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ABSTRACT. Acute lymphoblastic leukemia (ALL) cells depend on the microenvironment of the host in vivo and do
not survive in in vitro culture. Conversely, the suppression of non-malignant tissues is one of the leading characte-
ristics of the course of ALL. Both the non-malignant suppression and malignant cell survival may be partly affected
by soluble factors within the bone marrow (BM) environment. Here, we aimed to identify proteins in BM plasma of
children with ALL that may contribute to ALL aggressiveness and/or the microenvironment-mediated survival of
ALL cells. LBMp (leukemic bone marrow plasma) at the time of ALL diagnosis was compared to control plasma of
bone marrow (CBMp) or peripheral blood (CPBp) using a cytokine antibody array. The cytokine antibody array
enabled simultaneous detection of 79 proteins per sample. Candidate proteins exhibiting significantly different
profiles were further analyzed and confirmed by ELISA. mRNA expression of one of the candidate proteins (TIMP1)
was studied using quantitative reverse transcriptase polymerase chain reaction (QRTPCR). The cytokine antibody
array experiments identified 23 proteins that differed significantly (p<0.05); of these, two proteins (TIMP1 and
LIF) withstood the Bonferroni correction. In contrast, little difference was observed between CBMp and CPBp.
At the diagnosis of ALL, changes in the soluble microenvironment are detectable in BM plasma. These changes

probably participate in the pathogenesis and/or result from the changes in the cell composition.
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Leukemia, a malignant disorder of lymphoid or myeloid
progenitor cells, is the most frequent malignant disease of
childhood. The most common subtype, acute lymphoblas-
tic leukemia (ALL), represents 75% to 80% of all pediatric
cases; the remaining subtypes are derived from a myeloid
lineage [1]. ALL is a heterogenic disease characterized by
the clonal expansion of transformed hematopoietic precur-
sors of the T- or B-cells [1]. The dominant form of ALL is
derived from B-precursors. The advances in chemotherapy,
together with the increased understanding of the biologi-
cal behavior of leukemic cells, have led to a significant
decrease in mortality over the last five decades. Although
the natural course of ALL is uniformly fatal, contemporary
treatment rescues over 75% children with the disease. At
present, the main goal of hematology is to define the rea-
sons for treatment failure in 20% of ALL cases and to find
new treatment options with potent anti-leukemic effects
and minor side effects.

Malignant transformation of leukemic cells is associated
with chromosomal abnormalities, aberrant gene expres-
sion patterns, and abnormal cell surface marker profiles
[2]. The two most common genetic abnormalities (each
accounting for a quarter of pediatric cases) are the TEL-

AMLI fusion gene, which results from the t(12;21)
chromosomal translocation, and high hyperdiploidy, in
which the number of chromosomes is pathologically
increased to between 51 and 65 [3]. Both of these geno-
types confer a favorable prognosis. Less frequent genetic
lesions include the prognostically unfavorable BCR-ABL
and MLL-AF4 gene fusions [1].

The burden of leukemic cells impacts the patient and leads
to several known clinical and laboratory manifestations,
such as the suppression of nonmalignant hematopoiesis
and metabolic effects. Leukemic cells are dependent on the
microenvironment of the host; therefore, most leukemic
cells die during the initial days following the transfer to
in vitro conditions [4-6]. The factors responsible for the
survival of leukemic cells have not been fully identified to
date. As most of the attention has been paid to the biology
of the leukemic cells themselves, the importance of soluble
factors produced by leukemic cells or by their surroundings
is largely unclear. Data showing a suppressive effect of
adult acute myeloid leukemia patient bone marrow (BM)
plasma on the growth of hematopoietic progenitor cells
have been reported. This effect was abolished by anti-TNF-
alpha and anti-adiponectin antibodies [7].
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Soluble proteins in leukemia

Cytokines play a major role in leukemogenesis. Nor-
mally, hematopoietic cells require certain cytokines for
their viability and growth. When the viability factors are
withdrawn, apoptotic cell death naturally occurs. Preven-
tion of programmed cell death by the abnormal production
of a cytokine may release the cell from normal growth
control leading to malignant transformation. As a first step
to decipher the importance of soluble factors in ALL, we
used a cytokine antibody array as a proteomic approach.
The technical difficulties of plasma proteomic analysis
should be taken into account. One problem with routine
specimens of BM or PB (peripheral blood) is hemolysis,
which occurs in a variable proportion of samples taken
from patients or from healthy individuals. As a result
of hemolysis, the contents of erythrocytes are released
into the plasma, and the differences in the concentra-
tions of such proteins should not be over-interpreted.
The main aim of this study was to compare differential
expression profiles of the soluble proteins in BM among
various types of ALL and control samples. The newly
identified molecules may then be considered as puta-
tive diagnostic markers for leukemia. In addition, these
molecules could potentially serve as therapeutic targets if
they are demonstrated to support the survival of leukemic
cells.

MATERIALS AND METHODS

Patients

We collected diagnostic samples from children with
B-precursor ALL (LBMp) and control samples (CBMp,
patients with no signs of malignant disease with a BM
check-up more than one year after BM transplantation).
Standard immunophenotyping and molecular genetic
investigation were performed as previously described [8].
All samples were collected with informed consent at the
Department of Pediatric Hematology and Oncology in
Prague. CPBp samples were obtained from healthy adult
volunteers.

Each of the patient and control samples was tested indi-
vidually by cytokine antibody array. 10 LBMp samples
and 40 CBMp samples were also measured by ELISA, as
confirmation.

Processing cells

The LBMp, CBMp and CPBp were collected from
supernatants after Ficoll-Paque Plus (GE Healthcare Bio-
Sciences, Wauwatosa, WI, USA) density centrifugation at
500 g for 35 minutes. Supernatants were centrifuged again
after the first density centrifugation to dispose of parti-
cles. Plasma was stored at -80°C until analysis by cytokine
antibody array.

Cytokine antibody array

The RayBiotech kit, RayBio Human cytokine antibody
array (RayBiotech Inc, Norcross, GA, USA), which is
composed of array membranes spotted with antibodies
to 79 cytokines (human cytokine antibody arrays), was
used for screening the concentrations of soluble proteins
in the plasma samples. The complete list of cytokines
with their full names is available at www.raybiotech.com.

We tested soluble proteins in patients (LBMp, n = 15)
and control samples (CBMp, n = 9 and CPBp, n = 5).
Plasma was added to an antibody-coated membrane and
incubated at room temperature on a plate shaker. After a
14-minute incubation with a cocktail of biotinylated anti-
bodies and labeled-streptavidin, the signal was detected by
chemiluminescence. The analysis of spot signal intensities
was performed using a CCD camera by FluorChem FC2
(Alpha Innotech, Kasendorf, Germany) and software by
AlphaFEase FC.

Quantitative PCR (qPCR)

Real-time quantitative RT-PCR was performed using a
LightCycler rapid thermal cycler system (Roche Dia-
gnostic GmbH, Mannheim, Germany) with SYBR Green
DNA-binding dye for quantification of TIMPI mRNA.
The data were normalized using oligonucleotide hybridiza-
tion probes for (B2 microglobulin quantification (32
microglobulin house-keeping gene). The forward primer
sequence for TIMP1 was GGACTGGAAGCCCTTTTCA,
and the reverse primer sequence was ACACTGTTGGCT-
GTGAGGAA. The normalized TIMP1 expression was
determined as aratio between TIMP1 and 32microglobulin
expression levels.

Protein validation

The concentrations of proteins with higher expression
in patient samples detected by cytokine antibody array
(TIMP1, LIF) were measured and confirmed by an ELISA
kit (Bender MedSystems, Burlingame, CA, USA) accord-
ing the manufacturer’s instructions.

RESULTS

The protein profile of bone marrow plasma
at the diagnosis of leukemia and in the absence
of malignancy as detected by a cytokine antibody array

The cytokine antibody array results demonstrated a
remarkable similarity between the CBMp and the CPBp
of healthy individuals. Of the 79 proteins examined, the
concentrations in CBMp and CPBp were no different
at a level of significance of 0.05 (Mann-Whitney) for
78 of the proteins. The sole exception was angiogenin,
which showed a significantly higher concentration in CPBp
(0.8 £ 0.2) than in CBMp (0.47 £+ 0.23, p<0.05). No
CBMp:CPBp difference in individual protein concentra-
tions withstood the Bonferroni correction for multiple
observations (p level: 0.000633).

In contrast, the concentrations of 23 proteins (Ang,
CXCL13, FGF4, CXCL1, CCLI1, IGFBP1, IGFBP2,
IGFBP4,IL1B, ILS, IL6,IL7,IL12, LIF, TNFSF14, CCL2,
CCL8, MIF, MIP-1gamma, TGFBI1, TGFB2, TIMPI,
THPO) differed significantly (p<0.05) between LBMp and
CBMp. Of these, TIMP1 (tissue inhibitor of metallopro-
teinases) and LIF (leukemia inhibitory factor) both differed
at a level of significance that considered multiple compar-
isons (p<0.000633). In total, three proteins (IL1 A, MCSF,
and FGF9) did not show detectable signals in any of the
specimens. These proteins did not affect protein clustering
and are omitted from Figure 1.
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Figure 1

Heat map of cytokine antibody array results. Protein concentra-
tions in control peripheral blood (CPBp) or bone marrow (CBMp)
plasma and in bone marrow plasma isolated at the diagnosis of
leukemia (LBMp) detected by a cytokine antibody array. Each cell
represents a protein concentration in a given specimen; the results
are shown as differences between the individual values and the
mean concentration of each protein in multiples of standard devia-
tions ([value] - [mean])/[standard deviation]). Individual signals were
normalized using the internal negative and positive controls (the dif-
ference between each signal value and the mean negative control was
divided by the difference between the mean values of the positive
and negative controls; values lower than the mean negative control
or lower than the median signal obtained by investigating plain buffer
were considered to be zero). Proteins are hierarchically clustered (by
Euclidean distance).

Protein confirmation by immunological methods

The concentration of TIMP1 was confirmed by ELISA
to be significantly higher in LBMp (10 samples) than in
CBMp (40 samples) (p = 0.0003, Figure 2A). However,
differences in the concentration of LIF between LBMp
and CBMp were not confirmed by ELISA (p = 0.75)
(figure 2B).

Expression at the mRNA level, comparison
of proteomics data and expression profiling

The concentration of TIMP1 was confirmed to be higher
in LBMp than in CBMp, by at least one immunological
method. These differences could be attributed to expres-

B

120

110 — =

100 4 =
a ] [
gﬂ 90 4 =
o ] [
= 80 -
=
5 7] [
5 707 C
=}
£ 60 L
‘é - - L
£ 50+ L
8 4 L
2 404 =
(=} ] L
© 50 =

] [
20+ — 5
10 T T
CBMp LBMp
Figure 2

The concentrations of TIMP1 and LIF measured by ELISA in
LBMp (10 samples) and CBMp (40 samples). (A) TIMP1 was
found to be significantly more abundant in LBMp (p = 0.0003). (B)
No significant differences were found in the concentration of LIF
between LBMp and CBMp.

sion by leukemic cells themselves or by non-malignant
cells in BM or elsewhere. To determine whether the dif-
ference in concentration is more likely to result from
expression in leukemia cells or in non-malignant surround-
ing BM cells, the proteins with a significantly higher
concentration in leukemia were further studied using pub-
licly available expression profiling data [9-11]. We chose
these studies as they used identical U133A and U133B
chips (Affymetrix), and we included control genes that
are either generally highly expressed in ALL compared
to non-malignant status (positive controls) or genes with
no anticipated connection to leukemia (negative controls).
As shown in Table 1, TIMP1 may be produced by non-
malignant BM cells. The higher TIMP1 expression in
non-malignant BM cells compared to ALL cells was con-
firmed by qPCR (n = 8, p = 0.0023, data not shown).

DISCUSSION

The main aim of the present study was to identify the
soluble proteins selectively enriched in LBMp relative
to CBMp. We compared the protein profiles of plasma
harvested from children at the time of the diagnosis of
B-precursor ALL, with those of children one year or
more after receiving a BM transplant as a control
(CBMp). BMp is a rich source of proteins from the BM
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Comparison of the expression levels of TIMP1.

Protein, GENE name
(probe set)

Leukemic versus bone marrow cells

Leukemic versus B precursor

Proteins/genes with higher concentration in LMP:

(201666_at)

TIMP1, TIMP1 Lower

Higher

Proteins/genes with no expected association with leukemia (negative control genes):

Keratin 15, KRT15
(204734 _at)

No difference

No difference

Keratin 19, KRT19
(201650_at)

No difference

No difference

Proteins/genes frequently highly expressed in leukemia (positive control genes):

(205049_s_at)

CD10, CALLA Higher No difference or higher
(203435_s_at)

CD19, CD19 molecule Higher Higher
(206398_s_at)

CD79a, IGA Higher Higher

Comparison of TIMP1 expression levels using expression profiles of leukemias, non-malignant BM, and B-precursors. Keratin was used as a negative control. CD10, CD19
and CD79a were used as positive controls. This analysis was based on publicly available expression profiling data [10, 11, 12]

micro-environment. Although it has not been used in stan-
dard diagnostics to date, the BMp proteome comprises the
soluble molecules of this micro-environment.

We used cytokine antibody array analysis and deter-
mined the profiles of soluble proteins such as cytokines,
chemokines and growth factors, even at very low concen-
trations.

The cytokine antibody array yielded 23 proteins that
showed a significantly higher expression in patients than
in the control group. Although some of these differences
may simply reflect the large number of comparisons,
CBMp was notably similar to CPBp when evaluated by
the same technique. The differences in LIF and TIMP1
protein concentrations showed high statistical significance.
However, only TIMP1 was confirmed by an independent
immunological method that compared CBMp and LBMp.
This discrepancy may be caused by inter-individual dif-
ferences. The BM is a dynamic network of stromal cells,
growth factors, cytokines, providing a permissive environ-
ment for leukemogenesis. Stromal cells are an essential
component of the BM microenvironment, which regu-
late development of immature hematopoietic progenitor
cells [12, 13]. BM stroma cells influence leukemic cell
survival through their production of soluble molecules
including cytokines and chemokines, and through direct
physical interactions [14]. For example, IL7, which is
higher in LBMp, may act in concert with stromal cells
to support ALL cells viability via Bcl-2 expression [5].
Another support of ALL cell viability may come from
IGFBP1, IGFBP2, IGFBP4, which were also present in
higher concentrations in LBMp. IGFBP proteins possibly
act as carriers though insulin-like growth factor 1 (IGF1)
[15]. Binding of IGFBPs prolongs the half-life of the IGFs
and alters their interaction with cell surface receptors.
Leukemic blasts and BM stroma promote angiogenesis,
which is increased in ALL and AML [16]. The serum
expression of Ang is closely related to occurrence and
development of acute leukemia [17, 18]. Interestingly, Ang
levels in LBMp are still lower than in CPBp. Although

much is known about the mechanisms by which Ang stim-
ulates angiogenesis, the physiological importance of blood
levels of Ang has not been fully determined. Of note, Ang
expression in liver is higher than in PB by two orders of
magnitude [11].

Chemokines may favor tumor growth and metastasis by
promoting tumor cell proliferation, migration or neovas-
cularization in tumor tissue. E.g., increases in specific
chemokines and receptors were shown in AML [19].
Analogously, LBMp demonstrated an increased concen-
tration of two CXC subtypes members of the chemokine
superfamily: CXCL13 (B-cell attracting chemokine and
CXCL1). High expression of CXCL13 was also observed
in B-cell lymphomas and diseases with B-cell activa-
tion [20], and involvement of CXCLI1 in angiogenesis
and tumorigenesis has been described [21]. Another
chemoattractant protein CCL2, which has been shown
to support survival of chronic lymphatic leukemia cells
in vitro [22] was also higher in LBMp. Inflammatory
chemokines MIF, CCL9, CCL1 (which attracts, among
others, immature B cells), and CCL8 were all increased in
LBMp, whereas no difference was observed in CCL5 and
IL8, and in concentrations of other chemokines (ENA78,
CCL26, CCL7, CXCL12, CXCL6, CCL13, CCLS; B
cell chemoattractants CXCL13 and CCL20) individu-
ally did not reach statistical significance, but clustered
together with other proteins with higher concentration in
LBMp.

Various cytokines have an unspecific cell proliferation
effect and/or stimulate specifically progenitor cells. Of
these, only thrombopoietin (THPO) and FGF4 were
increased in LBMp (p<0.05), whereas GMCSF, GCSF or
FGF7 did not differ between CBMp and LBMp. Cytokines
IL3 and FGF6 were high in LBMp, however, their concen-
tration did not differ from CBMp. Thrombopoietin induced
proliferation of AML cells, which may be augmented by
adding the other hematopoietic growth factors such as IL3,
IL6, stem cell factor, or granulocyte-macrophage colony-
stimulating factor [23].
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A general T helper cytokine IL2 was not changed in
LBMp. Similarly, although the IL15 concentration was
high in LBMp, its difference from that in CBMp was not
significant. In one study, the intracellular cytokine profile
of T cells from children with ALL suggests a dysregu-
lation in the functionality of Thl and Th2 cells with an
expansion in Th2 [24]. Of the Thl cytokines, IL12 and
IL1B were increased in LBMp, but others (IFNG, TNF
alpha and TNF beta) did not change significantly. The Th2
cytokines IL5 and IL6 were higher in LBMp (p<0.05), but
concentrations of IL4, IL10 and IL13 did not differ from
those found in CBMp. Both TGFB1 and TGFB2 (but not
TGFB3, which was even higher in CPBp than in BMp)
were increased in LBMp; of these, TGFB1 was also found
to affect myeloblast cell survival [25]. Another molecule
involved in T cell physiology - TNFSF14 - was increased
in LBMp. Taken together, although individual cytokines
appear to be altered in LBMp, our data could not sup-
port a general dominance of either Th2 or of any other Th
functional subset.

LIF is a multifunctional glycoprotein that is also active in
tissues unrelated to hematopoiesis and/or leukemia. The
basic functions of this remarkable pleiotropic molecule
go beyond the boundaries of both malignant and non-
malignant hematopoiesis and include, but are not limited
to, the stimulation of proliferation and differentiation
of some hematopoietic cells (chiefly thrombocytes), an
inhibitory influence on myeloid leukemia cells (not entirely
proved so far), enabling the implantation of the blasto-
cyst, maintaining the totipotency of embryonic stem cells,
stimulating osteoblasts and osteoclasts, and stimulating
the production of adrenocorticotropic hormone (ACTH).
LIF may be produced by various cells, such as fibroblasts,
T-lymphocytes, osteoblasts, stromal cells and some types
of tumor cells. LIF-producing stromal cells are a part of the
extracellular matrix (ECM), a dynamic network consisting
mainly of collagen, fibronectin, laminin and proteoglycan
[26, 27]. The increased expression of LIF in LBMp in a
subset of patients may not be due to the leukemic cells,
but may come from non-malignant BM cells, namely the
stromal cells. This hypothesis is supported by the expres-
sion profiling data showing that in leukemias, LIF has a
lower expression level compared to that of non-malignant
BM cells and B-precursors. Hence, LIF may be one of the
factors contributing to the extended survival of leukemic
cells in the BM micro-environment, as opposed to the rapid
apoptosis that occur under in vitro conditions [5].

The TIMP1 protein is an important inhibitor of matrix met-
alloproteinases (MMPs), but it also potentiates erythroid
activity and stimulates the growth of various types of cells,
such as fibroblasts and hematolymphoid cells [28-30]. We
detected higher concentrations of TIMP1 in the LBMp in
ALL. A significantly higher concentration of TIMP1 had
been previously found in the blood of both ALL and AML
patients, as well as in lymphomas and normal activated
B-cells [31]. Reanalyzing the available expression data
showed that TIMP1 is less expressed in leukemic cells
than in the non-malignant BM cells, but shows greater
expression than in B-precursors.

Our study utilized a cytokine antibody array, a profile of
soluble proteins in LBMp and the CBMp of children. In
the cytokine antibody array, only pre-selected proteins are
analyzed. The cytokine antibody array detected remarkable
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similarities between CPBp and CBMp. However, LBMp
differed from CBMp in a number of proteins, of which
two differed significantly after a Bonferroni correction.
TIMP1 and LIF demonstrated a higher concentration in
LBMp. Thus, changes in the BM microenvironment can
be detected in the BMp proteome.
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