ARTICLE - Acute Lymphoblastic Leukemia

Targeting hyperactive platelet-derived growth factor
receptor-f signaling in T-cell acute lymphoblastic
leukemia and lymphoma

Stien De Coninck,"? Renate De Smedt,'? Béatrice Lintermans,"? Lindy Reunes,">® Hansen J.

Kosasih,*® Alexandra Reekmans,'? Lauren M. Brown,*® Nadine Van Roy,?%’ Bruno Palhais,"?? Correspondence: S. Goossens

Juliette Roels,'? Malaika Van der Linden,?® Jo Van Dorpe,?® Panagiotis Ntziachristos,?? SRS G R0

Frederik W. van Delft,® Marc R. Mansour,® Tim Pieters,2® Tim Lammens,2"2 Barbara De Received: August 17, 2023.
o2 asi prai . . ow Accepted: November 2, 2023.
Moerloose,?"? Charles E. de Bock,*** Steven Goossens?®# and Pieter Van Vlierberghe" Early view: November 9, 2023.

'Lab of Normal and Malignant Hematopoiesis, Department of Biomolecular Medicine, Ghent a0 e

University, Ghent,‘ Belgium; 2Cance‘r .Research Inst'ltute‘ Ghent (CRIG), Fahent, Belgium; fjl?l?:hzzr?::jt:réIc:ng?:ca:ltlli‘?:r;nse
*Department of Biomolecular Medicine, Ghent University, Ghent, Belgium;

4Children’s Cancer Institute, Lowy Cancer Research Centre, UNSW Sydney, Kensington, New
South Wales, Australia; ®*School of Clinical Medicine, UNSW Medicine and Health, UNSW
Sydney, Sydney, New South Wales, Australia; ®Lab for Translational Oncogenomics and
Bioinformatics, Department of Biomolecular Medicine, Ghent University, Ghent, Belgium;
"Pediatric Precision Oncology Lab, Department of Biomolecular Medicine, Ghent University,
Ghent, Belgium; eDepartment of Pathology, Ghent University and Ghent University Hospital,
Ghent, Belgium; *Wolfson Childhood Cancer Research Centre, Newcastle University Centre
for Cancer, Newcastle upon Tyne, UK; °Department of Developmental Biology and Cancer,
Institute of Child Health, University College London, London, UK; "Department of Internal
Medicine and Pediatrics, Ghent University, Ghent, Belgium; ?Department of Pediatric
Hematology-Oncology and Stem Cell Transplantation, Ghent University Hospital, Ghent,
Belgium and ®Unit for Translational Research in Oncology, Department of Diagnostic

Sciences, Ghent University, Ghent, Belgium

#CEdB, SG and PVV contributed equally as senior authors.

Abstract

T-cell acute lymphoblastic leukemia (T-ALL) and T-cell lymphoblastic lymphoma (T-LBL) are rare aggressive hematologic
malignancies. Current treatment consists of intensive chemotherapy leading to 80% overall survival but is associated with
severe toxic side effects. Furthermore, 10-20% of patients still die from relapsed or refractory disease providing a strong
rationale for more specific, targeted therapeutic strategies with less toxicities. Here, we report a novel MYH9::PDGFRB fusion
in a T-LBL patient, and demonstrate that this fusion product is constitutively active and sufficient to drive oncogenic trans-
formation in vitro and in vivo. Expanding our analysis more broadly across T-ALL, we found a T-ALL cell line and multiple
patient-derived xenograft models with PDGFRB hyperactivation in the absence of a fusion, with high PDGFRB expression in
TLX3 and HOXA T-ALL molecular subtypes. To target this PDGFRB hyperactivation, we evaluated the therapeutic effects of
a selective PDGFRB inhibitor, CP-673451, both in vitro and in vivo and demonstrated sensitivity if the receptor is hyperac-
tivated. Altogether, our work reveals that hyperactivation of PDGFRB is an oncogenic driver in T-ALL/T-LBL, and that screen-
ing T-ALL/T-LBL patients for phosphorylated PDGFRB levels can serve as a biomarker for PDGFRB inhibition as a novel
targeted therapeutic strategy in their treatment regimen.

Il‘ltl‘OdllCtiOIl of leukemia affecting the T-cell lineage. Since T-ALL and

T-LBL patients have similar immunophenotypic, morpho-
T-cell acute lymphoblastic leukemia (T-ALL) and T-cell logicaland molecular genetic features, they are considered
lymphoblastic lymphoma (T-LBL) are aggressive subtypes the same disease according to the World Health Organiza-

Haematologica | 109 May 2024
1373



ARTICLE - Targeting activated PDGFRB in T-ALL and T-LBL

tion.! They are distinguished based on the infiltration into
the bone marrow (BM); T-LBL cases have less than 25%,
while T-ALL cases have more than 25% lymphoblasts in
their diagnostic BM.? Patients can be classified into dif-
ferent molecular genetic subtypes based on the aberrant
expression of specific oncogenic transcription factors,
such as LYL1, TLX1, TLX3, HOXA, NKX2-1, TALT or LMQO2.3*
Current T-ALL/T-LBL treatment protocols consist of inten-
sive chemotherapy followed by hematopoietic stem cell
transplantation (HSCT) in high-risk or relapsed cases.?®
Treatment intensification resulted in improved overall sur-
vival (OS) rates for pediatric patients, nowadays reaching
80%.5 However, OS rates remain low for adult patients (only
40%) with limited salvage options for refractory disease.?’
In addition, due to associated short- and long-term toxic
side effects, the limit of tolerability for this intensified
chemotherapy has been reached. Therefore, to improve the
outcomes of patients with T-ALL/T-LBL, new targets for
the development of more effective therapeutic strategies
with less adverse side effects must be identified.

Protein kinase inhibitors are currently being investigated
as targeted therapy for T-ALL/T-LBL, specifically in cases
harboring activating kinase mutations.® Activating muta-
tions in the IL7TR-JAK-STAT pathway are present in 20-30%
of T-ALL cases® and found to be sensitive to the Janus
kinase (JAK) inhibitor ruxolitinib.® The NUP214::ABL1 fusion
is the most common ABL1 aberration in T-ALL and sen-
sitive to the broad spectrum kinase inhibitor dasatinib."
Interestingly, high expression of the lymphocytic-specific
kinase LCK is also found in T-ALL/T-LBL and can be used
as a biomarker of dasatinib sensitivity.>™
Platelet-derived growth factor receptor B (PDGFRB) is a
member of the class Ill tyrosine kinase receptors. The
extracellular part of the receptor has 5 immunoglobu-
lin-like domains that can bind PDGF, the receptor ligands.
In the absence of ligand, the receptor is inactive.™ Upon
ligand binding, PDGFR monomers dimerize, bringing the
cytoplasmic tyrosine kinase domains into proximity, re-
sulting in autophosphorylation of the receptor dimer. The
phosphorylated receptor-receptor-complex is internalized
and downstream signaling of PI3K/AKT, RAS/MAPK and
JAK/STAT is activated, promoting cellular proliferation,
differentiation, survival and migration.”® Multiple translo-
cations involving the PDGFRB locus have been reported in
T-ALL/T-LBL including ETV6::PDGFRB,”” DOCK2::PDGFRB,*®
and AGGF1::PDGFRB.™ These fusions are all characterized by
the 3’ PDGFRB kinase domain placed under the control of
their 5’ fusion partner which favors dimerization resulting
in ligand-independent constitutive activation.’®2°

In this study, we report a novel MYH9::PDGFRB fusion in
a pediatric T-LBL patient. We demonstrate that enforced
expression is sufficient to transform cells to cytokine-in-
dependent growth in vitro and drive leukemia in vivo. Our
study also implicates ectopic activation of PDGFRB as a
more general oncogenic event in the absence of a chro-
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mosomal translocation in T-ALL/T-LBL and investigated
the therapeutic potential of targeting this hyperactive
PDGFRB in T-LBL/T-ALL using a selective PDGFRB inhibitor,
CP-673451.

Methods

Detection and amplification of MYH9::PDGFRB fusion
The MYH9::PDGFRB fusion transcript was identified by
Targeted Locus Amplification according to a previously de-
scribed protocol.? Details and complete coding sequence
of identified fusion product can be found in the Online
Supplementary Appendix.

Expression plasmid and retrovirus production

The full length MYH9::PDGFRB fusion transcript was cloned
into a pMIGII-IRES-GFP (MSCV) expression plasmid. Ret-
rovirus production using HEK293T cells and transduction
of Ba/F3 cells was performed as previously described.??
Details are provided in the Online Supplementary Appendix.

Syngeneic bone marrow transplant

Lineage negative cells were isolated from the BM of 6-8
week old C57BL/6JAusB mice (Australian Bioresources,
Australia) using the EasySep™ Mouse Hematopoietic Pro-
genitor Cell Isolation Kit (#19856, Stemcell™ Technologies)
according to the manufacturer’s instructions. Retroviral
vectors encoding the MSCV-MYH9::PDGFRB-IRES-GFP were
transduced into hematopoietic stem and progenitor cells
(HSPC) and then 1 million transduced cells were injected
into the tail veins of sublethally irradiated (6 Gy) C57BL/
6JAusB female recipients. Blood samples were taken at
regular time points and analyzed on a BC5000 Hematology
Analyzer (Mindray) and flow cytometry (MACSQuant® VYB,
Miltenyi Biotec) to determine the evolution in white blood
cells (WBC) and GFP* cell counts, respectively. Mice were
sacrificed when the WBC counts exceeded 600x10°/L and/
or ethical end point criteria were reached. Animal experi-
ments were approved by the UNSW animal care and ethics
committee (ACEC number: 23/11B).

Cell lines and patient samples

Cell lines (CTV-1, SEM, Jurkat, MOLT-16, DND-41, HEK293T)
were purchased from the DSMZ repository (Braunschweig,
Germany) and cultured in RPMI 1640 medium supplemented
with 10% fetal bovine serum (FBS) at 37°C with 5% CO,.
Ba/F3 cells were maintained in 10% RPMI and 10 ng/mL
recombinant murine interleukin-3 (PeptroTech). Primary
T-ALL cells for in vitro and in vivo CP-673451 treatment
were acquired by informed consent from the Department
of Pediatric Hematology-Oncology at Ghent University Hos-
pital. T-ALL patient-derived xenograft (PDX) samples were
obtained from the laboratory of Prof. Richard B. Lock as
described,?® with details found on PedcBioPortal (PedcBio-
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Portal KidsFirst (kidsfirstdrc.org)) depository.?* Whole exome
sequencing data of these PDX models is publicly available
on PedcBioPortal in the PPTC, Maris, 2019 database and
annotated as ETP1=T-ALLG; ETP3=T-ALL7; ETP6=T-ALL9.

Cell viability assays

Viable cells were counted using MACSQuant VYB Flow
Cytometer (Miltenyi Biotec). Alternatively, CellTiter-Glo
(Promega) assay was performed at indicated time points
followed by measurement of luminescence using Glomax
Discover Microplate Reader (Promega). Ratios of either
cell numbers or signal from metabolically active cells in
CP-673451 to DMSO were plotted to calculate IC_ values.

In vivo treatment of T-ALL patient-derived xenograft
model with CP-673451

NSG-SGM3 (#013062, The Jackson Laboratory) 10-week
old female mice (N=12) were intravenously injected with
2x10% PDX cells. At regular timepoints, % hCD45 (130-114-
569, Miltenyi Biotec) was measured using flow cytome-
try (BD LSR Il Flow Cytometer) in peripheral blood (PB).
After evidence of leukemic cell engraftment, mice were
randomly divided into vehicle treatment (90% PEG300,
10% N-methylpyrrolidone) (N=5) and CP-673451-treatment
(Bio-Connect) (N=7). CP-673451 was administered daily via
intraperitoneal injection at a dose of 20 mg/kg (5 days on
/ 2 days off; total of 10 administration doses). During the
experiment, leukemic burden was evaluated via %hCD45 in
PB. Experiments were performed according to the ethical
guidelines under UGent regulations, with approval of the
ethical committee for laboratory animal experimentation
of the Faculty of Medicine and Health Sciences.

Statistical analysis

Statistical power was calculated before every experiment
(80% statistical power, a=0.05). The Shapiro-Wilk test
was used to check for normality of data. Results are ex-
pressed as mean * standard deviation where appropriate.
Kaplan-Meier curves were used for the survival of mouse
BM tranplants (BMT). For the comparison of 2 groups, an
unpaired t test with Welch’s correction or Mann-Whitney
test was used. GraphPad Prism 9 (GraphPad Software Inc.,
La Jolla, CA, USA) was used to analyze the data.

For detailed methodology, see the Online Supplementary
Methods.

Results

A novel MYH9::PDGFRB fusion gene identified in a T-cell
lymphoblastic lymphoma patient can transform Ba/F3
cells to cytokine-independent growth

A 7-year old boy was diagnosed with T-LBL with 12% lym-
phoblasts found in the BM. (Additional clinical details are
provided in the Online Supplementary Appendix). Array
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Comparative Genomic Hybridization (aCGH) was performed
on a diagnostic sample and revealed a series of chromo-
somal imbalances, including gains and deletions (Online
Supplementary Figure S1A). A chromosomal aberration was
detected with potential partial loss of the 5932 region,
involving the PDGFRB locus. Using PDGFRB as a viewpoint,
targeted locus amplification in combination with next
generation sequencing identified a fusion between MYH9
(Chr22) and PDGFRB (Chr5), in which the extracellular
domain of PDGFRB is replaced by the motor domain of
MYHQ which is a member of the P-loop NTPase fold family
(Figure 1A, Online Supplementary Figure S1B).?> Compared
to healthy samples, increased PDGFRB protein levels were
detected in both diagnostic and relapse samples of this
T-LBL patient, using immunohistochemistry with a spe-
cific anti-PDGFRB antibody detecting the carboxyterminal
fragment of the protein (Figure 1B). Unfortunately, no live
cells were available from this patient.

We next sought to evaluate the oncogenic potential of the
identified MYH9::PDGFRB fusion gene using IL-3 dependent
mouse pro-B Ba/F3 cells. The full length MYH9::PDGFRB
cDNA was amplified and cloned into the retroviral MSCV-
IRES-GFP expression plasmid and then used to stably
transduce Ba/F3 cells. In the absence of IL-3, expression
of MYH9::PDGFRB was sufficient to drive cytokine-indepen-
dent proliferation (Figure 1C). Expression of MYH9::PDGFRB
was confirmed at the protein level as well as the consti-
tutive activation of PDGFRB as reflected by high levels of
phosphorylation of PDGFRB (Y751) (Online Supplementary
Figure S2A). CP-673451is a commercially available selective
PDGFRB inhibitor, which can prevent phosphorylation of
the wild-type PDGFRB receptor in the presence of PDGF-
BB ligand activation (Online Supplementary Figure S2B). We
tested whether CP-673451 could also inhibit hyperactiva-
tion of the MYH9::PDGFRB fusion. Ba/F3 cells transduced
with MYH9::PDGFRB were highly sensitive to CP-673451
(IC,,=9.448 nM) compared to the activating JAK3(M511l)
mutant control (no PDGFRB, Online Supplementary Figure
S2A) that was resistant to CP-673451 (Figure 1D). Treat-
ment also resulted in complete loss of PDGFRB (Y751)
phosphorylation (pbPDGFRB) and concomitant decrease in
downstream STAT5 (Y694) phosphorylation (Figure 1E, F).

MYH9::PDGFRB drives acute leukemia in a murine bone
marrow transplant model

Having established that MYH9::PDGFRB can transform pro-B
Ba/F3 cells to cytokine-independent growth in vitro, we
next used a syngeneic BM transplant model to determine
whether the fusion product was also able to transform HSPC
in vivo (Figure 2A). HSPC isolated from C57BL/6JAusB donor
mice were retrovirally transduced with a vector expressing
the MYH9::PDGFRB fusion or the EBF1::PDGFRB fusion, a
well-described fusion gene in Philadelphia-like B-cell acute
lymphoblastic leukemia.?® Transduced cells were injected
into sublethally irradiated female C57BL/6JAusB mice and
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Figure 1. A novel MYH9::PDGFRB fusion gene identified in a T-cell lymphoblastic lymphoma patient can transform Ba/F3 cells to
cytokine-independent growth. (A) Schematic representation of the novel MYH9::PDGFRB fusion gene identified in a case of pe-
diatric T-cell lymphoblastic lymphoma (T-LBL). The fusion gene consists of exon 1-25 from MYH9 (chromosome 22) linked to
exon 10-23 from PDGFRB (chromosome 5). The fusion retains the motor domain and part of the myosin tail from MYH9 and the
protein tyrosine kinase domain of PDGFRB. Figure was made using ProteinPaint (SJ-15-0021, St. Jude). (B) Immunohistochemis-
try for PDGFRB was performed on lymph nodes from the same T-LBL case with the MYH9::PDGFRB fusion gene. Expression of
PDGFRB in both diagnostic and relapse sample is compared to healthy tissue (lymph node and thymus). (C) Proliferation of Ba/
F3 cells with or without MYH9::PDGFRB expression following 7 days after IL-3 withdrawal. Proliferation was measured using cell
counts. Data show mean = SEM (Standard Error of Mean) (N=3). (D) Cell viability of Ba/F3 cells expressing MYH9::PDGFRB and
JAK3(M511l) treated for 72 hours with the PDGFRB inhibitor CP-673451 (MYH9::PDGFRB IC, =9.448 nM). Cell viability was measured
using cells counts. Data show mean+SEM (N=3). (E) Phosphorylation of PDGFRB (pPDGFRB) at Y751 analyzed using western blot-
ting. MYH9::PDGFRB expressing Ba/F3 cells were treated with 0 or 1 uM CP-673451 for one hour. (F) STAT5 phosphorylation (pSTAT5
(Y694)) flow cytometry analysis of MYH9::PDGFRB expressing Ba/F3 cells treated with DMSO vehicle control or 1 uM CP-673451

for one hour.

monitored over time for the development of leukemia. A
fraction of the transduced HSPC were also kept in culture
ex vivo, in the absence of cytokines. The GFP* MYH9::PDG-
FRB transduced HSPC had a survival advantage compared
to non-transduced GFP- cells ex vivo (Online Supplemen-
tary Figure S3A). In vivo, the recipient mice initially had
an expansion of GFP* cells characterized by a moderate
increase in WBC (Online Supplementary Figure S3B). Five
out of 6 MYH9::PDGFRB mice developed either a myeloid
(N=3) or T-cell (N=2) proliferative malignancy (Figure 2B,
Online Supplementary Table ST7), characterized by enlarged
spleens and/or thymi (Figure 2C). Immunophenotyping via
flow cytometry was performed on infiltrated organs (BM,
spleen, thymus), with mice displaying enlarged spleens
without thymoma characterized by a major Gr1*CD11b* my-
eloid clone, while mice with enlarged spleen and thymoma
showed a major single positive CD8 and double positive
CD4/CD8 lymphoid clone (Figure 2D; gating strategy illus-
trated in Online Supplementary Figure S3C).

This is in contrast to the EBF1::PDGFRB mice, of which
none of the mice developed leukemia (Figure 2B, Online
Supplementary Table S2). Cause of death of these EB-
F1::PDGFRB mice was unclear. While some of these mice
rapidly lost body weight and reached predetermined ex-
perimental endpoints, we observed no signs of leukemia
or overt pathology at secondary sites, including spleen,
liver, or lymph nodes.

Increased PDGFRB expression in T-cell acute
lymphoblastic leukemia compared to normal T cells and
thymocytes

We next hypothesized that ectopic activation of PDGFRB
might occur more generally within T-ALL/T-LBL cases,
potentially even in the absence of chromosomal translo-
cations. We first investigated mRNA expression levels of
PDGFRB in normal T cells. PDGFRB is expressed at early
immature stages in normal T-cell development and de-
creases after p-selection (Figure 3A). In contrast, analysis of
T-ALL patient samples showed robust PDGFRB expression
across all subtypes, with significantly higher levels in the
TLX3 and HOXA subgroups (Figure 3B). We also screened

a panel of T-ALL cell lines for PDGFRB protein levels using
western blot analysis. PDGFRB protein levels correlated
nicely with PDGFRB RNA levels. High PDGFRB levels were
observed in the T-ALL cell lines CTV-1and DND-41 alongside
the SEM BCP-ALL cell line (Figure 3C). However, only CTV-
1 and SEM showed phosphorylation and activation of the
receptor (Figure 3C). We then extended our analysis to a
panel of available T-ALL/T-LBL PDX samples and identified
5 out of 12 with high PDGFRB protein levels: 4 T-ALL PDX
and 1 T-LBL. All but one also showed phosphorylation of
the receptor (Figure 3D). Whole exome sequencing of PDX
samples did not reveal any PDGFRB point mutation that
could explain the phosphorylation status of the receptor.

PDGFRB receptor phosphorylation status determines
sensitivity to the inhibitor CP-673451

We next determined whether PDGFRB* T-ALL cell lines
DND-41and CTV-1 were sensitive to the selective PDGFRB
inhibitor CP-673451. Only CTV-1 was sensitive (IC_, = 230
nM) whilst DND-41 was resistant (IC,, >500 nM), similar to
T-ALL cell lines without PDGFRB expression (Figure 4A).
Due to limited ex vivo proliferating capacity of some of
the PDX samples, we could only use 6 T-ALL/T-LBL PDX
for ex vivo drug sensitivity determination. Unfortunately,
only one of these ex vivo cultured PDX showed expres-
sion and activation of the PDGFRB receptor, T-ALL1 PDX.
As was observed for CTV-1, only the T-ALL1 PDX sample
with PDGFRB activation was highly sensitive to CP-673451
(T-ALL1 IC_, <5 nM) (Figure 4B). For the other T-ALL PDX
with activated PDGFRB that could not be assayed in ex
vivo proliferation experiments, downregulation of pPDGFRB
after acute PDGFRB inhibition (1 hour, 1 uM CP-673451)
was confirmed by western blotting (Online Supplementary
Figure S4A). Inhibition of PDGFRB was also associated with
loss of downstream signaling, indicated by loss of phos-
phorylation of PDGFRB (Tyr751), pSTAT3 (Tyr705), pSTAT5
(Tyr694), pGSK3p (Ser9), and pAKT (Ser473) (Figure 4C,
Online Supplementary Figure S4B).

The CTV-1 cell line is resistant to dexamethasone, a key
component of induction therapy for T-ALL/T-LBL."*"2°The
T-LBL patient with MYH9::PDGFRB fusion identified in this
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Figure 2. MYH9::PDGFRB drives acute leukemia in a murine bone marrow transplant model. (A) Schematic overview of syngene-
ic bone marrow transplant model. Created with BioRender.com (B) Kaplan-Meier event-free survival curve of MYH9::PDGFRB (N=6)
/EBF1::PDGFRB mice (N=6). (C) Weight of spleen and thymus from MYH9::PDGFRB mice that reached event. (D) Immunopheno-
typing by flow cytometry of GFP* cells from infiltrated organs. Representative figures for myeloid clone (spleen from mouse 4)
and lymphoid thymoma (thymus from mouse 1).
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study also showed a poor corticosteroid response. There-
fore, we next tested whether CP-673451 could act syner-
gistically with dexamethasone. Treatment of CP-673451
in combination with dexamethasone in CTV-1 resulted in

S. De Coninck et al.

Selective inhibition of PDGFRB in vivo results in
significant leukemia growth delay

Finally, we evaluated the in vivo potential of PDGFRB in-
hibition using CP-673451 as a new therapeutic strategy in

strong synergism (Mean Bliss score = 14.66) (Figure 4D).
Taken together, these results show that inhibition of active
PDGFRB, alone or in combination with glucocorticoids,
results in reduced cell viability in a T-ALL cell line.

T-ALL/T-LBL. NSG-SGM3 mice were injected intravenously
with T-ALL1 PDX samples with hyperactive PDGFRB signal-
ing. After leukemia initiation, mice were randomized in two
groups and treated for two weeks (5 days on / 2 days off)
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Figure 3. Increased PDGFRB expression in T-cell acute lymphoblastic leukemia compared to normal T cells and thymocytes. (A)
Normalized counts of PDGFRB RNA expression in normal T-cell subsets (23 samples). (B) Normalized counts of PDGFRB RNA ex-
pression in normal thymocytes versus T-cell acute lymphoblastic leukemia (T-ALL) subgroups (292 samples). (C) (p)PDGFRB (Tyr751)
western blot analysis of a panel of T-ALL and B-cell acute lymphoblastic leukemia (B-ALL) cell lines. (D) (p)PDGFRB (Tyr751) west-
ern blot analysis of a panel of T-ALL/T-cell lymphoblastic lymphoma (T-LBL) patient-derived xenograft samples. *P<0.05.
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with CP-673451 (20 mg/kg) or vehicle alone (90% PEG300,
10% N-methylpyrrolidone). Mice were sacrificed at the
end of the 2-week treatment. PDGFRB inhibition caused
a significant delay in leukemia progression and leukemic
burden as evaluated by the percentage of hCD45* cells in
PB (Figure 5A) (P<0.01) and BM (Figure 5B) (P<0.0001), as

A

S. De Coninck et al.

by spleen weight (Figure 5C) (P<0.0001). The treatment was
well tolerated, with no significant differences in loss in
body weight between vehicle and treatment group (Online
Supplementary Figure S5). These results compellingly show
the therapeutic potential of PDGFRB inhibition in T-ALL/T-
LBL patients with PDGFRB hyperactivation.
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Figure 4. PDGFRB receptor phosphorylation status determines sensitivity to the inhibitor CP-673451. (A) Cell viability assay of a
panel of T-cell acute lymphoblastic leukemia (T-ALL) and B-cell acute lymphoblastic leukemia (B-ALL) cell lines treated with CP-
673451 (0, 50, 100, 250, 500 nM) for 72 hours. Data show meanzStandard Error of Mean (SEM) (N=3). (B) Cell viability assay of a
panel of T-ALL/T-cell lymphoblastic lymphoma (T-LBL) patient-derived xenograft (PDX) samples treated with CP-673451 (O, 5, 10,
50, 100 nM) for 72 hours. Data show mean+SEM (N=3). (C) Western blot analysis on CTV-1 and T-ALL1 treated with 0, 10 (TALL-1) or

500 nM (CTV-1) CP-673451 for 72 hours. (D) Cell viability assay on
0.25 - 0.5 -1-2 -4 yM) and/or dexamethasone (0 - 0.156 - 0.312
mean+SEM (N=3).

CTV-1 treated with CP-673451 (0 - 0.015 - 0.031 - 0.062 - 0.125 -
- 0.625-125-25-5-10 - 20 - 40 uM) for 72 hours. Data show
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Discussion

Identifying genetic drivers of T-ALL remains a priority for
the development of novel targeted therapeutic strategies,
especially for those patients with relapsed or refractory
disease. In this study, we identified a novel MYH9::PDGFRB
fusion gene in a relapsed chemo-resistant T-LBL patient.
MYH9 is an evolutionary conserved gene located on chro-
mosome 22 and encodes for the myosin-9 protein, which
forms the heavy chain of the cytoplasmic non-muscle
myosin A3 (NMM 11A).2° MYH9 is an actin binding molec-
ular motor and is involved in cell adhesion, migration, as
well as signal transduction.® It is the only myosin class
Il protein that is highly expressed in T cells and has been
linked to T-cell motility,*? as well as immunological syn-
apses and T-cell activation.??® Fusions involving MYH9 have
been found in other disorders and include MYH9::FLT3,**
MYH9::R0S1,* and MYH9::USP6.%¢ Similarly, PDGFRB fusion
proteins have been described in myeloid disorders and
myeloid leukemia'20%"38 and, indeed, aberrant expression
of this receptor tyrosine kinase has been described in
several cancer entities.3*4°

In our study, we demonstrate that this new MYH9::PDGFRB
fusion has oncogenic capacity both in vitro to drive cyto-
kine-independent growth and in vivo to drive leukemia us-
ing a BMT model. Mechanistically, PDGFRB fusions require
oligomerization domains present in the fusion partners
for their constitutive activation.?® In the MYH9::PDGFRB
fusion described here, exons 1-25 of MYH9 are retained,
which includes the coiled coil regions on the myosin tail
that are speculated to promote dimerization within the
cytoplasm rather than at the plasma membrane.** However,
our in vivo BM transplant model also supports a model
where the fusion partner of PDGFRB provides an import-
ant cellular context in addition to oligomerization, with
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marked differences in leukemogenic potential between
EBF1::PDGFRB and MYH9::PDGFRB fusions, with only the
latter resulting in mice developing a mixed phenotype
proliferative disorder/leukemia. Of note, an alternative
activation mechanism for a PDGFRB fusion was also re-
cently demonstrated with an out of frame CD74::PDGFRB
fusion resulting in the expression of a ‘loose’ kinase that
equally caused leukemic transformation.3®

Besides the reported rare PDGFRB translocations and
fusion products, recurrent activating point mutations
in PDGFRB have not been described in T-ALL/T-LBL pa-
tients. Nevertheless, we observed that 4 out of the 12
(33%) analyzed PDX samples have hyperactive PDGFRB
signaling. More research will be necessary to resolve how
the pathway is activated in these patients. Based on our
RNA expression data (data not shown), we did not ob-
serve autocrine expression of PDGF ligands in T-ALL cell
lines, T-ALL patients, or PDX samples. Also, the ex vivo
effects of PDGFRB inhibition were observed in the absence
of paracrine stimulation. Of note, we have generated
transgenic mice with conditional overexpression of the
wild-type PDGFRB receptor. Although gain of Pdgfrb ex-
pression was confirmed at the RNA and protein level, this
was not sufficient to hyperactivate the pathway (Online
Supplementary Figure S6). When intercrossed with Pten
conditional knockout mice, a spontaneous T-ALL mouse
model, also no effects of wild-type PDGFRB overexpres-
sion were seen on T-ALL latency. Our combined results
indicate that hyperactivation of the PDGFRB pathway in
T-ALL is cell-intrinsic and independent of the presence of
ligands. Possible mechanisms of activation include cross-
talk between other signaling pathways such as NRP1,*
downregulation of PDGFRB inhibitors,*? and upregulation
of the dephosphorylator SHP-2.%3

We show that the PDGFRB is active via phosphorylation
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Figure 5. Selective inhibition of PDGFRB in vivo results in significant leukemia growth delay. (A) % hCD45* cells in peripheral blood at
start of treatment (week 0), 1 and 2 weeks after start of treatment analyzed using flow cytometry. (B) % hCD45* cells in bone marrow
at end of treatment (2 weeks) analyzed using flow cytometry. (C) Spleen weight at end of treatment (2 weeks). **P<0.01, ****P<0.0001.
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at residue 751 in 4 T-ALL PDX samples and is decreased
upon treatment with the PDGFRB inhibitor CP-673451.
Evaluation of the pPDGFRB levels on primary patient
material may be an efficient biomarker to predict sen-
sitivity towards CP-673451. In the clinic, patients with
PDGFRB rearrangements have been found to be refrac-
tory to conventional chemotherapy providing support for
using PDGFRB inhibitors in the clinic.™ In general, the
multikinase inhibitors sunitinib and dasatinib have been
used to block PDGFRB, but these also block SRC family
kinases (SRC, LCK, YES, FYN), c-KIT and EPHA2, and can,
therefore, cause unwanted side effects such as cardiac
toxicity.***5 CP-673451 is a selective PDGFRB inhibitor with
a 10-fold higher selectivity for PDGFRB than PDGFRA. It is
also >200-fold more selective for PDGFRB compared to
other tyrosine kinase receptors including C-KIT, VEGFR2,
EGFR and SRC. The adenine group of CP-673451 binds the
ATP binding pocket of PDGFRB and prevents enzymatic
activation upon ligand binding.*® This inhibitor has already
been shown to be effective in several types of cancers,
including lung cancer,**® sarcoma,®*® and glioblastoma.*®
Here we showed that CP-673451 was able to slow leu-
kemic growth in vitro but only on cells that had active
PPDGFRB present. We provide evidence that CP-673451
was able to slow leukemia growth of a PDX in vivo as a
single agent. However, the small molecule CP-673451 is
still considered a tool compound and requires improved
pharmacokinetics prior to its potential use for PDGFRB
inhibition in T-ALL/T-LBL patients. Other less selective but
clinically approved PDGFRB inhibitors, such as imatinib,
could be used to rapidly translate our research results
into clinical applications.

Although we do see a significant therapeutic effect of
PDGFRB inhibition on the in vivo leukemic burden, 2 out
of the 6 CP-673451 treated PDX animals showed increased
leukemia progression at the end of the two weeks of
treatment. Potentially, these leukemic animals rapidly
acquire resistance to the monotherapy, and this would
suggest that PDGFRB inhibition would best be combined
with other T-ALL therapeutics, e.g., glucocorticoids or
L-asparaginase. Indeed, glucocorticoid resistance re-
mains a major problem in T-ALL/T-LBL patients, and we
showed here that CP-673451 was also able to restore
glucocorticoid sensitivity.

Using phosphoproteomics to identify activated signaling
pathways in T-ALL has recently been suggested as a pro-
filing strategy to identify targeted kinase inhibitor thera-
pies.®® Our data indicate that phosphorylation of PDGFRB
may be a feature of a subgroup of T-ALL, potentially in the
absence of activating fusions. This lends further support
to the idea that phosphoproteomic analysis of patient
samples could identify targetable kinases and combi-

S. De Coninck et al.

nation treatment strategies,® particularly as preclinical
testing of new, specific, small molecule inhibitors have
promising activity in T-ALL samples.®? Our study shows
that PDGFRB activation can be therapeutically targeted
by the PDGFRB inhibitor CP-673451 in T-ALL/T-LBL. In
addition, our work suggests that phosphorylated PDGFRB
could serve as a valuable biomarker to identify patients
that could benefit from PDGFRB inhibition.
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