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Abstract

Purpose: Patients with relapsed or refractory T-cell acute lymphoblastic leukemia (T-ALL)
or lymphoblastic lymphoma (T-LBL) have limited therapeutic options. Clinical use of genomic
profiling provides an opportunity to identify targetable alterations to inform therapy.

Experimental Design: We describe a cohort of 14 pediatric patients with relapsed or

refractory T-ALL enrolled on the Leukemia Precision-based Therapy (LEAP) Consortium trial
(NCT02670525) and a patient with T-LBL, discovering alterations in platelet-derived growth
factor receptor-a (PDGFRA) in 3 of these patients. We identified a novel mutation in PDGFRA,
p.D842N, and used an integrated structural modelling and molecular biology approach to
characterize mutations at D842 to guide therapeutic targeting. We conducted a preclinical study of
avapritinib in a mouse patient derived xenograft (PDX) model of F/P1L1-PDGFRA and PDGFRA
p.D842N leukemia.

Results: Two patients with T-ALL in the LEAP cohort (14%) had targetable genomic alterations
affecting PDGFRA, a FIP1-like 1 protein/PDGFRA (F/P1L1-PDGFRA) fusion and a novel
mutation in PDGFRA, p.D842N. The D842N mutation resulted in PDGFRA activation and
sensitivity to tested PDGFRA inhibitors. In a T-ALL PDX model, avapritinib treatment led to
decreased leukemia burden, significantly prolonged survival, and even cured a subset of mice.
Avapritinib treatment was well tolerated and yielded clinical benefit in a patient with refractory
T-ALL.

Conclusions: Refractory T-ALL has not been fully characterized. Alterations in PDGFRA or
other targetable kinases may inform therapy for patients with refractory T-ALL who otherwise
have limited treatment options. Clinical genomic profiling, in real time, is needed for fully
informed therapeutic decision making.

Statement of Translational Relevance:
Patients with relapsed or refractory T-ALL/LBL have limited therapeutic options. We report
the finding of activating PDGFRA alterations in two pediatric patients with highly treatment
refractory T-ALL suggesting that recurrent PDGFRA alterations may be more common than
previously appreciated in this high-risk subset. We used a structural modelling and molecular
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biology platform to characterize novel PDGFRA mutations. These studies expand the application
of targeted drugs for patients with poor outcome T-ALL and demonstrate the potential benefit

of treating patients with T-ALL/LBL and activating PDGFRA mutations with tyrosine kinase
inhibitors. We report the first patient with T-ALL to have received avapritinib. This study will
inform future therapies for patients with PDGFRA mutations.

Keywords

T-ALL; T-LBL; leukemia; lymphoma; PDGFRA,; FIP1L1-PDGFRA; genomic sequencing;
targeted therapy

Introduction:

Integration of cancer genomic profiling has transformed clinical care for a number of
cancers. In pediatrics, molecular profiling studies have enrolled patients with rare or
difficult-to-treat cancers to define targetable alterations which can be matched with available
therapies (1-8). These studies have demonstrated the ability of genomics to inform the use
of targeted therapy, although few of the patients who received targeted therapies received
them as part of clinical trials (1,8). Target-informed basket trials enable systematic study

of targeted therapies. Eligible patients enroll in a screening study, allowing their tumor

to be molecularly profiled and matched to an available therapeutic study. The National
Cancer Institute (NCI) - Children’s Oncology Group (COG) Pediatric Molecular Analysis
for Therapy Choice (MATCH) study (NCT03155620), provides access to up to 13 potential
treatment arms for patients with relapsed/refractory solid tumors or lymphomas with
identifiable molecular targets (9). In a report of the first 1000 patients enrolled, 131 (46%
of those identified with a targetable alteration matched to a study) enrolled on a therapeutic
sub-study (9). The BEAT AML study (NCT03013998) for patients with acute myeloid
leukemia (AML) =60 years of age demonstrated the feasibility of a 7-day precision medicine
approach for therapy selection and highlighted the need to have humerous therapeutic sub-
studies open simultaneously for various genomic alterations (10). Patients with genomically
identified targets, but without an available clinical trial, may be able to receive approved
therapy off-label, though investigational therapies may not be available or only available
through compassionate use protocols from pharmaceutical companies. Systematic data
collection and publication of rare, off-label use of targeted therapies are lacking and thus
these experiences are unlikely to benefit treatment of future patients.

T-cell acute lymphoblastic leukemia (T-ALL) and T-cell lymphoblastic lymphoma (T-LBL)
are aggressive lymphoid malignancies driven by an accumulation of genetic aberrations
acquired during T-cell development (11,12). Several large studies have characterized the
genomic landscape of newly diagnosed T-ALL (13,14), though relapsed/refractory T-ALL
has not been comprehensively studied (15,16). Mutations resulting in dysregulated NOTCH1
signaling are present in over 70% of T-ALL and T-LBL and co-exist with numerous

other genetic alterations involving cell cycle regulation, cell signaling, and epigenetic
modulation (12,14). Understanding of T-ALL biology has led to the identification of several
potential therapeutic targets, including lymphocyte cell-specific protein-tyrosine kinase
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(LCK), JAK/STAT or PI3K/AKT pathways, or CDK4/6 (17,18). While considerable success
has been achieved using immunotherapy for patients with B-cell ALL (B-ALL), effective
immunotherapeutic approaches for T-ALL are lacking (19). Thus, despite the pre-clinical
development of several potentially promising therapeutic strategies, effective treatment
options for patients with relapsed/refractory T-ALL/LBL remain limited, and outcomes are
dismal for these patients (20).

Class 11 receptor tyrosine kinases (RTKs) are a family of homologous, transmembrane
signaling proteins responsible for initiating and amplifying signals for cell proliferation

and survival (21,22). Activating mutations in RTK platelet derived growth factor receptor-

a (PDGFRA,) include missense mutations in the activation loop (A-loop) and gene

fusions, such as the FIP1-like 1 protein/ PDGFRA (FIP1L1-PDGFRA) fusion (21-23). A-
loop missense mutations can disrupt key interactions of the A-loop, favoring the active
conformation of the protein and resulting in constitutive activation (22). These mutations are
central to the pathogenesis of gastrointestinal stromal tumors (GIST) and may be inhibited
using ATP-competitive tyrosine kinase inhibitors (TKIs), such as imatinib (21,24). TKI
resistance mutations, particularly PDGFRA p.D842V in exon 18, can be present at initial
diagnosis or arise during TKI therapy (24-26). Avapritinib (BLU-285) is a potent and highly
selective TKI targeting PDGFRA and KIT (27). It was recently approved for the treatment
of adults with unresectable or metastatic GIST harboring PDGFRA exon 18 mutations,
including PDGFRA p.D842V, as well as patients with advanced systemic mastocytosis and
related disorders (28,29). In contrast to GIST, PDGFRA missense mutations are rare in acute
leukemia (26,30). To date, five patients with AML have been reported to have received
avapritinib (31,32).

Fusions involving PDGFRA can also lead to kinase activation. A cytogenetically cryptic
deletion on chromosome 4q12 leads to the F/P1L1-PDGFRA fusion (33). The resultant
protein disrupts the inhibitory interactions of the kinase with the juxtamembrane domain and
results in constitutive kinase activity. The F/P1L1-PDGFRA fusion is found in idiopathic
hypereosinophilic syndrome (HES), chronic eosinophilic leukemia (CEL), and AML, and
can be inhibited with imatinib or dasatinib (23,34,35). The use of TKIs has transformed
therapy for patients with hematological malignancy with a F/P1L 1-PDGFRA fusion and
re-defined these diseases as myeloid/lymphoid neoplasms with eosinophilia and tyrosine
kinase gene fusions by the World Health Organization (36).

We report a series of 14 patients with relapsed or refractory T-ALL enrolled on

the Leukemia Precision-based Therapy Consortium (LEAP) trial (NCT02670525). Two
patients with refractory T-ALL (2/14, 14%) had genomic alterations involving PDGFRA.
Additionally, we report a young adult patient with T-LBL with a PDGFRA translocation. We
used an integrated structural and molecular biology approach to study mutations at the D842
residue to further inform potential targeted therapies for patients. This report highlights the
importance of clinical genomics to promptly identify targetable alterations for patients with
high-risk leukemia and to integrate targeted therapies into clinical care, as well as the need
for effective pipelines for novel variant validation.
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Patient Information and leukemia profiling

Patients listed in Table 1 were enrolled on the Leukemia Precision-based Therapy

(LEAP) Consortium trial (NCT02670525). Representativeness of this cohort is described

in Supplementary Table 1. The institutional review board of each participating institution
approved the protocol before enrolling patients. Written informed consent was obtained
from patients and/or parents/guardians before study enrollment and initiation of therapy. At
the time of enrollment, patients had a leukemia sample or DNA derived from a leukemia
sample sent for sequencing using a CLIA certified next-generation sequencing (NGS) panel
profiling 95 genes commonly mutated in leukemia (Rapid Heme Panel) (37). For the LEAP
study T-ALL cohort, a subset of the patients had fusion testing using AMPSeq fusion

panel or RNASeq. Clinical data, cytogenetics, fluorescence /n situ hybridization (FISH),
and sequencing results were reviewed by an expert panel of physicians. Gene fusions were
assessed using an ArcherDX FusionPlex® Heme (v.2) panel of 72 target genes. Patient A1
had a tumor sample profiled using Oncopanel assay (38). Seven patients in this cohort were
described previously (1). T-ALL sequencing data and analysis was previously reported and
deposited as described (13).

Avapritinib was provided as part of a single patient IND (BLU-285-19-310 / IND 144524).
Chart reviews were performed for the patients with PDGFRA alterations. and relevant data
extracted under a Dana-Farber Cancer Institute Institutional Review Board (IRB) approved
protocol.

Vectors and constructs

pHAGE-PDGFRA (RRID: Addgene_116769, generous gift of Gordon Mills & Kenneth
Scott) was used to generate PDGFRA p.D842N, p.D842V, p.D842H, p.D842E,

p.D842Q, p.D842T, p.D842H/p.H845D, and p.R383C. Mutations were generated using
QuickChange 11 XL Site-Directed Mutagenesis Kit (Agilent Cat. No. 200521) following
the manufacturer’s instructions. Mutagenesis primers are listed in Supplementary Table 2.
All mutations were confirmed by Sanger sequencing.

Cell culture and viability assays

Ba/F3 cells were purchased from DSMZ (Cat. No. ACC-300, RRID: CVCL_0161)

and identity validated by DSMZ. Untransformed cells maintained IL-3 dependence for
growth during experiments. Mycoplasma testing was done using Lookout Mycoplasma
PCR Detection kit (Sigma-Aldrich). Cells were maintained in RPMI-1640 (Cellgro)
supplemented with 1% penicillin/streptomycin (PS), 10% FBS (Sigma-Aldrich) and murine
IL-3 (PeproTech) at 37°C with 5% CO0,. For IL-3 independence assays, following
transduction with either PDGFRA, PDGFRA p.D842N, p.D842H, p.D842E, p.D842Q,
p.D842T, p.D842H/p.H845D, or p.R383C, Ba/F3 cells were selected with puromycin and
were cultured without I1L-3. Viability was assessed for each cell line when grown without
IL-3.

Clin Cancer Res. Author manuscript; available in PMC 2024 May 14.
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Lentiviral generation and infection

HEK?293T cells (RRID: CVCL_0063) were transfected with 8 ug of PDGFRA vector, 2 ug
of pCMV-VSV-G, and 4 ug of PAX2 vectors using the X-tremeGENE 9 HP system (Sigma
Aldrich Cat. No. 6366236001). The resulting viral supernatants were harvested after 72
hours. Four million Ba/F3 cells were infected for 3 hours at 37°C with lentiviral supernatant
and polybrene (Santa Cruz Biotechnology Cat. No. SC-134220). Cells were selected 48
hours later with 1 pg/ml puromycin (Invitrogen Cat No. ant-pr-1) for three days.

Drug sensitivity testing
Imatinib (Cat. No. S1026), dasatinib (Cat. No. S1021), ponatinib (Cat. No. S1490), and
avapritinib (Cat. No. 8553) were purchased from Selleck Chemicals, LLC.

IL-3 independent Ba/F3 cells expressing PDGFRA p.D842N, p.D842H, and p.D842H/
p.H845D were treated with increasing doses of imatinib, dasatinib, ponatinib or avapritinib
for three days. For control, PDGFRA wild-type Ba/F3 cells were grown in the presence

of IL-3 and tested for drug sensitivity. Viability was evaluated using the CellTiter-Glo
Luminescent Cell Viability Assay (Promega), measured using FLUOstar Omega from BMG
Labtech. The ICsq values were determined using GraphPad Prism version 9 software (RRID:
SCR_002798).

Immunoblotting

Cells were lysed in Cell Signaling Lysis Buffer (Cell Signaling Technology Cat. No.
9803S) and resolved by gel electrophoresis using Novex 4-12% Bis-Tris Gels (Life
Technologies Cat. No. NP0322BOX), transferred to a PVDF membrane (Life Technologies
Cat. No. 88518) and blocked 1 hour in 5% BSA (Sigma Cat. No. A7906). Blots

were incubated in primary antibody to p-PDGFRA-Tyr754 (Cell Signaling Technology
Cat. No. 9360, RRID: AB_10691547), PDGFRA (Cell Signaling Technology Cat. No.
9360, RRID: AB_10691547), pSTAT5- Tyr694 (Cell Signaling Technology Cat. No.

9351, RRID: AB_2315225), and STAT5 (Cell Signaling Technology Cat. No. 25656,
RRID: AB_2798908), followed by exposure to anti-rabbit HRP secondary antibodies (Cell
Signaling Technology Cat. No. 7074, RRID: AB_2099233). Detection of bound antibody
was performed using SuperSignal West Dura (Thermo Scientific Cat. No. 37071).

Equilibrium Molecular Dynamics Simulations

The starting conformation of the auto-inhibited inactive state of the PDGFR kinase was
taken from the protein data bank (PDB ID: 5k5x) (39). The single mutations D842V,
D842N, D842H, H845D, and the double mutation D842H/H845D were introduced. For
the particular case of the double mutation, two protonation states of the histidine were
considered: neutral (epsilon protonated, HIE) and fully protonated (HIP). Additionally, the
unfolded tripeptides GXG (X=D, V, N, and H) were obtained from the pmx server (40).

The following combination of force fields was used: Amber14SB (41) for the protein,
Joung ions parameters for the ions (42), and the TIP3P model (43) for the water molecules.
All simulations were performed at constant pressure and temperature. The pressure was
kept constant at 1 bar with a coupling constant of 1 ps using the Berendsen barostat.

Clin Cancer Res. Author manuscript; available in PMC 2024 May 14.
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The temperature was kept at 310 K with a time constant of 0.5 ps, using the Nose-

Hoover thermostat coupled individually to the protein and solvent. Long-range electrostatic
interactions were treated with the particle mesh Ewald (PME) algorithm (44). Short-range
interactions modeled with the Lennard-Jones potential were subjected to a cut-off distance
of 1 nm. LINCS (45) constraints were applied to hydrogens and SETTLE (46) constraints to
the angles and bonds of the water molecules.

All equilibrium simulations were performed using the package GROMACS, version 2020.1
(RRID: SCR_014565). The potential energy of the protein was minimized for 50000 steps in
vacuum. Then, ~17340 water molecules, NaCl ions at concentration 0.15 M, and additional
counter ions to neutralize the system, were added. The solvated system was minimized for
50000 steps, applying the steepest descent algorithm. Three replicas were generated from
these minimized systems. The solvent was equilibrated in each replica for ten ns with the
protein positioned-restrained on the heavy atoms. The positional restraints were removed
and production runs of 500 ns per replica were performed for a total simulation time of 9 ys.

Free Energy Calculations

Alchemical free energy calculations were used to compute the effect of mutation on the
thermodynamic stability of the PDGFRA kinase domain in its inactive state in reference

to the wild-type protein. The thermodynamic cycle for single mutations is presented in
Supplementary Figure 1A and the thermodynamic cycle for the double mutation is presented
in Supplementary Figure 1B. The double mutations were assumed to be a symmetrical
exchange between aspartic acid and histidine, i.e., D842H and H845D, which implies that in
the unfolded state, such double mutation (AG1+AG5) should result in contribution of AG~0.

Using the alchemical transformation from wildtype (A.0) to mutant (A1), we were able

to calculate the work needed to transform the system from one state to another through

a nonphysical pathway . The Bennett acceptance ratio (BAR) as a maximum likelihood
estimator, proposed by Shirts et al. (47), was used to derive the equilibrium free energy (AG)
from the work distribution associated to “forward” (PfW) and “reverse” (P,W) transitions.
Finally, the AG uncertainty was calculated by bootstrapping, solving the last equation 100
times from randomly selected forward and reverse data sets.

We extracted 600 conformations of the inactive PDGFRA kinase from the MD-equilibrium
simulations, which served as starting structures for the alchemical transformation. The
hybrid topology was obtained using the pmx tool (40). All the starting simulations were
minimized for 100000 steps and further equilibrated for 500 ps with position restraints in
the protein, previous to performing forward or backward transformations of 100 ps each. A
total of 450 starting conformations were extracted from the MD-equilibrium simulations
of the GXG (X=H, V, D, N) peptides and used as starting structures of the forward

and backward calculations, following the previously described protocol. All simulations
corresponding to the alchemical transformations were done using GROMACS version 4.6
with an integrated soft core potential function, using the previously described parameters.
The final free energies and their associated uncertainty were estimated using the BAR
method implemented in the prmx set of tools.

Clin Cancer Res. Author manuscript; available in PMC 2024 May 14.
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In vivo study

Primary ALL cells were obtained from a pediatric patient with relapsed T-ALL at Boston
Children’s Hospital/Dana-Farber Cancer Institute on an approved institutional research
protocol (NCT02670525). Informed consent was obtained prior to sample acquisition in
accordance with the Declaration of Helsinki. Animal studies were conducted under an
Institutional Animal Use and Care Committee (IACUC)-approved protocol in accordance
with the Panel on Euthanasia of the American Veterinary Medical Association’s guidelines.
Patient leukemia cells were injected by tail vein into NSG mice to establish the primary
PDX model. Subsequently, 1x10° cells from primary PDX spleens were injected into
secondary 8-week-old female NSG mice for the experimental study. After flow cytometric
confirmation of 21% CD45+ human ALL (Invitrogen Cat No. 17-9459-42) in murine
peripheral blood, mice were randomized to treatment with vehicle or avapritinib 30 mg/kg
per os (PO) daily for 28 days. Planned disease evaluations were conducted at days 7 and
28 of treatment. These evaluations included spleen weight and evaluation of human CD45
positive (hCD45+) leukemic blasts in the peripheral blood, bone marrow, and spleen as
measured by flow cytometry. Mice in the treatment group that developed recurrent disease
following discontinuation at 28 days were re-treated for a second 28-day course. Leukemia
cells obtained from the PDX model were profiled using OncoPanel (38).

Data Availability

Results

T-ALL sequencing data was previously reported and deposited as described (13,14).
TARGET ALL data may be accessed through the TARGET website at https://
ocg.cancer.gov/programs/target/data-matrix. The remaining non-TARGET data is accessible
through St. Jude Cloud at https://platform.stjude.cloud/data/cohorts?dataset_accession=SJC-
DS-1009 (13). Data from patients on the LEAP trial is included within this manuscript

and partly published previously (1). Corresponding authors are available to provide any
additional data.

Identification of PDGFRA alterations in three patients with T-ALL/T-LBL

Between July 2016 and May 2022, 338 patients with relapsed/refractory or high-risk
leukemia or myelodysplastic syndrome (MDS) were enrolled on the LEAP Consortium

trial (NCT02670525) across 15 pediatric cancer hospitals (1). A diagnostic bone marrow

or peripheral blood sample was submitted for sequencing at the time of enrollment.
Samples were sequenced using a CLIA-certified DNA based NGS panel profiling 95 genes
commonly mutated in leukemia (Rapid Heme Panel) (1). A sub-group of patients had fusion
testing using multiplex RT-PCR, AMPSeq fusion panel, or RNASeq (48). Clinical data,
cytogenetics, FISH, and sequencing results were reviewed by an expert panel of physicians.

The LEAP study enrolled 14 patients with relapsed or refractory T-ALL (Table 1,

seven patients previously described (1)). Mutations in RAS, JAK/STAT, and PI3K/PTEN
signaling pathways have previously been reported in association with relapsed/refractory
T-ALL (15,30). In our cohort 9 patients (9/14, 64%) had mutations in genes involved in
these signaling pathways. ST/L-TAL 1 fusions, also previously reported as associated with
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relapsed T-ALL (49), were present in 3 patients (3/14, 21%). Interestingly, two patients
with primary refractory T-ALL had F/P1L1-PDGFRA fusions (Table 1). Patient 146 in this
cohort also had a novel PDGFRA mutation, p.D842N.

Patient 146 was a 16-year-old female with T-ALL with peripheral blood flow cytometry
showing 90% abnormal T lymphoblasts and blasts in her central nervous system (CNS)

at the time of diagnosis (Supplementary Table 3). Her leukemia was refractory to initial
therapy and she received multiple salvage regimens (50,51) (Supplementary Table 4). She
was enrolled on the LEAP study with 1% disease in the bone marrow. Following a brief
complete remission, she was found to have a combined CNS and bone marrow relapse. She
received multiple relapse regimens (Supplementary Table 4) but evaluation on Day 44 post
immuno-therapy again demonstrated leukemia (Figures 1A and 1B). Repeat Rapid Heme
Panel revealed a novel mutation that was characterized as a variant of unknown significance,
PDGFRA p.D842N. Read counts suggested copy humber loss of a 5° segment of PDGFRA,
pointing to a possible fusion involving PDGFRA (Figure 1C). Targeted fusion testing using
an AMPSeq panel showed S7/L-TAL1and FIP1L1-PDGFRA fusions (Supplementary Table
3).

Patient 230 was a 6-year-old male with T-ALL who did not respond to induction
chemotherapy per COG AALL1231 (52) (Supplementary Table 3). He started chemotherapy
as per COG AALLO0434 but died due to multi organ failure (50). Molecular profiling
identified S7T/L-TAL1and FIP1L1-PDGFRA gene fusions.

We compared PDGFRA expression from samples from patients 146 and 230 with expression
in a chronic eosinophilic leukemia cell line, EOL1, which is characterized by F/P1L 1-
PDGFRA fusion. Both samples had PDGFRA expression in the range that was seen in
EOL1 (Figure 1D). For patient 230, PDGFRA expression was much higher at the time of
refractory disease compared to a sample obtained from diagnosis (Figure 1D). PDGFRA
expression for these samples was higher than all other clinical T-ALL samples profiled using
the Boston Children’s Hospital Heme Malignancy AMPSeq Fusion Panel from July 2020 to
November 2021, raising the possibility of using this expression analysis for identification of
targetable alterations in the absence of fusions in patients.

Following identification of F/P1L1-PDGFRA fusions in our LEAP trial cohort, we
identified another patient with T-LBL with this same fusion. Patient A1, is a 27-year-old
male who presented with several months of progressive neck pain and was found to

have a large mediastinal mass with core biopsy demonstrating the presence of T-LBL.
Treatment was initiated with R-EPOCH (rituximab, etoposide, prednisone, vincristing,
cyclophosphamide, doxorubicin), and later transitioned to a pediatric-inspired ALL regimen,
Cancer and Leukemia Group B (CALGB) 10403 (53-55). Oncopanel testing revealed a
FIP1L 1-PDGFRA fusion and other variants of unknown significance, including a PDGFRA
p.R383C mutation (Supplementary Table 3) (38).

To determine the prevalence of PDGFRA alterations in T-ALL, we analyzed T-ALL
genomic data reported in Brady et al. (13), a combination of samples from 264 children
and young adult patients enrolled on COG AALL0434 and for whom tumor and remission
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samples were available (TARGET project (14)), as well as 202 additional T-ALL samples,
for the presence of PDGFRA alterations. We identified 1 sample (PATBGC) with

relatively high expression of PDGFRA based on RNASeq and with a tumor karyotype

of 46,XX,1(4;12;9)(q13;p13934)[20], consistent with a complex translocation involving
PDGFRA, which is located at 4912. Whole genome sequencing showed a three-way
complex rearrangement, with a breakpoint in chromosome 4, 146,745 base pairs upstream of
the PDGFRA gene, resulting in a £TV6-PDGFRA translocation.

Molecular dynamics predicts that D842 interacts with several residues to hold the kinase
in an inactive conformation

Interpretation of clinical sequencing is often complicated by the presence of variants of
unknown significance. For a mutation within a protein with a known inhibitor, validation
of novel alterations is particularly important as it may inform therapy selection. For patient
146, the presence of the novel PDGFRA p.D842N mutation suggested the possibility of
TKI resistance, given the well described imatinib resistance mutation, PDGFRA p.D842V
(24,25). We thus used a multi-faceted approach to study the PDGFRA p.D842N variant.

We first used molecular dynamics to predict the impact of the PDGFRA p.D842N mutation
on kinase activation. The published crystal structure of the inactive kinase domain of
PDGFRA shows a typical type 3 receptor tyrosine kinase fold with an autoinhibitory

JM domain (orange), the activation loop collapsed in on the active site (pink), and the
phosphate-binding loop (P-loop, green) positioned to orient ATP for catalysis (Figure 2A)
(39). Residue D842 is located on the activation loop (Figure 2B). Our initial hypothesis was
that the interaction between the negatively charged side chain of D842 and the positively
charged H845 forms a salt bridge that plays a critical role in holding the activation loop in
the inactive conformation; however, molecular dynamics simulations on wild-type PDGFRA
did not support this hypothesis. The side chain of D842 establishes hydrogen bonds with

1) the backbone amide groups of M844 in the activation loop and A603 and S601 in the
P-loop, and, 2) the side chains of R554 and Y555 in the JM domain, holding the kinase in
the inactive conformation (Supplementary Figure 1A-B and Supplementary Table 5).

Alchemical free energy calculations predict that activating mutations destabilize the
autoinhibited state

In vitro biochemistry and cell biology have been critical to understanding the significance
of previously uncharacterized variants in kinases and other oncogenic proteins. However,
these experiments can rarely be completed on a timeline required to inform clinical care.
We hypothesized that alchemical free energy calculations could be used as a computational
method to predict the activity of uncharacterized kinase variants.

We used alchemical free energy calculations to estimate the overall effect of a mutation on
the thermodynamic stability of the PDGFRA kinase. Following the thermodynamic cycle
(Figure 2C), we calculated the AAG value, which quantifies the effect of introducing a
mutation in the PDGFRA kinase compared to the wildtype protein; a negative AAG indicates
that the inactive, auto-inhibited PDGFRA kinase is destabilized, and has a higher probability
of being activated by the mutation. The free energy calculations predict that the D842V
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mutation is the most activating, whereas the H845D mutation is the least activating (Figure
2D and Supplementary Figure 1A-B).

To test the predictions from the molecular dynamics and alchemical free energy calculations,
we expressed mutant PDGFRA genes in Ba/F3 cells. Expression of PDGFRA p.D842V,
PDGFRA p.D842N, and PDGFRA p.D842H in Ba/F3 cells led to IL-3 independent

growth (Figure 3A), confirming the activating nature of these mutations. Expression of
PDGFRA p.H845D did not lead to IL-3 independent growth, consistent with the free

energy calculations that showed H845D was the least activating mutation, while D842V
was the most activating. We also made the double mutant PDGFRA p.D842H/p.H845D

to biochemically test the hypothesis that the electrostatic interactions between these

residues were critical to holding the kinase in the active position. We hypothesized that

with the charge swap (PDGFRA p.D842H/p.H845D), the kinase would remain in the
inactive conformation because the electrostatic interaction would still be present. However,
consistent with the molecular dynamics and free energy results, the charge swap did not hold
the kinase in the inactive conformation, as evidenced by IL-3 independent growth in the
PDGFRA p.D842H/p.H845D Ba/F3 cells.

We then tested the effect of three other mutations at the D842 amino acid. Interestingly,
expression of PDGFRA p.D842Q (selected because of its similarity to D842N), PDGFRA
p.D842T (selected because it is isosteric to the D842V mutation), and PDGFRA p.D842E
(selected because it conserves the charge of the endogenous amino acid and is the most
conservative mutation) all led to IL-3 independent growth, informing the critical role for
D842 in maintaining the inactive PDGFRA conformation (Figure 3B).

Patient A1 was also found to have a PDGFRA variant of unknown significance, p. R383C.
This mutation is located within exon 8 of PDGFRA and is part of the extracellular domain
(56). Expression of PDGFRA p.R383C in Ba/F3 cells did not lead to IL-3 independent
growth (Supplementary Figure 2A), highlighting the need to validate variants of unknown
significance to inform pathogenesis and possible therapy.

PDGFRA p.D842N is sensitive to tyrosine kinase inhibition

Mutations in PDGFRA in GIST result in sensitivity to tyrosine kinase inhibition with
imatinib, which is used routinely for therapy. PDGFRA p.D842V is a well-described
mutation leading to resistance to imatinib in patients with GIST (24). This mutation has been
reported at the time of initial diagnosis as well as arising during TKI therapy (25). Given the
uncertain consequences of PDGFRA p.D842N, we tested Ba/F3 cells expressing PDGFRA
mutations for sensitivity to imatinib, dasatinib, ponatinib, or avapritinib. Expression of
PDGFRA p.D842V, p.D842N, p.D842H, and double mutated p.D842H/p.H845D in Ba/F3
cells all led to an increase in the basal level of phosphorylated PDGFRA (pPDGFRA).

Cells expressing PDGFRA p.D842V were resistant to imatinib and less sensitive to dasatinib
and ponatinib than other mutant cell lines tested (Figure 3C and 3D, Supplementary Figure
2B-C). All tested mutations resulted in sensitivity to avapritinib, including a decrease in
pPDGFRA and pSTAT5 across all tested cell lines with avapritinib treatment (Figure 3E).

Clin Cancer Res. Author manuscript; available in PMC 2024 May 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Paolino et al. Page 12

Development of a patient-derived xenograft model and response to avapritinib

To study the combination of F/P1L1-PDGFRA and PDGFRA p.D842N in vivo, we
developed a patient-derived xenograft (PDX) model from leukemia cells obtained from
Patient 146. Mononuclear cells isolated from a peripheral blood sample were injected into
an NSG mouse with rapid leukemia engraftment. Bone marrow and spleen were replaced
with leukemia cells in the NSG mouse (Figure 4A and 4B), with flow cytometry from

cells extracted from the mouse confirming a similar immunophenotype to that of the patient
(Figure 4C). We confirmed the presence of the F/P1L1-PDGFRA fusion using the NGS
fusion assay as well as FISH (Figure 4D, 4E, Supplementary Table 6). RNASeq performed
on spleen cells derived from the PDX model demonstrated the presence of the PDGFRA
p.D842N mutation within the fusion reads (Figure 4F). Interestingly, three fusion calling
algorithms, STAR-Fusion, ChimPipe, and FusionCatcher, did not detect the fusion transcript
within RNASeq data, although it was identifiable by manual review and confirmed with
FISH and a targeted fusion panel (57-59). This highlights a possible benefit of a clinically
validated targeted panel over unbiased RNASeq for clinical purposes.

We then used the established PDX model to conduct a preclinical study of avapritinib. NSG
mice were injected with cells from this PDX, and after disease was established, mice were
randomized to receive vehicle or avapritinib. After seven days of treatment, avapritinib
treated mice had a decrease in spleen size and leukemia burden in the bone marrow

and spleen (Figures 5A and 5B). Bone marrow evaluation after seven days of avapritinib
treatment showed a decrease in pSTATS, showing on-target activity of avapritinib (Figure
5C).

The avapritinib treatment was continued for 28 days. After 28 days of treatment, there was
an even greater effect of avapritinib, with a marked difference in spleen size and leukemia
burden in peripheral blood, bone marrow, and spleen in mice treated with avapritinib (Figure
5D and 5E). There was a significant difference in peripheral blood leukemia burden in

mice treated with avapritinib versus control, as measured by hCD45 (Figure 5F). Avapritinib
therapy resulted in a significant survival benefit (Figure 5G). Two mice in the treatment
group demonstrated durable remission following discontinuation of avapritinib with no
evidence of disease recurrence (Figure 5H). Of these, one mouse died following 352 days of
remission and had no evidence of leukemia at the time of death. The other remains alive at
>400 days of remission.

Three of the five mice in the treatment cohort developed recurrent leukemia following
discontinuation of avapritinib. Treatment was re-initiated in these three mice with a
significant decrease in leukemia burden in the bone marrow, suggesting no overt resistance
to avapritinib and the need for prolonged therapy with a TKI in PDGFRA mutant

acute leukemia (Figure 5H and Supplementary Figure 2D). In patients, treatment with a
combination of avapritinib with chemotherapy or other targeted agents may be needed for
cure.
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Clinical use of PDGFRA-targeted therapy for T-ALL and T-LBL

For patient 146, the discovery of the PDGFRA p.D842N and F/P1L1-PDGFRA led to

the initiation of dasatinib in combination with dexamethasone and vincristine. Despite

this, her peripheral blast count continued to rise over a period of 2 weeks (Figure 5I). A
single patient Investigational New Drug (IND) application was filed for use of avapritinib.
Given the rapid leukemia progression, she received a single dose of cyclophosphamide and
etoposide before avapritinib became available. She was started on avapritinib 100 mg daily
with a dramatic response in peripheral blood blast count (Figure 51). She continued daily
avapritinib with maintained response in the peripheral blood blast count and improvement in
leukemia-related neuropathic pain.

Avapritinib was overall well tolerated by our patient. She experienced grade 3 tumor lysis
syndrome which began concurrently with the start of avapritinib and continued through day
3 of treatment. This was assessed as possibly being related to avapritinib. Other recorded
adverse events were fever and neutropenia, bacteremia, hypoxemia, and myelosuppression.
All were grade 3 and assessed as unrelated to avapritinib. Bone marrow evaluation after two
cycles of avapritinib (total of 48 days of treatment) revealed a hypocellular marrow with
20-30% involvement by residual leukemia, down from 85% at the start of avapritinib. A
third cycle of avapritinib in combination with cyclophosphamide and etoposide was planned;
however, the patient and family elected to stop cancer-directed therapy. The patient died
from disease progression 30 days after stopping avapritinib.

For Patient A1, the discovery of FIP1L 1-PDGFRA fusion at the time of initial diagnosis
led to the addition of imatinib 100 mg daily to the CALGB 10403 chemotherapy regimen.
The patient received daily imatinib monotherapy following completion of chemotherapy
and remained in remission for 40 months before having disease recurrence. The F/P1L 1-
PDGFRA fusion and PDGFRA p.R383C VUS were not detected at the time of relapse.

Discussion

In 2001, imatinib was the first tyrosine kinase inhibitor approved by the Food and Drug
Administration (FDA), heralding the era of precision medicine for cancer therapy and
transforming the treatment of chronic myelogenous leukemia characterized by the now
targetable BCR-ABL 1 fusion. Since that time, dozens of kinase inhibitors have been
developed with increased potency and selectivity against a variety of pathogenic kinases.
Availability of targeted inhibitors makes genomic profiling of cancer imperative, with the
possibility of integrating targeted therapy for genomically defined tumors. The use of
imatinib and other TKIs has transformed the treatment of ALL with BCR-ABL 1 fusions
and has also been used for other fusion targeting in B-ALL (60,61).

Discovery of the FIP1L1-PDGFRA fusion in HES allowed for therapeutic targeting of
PDGFRA and substantially improved outcomes for this disease (23). In our cohort of
patients with relapsed/refractory T-ALL, F/P1L 1-PDGFRA fusion was identified in 14% of
the patients. Identification of F/P1L1-PDGFRA fusion in two of our reported patients led to
integration of targeted therapy, with possibly improved outcomes. F/P1L1-PDGFRA fusion
has been reported in a few cases of T-ALL associated with eosinophilia (26,62), unlike
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our patients who did not have findings of eosinophilia. Analysis of the TARGET T-ALL
data (13) identified a single case (PATBGC) of a 3-way translocation involving PDGFRA.
TARGET T-ALL data has excluded patients with refractory T-ALL, as a remission sample
was used for a germline DNA source. Based on our data, F/P1L1-PDGFRA fusions

may be recurrent in patients with refractory T-ALL, highlighting the need for genomic
characterization to identify these fusions. The presence of this fusion in T-ALL and T-
LBL highlights the possibility of lineage-independent discovery of targetable alterations
and the utility of tissue-agnostic clinical trials for well-characterized molecular targets.
With increased integration of genomics into standard clinical care, early identification of
targetable alterations may improve long-term outcomes.

Development and integration of clinical genomics assays will continue to inform
incorporation of targeted therapies. F/P1L1-PDGFRA fusions are traditionally found using
a FISH assay, requiring a priori clinical suspicion to prompt ordering this test. In patient
146, a DNA-based panel sequencing assay found loss of reads over 5’ targeted regions

of PDGFRA, raising suspicion for the presence of a PDGFRA fusion. An RNA-based
fusion assay confirmed the presence of the F/P1L 1-PDGFRA fusion. We used PDX cells
to perform RNASeq to find the presence of the PDGFRA p.D842N mutation on the same
transcript as the FIP1L1-PDGFRA fusion. Interestingly, the fusion was not detected in
RNASeq using multiple fusion detector algorithms but was seen on manual review of

the RNASeq data. Discrepancy between targeted fusion detection and RNASeq has been
reported for solid tumors (63). Thus, clinical integration of more broad and unbiased
sequencing, such as RNASeq or whole exome/whole genome sequencing (WGS), may not
always be superior to the depth of sequencing permitted by targeted panels. Integration of
WGS with RNASeq may be necessary to detect more complex rearrangements, such as the
three-way translocation seen in TARGET patient PATBGC.

Most kinase inhibitors compete with ATP for the active site of the protein. TKI resistance
mutations can prevent drug binding by altering the structure of the kinase domain and

the balance between active and inactive kinase states. These mutations may arise in de
novo disease or during therapy with a targeted inhibitor, preventing effective use of a

TKI. PDGFRA p.D842V leads to constitutive activation of PDGFRA and is the most
common mutation associated with imatinib resistance (24). The leukemia of patient 146
harbored a PDGFRA p.D842N mutation, though its significance was unknown. We utilized
molecular dynamics and free energy calculations to model the effects of PDGFRA D842
substitution mutations on PDGFRA activation. We found that all profiled position 842
mutations demonstrated free energy changes predicted to be activating. The currently
available algorithms to predict the significance of VUSs are inconsistent and are frequently
incorrect (64). These methods predict the impact of a mutation based on physiochemical
properties, evolutionary conservation and/or static structural data, and largely focus on the
single amino acid that is mutated (64). In contrast, molecular dynamics is a method that uses
Newton’s Laws of Motion to evaluate dynamic changes in every atom of mutated protein
and can accurately predict conformational changes that result from changes in a protein
(65). This technique has been used in the past to understand the impact of cancer-causing
kinase mutations (66). However, to our knowledge, using molecular dynamics and free
energy calculations based on simulations to predict the impact of a patient mutation has not
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previously been reported. These techniques have the potential to be combined with current
algorithms to improve our ability to predict the impact of VUSs on kinases.

Using a Ba/F3 IL-3 independence assay, we confirmed the activating nature of all tested
D842 mutations (p.D842N, p.D842H, p.D842E, p.D842Q, p.D842T). Patient Al had
PDGFRA p.R383C mutation in the extracellular domain of PDGFRA. This mutation was
not activating in a Ba/F3 IL-3 withdrawal assay, underscoring the importance of mutation
testing/validation to inform potential clinical impact. Understanding the protein structure
and possibility of resistance mutations is critical to long-term use of tyrosine kinase
inhibitors. Expeditious use of targeted therapy will require knowledge about kinase structure
and mutations to allow for rapid implementation of targeted therapy for patients with
aggressive disease such as acute leukemia.

The tested D842 mutations showed variable sensitivity to TKIs, providing insight into

the clinical use of specific inhibitors. The D842V mutation is known to render resistance

to imatinib but has been reported to be sensitive to dasatinib 7 vitro (67). The relative
sensitivity to imatinib between D842V and D842N may be related to the time that the
mutant protein is in the active versus inactive state. This is consistent with our molecular
dynamics simulations and free energy calculations. Mutation-dependent TKI sensitivity has
been seen for FLT3 mutations where FL73D835Y/V/1/F showed resistance to type 2 TKIs,
while D835N/E/G/A retained relative sensitivity to type 2 FLT3 TKI (68).

Dasatinib has been found to be active in T-ALL, likely due to its inhibition of LCK,
suggesting potential clinical utility of dasatinib for patients with T-ALL irrespective

of the presence of an activating PDGFRA mutation (18,69). Interestingly, Patient 146
demonstrated frank disease progression while receiving dasatinib therapy, suggesting that
LCK inhibition was insufficient to prevent disease progression in this highly refractory
disease. The response to avapritinib suggests that targeting PDGFRA over LCK was key
to inhibiting this disease. It is possible that the concurrent mutations, F/P1L1-PDGFRA
and PDGFRA p.D842N, rendered dasatinib resistance as has been previously seen with
the combination of F/P1L1-PDGFRA and PDGFRA p.D842V (25). This further highlights
the need for systematic identification and validation of novel mutations to inform patient
treatment.

Avapritinib is a highly selective kinase inhibitor of KIT and PDGFRA. It was initially
approved by the FDA for treatment of GIST, followed by approval for treatment of advanced
systemic mastocytosis and related disorders (29). We report patient 146 as the first patient

to receive avapritinib for T-ALL. She received avapritinib for a total of 48 days and
experienced clinical benefit as evidenced by a significant decrease in bone marrow leukemia
burden. This supports further development of tissue type agnostic clinical trials driven by
biomarker selection and further development of avapritinib for treatment of acute leukemia.

Using a PDX model developed from patient 146°s leukemia, we tested the activity of
avapritinib /n vivoto further inform patient response and possible resistance. All mice in
the treatment group responded to avapritinib. Three of the five treated mice had recurrent
disease after avapritinib was discontinued. In these mice, re-treatment with avapritinib
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demonstrated continued efficacy without clear evidence of resistance to this drug. Notably,
two mice were cured after 28 days of avapritinib with disease-free survival at >350 days.
Sequential and longer treatment in similar models may help determine therapy resistance
and future optimization of kinase inhibitors.

Continued integration of genomic profiling into the care of patients with leukemia and

other cancers will identify targetable alterations and possible use of targeted therapies.
Increasingly patients will be treated with targeted therapy off trial, especially with approved
therapies that may be available for the target but for an alternative indication. While
molecularly defined basket trials and genomic profiling studies present the opportunity to
understand response to therapy for patients eligible and able to enroll on trials, there is a
critical need to comprehensively collect and report response data for those patients treated
off trial to inform the ongoing use of these agents. With increased sequencing, additional
mutations of unknown significance will be discovered, highlighting the need for pipelines to
inform mutation pathogenicity and validation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:

Clinical pathology for pediatric T-ALL patients. A. Bone marrow smear from patient 146,
stained with hematoxylin and eosin (H&E) stains. Shown is a representative field with image
taken at 100X magnification. B. Histology of bone marrow biopsy core from patient 146.
Shown is a representative section stained with H&E. Image was taken at 60X magnification.
C. Graph showing read counts for probes along chromosome 4 on the RHP v2 assay (Batch
CNV) for bone marrow from patient 146. Red highlights amplicons for PDGFRA (exons
10-21 and 23) and demonstrates loss of reads over exons 10-12, suggesting deletion of a

5’ segment of PDGFRA. Shown are data from one of two sample replicates. D. Graph
showing PDGFRA expression for T-ALL samples and the EOLL1 cell line analyzed using the
AMPSeq fusion assay. PDGFRA expression is calculated as number of reads/million total
RNA reads. T-ALL samples include all clinical disease samples profiled using the Boston
Children’s Hospital AMPSeq fusion panel between July 2020- November 2021.
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PDGFRA AAG
Mutation (kJ/mol)
D842V -17.310.4
D842H-H845D -16.0+0.9*
D842H -9.5+0.5
D842N -7.8+0.6
H845D -4.7+0.6

Alchemical free energy calculations predict activation by PDGFRA p.D842X mutants. A.
Crystallographic structure of PDGFRA. B. Zoom of the crystal structure around the D842
residue. C. Schematic representation of the thermodynamic cycle of wildtype and mutant
PDGFRA in the unfolded and folded, auto-inhibited state. *For the schematic representation
of the double mutant D842H/H845D, see Supplementary Figure 1A-B. D. Summary of free
energy differences (AAG values).
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Figure 3:
PDGFRA D842 mutations result in activated PDGFRA, IL-3 independent growth, and

sensitivity to tyrosine kinase inhibitors. A. Ba/F3 cells expressing PDGFRA WT, p.D842V,
p.D842N, p.D842H, p.H845D, p.D842H/p.H845D were grown without IL-3, and cells
counted using trypan blue exclusion. Shown is the average number of cells £ SD of 3
replicates. B. Ba/F3 cells expressing PDGFRA WT, p.D842V, p.D842Q, p.D842T, and
p.D842E were grown without IL-3, and cells counted using trypan blue exclusion. Shown
is the average number of cells +SD of 3 replicates. C-E. Western immunoblotting showing
inhibition of PDGFRA and STAT5 phosphorylation in response to imatinib (C), dasatinib
(D), or avapritinib (E). Boxes indicate western blots performed separately and degree of
activation cannot be compared between different blots. Ba/F3 cells expressing PDGFRA
WT, H845D, D842V, D842N, D842H, or D842H/H845D were tested with a range of
imatinib (C), dasatinib (D), or avapritinib (E) concentrations and viability evaluated at day 3
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by an ATP-based assay as a percentage of luminescence relative to DMSO control. Shown
are the mean +SD of 4 replicates.
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C Immunophenotype of patient 146 and PDX model
Positive by flow cytometry
Patient 146 CD2 (variable), CD5, CD7, CD8 (variable), CD99 (variable)
PDX CD1a (variable), CD2, CD4 (variable), CD5, CD7 (dim), CD8, CD99 (variable)
D
Patient bone marrow genomic variants
Gene Transcript Genomic variant Protein variant VAF
PDGFRA NM_006206 €.2524G>A p.D842N 12.3%
FANCL NM_0011114636 | c.1022_1024del | p.I341_C342delinsS | 52.4%
FIP1L1-PDGFRA|  FIP1L1 exon 6 (NM_030917.3) :: PDGFRA exon 12 (NM_006206.4)
STIL-TAL1 STIL exon 1 (NM_003035.2) :: TAL1 exon 5 (NM_003189.5)
PDX spleen genomic variants
Gene Transcript Genomic variant Protein variant VAF
PDGFRA NM_006206 c.2524G>A p.D842N 45%
FANCL NM_0011114636 | c.1022_1024del | p.I341_C342delinsS | 46%
FIP1L1-PDGFRA| FIP1L1 exon 6 (NM_030917.3) :: PDGFRA exon 12 (NM_006206.4)
STIL-TAL1 STIL exon 1 (NM_003035.2) :: TAL1 exon 5 (NM_003189.5)
E F

FIP1L1 PDGFRA PDGFRA

Figure 4:
Characterization of PDX model of FIP1L1-PDGFRA, PDGFRA p.D842N T-ALL from

patient 1. A. Histology of mouse PDX bone marrow stained with H&E stains. Shown is

a representative field with image taken at 60X magnification. B. Spleen histology of PDX
model stained with H&E stains. Shown is a representative field with image taken at 60X
magnification. C. Summary of flow cytometry data from patient 146 and the PDX model
from patient 146. D. Table summarizing the genomic profiling results from patient 146 (data
from Rapid Heme Panel and AmpSeq fusion assay) and PDX model (sequencing data from
Oncopanel). Shown are data for genes that are covered on both assays. Full sequencing
data from both samples are included in Supplementary Table 6. E. FISH performed in PDX
spleen cells showing fusion of FIP1L1-PDGFRA, with loss of CHIC2. F. RNASeq was
performed on spleen cells derived from the PDX model. Image of RNASeq alignment at
the indicated area of Chromosome 4. Shown are the PDGFRA p.D842N mutation present
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in 100% of reads as a vertical green line (black box) in the lower right panel and the
FIP1L1-PDGFRA fusion breakpoints in the lower left and center panels. The absence of
reads over the earlier exons prior to the breakpoint in PDGRA exon 12 suggests that the
mutant fusion allele is responsible for all of the 3' PDGFRA RNA expression and that the
PDGFRA ¢.2524G>A p.D842N point mutation is on the same allele as the fusion.
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Figure5:
T-ALL with FIP1L1-PDGFRA, PDGFRA p.D842N mutations responds to avapritinib. PDX

model from patient 146, characterized by F/P1L1-PDGFRA and PDGFRA p.D842N, was
treated with vehicle versus avapritinib. A. Graph showing spleen weight in mice after 7

days of treatment. Shown is average weight (n=3) £SD. *P<0.05 using unpaired t-test. B.
Avapritinib treated mice demonstrated a decrease in leukemia burden in peripheral blood,
bone marrow, and spleen after 7 days of treatment. Shown are flow cytometric quantification
of total human CD45+ ALL cells in harvested tissues (n=3), average £SD. ****P<(.0001
using unpaired t-test. C. Histology of mouse bone marrow stained with pSTAT5 from mouse
treated with vehicle (left) or avapritinib (right) for 7 days. Shown is a representative field
with image taken at 40X magnification. Effect of avapritinib on leukemia burden was more
profound after 28 days of treatment. D. Graph showing spleen weight in mice after 28 days
of treatment. Shown is average weight (n=3) £SD. ****P<(0.0001 using unpaired t-test. E.
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Flow cytometric quantification of total human CD45+ ALL cells in bone marrow or spleen
after 28 days of treatment. Average % human CD45 shown (n=3) £SD. ****P<0.0001
using unpaired t-test. F. Peripheral blood leukemia was monitored in mice during treatment.
Shown is average % human CDA45 positive cells for 3 mice per timepoint over 28 days,
+SD. ****P<(.0001 using a 2-way ANOVA. G. Kaplan-Meier survival curve for PDX
mice treated with vehicle or avapritinib. Data shown for mice that were not included in
planned tissue analysis, N=6 per group. Curve for avapritinib-treated mice stops when mice
with recurrent disease are re-treated with avapritinib. ****P<0.0001 using Log-rank test.
H. Swimmer plot depicts complete treatment course of PDX mice treated with vehicle or
avapritinib. Three mice in the avapritinib group developed disease recurrence following
discontinuation of therapy and were re-treated. I. Graph showing peripheral blood absolute
blast count in patient 146 during dasatinib and avapritinib therapy.
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Table 1:

Genomic characteristics of patients with relapsed/refractory T-ALL enrolled on the LEAP Consortium trial
(NCT02670525).

# Diagnosis Mutations Fusions Cytogenetics/FI SH

7 Refractory T-ALL | JAK3 NOTCHI, WT1 AMLI-LAF4 47, XX,1(2;21)(q11.1;q22),+der(7;21)

(910;q10),add(13)(q12)[6]/46, X X[14]

19 Refractory T-ALL | 7P53, WT1, CREBBF, JAK3 | PICALM-MLLTI0 46,XX

56 Refractory T-ALL | PTEN TRB-LMO1 46,XY

79 Relapsed T-ALL EZHZ2 Not Assessed 46,XX,t(7;14)(932;024)[18]/46,XX[2]

89 Relapsed T-ALL RUNX1, TP53, GNB1, PHF6 | None 46,XY,-9,der(16)t(1;16)(p22;q24), +mar[cp14]

127 | Relapsed T-ALL SETD2 Not Assessed 46,XY

146 | Refractory T-ALL | PDGFRA STIL-TAL1, FIPIL1- 46,XX,del(9)(p13),del(13)(q14q32) [6]/46.sl,

PDGFRA

—1,—del(13),+mar[2]/46,XX[13]

176 | Relapsed T-ALL

NOTCHI, KRAS

None

45,XY,der(8;9)(q10;q10)[20]

192 | Refractory T-ALL

NOTCHI1, NRAS, TP53,
wr1

NUP214-ABL1

45,XY,der(6)t(6;17)(q27;q921),del(7)
(p12p14),del(9)(p21.3),-17[13]

230 | Refractory T-ALL

None

STIL-TAL1, FIP1L1-
PDGFRA

46,XY,del(6)(q15423)[3)/46, X Y[18]

287 | Relapsed T-ALL WT1, NOTCHI1, JAK3, None Karyotype failed
PTPN11, IKZF1, JAKI,
NFE2

293 | Relapsed T-ALL CREBBF, JAK1, JAKS, None 46,XX,t(1;12)(p22;p11.2),1(2;6) (p21;p21)[14)/
BCOR 46,XX[6]

298 | Relapsed T-ALL None None 46,XX,del(9)(p21p24)

329 | Relapsed T-ALL NOTCHI1, STAT5B STIL-TAL1 46,XY Loss in segment 9p21.3 with focal low level

homozygous loss including CDKN2A/B genes
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