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Pediatric B-cell precursor acute lymphoblastic leukemia (BCP-ALL) outcome has improved
in the last decades, but leukemic relapses are still one of the main problems of this
disease. Bone morphogenetic protein 4 (BMP4) was investigated as a new candidate
biomarker with potential prognostic relevance, and its pathogenic role was assessed
in the development of disease. A retrospective study was performed with 115 pediatric
patients with BCP-ALL, and BMP4 expression was analyzed by quantitative reverse
transcription polymerase chain reaction in leukemic blasts at the time of diagnosis. BMP4
mRNA expression levels in the third (upper) quartile were associated with a higher
cumulative incidence of relapse as well as a worse 5-year event-free survival and central
nervous system (CNS) involvement. Importantly, this association was also evident among
children classified as having a nonhigh risk of relapse. A validation cohort of 236 patients
with BCP-ALL supported these data. Furthermore, high BMP4 expression promoted
engraftment and rapid disease progression in an NSG mouse xenograft model with CNS
involvement. Pharmacological blockade of the canonical BMP signaling pathway
significantly decreased CNS infiltration and consistently resulted in amelioration of clinical parameters, including
neurological score. Mechanistically, BMP4 favored chemoresistance, enhanced adhesion and migration through brain
vascular endothelial cells, and promoted a proinflammatory microenvironment and CNS angiogenesis. These data
provide evidence that BMP4 expression levels in leukemic cells could be a useful biomarker to identify children with
poor outcomes in the low-/intermediate-risk groups of BCP-ALL and that BMP4 could be a new therapeutic target to
blockade leukemic CNS disease.

® Clinical data and in vivo
xenograft models point
out a key role for BMP4
in BCP-ALL develop-
ment and CNS leukemic
infiltration.

® BMPA4 levels in ALL cells
could be a useful
biomarker to identify
children with poor
outcomes in low-/
intermediate-risk
groups of BCP-ALL.
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as part of the treatment of CNS leukemia. However, despite
this, CNS relapse still represents one of the most important
causes of morbidity and mortality, occurring in 3% to 6% of ALL
patients, and remains one of the major challenges in pediatric
oncology.®

Introduction

B-cell precursor acute lymphoblastic leukemia (BCP-ALL) is the
most common form of pediatric cancer and constitutes the most
frequent cause of death by disease in childhood.'™ Although
treatment advances have led to improvement of long-term sur-
vival rates, 10% to 15% of patients included in low/intermediate
risk groups still suffer from medullary and extramedullary relap-

Different cytokines, chemokines, and adhesion molecules have
been implicated in CNS leukemic infiltration.”* Bone morpho-

ses, including the central nervous system (CNS).** Although
CNS infiltration is rarely detected at initial diagnosis of pediatric
BCP-ALL, early studies from autopsies of children who died of
ALL revealed CNS involvement in almost 60% of cases.” Since
most CNS relapses occur in children initially diagnosed as CNS-
negative, intrathecal therapy is now mandatory in any protocol

genetic proteins (BMPs) are multifunctional secreted growth
factors that belong to the TGF-B superfamily and are well known
for their indispensable roles in vertebrate development, regulat-
ing cell proliferation, differentiation, apoptosis, and migration.">
Particularly, BMP4 has been described as a critical component
of the hematopoietic microenvironment regulating both
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hematopoietic stem/progenitor cell number and function,'é"®

having also been involved in homing and engraftment.’”? Like-
wise, BMP4 has been shown to be a negative regulator of
lymphocyte proliferation and differentiation.?’?* The contribu-
tion of BMP4 to the pathogenesis of cancer, including hemato-
logical tumors, has also been emphasized in recent years.'®2>28
In chronic myeloid leukemia, high levels of BMP4 maintain a
quiescent fraction of leukemic stem cells and amplify leukemic
progenitors,?”*" and in acute myeloid leukemia, increased levels
of BMP4 have been described to regulate the expression of
different survival and proliferation factors and induce stem-like
features in leukemic cells.**3* The role of BMP4 in B-cell leuke-
mogenesis is scarcely known, but BMP4 pathway alterations in
ALL and upregulated expression of BMP ligands, including
BMP4 in ALL blasts infiltrating CNS, support a role for this factor
in this hematological disorder as well.3*%” Therefore, the aim of
the current study was to explore the involvement of BMP4 in
BCP-ALL development and its relevance in CNS leukemic
infiltration.

Patients and methods

Patient samples

Primary samples were obtained from 115 BCP-ALL patients at
diagnosis. Routine diagnostic bone marrow (BM) aspirates were
harvested following standard procedures as required for clinical
diagnosis. Leukemia cells were isolated by density gradient cen-
trifugation using Ficoll-Hypaque (all samples contained >85%).
Samples were provided by the Onco-Hematology Unit at Nino
Jesus University Children’s Hospital and Virgen de la Arrixaca
University Hospital. Informed consent was provided according
to the Declaration of Helsinki, and the study was approved by
the Ethics Committee of Clinical Research at Nino Jesis Hospi-
tal (R-0063/18). All children were treated according to the
SEHOP-PETHEMA 2013 clinical guideline, a Berlin-Frankfurt-
Munich (BFM)-based protocol. The validation cohort included
primary samples from 236 BCP-ALL patients at diagnosis (Kiel
University Medical Center Schleswig-Holstein and Hannover
Medical School) treated according to the ALL-BFM 2000
protocol.

Cell culture and reagents

Leukemia pre-B ALL cell line Nalmé (ACC128) was purchased
from DSMZ (German Collections of Microorganisms and Cell
Cultures), BMP4 transduced-Nalmé stable cell line (Nalmé-
BMP4) was developed in our laboratory as previously
described,¥ and CNS microvascular endothelial cells (\CMEC/
D3 cell line) were generously provided by J. Millan (CBMSO,
Madrid, Spain). Lines were maintained according to the man-
ufacturefs recommendations.

The following treatments were used: rhBMP4 (Humanzyme, Chi-
cago, IL), methotrexate, cytarabine, doxorubicin, and vincristine
(Pfizer, New York, NY).

B-cell ALL xenograft model

NOD.Cg-Prkdc scid IL2rg tm1Wijl/SzJ (NSG) mice were pur-
chased from The Jackson Laboratories (Bar Harbor, ME) and
housed under pathogen-free conditions. All animal experimenta-
tion was conducted in accordance with the Spanish guidelines
for care and use of laboratory animals and protocols approved
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by the Complutense University and Community of Madrid
(PROEX 015/19). Eight- to 12-week-old mice were IV-infused via
the tail vein with human primary cells (characteristics of primary
samples used for xenotransplantation studies are shown in sup-
plemental Table 1 available on the Blood Web site) or ALL cell
lines, and engraftment was weekly monitored by peripheral
blood (PB) cell staining with antibodies against human CD19
(ImmunoStep, Salamanca, Spain) and murine CD45 (Biolegend,
San Diego, CA). When disease symptoms, including rough hair,
lethargy, hunched-back posture, loss of motor functions, and
hind limb paralysis were evident, mice were anesthetized and
euthanized. Blood, BM, spleen, and brain samples were col-
lected to determine engraftment levels by flow cytometry using
antibodies specific to human CD19 and mouse CD45.

For BMP inhibitor DMH1 (Tocris Bioscience, Bristol, United King-
dom) experiments, NSG mice were inoculated with BCP-ALL pri-
mary samples. On day 8, mice were randomly divided into 2
groups: 11 mice were treated with DMH1 by continuous subcu-
taneous infusion using Alzet osmotic pumps (Charles River Labo-
ratories, L'arbresle Cedex, France) at a dose of 3 mg/kg per
day, while the control group received the solvent DMSO, with
the same pump system. Mice were monitored daily for survival
and clinical appearance of nerve palsy and euthanized when
control animals showed relevant clinical signs (week 5).

Additional methods, including methods for quantitative reverse
transcription quantitative polymerase chain reaction (QRT_PCR),
flow cytometry, viability and migration assays, cytokine measure-
ments, histology, and olfactory habituation—dishabituation test,
can be found in supplemental Methods.

Results

High BMP4 expression levels in leukemic blasts
as a poor prognostic indicator in low/
intermediate risk BCP-ALL patients

BMP4 mRNA expression levels were analyzed by gPCR in BM
leukemic blasts in a cohort of 115 patients with BCP-ALL at
diagnosis (supplemental Figure 1), and their clinical relevance
was evaluated in terms of minimal residual disease (MRD) (+33
days) and event-free survival (EFS) (5 years follow-up). Kolmogo-
rov—

Smimov test comparing probability distributions showed an
association between high levels of BMP4 in leukemic blasts and
MRD positivity (P = .054; patients analyzed, n = 60; MRD nega-
tive, n = 45; and MRD positive, n = 15). In addition, we
observed an association between BMP4 expression (upper quar-
tile) and risk of relapse. Quartiles were calculated based on the
BMP4 expression values of the 115 patients (supplemental
Figure 1). The cutoff corresponding to the value of BMP4
expression in the third quartile (18 arbitrary units [AU]) was asso-
ciated with a significantly higher risk of relapse (BMP4"e" 28.1%,
n = 32; BMP4" 13.4%, n = 82; P = .0317). Then, this value
was chosen as the cutoff to define the BMP4 subgroups in the
subsequent analyses, and patients with BMP4 expression levels
higher than the third quartile value (18 AU) were considered as
BMP4"'9" and the remaining patients as BMP4'*".

The mean time-to-relapse was 1138 (+488) for the whole
group, with 1020 (+521) and 1145 (+478) for the BMP4""
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Figure 1. Clinical data show that elevated BMP4 mRNA expression on leukemic blasts at diagnosis is associated with poor outcomes. (A) Using a cutpoint of 18
AU for the entire cohort (n = 114; EFS values from 1 BMP4'°" patient was not available), 5-year EFS was reduced in patients with high BMP4 expression levels on
leukemic cells (P = .087; log-rank test). (B) Kaplan-Meier survival curve shows that, for low/intermediate risk patients with BCP-ALL (n = 94), the cutpoint of 18 AU
identifies patients with significantly reduced EFS (P = .026; log-rank test). Significant differences between both survival curves were observed from day 730 (shown by
an arrow; P = .05; test of proportions). (C) Kaplan-Meier survival curves for the entire validation cohort (n = 236) and (D) low/intermediate-risk patients with BCP-ALL

(n = 210) show similar results.

and BMP4"w groups, respectively (P = .087 for log-rank test)
(Figure 1A). These data suggest that increased levels of BMP4
at diagnosis could have a negative impact on the outcome of
patients with BCP-ALL and the treatment effectiveness. Because
no association was found between high BMP4 expression levels
in leukemia cells at diagnosis and high-risk patients with ALL
(P = .756), we next analyzed if high BMP4 levels could identify a
subgroup of low/intermediate-risk ALL patients with poor prog-
nosis who could benefit from more intensive therapy. Again, the
relapse rate in low/intermediate-risk BCP-ALL patients was

BMP4 EXPRESSION IN PEDIATRIC BCP-ALL

significantly higher (P = .019) in the BMP4hsh patient group
(29%; n = 27) vs the BMP4'*" patient group (11.9%; n = 67).
The logistic regression analysis showed that high BMP4 expres-
sion on blasts at diagnosis is a key factor affecting relapse (odds
ratio, 3.1; 95% confidence interval [Cl], 1.025-9.404; P = .045).
In addition, EFS was significantly higher (P = .026) in the group
of children with blasts expressing low BMP4 levels (Figure 1B).
Then, the hazard ratio of relapse in the BMP4"S" group
increased 2.85-fold (95% CI, 1.084-7.729) when compared with
the group with BMP4®", as indicated by Cox's proportional
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hazards regression analysis. Interestingly, as shown in Figure 1B,
increased levels of BMP4 expression in blasts resulted in effects
that were not graphically observable until near the end of che-
motherapy treatment. However, an extended follow-up demon-
strated that the survival curves gradually diverged, finally
resulting in survival rates that were significantly lower (P = .026)
in those patients who had blasts expressing high levels of BMP4
at diagnosis as above mentioned. Significant differences
between both survival curves were observed from day 730 (P =
.05), as indicated by a comparison test of proportions. The inde-
pendent impact of high BMP4 mRNA levels in low/intermediate
risk BCP-ALL patient relapse was corroborated with a multivari-
ate analysis controlled for age and white blood cell count at
diagnosis (supplemental Table 3).

Next, we investigated the association between BMP4 expression
and CNS-relapse in patients with ALL. We found that BMP4
expression above the third quartile in ALL blasts at diagnosis
was associated with a higher relapse rate (12.5%, n = 32; P =
.036) compared with those in lower quartiles (3.6%, n = 83).

The negative impact in the outcome of patients with BCP-ALL of
high BMP4 expression in leukemia cells at diagnosis was vali-
dated in an independent cohort of 236 patients with BCP-ALL
(supplemental Figure 1). Again, high BMP4 expression (=18 AU)
was associated with a significantly higher risk of relapse
both when complete cohort was considered (BMP4"ish 19 59,
n = 77; BMP4°" 9.4%, n = 159; P = .014) and when low-/
intermediat- risk patients were selected (BMP4"S" 17.1%,
n = 70; BMP4"°" 8.8%, n = 140; P = .038). As described above,
multivariant analysis in the low/intermediate risk ALL group
showed that high BMP4 expression increased the risk of relapse
(supplemental Table 3). In addition, EFS was reduced in the
BMP4"S" group both when the complete cohort or only the
low/intermediate risk BCP-ALL patient group were considered,
although statistical significance was not reached in the latter
(Figure 1C-D) (P = .036 complete cohort and P = .07 low/inter-
mediate risk BCP-ALL patients). Finally, we could only observe
no statistically significant association between BMP4 levels and
CNS relapse in the validation cohort (BMP4"" 3.9%, n = 77;
BMP4'°% 2.5%, n = 159).

BMP4 expression levels in leukemic blasts are
important in the establishment and development
of disease

To investigate whether BMP4 mRNA levels influence the ability
of primary patient cells to initiate leukemia and/or to infiltrate
the CNS in vivo, 9 primary samples of pediatric BCP-ALL
patients subgrouped according to BMP4 mRNA expression
(4 BMP4"'9" [>18 AU] and 5 BMP4"°" [<18 AU] primary samples)
(supplemental Table 1) were xenografted into nonirradiated
NSG mice (Figure 2A). Interestingly, whereas around 80% of
mice (13 out of 16 mice) injected with BMP4"S" BCP-ALL blasts
developed clinical leukemia symptoms in correlation with the
presence of CD1 9" cells in the BM, spleen, and CNS, only 15%
of mice bearing BMP4"™" patient blasts engrafted successfully
and showed the presence of leukemic cells in CNS (Figure 2B;
supplemental Figure 2). The remaining 85% of the mice in this
group neither died nor showed signs of disease until the time of
euthanasia, 4 months after injection, which correlated with the
absence of leukemic CD19* cells. Moreover, both BMP4'** and
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BMP4"" Jeukemia-engrafted mice showed very similar BM and
extramedullary infiltration.

To directly test whether high BMP4 expression confers a com-
petitive advantage in the establishment and development of
ALL disease, we used the Nalmé human pre-B ALL cell line
genetically modified to overexpress BMP4 (Nalmé6-BMP4), as
previously described by our group.’’” Nalmé6-BMP4 or Nalmé
control cells expressing different levels of BMP4 were
IV-transplanted into NSG mice. The median survival of Nalmé-
injected mice was 31 days after transplantation while, in
contrast, all Nalmé-BMP4-injected mice developed very
pronounced clinical symptoms significantly earlier (Figure 2C).
This more aggressive phenotype correlated with enhanced
levels of the proinflammatory cytokine IL-6 in the serum of
Nalmé-BMP4 mice (Figure 2D). Surprisingly, and in comparison
with the control Nalmé mice group, mice transplanted with
Nalmé-BMP4 cells demonstrated significantly reduced leukemic
blast numbers in the BM, liver, and mainly spleen at the experi-
mental endpoint (Figure 2E). Nalmé-BMP4 blasts recovered
from the spleen of these animals showed a significantly
decreased proliferation rate (Figure 2F) without affecting cell
survival (data not shown). In correlation, a reduced sensitivity to
death mediated by conventional chemotherapy drugs was
observed in in vitro studies with blasts recovered from spleens
of Nalm6-BMP4 mice, compared with the control Nalmé group
(Figure 2G; supplemental Figure 3). These results suggest that
increased BMP4 levels in leukemia blasts induce a quiescent
phenotype and promote chemoresistance in BCP-ALL.

On the other hand, and unlike what happened in the peripheral
organs, the upregulated levels of BMP4 in leukemia cells led to
an increase of blasts entering the CNS when compared with
control Nalmé cells (Figure 2H).

Pharmacological blockade of canonical BMP4
signaling pathway reduces CNS leukemia burden
To assess therapeutic relevance, we investigated whether block-
ing BMP4 signaling in vivo could have antileukemogenic activity
when administered after disease establishment. For this pur-
pose, the pharmacological intervention of BMP4 signaling in the
xenograft model was performed using DMH1, an inhibitor of
the BMP4 canonical pathway. Three primary samples (all show-
ing engraftment, CNS involvement, and high BMP4 expression
in previous experiments) were injected into NSG mice. Eight
days after infusion, when blasts were detected in PB, mice were
divided into 2 groups and treated with a control vehicle, DMSO,
or inhibitor DMH1, using Alzet pumps until the clinical endpoint.
On the onset of leukemia-related symptoms in control BCP-ALL
mice, all mice were euthanized, and leukemia manifestation was
quantified by flow cytometry in BM, spleen, PB, and CNS
(Figure 3A). Although no difference in the frequency of CD19™"
blasts recovered from blood, spleen, or BM was observed
between the 2 experimental groups, a significant reduction in
CNS leukemia was observed in DMH1-treated mice compared
with control animals (Figure 3B-C). Also, IL-6 serum levels were
significantly reduced in DMH1-treated animals (Figure 3D). In
line with these observations, sensory and motor tests showed
that DMH1-treated mice exhibited a less aggressive clinical phe-
notype related to a significantly less accumulation of leukemic
blasts in the CNS compared with control DMSO-treated mice.
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Figure 2. BMP4"9" BCP-ALL blasts exhibit an increased leukemogenic activity. (A) Outline of the in vivo experimental design for panels B-E and H. BMP4M9" and
BMP4"" leukemic blasts were IV-transplanted into NSG mice at day 0. Recipient mice were monitored for disease symptoms and the presence of blasts in blood and
were euthanized upon the appearance of clinical signs. (B) Nine primary samples of pediatric BCP-ALL patients were chosen according to BMP4 mRNA expression
(4 BMP4Mish primary samples [patients #1, #2, #3, #8] and 5 BMP4/ow primary samples [patients #4, #5, #6, #7, #9] as shown in supplemental Table 1) and xenografted
into 3 to 5 mice. Mice were followed for 4 months or were euthanized when they showed clinical signs. Kaplan-Meier curves show reduced survival in mice xenografted
with BMP4"9" primary samples (P = .0001; log-rank test). (C) Nalmé or Nalmé-BMP4 (0.5 x 10° cells per mouse) were xenografted into NSG mice. Reduced survival rate
was observed in mice injected with Nalmé-BMP4 ALL blasts (P = .007; log-rank test). (D) IL-6 serum levels in NSG mice transplanted with Nalmé or Nalmé-BMP4 cells
and in control healthy mice (n = 5-6 mice per group). Each dot represents a single transplanted mouse, and lines represent the mean level of IL-6 in each group
(**P = .01 and #P = .05 represent statistical significances relative to control healthy mice [*] or Nalmé mice [#]). (E) Percentages (mean = standard deviation [SD]) and
absolute numbers of leukemic blasts recovered from the spleen of mice xenografted with either Nalmé (n = 7) or Nalmé-BMP4 (n = 10) cells. Each dot represents a
transplanted mouse, and bars and lines represent the mean percentages and absolute numbers (**P = .01 and ***P = .001). (F) Proliferation rate of Nalmé and Nalmé-
BMP4 leukemic cells recovered from the spleen of xenografted mice (n = 6), determined by 7-AAD staining and analyzed by flow cytometry. Results represent the
mean * SD of cells in Go/Gy phases (**P = .01). Representative flow cytometry histograms are shown in the right panel. (G) Relative viability of Nalmé-BMP4 leukemic
cells with respect to Nalmé cells recovered from spleens of xenografted mice (n = 4) and cultured during 48 hours with different concentrations of methotrexate (MTX)
and cytarabine (Ara-C) (*P = .05). (H) Percentage of CD19" leukemic blasts infiltrated in CNS in either Nalmé (n = 7) or Nalm6-BMP4 (n = 10) mice. Lines represent
average percentages of CNS-infiltrating CD19" cells for each cohort (P = .058). Data in (D-H) panels were compared using 2-tailed Mann-Whitney U tests.

Thus, the percentages of animals with the ability to discriminate the ability of Nalmé-BMP4 and Nalmé control cells to undergo
divergent odors and hind limb paralysis were significantly differ- transendothelial migration across brain-derived microvascular
ent between DMH1- and vehicle-treated ALL mice (Figure 3E-F). endothelial cells that express functional BMP4 receptors (data

not shown). As depicted in Figure 4A-B, after 4 hours of culture,
BMP4 promotes adhesion and transendothelial a significantly higher proportion of Nalmé-BMP4 cells were able
migration of ALL cells to cross through the brain endothelial monolayers, and this
Since our results suggested a migratory advantage to CNS for effect could be blocked by inhibiting the BMP signaling path-
leukemic blasts expressing high BMP4 levels, we next analyzed way. These results support the fact that high BMP4 expression
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Figure 3. Inhibition of canonical BMP4 signaling reduces ALL CNS infiltration and neurological clinical symptoms. (A) Outline of the in vivo experimental design
for panels (B-F). Mice were transplanted with BMP4high primary samples at day O (samples from patients #1, #2, and #3, which were shown to engraft in 100% animals in
previous experiments, were used). Leukemia development was monitored, and 8 days after injection, mice transplanted with each sample (6-8 animals per sample) were
randomly divided into 2 groups (n = 11 mice per group) and treated with DMH1 or control DMSO. All animals were euthanized upon detection of hind limb paralysis
in DMSO control mice. (B) Both control DMSO- and DMH1-treated mice (n = 11 mice per group) showed similar engraftment in peripheral organs. Bars show mean
percentages (+standard deviation [SD]) of CD19" leukemic blasts in BM, spleen, and PB. (C) CNS leukemia infiltration was reduced in DMH1- vs control DMSO-treated
animals (n = 11 mice per group). Each data point represents a single mouse transplanted with blasts from patients #1, #2, or #3 (shown as circles, squares, or triangles),
and lines represent the mean percentage of CD19 leukemic blasts in each group (**P = .01; 2-tailed Mann-Whitney U test). (D) Bars represent average serum IL-6 levels
measured in DMSO- and DMH1-treated mice at euthanasia (n = 4 mice per group; *P = .05; 2-tailed Mann-Whitney U test). (E) Olfactory habituation-dishabituation
test of healthy (green triangles), DMSO- (blue circles), and DMH1-treated (red squares) mice (n = 4 mice per group). Data represent the exploration time (mean * SD)
of successive cotton swabs soaked in octanal, heptanal, or anisole. Two-way ANOVA followed by Bonferroni correction showed significant differences for heptanal and
anisole odors: *P = .05 and **P = .01 show significant differences between vehicle-DMSO and healthy control mice; #P = .05 shows significant differences between

DMSO- and DMH1-treated mice. (F) The incidence of hind limb paralysis in DMH1-treated mice was notably reduced with respect to the DMSO control group.

in leukemic blasts could be a potential mechanism of greater
invasiveness. In this sense, the analysis of endothelial cells cocul-
tured with leukemic blasts in the presence or absence of
rhBMP4 showed a significantly upregulated expression of
VCAM-1, a molecule involved in leukocyte-endothelial cell
adhesion, together with a reduced expression of VE-Cadherin, a
transmembrane component of adherens junctions in endothelial
cells, when leukemic cells and high levels of BMP4 were present
in the cultures (Figure 4C). In addition, leukemic cells recovered
from the spleens of NSG mice transplanted with Nalmé-BMP4
cells showed a significantly increased expression of VLA-4 and
LFA-1 adhesion molecules (Figure 4D). Similarly, high levels
of BMP4 were shown to induce a significant increase in the
in vitro expression levels of the VCAM-1 ligand, VLA-4, in Nalmé
cells (data not shown). In correlation, the expression of the
metalloproteinase ADAM10, an important regulator of vascular
permeability, was also found to be significantly increased
in  Nalmé-BMP4 cells recovered from xenografted mice
(Figure 4D).
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Infiltration of leukemia cells producing high BMP4
levels promotes angiogenesis in CNS

BMP4 has been demonstrated to be able to induce angiogene-
sis in physiological and pathological conditions.?®3? A marked
angiogenesis has been described in the BM of both pediatric
BCP-ALL patients and ALL xenografted mice,**? but to our
knowledge, there is no information on a similar angiogenic situa-
tion in CNS after leukemic blast infiltration.

As indicated by the flow cytometry analysis (Figure 2H),
histopathology studies of brains from mice injected with Nalmé-
BMP4 or Nalmé control cells revealed that both groups exhib-
ited lymphoblastic infiltration of the subarachnoid space (data
not shown). Of note, compared with healthy animals, brain sec-
tions of ALL mice showed the occurrence of an astroglial
response as well as an active angiogenesis evidenced by the
presence of neovessels and endothelial sprouts (Figure 5A).
Immunofluorescence images and quantification of CD31 expres-
sion further indicated that BMP4-overexpressing leukemic blasts
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Figure 4. High levels of BMP4 induce changes in
adhesion molecule expression favoring leukemia A
cell migration. (A) Comparison of the migration
ability of Nalmé and Nalmé-BMP4 leukemic cells
across monolayers of human brain microvascular

e
o
1

o]
1

endothelial cells in a transwell culture system for
4 hours. Results represent the mean =* standard
deviation (SD) of 9 independent experiments
(***P = .001; 2-tailed Student t test). (B) The migra-
tion ability of Nalmé-BMP4 cells was similarly
assayed in the presence of BMP signaling pathway
inhibitors, BMPRIA-Fc chimera protein (IA-Fc), and
DMH1 (*P = .05; 2-tailed Student t test). (C)
gRT-PCR quantification of mRNA levels of VCAM-1 21
and VE-cadherin in human brain microvascular
endothelial cells in the presence or absence of 0 -
rhBMP4 with or without ALL cells. Results represent
the mean * SD of 4 independent experiments
(*P = .05, 2-tailed Mann-Whitney U test). (D)
gRT-PCR quantification of mRNA levels of VLA-4
and LFA-1 integrins and ADAM10 in leukemic cells C
recovered from spleens of mice (n = 5) trans-
planted with Nalmé or Nalmé-BMP4 cells (*P = .05;
2-tailed Mann-Whitney U test).
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were able to induce a significantly greater GFAP" astroglial Discussion

reaction and neovascularization in the nervous parenchyma than
control leukemic cells (Figure 5A-B). Also, Nalmé6-BMP4 mice
showed, in comparison with control Nalmé mice, an increase in
the number and size of blood vessels in other extramedullary
tissues infiltrated by leukemic blasts (data not shown).

On the basis of these findings, we next analyzed whether high
BMP4 levels on leukemic cells could autocrinally regulate the
production of the proangiogenic factor VEGF, previously identi-
fied as a critical mediator of CNS disease.’® Figure 5C shows
that VEGF levels were significantly increased in the supernatants
from Nalmé-BMP4 cultures, compared with Nalmé control cul-
tures. Likewise, a higher VEGF mRNA expression could be
detected in leukemic blasts isolated from Nalmé-BMP4-injected
mice (Figure 5D). Finally, we determined in leukemic blasts from
BCP-ALL patients the possible correlation between BMP4 and
VEGF expression, and we found a positive and significant corre-
lation between these 2 factors (Figure 5E).

BMP4 EXPRESSION IN PEDIATRIC BCP-ALL

The involvement of BMP4 in BCP-ALL has been pointed out
by previous data from our group and others showing an upregu-
lated BMP4 expression in CNS-infiltrating ALL blasts; the ability of
ALL cell-derived BMP4 to impair the differentiation of dendritic
cells and macrophages promoting an immunosuppressive and
protumoural phenotype; and the occurrence of BMP4-dependent
variations in the biology of ALL-derived BM mesenchymal stem
cells.3*3537 |n the present work, we provide clinical and experimen-
tal evidence on the relevance of BMP4 in the establishment and
development of BCP-ALL and CNS leukemia.

Our data show that high expression levels of BMP4 are associ-
ated with a poor prognosis in BCP-ALL, mainly of standard-risk
patients, indicating that BMP4 could be considered as a new
marker for the assessment of relapse in BCP-ALL. Together with
the clinical data, the differential grafting capacity shown by leu-
kemic blasts in the xenogeneic model depending on BMP4
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Figure 5. High levels of BMP4 increase VEGF expression in leukemic cells and exacerbate angiogenesis in CNS of xenografted mice. (A) Representative
images of CD31" endothelial cells (green) and GFAP™ astrocytes (red) in sagittal brain cryosections of healthy, Nalmé, and Nalmé-BMP4 mice (Scale bars, 50 wm). (B)
Quantitation of microvessel density using CD31 immunofluorescence. Three random cortical areas per section were imaged at magnification X40. Fiji software was
used for computerized quantification of immunostained vascular structures, and positive pixels were quantified and expressed as a percentage (+standard deviation) of
CD31% area per tissue total area (4 cryosections/3 mice per group; #P = .05 and ***P = .001; 2-tailed Student t test). (C) VEGFa production in Nalmé and Naml6-BMP4
cell cultures (n = 4 independent experiments). Results are shown as increments relative to Nalmé control cultures (*P = .05; 2-tailed Mann-Whitney U test). (D) VEGFA
mRNA expression in leukemic cells recovered from spleens of Nalmé (n = 4) and Nalmé-BMP4 (n = 6) mice. Results are presented as increments relative to Nalmé
control cells (**P = .01; 2-tailed Mann-Whitney U test). (E) Pearson’s correlation coefficient () and P value between VEGFA and BMP4 mRNA expression in primary

BCP-ALL samples at diagnosis are shown (n = 57).

levels supports the relevance of this BMP ligand in the establish-
ment and maintenance of BCP-ALL. Previous work has demon-
strated that BMP4 treatment significantly improves short and
long-term repopulation of hematopoietic stem cells in lethally
irradiated mice by increasing the adhesion of stem cell progeni-
tors to the stroma through induction of VLA-4 expression.'?*3
Pioneer work by Filshie et al**
the Nalmé cell line lacking VLA-4 expression showed reduced
BM infiltration in a xenograft mouse model. More recently, sev-
eral authors, using different experimental approaches to block
VLA-4/NCAM-1 signaling, have identified the a4 integrin as a
central mediator of drug resistance in BCP-ALL*“¢ In this
sense, high VLA-4 expression has been associated in BCP-ALL
patients with adverse prognostic factors, poor molecular
response to therapy, and significantly worse probabilities of
event-free and overall survival.*** In our studies, the enforced
expression of BMP4 in Nalmé cells significantly increased the

demonstrated that a variant of

3310 @& blood” 2 JUNE 2022 | VOLUME 139, NUMBER 22

expression of VLA-4, and also LFA-1, mechanisms whereby leu-
kemic blasts may enhance their adhesion capacity to stromal
cells, which could favor leukemia establishment and mainte-
nance in the BM and contribute to adhesion-mediated drug
resistance. As described for normal hematopoiesis,'” this induc-
tion of VLA-4 expression by BMP4 would be dependent on non-
canonical signaling, which would explain the fact that the
administration of DMH1 inhibitor does not impact the establish-
ment of leukemic blasts in the BM.

BMPs have been demonstrated to induce stem cell quies-
cence both in human normal tissues and in different cancers,
including hematological tumors.3'334830 BMP4 and the
receptors BMPRIB or BMPRIA have been proposed to consti-
tute a major signal driving stem cell persistence in chronic
myeloid leukemia or acute myeloid leukemia, respec-
tively.3'33  Furthermore, BMP4 produced by the BM
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microenvironment in myeloid leukemia directly controls the
acquisition of stemness features, including quiescence and
the induction of chemoresistance.®'*"*2 In accordance, our
results demonstrate that despite the greater severity of clini-
cal symptoms, animals injected with BMP4-overexpressing
blasts showed reduced numbers of leukemic cells, which
exhibited chemoresistance in consonance with their low pro-
liferative rate. This could favor residual leukemic survival in
the BM of patients having achieved remission under treat-
ment and be responsible for subsequent relapses, as indi-
cated by the clinical data shown in the present study.

Inflammation and B-leukemogenesis have been previously
reported to be interrelated and, indeed, increased levels of
proinflammatory cytokines have been described in BM, plasma,
and cerebrospinal fluid of BCP-ALL patients at diagnosis.>>>>
Interestingly, BMP4 has been described as an inductor of
inflammatory responses in different pathologies affecting distinct
cell types,**® being able to induce the expression of proinflam-
matory cytokines such as IL-6 and TNF-a.57*° We found that
mice injected with blasts expressing high BMP4 levels had
increased serum values of the proinflammatory IL-6 cytokine and
developed more aggressive clinical symptoms, with complete
paralysis of hind limbs, faster than ALL control mice. On the con-
trary, inhibition of BMP4 canonical signaling with DMHT,
although it was not sufficient to ameliorate BM disease, had a
significant effect reducing neural clinical symptoms in correlation
with the lower IL-6 levels found in DMH1-treated mice. Therefore,
the increased levels of BMP4 could promote the proinflammatory
condition observed in xenografted mice and described in BCP-
ALL patients.>*>* In this context, it could also be postulated that
the local production of BMP4 by leukemic cells could contribute
to the earlier appearance of neurological symptoms, such as hind
limb paralysis, shown in our results from the mouse model. In
support, the exogenous administration of BMPs for inducing
bone formation in patients with fractures have been reported to
provoke inflammatory complications, including radiculitis.’

Our results also point out a role for high levels of BMP4 in CNS
leukemia involvement. Inhibition of BMP4 signaling in the in vivo
model showed a compartment-specific effect with significantly
decreased leukemia burden in CNS and associated clinical
symptoms. Moreover, leukemic blasts expressing high BMP4
levels showed an increased CNS homing capacity, and mecha-
nistic investigation in BMP4-treated brain microvascular endo-
thelial cells revealed that BMP4 signaling increased the
expression of adhesion molecules such as the VLA-4 receptor,
VCAM-1, and reduced the levels of VE-cadherin, the major
adhesion molecule in endothelial adherens junctions. Therefore,
these BMP4-driven changes in brain endothelial cells along with
an exacerbated central inflammation, suggested by an increased
astroglial reaction, could favor the transendothelial migration of
leukemic cells to CNS. It is necessary to note, however, that
since the number of patients experiencing isolated CNS relapse
in the cohorts analyzed is limited, it remains to be demonstrated
whether BMP4 facilitates CNS infiltration independently of the
risk of BM relapse.

A major contribution of this work is the finding that leukemic
blasts expressing high levels of BMP4 induce an increased
angiogenesis in the CNS of ALL xenografted mice. BMPs have
been described to be involved in tumor angiogenesis by either

BMP4 EXPRESSION IN PEDIATRIC BCP-ALL

directly regulating the proliferation and migration of vascular
endothelial cells or indirectly through the upregulation of the
expression of proangiogenic factors in tumor cells or the tumor
microenvironment.34*¢” More concretely, the canonical BMP4
signaling pathway, through the induction of VEGF expression,
has been described as a requirement for the correct develop-
ment of the embryonic vascular network, including brain capillar-
ies.38:37.6869 The expression of VEGF has been identified in ALL
as a critical mediator of CNS disease favoring migration of leu-
kemic cells and their hypoxic adaptation to the new microenvi-
ronment."”® Given that our results indicate that the
overexpression of BMP4 in leukemic cells provokes similar
effects to those described for VEGF and that BMP4 induces
upregulation of VEGF in ALL cells, it is possible to suggest that
BMP4 could be responsible, at least in part, for the previously
described role of VEGF in CNS involvement. Supporting this,
we found a positive correlation between BMP4 and VEGF
mRNA expression levels in BCP-ALL samples. In addition,
Gaynes et al,®® using the Nalmé xenograft model, analyzed the
gene expression profiling of approximately 700 cancer-
associated genes in leukemic blasts located in the BM and CNS
and found that BMP4 and VEGF were among the 30 genes
upregulated in CNS leukemic cells.

Taken together, clinical and experimental results shown in this
study indicate an important role for BMP4 in BCP-ALL develop-
ment and CNS leukemic infiltration and point out that BMP4
could be a new therapeutic target to prevent leukemic CNS
involvement and disease relapse.
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