remaining minority had AML relapse (4
patients), chronic myeloid leukaemia in blast phase (2
patients) or AML secondary to chemotherapy or pri-
mary myelodysplasia (4 and 12 patients, respectively).
The patients showed the following FAB classification:
MO/M1 24 patients, M2/M3 28 patients, M4/M5 34
patients and M6 1 patient. Forty-six patients had >20%
CD34" blasts. Cytogenetic analysis was performed for
63 patients and the abnormalities classified as described
by Wheatley et al. [20]; 38 patients had normal chro-
mosomes whereas 5 patients had low-risk, 10 patients
high-risk and 10 patients intermediate-risk abnormali-
ties. Seventy-eight patients were tested for genetic FIt3
abnormalities [21]; 27 patients had internal tandem
duplications and 9 patients D835 mutations.

Nine ALL patients were examined (five females and
four males; median age 24 years with range 18-
74 years). One patient had T ALL, and eight had B ALL
(three pro-ALL, two pre-ALL, three common B ALL).

Preparation of native human leukaemia blasts

Leukaemic peripheral blood mononuclear cells (PBMC)
were isolated by density gradient separation (Ficoll-

Hypaque; NyCoMed, Oslo, Norway; specific density
1.077) from the peripheral blood of patients with >80%
of AML blasts among blood leukocytes. Cells were
stored frozen in liquid nitrogen [21]. The percentage of
blasts among leukaemic PBMC generally exceeded 95%
[21, 22], the contaminating cells being mainly small
lymphocytes.

Nonleukaemic cells

Endothelial cells Human lung microvascular endothe-
lial cells were obtained as frozen vials (Cambrex Bio
Science Walkersville, Walkersville, MD, USA) and
stored in liquid nitrogen until used. The cells were de-
rived from a healthy 16-year-old white male (product
code CC-2527, lot no. 3F1056). These cells (1) showed a
doubling time in culture of approximately 18; (2) stained
positive for acetylated LDL uptake stain, factor VIII
related antigen and PECAM staining; (3) stained nega-
tive for alpha actin expression; and (4) were negative
when tested for mycoplasma, human immunodeficiency
virus 1, hepatitis B and hepatitis C (polymerase chain
reactions) (distributor’s information).

Human fibroblasts The cell line HFL1 (ATCC, Va-
nessa, no. CCL-153) was derived from the lungs of a 16
to 18-week-old fetus, has a typical adherent growth
pattern and a diploid karyotype (distributor’s informa-
tion). Its functional characteristics have been described
previously [23-25].

Human osteoblasts The cell line Cal72 (Deutsche
Sammlung von Zellkulturen und Mikroorganismen,
Braunschwaig, Germany) has previously been charac-
terized in detail [25-28]. It has a phenotype close to
normal osteoblasts with an adherent growth pattern and
a broad cytokine release profile [21].

Normal human bone marrow stromal cells These cells
were delivered in frozen vials (Cambrex) and stored in
liquid nitrogen until use in the coculture assay. The cells
were derived from a healthy 20-year-old white female.
Bone marrow mononuclear cells were then derived by
gradient separation (specific density 1.077) and cultured
in Myelocult growth medium (BioWhitacker) for
4 weeks. The stromal cells represent the adherent cell
population of the cultured cells and are a heterogeneous
population of fibroblasts, reticulum cells, endothelial
cells, macrophages and fat cells. The cells showed a
purity of 95% and tested negative for mycoplasma,
human immunodeficiency virus 1, hepatitis B and hep-
atitis C (polymerase chain reaction) (distributor’s
information).

Flow cytometric analysis of membrane molecule
expression

Membrane molecule expression was analysed by
flow cytometry (FCM) using either PE, FITC or



APC-conjugated anti-CD119, HLA-DR, CD40, CD80
and CD83 monoclonal antibodies (Becton Dickinson,
San Jose, USA). The cut-off for positive cells was de-
fined as a fluorescence corresponding to 1% positive
cells when using an isotypic control antibody.

Analysis of STAT and Erk1/2 phosphorylation
in AML cells

The method has been described in detail previously [11].
Briefly, AML blasts were incubated for 15 min with
or without IFNy in medium. STAT and Erkl/2
phosphorylation was analysed by FCM using Alexa647-
conjugated anti-phospho-Statl (pY701), anti-phospho-
Stat5S (pY694), anti-phospho-Erk1/2 (T202/Y204) and
Alexa488-conjugated  anti-phospho-Stat3  (pY705)
monoclonal antibodies (BD, Biosciences, Norway).

In vitro culture of native human AML blasts

Reagents Unless otherwise stated the culture medium
Stem Span SFEM™ (StemSpan; Stem Cell Technologies,
Inc., Vancouver, BC, Canada) supplemented with
100 pg/ml of gentamycin was used for culture of AML
cells. In cocultures containing nonleukaemic cells the
medium was also supplemented with 10% heat-inacti-
vated fetal calf serum (BioWhitacker) [25]. Cultures
containing endothelial cells were prepared in the endo-
thelial cell EBM-2 medium supplemented with EGM-
2MV single quots (Cambrex Biosciences); preliminary
experiments demonstrated that this medium could also
be used for in vitro culture of AML blasts. The fol-
lowing exogenous cytokines were used at 50 ng/ml:
IFNy, TNFa, ILIRA, IL1p, IL3, IL4, IL6, ILS, IL10,
1L13, FIt3L, SCF, GM-CSF and G-CSF (PeproTech EC
Ltd, London, UK). The cytotoxic drug idarubicin
(Zavedos, Pfizer, Inc., NY, USA) was used at 0.1 and
0.01 uM, while cytarabine (Pfizer, Inc.) was used at 1
and 0.1 uM concentrations.

Proliferation in suspension cultures As described pre-
viously [28], 5x107 cells/well were cultured in 150 pl
medium in flat-bottomed microtiter plates (Costar 3796;
Cambridge, MA, USA). Cultures were incubated at
37°C in a humidified atmosphere of 5% CO,. After
6 days 20 pl of *H-thymidine (37 kBq/well; TRA 310,
Amersham International, Amersham, UK) in 0.9%
NaCl solution was added to each well and nuclear
radioactivity assayed 18 h later by liquid scintillation
counting.

Coculture with nonleukaemic cells Cultures were pre-
pared in transwell culture plates (Transwell 3401; Co-
star) where cells in the lower large compartment were
separated from the cells in the upper small chamber of
the same well by a semipermeable membrane with pore
diameter of 0.4 pm [29]. Nonleukaemic cells were seeded
in the lower compartment (10* cells in 1 ml). Leukaemia
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blasts (10°cells in 0.5 ml) were added to the upper
chamber and the cultures thereafter incubated for
7 days. Cultures were always ended before the nonle-
ukaemic cells were confluent.

Analysis of cell proliferation Cultures were prepared as
described above and incubated for 6 days before *H-
thymidine (280 kBq/well in 150 pl saline) was added and
cultures incubated for an additional 18 h. The leukaemic
cells were then resuspended and nuclear radioactivity
assayed for 50 pl aliquots by liquid scintillation count-
ing. The adherent nonleukaemic cells were washed in
isotonic saline before 300 pl/well of trypsin-EDTA
solution (Stem Cell Technologies) was added and nu-
clear radioactivity assayed in 70 pl aliquots.

T cell activation in the presence of cocultured AML
and bone marrow stromal cells

The cultures were prepared in transwell cultures (Costar
3401 Transwell plates). Native human AML cells
(1x10° cells) were cultured in the lower chamber in direct
contact with 1x10* normal bone marrow stromal cells.
Normal PBMC derived from a healthy individual
(5x10% cells) were incubated in the upper chamber and
activated by anti-CD3 antibody (Central Laboratory of
the Netherlands’ Red Cross Blood Transfusion Services,
Amsterdam, The Netherlands, final dilution 1:500) [30].
The cultures were incubated for 4 days before IFNy
levels were determined.

Analysis of AML cell viability during in vitro culture

AML blasts were incubated for 24 and 48 h (24 well
Costar 3524 culture plates; 2x10°cells in 2 ml Stem
Span™ medium per well) before the percentages of via-
ble/apoptotic/necrotic cells were determined by FCM
analysis of AnnexinV-FITC and propidium iodide po-
sitive cells (Nexins Research, Kattendjike, The Nether-
lands) [24].

Analysis of AML cell cytokine secretion

As described previously [28], 1x10°® AML blasts/ml
were cultured in 24 wells tissue culture plates (Costar
3524; 2 ml cell suspension/well) for 48 h before super-
natants were harvested. ELISA analyses were used to
determine the levels of IL1p, IL6, TNFa (Pelikine
compact ELISA kits; Central Laboratory of the Neth-
erlands’ Red Cross Blood Transfusion Services),
CXCLS8-11, G-CSF and GM-CSF (Quantikine ELISA
kits; R&D Systems) in the supernatants. The minimal
detectable levels were IL1fS 0.8 pg/ml, IL6 0.8 pg/ml,
TNF« 1.0 pg/ml, CXCLS 3.5 pg/ml, CXCL9 3.8 pg/ml,
CXCL10 1.7 pg/ml, CXCL11 13.9 pg/ml, GM-CSF
3 pg/ml and G-CSF 8 pg/ml.
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Presentation of the data

Cell proliferation was assayed by *H-thymidine incor-
poration and the mean counts per minute (cpm) of
triplicate determinations were used in all calculations.
Detectable *H-thymidine incorporation was defined as
>1,000 cpm. A significant alteration of *H-thymidine
incorporation was defined as a difference corresponding
to (1) an absolute value of at least 2,000 cpm and (2) this
absolute value being >20% of the corresponding con-
trol. For statistical analysis the Wilcoxon’s signed rank
test was performed. Differences were regarded as sig-
nificant when P <0.05 with a two-sided test.

Results

IFNy is released by T cells activated in the presence
of native human AML cells and bone marrow
stromal cells

Native human AML cells are characterized by con-
stitutive release of several immunoregulatory cytokines
that can have antigen-nonspecific effects on the release
of IFNy by activated T cells [31]. This constitutive re-
lease differs between patients [31]. To investigate whe-
ther IFNy release by normal T cells could take place in
the presence of this leukaemia-determined cytokine
network, AML cells derived from 14 consecutive pa-
tients were cultured together with leukaemia-support-
ing bone marrow stromal cells in the lower chamber of
transwell cultures, and normal PBMC derived from a
healthy individual were incubated in the upper cham-
ber. The cultures were prepared in Stem Span™ med-
ium with and without anti-CD3 MoAb as the T cell
activating signal. High IFNy levels were detected in the
supernatants for anti-CD3-stimulated PBMC in the
presence of AML cells and stromal cells (exceeding
2,000 pg/ml for all patients but one), whereas low levels
(<100 pg/ml) were observed for control -cultures
without T cells (Fig. 1). Thus, T cells can be activated
to release high levels of IFNy in the presence of native
human AML cells.

Previous studies have demonstrated that IFNy can
increase the AML cell expression of several membrane
molecules involved in immune recognition, including
HLA-class II (especially HLA-DR), CD40, CD54,
CD80 and possibly CD83 [32, 33]. We therefore inves-
tigated whether similar alterations could be observed
when native human AML cells were cultured together
with normal, activated, IFNy-secreting T cells. Leukae-
mia cells derived from nine consecutive patients were
cultured in the lower chamber of transwell cultures and
anti-CD3-stimulated normal T cells in the upper cham-
ber. Membrane molecule expression was compared after
4 days for cocultured AML cells and cells incubated in
medium alone. The percentages of HLA-DR™ AML
cells were relatively high for both cells cultured with and

IFNy concentration; ng/ml

+
anti-CD3

Fig. 1 IFNy concentrations in culture supernatants when normal T
cells were activated with anti-CD3 in the presence of AML cells
and BMSC. Normal PBMC were cultured in the upper chamber
and BMSC + AML cells in the lower chamber of transwell
cultures. AML cells were derived from 14 consecutive patients.
Cultures were prepared either in medium alone (—) or with (+)
anti-CD3, and supernatants were collected after 4 days. IFNy levels
were determined by ELISA analysis (P=0.0002). Cultures with
AML cells or PBMC alone showed undetectable IFNy levels

without T cells (median 65 and 82%, respectively), but
the mean fluorescence intensity (MFI) was significantly
increased for cocultured cells (median 21, variation
range 0-50) compared with cells incubated in medium
alone (median 59, range 12-131; P=0.011). Coculture
did not alter CD40, CD80 and CD83 expressions (all
cultures showing < 10% positive cells).

CD119 (IFNy receptor) is expressed by native human
AML cells

The expression of CD119 was examined for AML blasts
derived from 39 randomly selected patients (Fig. 2).
CD119 expression was detected for all patients (median
percentage of positive cells 85%, variation range 22—
99%), and more than 70% CD119 " cells were observed
for 29 out of the 39 patients. High expression was ob-
served independent of morphological signs of differen-
tiation (FAB classification), cytogenetic abnormalities
or FIt3 mutations. For all patients, CD119 positivity
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Fig. 2 Expression of CDI119 (IFNy-receptor o chain) by native
human AML cells. CD119 expression was examined by flow
cytometry for 39 randomly selected patients. The results are
expressed as the percentage of positive cells. Median is denoted in
the figure

showed a uniform distribution with no evidence for dual
populations. The percentage of positive cells showed a
significant correlation with MFI (Pearson correlation;
r=0.64; P<0.01), but the CD119 expression also varied
for patients with a high percentage of CD119 ™ cells (i.e.
the MFI varied with a factor of 2.1 for AML cell pop-
ulations with more than 95% CD119 " cells).

CDI119 (IFNy receptor) expression by AML cells
decreases after exposure to IFNy

AML cells derived from nine consecutive patients were
cultured in vitro and CD119 expression compared for
AML cells cultured in medium alone and leukaemia cells
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exposed to IFNy during culture by adding either (1)
exogenous IFNy 50 ng/ml to the medium or (2) cocul-
ture of AML cells with IFNy-secreting anti-CD3-acti-
vated normal T cells (see above). CD119 expression was
analysed after 24 and 72 h, respectively. CDI119
expression was decreased both in the presence of exog-
enous [FNy and after coculture (Fig. 3).

CD119 ligation increases Statl phosphorylation

The effects of IFNy on STAT and Erkl1/2 phosphory-
lation status were investigated for 11 randomly selected
patients. We investigated Statl, Stat3, Stat5 and Erk1/2,
and the frequency of positive phosphorylated cells as
well as MFI were determined for AML blasts incubated
in vitro with or without 50 ng/ml IFNy. Cells from eight
patients were tested twice in independent experiments.
Increased MFI of phospho-Statl was observed for all
patients after incubation with IFNy (median MFI 4.2,
range 1.5-45.5) compared to medium alone (median
MFI 1.1, range 0.5-18.7; P=0.002), whereas no signif-

CD119* AML cells, %

w
o
1

IFNy

Fig. 3 Effect of IFNy on CD119 expression by in vitro cultured
AML cells. Leukaemia cells were derived from nine consecutive
patients and we compared CDI119 expression for AML cells
cultured in medium alone (—) and cells exposed to IFNy (+) by
either (1) adding exogenous IFNy 50 ng/ml to the medium (solid
line; 24 h culture, n=9); or (2) coculturing AML cells with anti-
CD3-activated, IFNy-secreting T cells (dashed line; 72 h culture,
n=38). The results are presented as percentage of CD119™ cells
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icant effects on pStat3, pStat5 or pErk1/2 were observed
(data not shown).

IFNy affects spontaneous and cytokine-dependent
in vitro AML cell proliferation

AML blasts derived from 65 consecutive patients were
cultured in medium alone or in medium containing
IFNy 50 ng/ml. Detectable proliferation corresponding
to at least 1,000 cpm was observed only for 21 patients.
IFNy caused no statistically significant alteration of
spontaneous in vitro proliferation. AML blasts derived
from the same patients were also cultured in the presence
of exogenous cytokines, and *H-thymidine incorpora-
tion was assayed after 7 days of culture. The effect of
adding IFNy was examined in the presence of 50 ng/ml
of IL1p, IL3, FIt3L, SCF, GM-CSF or G-CSF. Our
statistical analyses included the results only for those
patients that showed detectable proliferation (corre-
sponding to > 1,000 cpm) for either the cytokine control
or the corresponding IFNy-containing culture. IFNy
caused a statistically significant inhibition of cytokine-
dependent AML blast proliferation in the presence of
IL1p, SCF, GM-CSF and G-CSF (Fig. 4, Table 1); for
many of these patients the inhibitory effect exceeded
2,000 cpm and 20% of the IFNy-free control. In con-
trast, only borderline significance was observed for IL3
and no significant effect for FIt3L (Table 1).

IFNy has divergent effects on AML blast apoptosis

The effect of IFNy on AML blast apoptosis was inves-
tigated for 16 randomly selected patients. The percent-
ages of viable/apoptotic/necrotic cells were determined
after 24 and 48 h of in vitro culture with and without
IFNy, and for 10 patients the results were reproduced in
independent experiments. The fraction of viable cells
decreased gradually during culture and was accompa-
nied by a corresponding increase in the percentage of
apoptotic cells. The percentage of viable cells after 48 h
showed a wide variation (median 46%, range 15-86%)
and an inverse correlation with the percentage of
apoptotic cells. IFNy had reproducible divergent effects
on the percentage of viable cells after 48 h of culture. An
IFNy-induced difference in cell viability exceeding 5%
was observed for 8 of the 16 patients; increased viability
was detected for 5 patients and decreased viability for 3
patients. The same divergence was observed after 24 h of
culture, although the percentages of viable cells were
generally higher both for cultures with and without
IFNy (data not shown).

Effects of IFNy in combination with cytotoxic drugs
on AML cell apoptosis and proliferation

We investigated the effect of IFNy on AML cell apop-
tosis in the presence of cytarabine 0.1 and 1.0 uM. Ten
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Fig. 4 Effects of IFNy in combination with exogenous growth
factors on in vitro AML blast proliferation. AML blasts from 65
consecutive patients were cultured in the presence of either IL1p,
SCF, GM-CSF or G-CSF. The figure compares the proliferation
(*H-thymidine incorporation) for cultures with (+) or without (—)
IFN7y (50 ng/ml). Only those patients showing detectable prolifer-
ation (> 1,000 cpm) with or without IFNy were included in each
comparison. Line denotes the median. IFNy inhibited cytokine-
dependent proliferation (P=0.0013 for IL15, P<0.0001 for SCF,
P=0.0398 for GM-CSF, P=0.0149 for G-CSF)

consecutive patients were investigated, and the number
of viable cells determined after 24 and 48 h. The overall
results are summarized in Fig. 5. The presence of cyt-
arabine decreased the percentage of viable cells, but the
divergent effects of IFNy on AML cell apoptosis was
also detected in the presence of cytarabine. When anal-
ysing the overall results there was a significant correla-
tion between IFNy effects on apoptosis for cultures with
and without cytarabine (Pearson correlation; r=0.76—
0.90; P <0.02; for both concentrations and time points).

We also investigated the effect of IFNy on cytokine-
dependent (GM-CSF + IL3 + SCF) AML cell prolif-
eration (*H-thymidine incorporation) in the presence of
cytarabine (0.1 and 1.0 pM) and idarubicin (0.01 and
0.1 uM). The same 10 consecutive patients were exam-
ined and the overall results showed that (1) IFNy alone
had divergent effects on cytokine-dependent AML cell
proliferation; (2) both drugs inhibited AML cell prolif-
eration and for the highest drug concentrations no
detectable proliferation was observed for any patient; (3)
the lower drug concentrations also decreased AML cell
proliferation, and the presence of IFNy then had
divergent effects (data not shown).
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Table 1 The effect of IFNy on cytokine-dependent proliferation by native human AML cells: a summary of the results for 67 consecutive

patients
Exogenous  Number of patients Statistical comparison of proliferative response Number of patients with
cytokine with detectable proliferation  (mean cpm =+ standard error) >20% inhibition®
in IFNy-free controls®
Cultures without IFNy  Cultures with IFNy P value®
None 21 5,885+ 1,376 9,692+ 3,456 NS -
IL1IRA 25 5,768 1,113 5,169+ 1,519 NS —
IL18 40 11,911+3,353 6,060+ 1,679 0.001 16/40
1L3 49 17,543 +3,661 12,048 2,015 0.052 22/49
SCF 50 22,491 +4,553 11,078 £2,510 <0.0005  36/50
FIt3L 53 15,107 +£3,252 12,313+1,914 NS -
GM-CSF 48 13,554+ 3,099 7,929 +1,425 0.039 23/48
G-CSF 49 16,037+3,716 9,672+1,912 0.015 25/49

Native human AML cells were cultured in serum-free medium and proliferation assayed as *H-thymidine incorporation after 7 days. The

results are presented as counts per minute (cpm)
NS no significance

?A total of 67 consecutive patients were examined, but only those patients with detectable proliferation (> 1,000 cpm) either in the IFNy-
containing or corresponding IFNy-free control were included in the statistical analysis
®The column indicates the number of patients who showed an IFNy-induced alteration corresponding to at least 2,000 cpm and exceeding

20% of the control response

“The two-tailed Wilcoxon’s signed rank test was used for the statistical analysis

Effects of IFNy on the constitutive AML cell release
of IL1§ and GM-CSF

The levels of GM-CSF and IL1J were determined for
AML cells derived from 65 consecutive patients, when
cells were cultured in medium alone and together with
IFNy 50 ng/ml. Constitutive IL1f release was detected
only for 14 patients (range 4-300 pg/ml) and GM-CSF
release for 10 patients (range 3.1-2,313 pg/ml). IFNy
caused no significant alteration of these levels. In addi-
tion, the effect of IFNy on AML cell proliferation was
investigated when cells were cultured in the presence of
exogenous ILIRA. ILIRA had no significant effect on
the spontaneous AML blast proliferation in our in vitro
model, and IFNy did not alter blast proliferation in the
presence of ILIRA (Table 1).

Effects of IFNy on the constitutive AML cell release
of angioregulatory chemokines

Angiogenesis is probably important both for leukemo-
genesis and chemosensitivity in AML, and the constit-
utive release of angioregulatory mediators by the
leukaemia cells [34] is probably important for the local
regulation of bone marrow angiogenesis in AML. We
therefore investigated the effect of exogenous IFNy on
the constitutive release of pro- and antiangiogenic
chemokines by AML cells. Leukaemia cells derived from
65 consecutive patients were cultured in vitro in medium
alone or together with IFNy for 48 h before the levels of
angioregulatory chemokines were determined (Fig. 6).
Constitutive release of proangiogenic CXCL8 was ob-
served for most patients (57/67), and CXCLS levels were
slightly decreased in the presence of IFNy (P=0.0004).
In contrast, constitutive increased levels of antiangio-
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Fig. 5 The effect of IFNy on cytarabine-induced AML cell
apoptosis. Leukaemia cells derived from 10 consecutive patients
were examined. The median percentage of viable cells was 40%
(variation range 17-84) after 24 h and 29% (range 17-83) after
48 h for cells cultured in medium alone, and viability was decreased
both by cytarabine 1.0 uM (24 h: median viability 26%, range 18—
57; 48 h: median 18; range 9-30) and 0.1 uM (24 h: median
viability 37%, range 17-82; 48 h: median 25; range 17-80). The
figure compares the effect of IFNy 50 ng/ml on AML cell viability
for cells cultured in the medium alone (horizontal axis) and medium
with cytotoxic drugs (vertical axis). The results are presented as the
difference in percentage of viable cells for cultures with and without
IFN7y, and we present the overall results for both concentrations
and both time intervals (*P=0.02; **P=0.008; ***P<0.001.
Other symbols are explained in the figure)
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Table 2 The effect of IFNy on FIt3L-dependent proliferation of
native human ALL blasts

Patient IFNy Proliferative response
1 - 32,335+1,888
+ 251+64
2 — 3,092+121
+ 391+29
3 — 819+135
+ 1,511+£722
4 — 2,771 £607
+ 868 + 82
5 - 1,959 +89
+ 2,346+ 73
6 - 8,603 +991
+ 3,443+134
7 - 5,388 +328
+ 2,967 +214
8 - 7,875 +981
+ 7,316 £393
9 - 1,137+334
T 1,467 £422

ALL blasts were cultured for 7 days before proliferation was as-
sayed as *H-thymidine incorporation. The results are presented as
the mean =+ standard deviation of triplicate determinations. IFNy
was tested at 50 ng/ml. Results marked in bold represent a reduc-
tion exceeding 2,000 cpm or a reduction to undetectable levels

genic CXCL9 (P<0.0001), CXCL10 (P=0.0001) and
CXCLI11 (P<0.0001) were observed in the presence of
IFNy (Fig. 6). Our overall results thus suggest that IFNy
alters the balance between pro- and antiangiogenic
chemokines in favour of antiangiogenic signalling, al-
though high CXCLS levels were still observed in the
presence of exogenous IFNy.

Effects of IFNy during coculture of native human AML
cells and various stromal cells

Angiogenesis is important in leukemogenesis [34], and
the release of soluble mediators by microvascular
endothelial cells has additional growth-enhancing and
antiapoptotic effects on human AML cells (K.J. Hat-
field, submitted). AML cells derived from 16 consecutive
patients were cultured with and without IFNy 50 ng/ml
in transwell cultures together with microvascular endo-
thelial cells. The proliferation of both cells was assayed
as °H-thymidine incorporation after 7 days. IFNy
caused a significant inhibition of AML cell proliferation
in the presence of endothelial cells (Fig. 7, P=0.01).
Furthermore, addition of IFNy had divergent effects on
endothelial cell proliferation compared to IFNy-free
controls: decreased endothelial cell proliferation was
detected for 8 out of the 16 patients (Fig. 8). Thus, IFNy
may affect leukemogenesis indirectly through altered
angioregulation.

Various bone marrow stromal cells, including fibro-
blasts and osteoblast, have proliferation-enhancing
and antiapoptotic effects on human AML cells [24, 25,
35-37]. AML cells derived from 16 consecutive patients

were cocultured in transwell cultures together with fi-
broblasts (HFL1), osteoblastic sarcoma cells (Cal72) or
normal bone marrow stromal cells. Cocultures were
prepared with and without exogenous IFNy and AML
blast proliferation assayed after 7 days. IFNy had
divergent effects on AML blast proliferation during
coculture with these nonleukaemic cells (Fig. 7). For the
normal stromal cells this divergence was reproduced in
repeated experiments. IFNy inhibited the proliferation
of cocultured Cal72 osteoblasts and HFL1 fibroblasts
compared with cocultures without IFNy (Fig. 8). Thus,
IFNy may affect leukemogenesis indirectly through ef-
fects on these nonleukaemic stromal cells.

Direct effects of IFNy on nonleukaemic stromal cells

Low levels of CDI119 expression were detected in
microvascular endothelial cells (5% CD119" cells), fi-
broblasts (6% CDI119" cells) and osteoblastic Cal72
cells (10% CD119™" cells). We therefore investigated the
effect of exogenous IFNy (50 ng/ml) on the proliferation
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Fig. 6 The effects of IFNy on AML cell release of angioregulatory
chemokines. The figure presents the proangiogenic CXCLS8 and
antiangiogenic CXCL9, CXCL10 and CXCLI11 concentrations in
supernatants for AML cells from 67 consecutive patients. The cells
were cultured for 48 h either in medium alone (—) or in the
presence of IFNy 50 ng/ml (+ ). Chemokine levels were determined
by ELISA analyses. Line denotes the median. IFNy increased
CXCLS8 levels and decreased CXCL9-11 levels (P=0.0004 for
CXCLS8, P<0.0001 for CXCL9, P<0.0001 for CXCL10 and
P<0.0001 for CXCLI1)
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Fig. 7 Effect of IFNy on in vitro proliferation of AML cells
incubated in transwell culture together with either microvascular
endothelial cells (EC), HFL1 fibroblasts (FB), Cal72 osteoblastic
sarcoma cells (OB) or normal bone marrow stromal cells (BMSC).
The figure compares leukaemia cell proliferation for cultures with
(+) and without (=) IFNy 50 ng/ml. Only those samples showing
detectable proliferation (i.e. > 1,000 cpm) for at least one of the in
vitro models (+/—) are presented

of these cells. Cultures were prepared in medium alone
and medium containing various exogenous growth fac-
tors (IL1p, IL3, IL6, IL8, GM-CSF, G-CSF, TNF«) and
proliferation assayed by *H-thymidine incorporation.
Exogenous IFNy did not alter the proliferation of
endothelial cells, but IFNy in combination with G-CSF,
IL6 or IL8 increased the proliferation of these cells.
Exogenous IFNy caused a weak inhibition of Cal72
osteoblast proliferation and decreased HFL1 fibroblast
proliferation by at least 70% both for cultures with and
without exogenous cytokines.

Effects of IFNy on cytokine-dependent proliferation
by native human ALL blasts

Acute lymphoblastic leukaemia blasts derived from 12
consecutive patients were cultured in medium alone and
in medium with various exogenous cytokines (IL4, 1L10,
1L13, SCF, GM-CSF, FIt3L) [38]. ALL cells did not
proliferate in medium alone and for three patients
detectable proliferation was not observed with any
exogenous cytokine. FIt3L was the only cytokine that
induced detectable proliferation for all the other nine
patients, and IFNy caused a strong inhibition of this
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Fig. 8 The effect of IFNy on in vitro proliferation of nonleukaemic
cells cocultured with AML blasts in transwell cultures. Microvas-
cular endothelial cells (EC), HFL1 fibroblasts (FB) or Cal72
osteoblastic sarcoma cells (OB) were cultured together with AML
blasts in the presence (+) or absence (—) of IFNy 50 ng/ml. Only
those patient samples showing detectable proliferation (i.e.
> 1,000 cpm) for at least one of the in vitro culture models (+/
—) are presented

proliferation for five patients (Table 2). Detectable
proliferation was only observed for a minority of pa-
tients with the other cytokines, and either unaltered or
decreased proliferation was then observed with IFNy
(data not shown).

Discussion

IFNy is a cytokine released by most CD4™ and CDS8* T
cell clones, and this is true for healthy individuals, acute
leukaemia patients with chemotherapy-induced cytope-
nia and bone marrow transplant recipients [6, 7]. IFNy is
released by T cells activated in vitro in the presence of
native human AML cells [31, 39]. Taken together these
experimental observations strongly suggest that local
IFNy release will be a part of antileukaemic T cell
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responses, and observations from clinical studies of
IFNy therapy have demonstrated that IFNy has bio-
logical effects in vivo on human AML cells [§8]. In this
context we have investigated the effects of IFNy on the
functional characteristics of native human AML cells.
Our results demonstrate that IFNy can affect prolifera-
tion, cytokine release and regulation of apoptosis for
AML cells, and in addition IFNy seems to inhibit the
proliferation of various nonleukaemic cells in the AML
microenvironment.

Even though the effects of IFNy on native human
AML cells have been investigated previously [9, 12-18,
32, 33], our recent study [11] describing a possible
prognostic impact of IFNy-induced intracellular signal-
ling in AML cells justifies a more detailed character-
ization. The previous reports have several limitations.
First, they usually include a low number of patients
(often less than 10-15), consecutive patients are not
examined and the criteria for selection of patients are
not given. Secondly, the clinical and biological charac-
teristics of the selected patients are usually incomplete or
missing. Finally, only effects on proliferation and
membrane molecule expression have been examined,
and the experimental models differed. These previous
reports have generally described (1) divergent effects of
IFNy on AML colony formation and (2) IFNy induc-
tion of various membrane molecules (i.e. HLA class II
molecules, HLA-G, CD54, CD80, CD86, CD95) for
subsets of patients. In the present study we therefore
investigated the effects of IFNy for a large group of
consecutive and well-characterized patients, and our
studies included receptor expression, intracellular sig-
nalling events, cytokine release and a detailed charac-
terization of the effects on leukaemia cell proliferation
including coculture with stromal cells.

We used well-characterized and standardized experi-
mental models with regard to culture medium and AML
cell preparation [21-29]. Our patients represent a con-
secutive group with high peripheral blood blast counts
so that highly enriched AML cells could be prepared
without extensive cell separation procedures and thereby
the risk of procedure-induced functional alterations [19].
We therefore emphasize that our results may be repre-
sentative only for this subset of patients, but we avoided
further selection by investigating randomly selected or
consecutive patient subsets.

We first investigated whether IFNy could be released
when T cells were activated in the presence of prolifer-
ating AML cells cocultured in direct contact with nor-
mal bone marrow stromal cells. This in vitro model will
mimic the natural in vivo microenvironment, and we
used an activation signal directed against the TCR/CD3
complex to mimic antigen-specific activation. Our results
demonstrated that T cells can be activated to release
IFNy when sharing the microenvironment with AML
cells that show constitutive release of several immuno-
regulatory mediators.

CDI119 expression was examined for 39 randomly
selected patients, and AML blast expression was de-

tected for all of them and a majority showed strong
expression with at least 70% of CDI119" cells. Thus,
high expression of CD119 is common and independent
of morphology (FAB classification), cytogenetic aber-
rations or genetic abnormalities of the FIt3 gene. Fur-
thermore, CD119 expression seems to be downregulated
after in vitro exposure to IFNy; this may be due to
receptor internalization following receptor ligation.
However, the majority of cells are still CD119" even
after the in vitro exposure.

Previous studies have demonstrated that IFNy can
increase AML cells expression of HLA-DR, CD40,
CD54, C80, CD95 and possibly CD86 [32, 33]. How-
ever, in our cocultures of AML cells and IFNy secreting
T cells only HLA-DR expression was increased whereas
the expression of the immunostimulatory molecules
CD40 and CDS80 and the dendritic cell marker CD83
was not significantly altered. The most likely explana-
tion for the difference between our present and these
previous observations [32] is that IFNy is only a part of a
broad T cell cytokine response in our cocultures, and the
IFNy levels reached in our cultures are relatively low
compared with the concentrations of exogenous IFNy
used by Costello et al. [32].

The effect of IFNy ligation on Statl, Stat3, Stat5 and
Erk1/2 phosphorylation status was examined. Increased
phosphorylation was observed only for Statl. CDI119
ligation can also induce signalling through Statl-inde-
pendent pathways, including Erkl/2-mediated effects
[10], but we did not observe any effects on Erk1/2, Stat3
or Stat5 phosphorylation.

IFNy did not affect spontaneous or IL3- and FIt3L-
dependent AML cell proliferation, whereas statistically
significant inhibition was observed in the presence of
IL1p, SCF, GM-CSF and G-CSF. Both these results
and the coculture experiments demonstrated that the
growth-inhibitory effect of IFNy depends on the local
cytokine network, and it is not an indirect effect medi-
ated through reduction of IL1 or GM-CSF levels. Fi-
nally, IFNy could also affect AML cell proliferation in
the presence of cytarabine and idarubicin, two drugs
that are commonly used in AML therapy [3].

We investigated the effects of IFNy on both stress-
induced (spontaneous) and cytarabine-induced AML
cell apoptosis, and IFNy then had divergent effects in
both experimental models. Thus, the divergent IFNy
effects represent a true biological variation.

IFNy caused an increase in the levels of the antian-
giogenic chemokines CXCL9-11 and a slight reduction
of proangiogenic CXCLS8 levels. CXCL9 and CXCL10
expressions are Statl dependent, at least in macrophages
[10], thus the increased levels are probably caused by the
Statl-mediated signalling. This altered balance between
pro- and antiangiogenic signalling may contribute to the
inhibition of endothelial cell proliferation in the presence
of IFNy (see below), but it should be emphasized that
CXCLS was still released at relatively high levels even.

We investigated the effects of IFNy on AML blast
proliferation when the cells were cocultured with various



nonleukaemic stromal cells. These experiments further
demonstrated that the IFNy effect on blast proliferation
was dependent on the local cytokine network. IFNy
inhibited AML blast proliferation significantly only
during coculture with microvascular endothelial cells
whereas AML cell proliferation was inhibited only for a
subset of patients in the presence of fibroblasts, osteo-
blasts and normal stromal cells. Exogenous IFNy had an
antiproliferative effect on several nonleukaemic cells (i.e.
microvascular endothelial cells, osteoblasts, fibroblasts)
when added to cocultures of AML blasts and nonle-
ukaemic cells. However, only osteoblastic Cal72 cells
and HFL1 fibroblasts but not endothelial cells were di-
rectly inhibited by IFNy when cells were cultured with
exogenous [FNy alone. Taken together our observations
therefore suggest that IFNy can affect the proliferation
of nonleukaemic bone marrow stromal cells both di-
rectly (fibroblasts, osteoblasts) and indirectly via effects
on cocultured AML cells. All these nonleukaemic cells
support leukemogenesis [23, 24, 26], and the antiprolif-
erative effects may then indirectly affect the AML cells.

IFNy can affect the proliferation of various normal
cells [40-49], and an important question is then whether
IFNy affects the proliferation of other transformed cells
than native human AML cells. AML and ALL are both
aggressive malignancies characterized by rapid accumu-
lation of immature and morphologically similar leukae-
mia blasts in the bone marrow, and for this reason ALL
blasts are possibly the most closely related cells to AML
blasts. Our results demonstrated that IFNy could affect
the proliferation of different malignant haematopoietic
cells, i.e. the effects are not specific for AML blasts.

To conclude, IFNy can affect AML cell proliferation
both when cells are cultured alone and in the presence of
nonleukaemic stromal cells. It can also alter the balance
between pro- and antiangiogenic chemokine release by
the AML cells. These effects may contribute to antil-
eukaemic T cell reactivity after allotransplantation and
possibly also in antileukaemic immunotherapy.
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