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Abstract

Despite a remarkable increase in the genomic profiling of cancer, integration of genomic
discoveries into clinical care has lagged behind. We report the feasibility of rapid identification of
targetable mutations in 153 pediatric patients with relapsed/refractory or high-risk leukemias
enrolled on a prospective clinical trial conducted by the LEAP Consortium. Eighteen percent of
patients had a high confidence, Tier 1 or 2, recommendation. We describe clinical responses in the
14% of patients with relapsed/refractory leukemia who received the matched targeted therapy.
Further, in order to inform future targeted therapy for patients, we validated variants of uncertain
significance (VUS), performed ex vivo drug sensitivity testing in patient leukemia samples, and
identified new combinations of targeted therapies in cell lines and patient-derived xenograft
models. These data and our collaborative approach should inform the design of future precision
medicine trials.

Introduction:

Since primary patient samples are easy to obtain in patients with leukemia, the study of
leukemia has often been at the leading edge of technology advances. For example, the first
characterization of gene expression programs in cancer and the first sequencing of a human
cancer genome were performed in the context of leukemia(1-3). Subsequently, the last
decade has seen the deep genomic characterization of childhood leukemias, including acute
myeloid leukemia (AML)(4), B-cell precursor lymphoblastic leukemia (B-ALL)(5), T-cell
precursor lymphoblastic leukemia (T-ALL)(6) and myelodysplastic syndrome (MDS)(7).
However, the feasibility of applying these discoveries to clinical care has not been tested
prospectively. Indeed, most early precision medicine studies in pediatrics in the United
States have focused on solid tumors. Rationale for this solid tumor centric approach have
included arguments that pediatric leukemia is too aggressive for therapeutic decisions to be
delayed by genomic data wait times and that single agent therapies are unlikely to be
effective for leukemia. Pediatric leukemia, however, remains the second leading cause of
cancer-related death in children, and while exciting advances have been made in the recent
application of chimeric antigen receptor T-cell (CAR T) therapy for the treatment of children
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with relapsed/refractory B-ALL, 50% of patients treated with this modality will also
relapse(8-10).

A number of studies have evaluated the feasibility of identifying targetable mutations in
pediatric patients with relapsed or refractory cancers through single institution studies or
multi-institutional consortiums. These studies have largely evaluated patients with solid
tumors and brain tumors and have not comprehensively addressed the feasibility of
identifying targetable mutations, in real time, in patients with acute leukemia(11). Two
multi-institutional studies focused exclusively on children with solid tumors. For example,
the Baylor College of Medicine Advancing Sequencing into Childhood Cancer Care
(BASIC3) study examined tumor/germline Whole Exome Sequencing (WES) in 150
children with solid tumors, with potentially actionable findings in 40% of newly diagnosed
patients(12). The multi-institutional Individualized Cancer Therapy (iCAT) study, enrolling
pediatric/young adult patients with solid tumors from four institutions, reported that among
100 patients, 31% received a targeted therapy recommendation, but only three of these
patients actually received the therapy(13). For two of the larger single institution studies,
while children with leukemia were enrolled, they represented a minority of the participants.
The University of Michigan reported a single site study of 102 pediatric patients with
relapsed, refractory or rare cancers. Of these, 46% had actionable findings that changed their
management, ranging from change in therapy to genetic counseling for a cancer
predisposition(14). Only 28 of the children enrolled in this study had a hematologic
malignancy. In Columbia University’s Precision in Pediatric Sequencing (PIPSeq) program,
101 high-risk patients, including 38 with hematologic diseases, were evaluated with a
combination of WES, RNA sequencing and targeted panels. Thirty-eight percent of patients
in the PIPSeq program were reported to have at least one potentially actionable finding,
including 17 patients with hematologic conditions(15).

In addition to the lack of pediatric leukemia data generated in prospective cancer precision
medicine studies, other gaps have been noted in these initial clinical trials. First, many
variants of uncertain significance (VUS) have been identified, with limited efforts to better
characterize these variants. Second, there remains a paucity of preclinical response data in
the specific pediatric disease context of interest for some of the relevant mutational events.
For example, preclinical response to PI3K inhibitors in adult P/K3CA p.E545K mutant
breast cancer has been reported(16), but data on preclinical response in PIK3CA p.E545K
mutant embryonic rhabdomyosarcoma are lacking(13). Third, drug access remains a major
problem for these children with the median lag time between first in human and first in child
clinical trials of 6.5 years(17).

To address these gaps, we established a pediatric leukemia clinical genomics consortium in
the United States, known as the Leukemia Precision-based Therapy (LEAP) Consortium,
which includes 15 major pediatric cancer institutions. We hypothesized that it is feasible to
identify and match, in real-time, actionable alterations with a targeted therapy for pediatric
patients with relapsed, refractory or high-risk leukemias or MDS. Using the combination of
a DNA-based next-generation sequencing (NGS) panel and RNA-based gene fusion testing,
followed by data review by our multidisciplinary molecular tumor board, we conducted a
clinical trial to test this hypothesis. Given the limited availability of targeted therapies for

Cancer Discov. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pikman et al.

Results:

Page 3

pediatric patients and the delays in testing novel drugs in this patient population in clinical
trials(17), we expected that few patients would be able to access the targeted therapy. Using
the power of a collaborative effort and the relative ease of access to leukemia samples, we
tested recommended therapies ex vivo in primary patient samples, explored possibilities for
synergistic drug combinations, and utilized an approach for novel variant validation with the
goal of increasing the potential for high confidence matched therapies. This multi-faceted
approach may inform the future practice of precision medicine for patients with leukemia.

LEAP Consortium Clinical Trial

Between July 2016 and September 2018, we enrolled 153 patients across 13 pediatric
institutions. All subjects had relapsed/refractory or high-risk leukemia or MDS. Patients
were enrolled in two cohorts; the distribution of diagnoses is shown in Table 1. These
patients represented 41% of eligible patients for 11 of the 13 institutions for which baseline
clinical data was available and were enriched for patients with relapsed/refractory
leukemias. Patients had a diagnostic bone marrow sample submitted for sequencing at the
time of enrollment or a peripheral blood sample with at least 20% leukemia involvement.
There was no blast percentage requirement for patients with MDS or juvenile
myelomonocytic leukemia (JMML). The samples were profiled using a CLIA-certified
DNA-based NGS panel targeting selected exons across 95 genes(18). The panel was not
designed to target splice variants or alterations in regulatory regions. Samples from patients
with B-ALL were also profiled for the presence of Philadelphia chromosome-like (Ph-like)
fusions initially using multiplex RT-PCR, but we subsequently transitioned to a targeted
RNA-based fusion detection panel (AMPSeq) when this test became available for clinical
application(19). Five patients enrolled at Columbia University Medical Center also had
clinical RNASeq data that were submitted and analyzed as part of this trial(20). All data
used for the matched targeted therapy (MTT) recommendations and returned to the treating
oncologist were obtained in CAP-CLIA approved labs.

The average turnaround time to results for the DNA sequencing panel was 5.25 (range 2-15)
days and 16.6 (range 4-35) days for the RNA-based fusion panel; these data were
immediately communicated to the enrolling site. The sequencing data, in combination with
clinical data and any available local sequencing data, were then reviewed as part of an expert
virtual biweekly-weekly panel meeting. The average time to expert panel review was 15
days from the time of return of DNA sequencing data, and a summary of targetable lesions
was issued to the site principal investigator (PI) and treating oncologist. Panel reviews were
prioritized for patients with relapsed/refractory disease in immediate need of a next therapy
and were also scheduled to accommaodate the participation of the treating oncologist or site
PI. The treatment recommendations were tiered based on the level of evidence for the
genomic lesion and the drug target. Recommendations for targeted therapy were for a drug
target/pathway or for a specific drug, depending on the type of genomic alteration that was
present. The tiering system is listed in Supplementary Table 1 and was based on the iCat
study(13). For patients with multiple targetable alterations, each was tiered according to the
tiering scale provided in Supplementary Table 1 but was not further prioritized. Final
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treatment decisions were at the discretion of the treating oncologist. The trial schema is
summarized in Figure 1.

Use of additional NGS data and correlation among panels

There has been an increased availability of NGS panel sequencing; however, the correlation
of findings among panels is not known. Currently, the NCI-COG MATCH trial requires
tissue for central laboratory sequencing for trial enrollment and matching of the genomic
alteration to targeted therapy. With increased availability of local sequencing, we reasoned it
would be prudent to know if there is significant correlation among different laboratory tests,
as availability of local sequencing may shorten time to results and thus increase clinical trial
eligibility and accrual. For the LEAP trial, sequencing using the central DNA panel was
required, but 32 of 153 patients (21%) enrolled on this trial had additional panel sequencing
performed at their referring institution. For genes that were covered by both panels, we
asked if there were correlations in 1) mutations discovered and 2) variant allele frequencies
for these mutations. This comparison included 20 genes, encompassing 59 mutations (37
missense, 12 frameshift and 10 nonsense). There was significant correlation between variant
allele frequency (VAF) percentages detected by the assays, with r=0.92 (Supplementary
Figure 1). There were three missense mutations that were discordant between panels, all
with low VAFs of 3-6%, at or near the limit of detection for both assays where small
stochastic differences may result in discordant calls. These discrepancies may have also been
influenced by differences in bone marrow sampling. The pathologists’ interpretations of the
mutations as pathogenic/likely pathogenic versus variants of unknown significance were
concordant for 86% of the mutations.

Targeted sequencing identifies therapeutic targets, alters diagnosis, and informs germline

evaluation

We broadly defined actionable alterations as a cancer-associated genomic event for which
there was a targeted drug available. The actionability of the alteration was tiered based on
the level of evidence for the targeted drug and the specific alteration in the disease context
(Table 2 and Supplementary Table 1). The actionable genetic alterations were identified by a
combination of standard-of-care cytogenetics/FISH and sequencing performed as part of the
study. The co-mutation plot in Figure 2 summarizes the genomic findings that led to the
recommendation, and the full mutation data are included in the Supplementary Data. For
116 (76%) of patients enrolled on this trial, an actionable genetic alteration was identified
(Table 2), although the majority of these were not high confidence (Tier 1 or 2) matches.
Indeed, the majority of recommendations were in Tier 3, where only pre-clinical evidence
was present for inhibition of the specific target in the specific tumor type. Twenty-one (18%)
of recommendations were categorized as Tier 1 or 2.

The exact mutation and leukemia disease subtype informed the tiering classification as
described in Supplementary Table 1. As an example, identified mutations in FL73were
classified in Tier 1, 2, and 5. Midostaurin, sorafenib, and gilteritinib have all been
demonstrated to have clinical efficacy in pediatric and/or adult patients with FL73-mutant
AML(21-24); thus a recommendation for using a FLT3 inhibitor in a patient with FL73
mutant AML was classified as Tier 1. Conversely, while FL73 mutations have been

Cancer Discov. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pikman et al.

Page 5

described in B-ALL(25,26) and T-ALL(6,27), it is not known whether FLT3 inhibitors have
efficacy in patients with these leukemias. Based on the evidence in AML, we considered a
recommendation for a FLT3 inhibitor in patients with ALL as Tier 2. Finally, we identified a
rare FL73p.D600del juxtamembrane domain mutation in patient #61 with relapsed AML.
This mutation is predicted to interrupt the inhibitory conformation of the FLT3 protein,
thereby potentially leading to increased FLT3 signaling, although it remains unclear whether
this mutation is activating(4). Given the importance of FLT3 in AML and the limited
available treatment options, the expert panel tiered this mutation as Tier 5.

Seventeen patients received the recommended targeted therapy, 14 of whom had relapsed/
refractory disease (Table 3 and Supplementary Table 2). Of the 17 patients who received
targeted therapy, 11 of the targetable genomic changes would not have been identified with
standard-of-care clinical evaluation performed by most institutions (Table 3, “Detected with
NGS only” column). The top reasons for not using the targeted therapy recommendation
included: 1) having a standard therapy option (59%), 2) having another clinical trial
available (19%), and 3) patient too ill to receive the targeted therapy (11%) and are all
categorized in Supplementary Table 3.

Clinical cases for all patients who received targeted therapy are summarized in the
Supplementary Data. For patients who received targeted therapy recommendations, clinical
responses were variable. For example, patient #152 was a 14-year-old boy who presented
with therapy-related MDS approximately 6 months after completing therapy for Ph+ ALL.
Cytogenetic analysis showed monosomy 7, and the patient underwent a matched unrelated
donor stem cell transplant 5 months following diagnosis. He relapsed approximately 90 days
after transplant with AML that responded poorly to treatment with azacitidine. He was
experiencing rapid progression of his AML when leukemia profiling with the NGS panel
demonstrated a CSF3R p.Q776* in 46% of reads, predicted to result in increased signaling
of the SRC family kinases(28). Dasatinib was started and his platelet count normalized.
After 3 weeks of dasatinib, 6-mercaptopurine was added to the treatment regimen due to
rising peripheral blasts, and blood counts stabilized again. Dasatinib was discontinued after
a total of 9 weeks of treatment due to development of bloody diarrhea.

The development of more sensitive clinical tests for fusion detection over the course of this
trial also enhanced targeted therapy recommendations. This was especially evident in the
treatment of patient # 38, who did not have a fusion detected using multiplex RT-PCR at the
time of initial study enrollment, but was discovered to have a targetable RCSD1-ABL2
fusion detected at subsequent relapse using the then-available AMPSeq panel. At the time of
fusion detection, the patient had chemotherapy refractory leukemia and sepsis. The patient
received chemotherapy in combination with imatinib, which led to a durable complete
remission of previously refractory disease and enabled a second stem cell transplant after 10
months of combination therapy. Thus, this fusion testing and the ability to incorporate
imatinib into her treatment was life-saving for this patient, and she remains in remission now
for 12 months post-transplant and 23 months from the identification of the fusion.

While the primary purpose of the study was to match somatic genomic findings to targeted
therapies, the impact of clinical genomic sequencing certainly expands beyond this goal. For

Cancer Discov. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pikman et al.

Page 6

example, while the study utilized tumor-only sequencing that cannot differentiate germline
from somatic variants, mutations in 7P53, RUNX1, ETV6, CEBFA and GATAZ prompted
consideration of a germline cancer predisposition and consideration for germline evaluation
was included in the recommendation. Patient #65 with a PTPN11p.T411M mutation also
had a recommendation for possible germline evaluation.

This study also informed a change in diagnosis for some patients. For example, patient #53
was initially diagnosed with AML and was started on standard-of-care AML therapy. The
NGS panel sequencing returned showing mutations in NOTCHI, ETV6, EZHZ2, and NRAS
prompting re-evaluation of the leukemia histopathology and a change in diagnosis to early
T-precursor ALL. The patient completed the AML induction course and was in remission
after the first month. He subsequently received treatment with an ALL-directed
chemotherapy regimen and remains in remission now for 34 months.

Ras pathway mutations are frequent in pediatric leukemia and show sensitivity to MEK

inhibition

Ras/MAPK pathway mutations (MVRAS, KRAS, PTPN11, and CBL) comprised the most
frequent “targetable” pathway in our patient cohort. For patients with B-ALL, we compared
the VAF for patients with relapsed/refractory disease enrolled on this LEAP consortium trial
to that of patients with newly-diagnosed B-ALL contemporaneously treated at the Dana-
Farber Cancer Institute and profiled with the same panel assay. A subset of patients had
more than one Ras pathway mutation, and we used the mutation with the highest VVAF for
this analysis. Patients with relapsed ALL had a significantly higher VAF for Ras pathway
mutations (Figure 3A) compared to the newly diagnosed cohort. There was a similar trend
for patients with AML, all enrolled on the LEAP trial, although it did not reach statistical
significance (Figure 3B). Ras pathway mutations increase signaling via the MEK/ERK
signaling pathways, leading to increased cell proliferation(29). MEK inhibitors, such as
selumetinib, trametinib, and PD0325901, have been shown to inhibit this signaling and are
under evaluation in clinical trials(29). We tested the sensitivity of primary patient samples
from our study to trametinib and selumetinib. Samples that had detectable NRAS, KRAS or
PTPNI11 mutations were more sensitive to selumetinib and trametinib ex vivo compared to
Ras pathway wild-type controls (Figure 3C and 3D, Supplementary Table 4), although
response did not correlate with VAF (Supplementary Figures 2A and 2B).

We expanded the analysis of sensitivity to Ras pathway inhibition to cancer cell lines using
the Broad Institute’s Cancer Dependency Map(30). Seven hundred thirty-nine cancer cell
lines were screened with a genome-scale CRISPR library(31). Focusing on the NRASand
KRAS mutant leukemia cell lines, we asked whether they are more sensitive to deletion of
NRAS and KRAS, respectively. As anticipated, the presence of NRAS or KRAS activating
mutations led to increased sensitivity to the genomic loss of NRAS or KRAS in the
respective cell lines (Figure 3E and 3F). This pattern of sensitivity to NRAS or KRAS loss
was also seen in solid tumor cell lines where inhibitors of the Ras signaling pathway are
routinely used clinically(29). Analysis of the BEAT AML drug sensitivity data(32) showed
the KRAS/NRAS mutant AML samples to be differentially sensitive to the MEK inhibitors
selumetinib, trametinib and C1-1040 (Supplementary Figures 3A and 3B). In accordance
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with these results, expression of mutant NRAS sensitized MLL-AF9 murine cells to the
MEK inhibitors trametinib and PD0325901 (Figure 3G).

The LEAP clinical trial enrolled two patients with B-ALL with 7CF3-HLF translocations.
Patients with B-ALL with 7CF3-HLF account for less than 1% of pediatric B-ALL, but are
considered incurable(33). Pre-clinical data suggests that ALL characterized by TCF3-HLF
fusions may be particularly sensitive to BCL2 inhibition with venetoclax(33,34).
Accordingly, the pediatric clinical trial of venetoclax for patients with relapsed/refractory
leukemia or neuroblastoma (NCT03236857) allows patients with new diagnosis of 7CF3-
HLFB-ALL to be enrolled and receive venetoclax in combination with chemotherapy. The
response of patient-derived xenograft (PDX) models of 7CF3-HLFB-ALL to venetoclax is
variable(33,35), and a large percentage of patients with 7CF3-HLF B-ALL have Ras
pathway mutations(33). Using a PDX model derived from a patient’s leukemia with 7CF3-
HLFand a KRAS p.G12D mutation, we tested the combination of the MEK inhibitor,
selumetinib, with venetoclax. NSG mice were injected with cells from this PDX, and after
disease was established, mice were randomized to receive vehicle, venetoclax, selumetinib
or both inhibitors. Single-agent venetoclax had minimal effect in this model, but the
combination of venetoclax with selumetinib led to a nearly 3 log-fold reduction in leukemia
burden compared to venetoclax alone (Figure 3H). We then expanded testing of the
combination of venetoclax with a MEK inhibitor to Ras pathway mutant B-ALL and AML
cell lines. The combination of selumetinib or trametinib with venetoclax was synergistic in
multiple cell line models (Figure 31 and Supplementary Figure 4). We further tested the
combination of trametinib and venetoclax in 5 primary patient samples from the LEAP study
in vitro. There was a decrease in the average area under the curve (AUC) for the
combination of trametinib with venetoclax compared to each inhibitor alone (Supplementary
Figure 5A and Supplementary Table 4).

Activation of ERK1/2 signaling promotes degradation of pro-apoptotic protein, BIM(36).
MEK inhibition increases BIM levels, priming cells for apoptosis when combined with
Bcl-2 or Bcl-XL inhibitors(37,38). This synergistic combination has been demonstrated in
models of melanoma(39), colon(37,39), lung(40,41) and ovarian(38) cancer. We treated
KOPNS8 cells with increasing concentrations of trametinib or selumetinib. Indeed, both led to
a concentration dependent increase in BIM (Supplementary Figures 5B and 5C). The
combination of trametinib with venetoclax further increased levels of NOXA and cleaved
BAX proteins, consistent with a loss of viability (Supplementary Figure 5D).

Patient #153 with B-ALL harboring a 7CF3-HL Ftranslocation and a KRAS mutation was
enrolled on the LEAP study at time of relapse after a matched unrelated donor stem cell
transplant and presented with characteristic coagulopathy and hypercalcemia(42). She was
started on induction chemotherapy but had rapid progression of disease as well as
pulmonary hemorrhage requiring intubation. Venetoclax was added to her chemotherapy
regimen with clinical improvement in the following week. After a cycle of a combination of
daunorubicin, vincristine, asparaginase, dexamethasone and venetoclax, she was in
remission with low MRD. She continued to receive chemotherapy with venetoclax, followed
by CD19-CAR T cell therapy, but unfortunately relapsed five months after receiving CAR T.
She again received chemotherapy in combination with venetoclax after the second relapse
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and was able to achieve a clinical remission with low MRD. Although combining a MEK

inhibitor with venetoclax was an intriguing consideration based upon preclinical data, this
regimen was not given to the patient due to the lack of safety data for this combination in

humans.

Validation of variants of unknown significance

A common Tier 1 genetic alteration was the presence of FL73mutations in patients with
AML. We performed functional testing for drug sensitivity to FLT3 inhibitors across
primary samples using an ex vivo drug sensitivity platform(32). As expected, FL73 mutant
samples were differentially sensitive to crenolanib, gilteritinib, midostaurin or quizartinib
when compared to FL73wild-type samples (Figures 4A, 4B, 4C and 4D, respectively, and
Supplementary Table 4). Interpretation of clinical sequencing, however, can be complicated
by variants of unknown significance. For mutations in genes encoding proteins that are
known drug targets, validation of this significance is particularly relevant as this may
influence enrollment in targeted therapy trials. We thus used a multi-faceted approach to
study the FL73p.A680V variant, which was identified in patient #1 and has been previously
described in pediatric patients with ALL and AML(4,43,44). To investigate possible
mechanisms by which the p.A680V mutation could be activating the FLT3 kinase, we
performed molecular dynamics (MD) simulations. MD predicts positions of atoms in a
protein subjected to thermal fluctuations and can inform hypotheses regarding structural
differences between wild-type and mutant forms. Based on the crystal structure of FLT3
(Figure 4E), we built models of wild-type FLT3 and FLT3 p.A680V that included the kinase
and juxta-membrane (JM) domains. Residue 680 is located in the N-terminal lobe of the
kinase domain in close proximity to a hydrogen bond (H-bond) between Y599 (JM domain)
and E604 (kinase domain) (Figure 4E and 4F). We hypothesized that this H-bond is
important for stabilization of the JM domain in a conformation that blocks the kinase active
site, thereby contributing to auto-inhibition of the kinase (Figure 4E). Short time-scale MD
simulations showed that extra steric bulk from the methyl groups of A680V compared to
A680 disrupts the Y599/E604 H-bond (Figure 4G and 4H). We predicted that this could
destabilize the JM domain from its auto-inhibitory conformation (Figure 41). Throughout
MD simulations we observed that the prevalence of Y599/E604 H-bonds are decreased for
the mutant over the wild-type, whereas the prevalence of Y599/water molecule H-bonds are
increased in the mutant over the wild-type (Figure 4H). The Y599/water molecule H-bonds
are between the JM domain of the protein and the solvent front and an increase in the
number of these bonds in the mutant structure suggests that the JM domain in the mutant is
no longer in its auto-inhibitory position close to the kinase domain (Figure 41). These data
support our structural prediction that formation of the Y599/E604 H-bond is impaired by a
mutation of residue 680 from alanine to valine. We propose that destabilization of the JM
domain releases auto-inhibition and shifts the conformational equilibrium toward an active-
like structure (Figure 41). Concordant with the MD simulations, expression of FL73
p.A680V in Ba/F3 cells led to IL-3 independent growth (Figure 4J). Furthermore, cells
expressing FL73p.A680V were sensitive to treatment with gilteritinib (Figure 4K) with a
concentration-dependent reduction in FLT3 phosphorylation (Figure 4L).
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Discussion

The sequencing of the first human leukemia genome was reported in 2009(1). Since that
time, there have been extensive efforts to genomically characterize cancer, including
leukemia, with the goal of improving diagnosis, prognostic markers and treatment. Real time
prospective clinical genomic evaluation of pediatric patients with leukemia remains in the
early stages, and the feasibility of applying genomic characterization to inform targeted
therapy in pediatric patients with leukemia has been explored only minimally.

The targeted therapy recommendations that were part of this trial were made based on the
combination of standard-of-care evaluations (cytogenetics, FISH, FL73testing), as well as
NGS panels. The majority of targetable alterations for which the patients received therapy
were detected using DNA-based NGS panels and RNA-based AMPSeq fusion analysis,
rather than current assays routinely used to characterize leukemia biology clinically. For the
patients who actually received the targeted therapy recommendation, all alterations leading
to the therapy were detected using the NGS panels. While NGS panels are entering clinical
practice, they are not universally considered to be standard-of-care for patients with
leukemia. Given the results of this study, we believe that the use of NGS panels should be
part of the standard leukemia diagnostic evaluation for all pediatric patients, and especially
so for all patients with high-risk, rare or relapsed/refractory disease. Germline sequencing
may also contribute to the value of targeted panel evaluation and inform interpretation of
identified variants. Economic and health policy cost-benefit analyses will be needed in
future genomically-informed targeted therapy studies that are powered to assess their
efficacy.

The clinical availability of assays for genomic assessment of leukemia, as well as the
landscape of available targeted therapies, are rapidly evolving and influenced therapy
recommendations for subjects enrolled on the LEAP Consortium trial. During the course of
this study, for example, fusion analysis was first done using multiplex RT-PCR and then
changed to AMPSeq(45) with an improved ability to detect targetable fusions. With
increased availability of clinical grade RNA sequencing and the expanded use of other NGS
assays more broadly, the ability to identify targetable alterations in real time will improve,
and systems for rapid interpretation and guidance for clinicians will be needed. The dynamic
landscape of drug availability also led to differences in therapy recommendations over the
course of this study. For example, at the time of initiation of the LEAP study, gamma
secretase inhibitors were under early-phase clinical trial investigation for patients with
NOTCHI-mutated T-ALL and were thus part of the therapy recommendation. During the
course of the LEAP trial, further clinical development of these inhibitors was put on hold
due to toxicity, and inclusion of GSls in our MTT recommendations was no longer relevant.
Potential targeting of 7253 mutations also evolved over the course of our trial with the
development of APR-246(46) and phase 1/2 clincial trial testing of this compound in
combination with azacitidine in adult patients with AML. Indeed, preclinical data have
recently been reported suggesting the consideration of this drug for children with 7P53
mutant ALL(47). The targeted therapy recommendations in our study were made for single
agents, but a subset of patients received the targeted therapy in combination with
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chemotherapy. Genomically informed therapeutic trials using combinations of drugs will be
needed to inform efficacy and toxicity.

An evolving understanding of driver versus passenger events and the relevance of VAFs will
also influence future therapy recommendations. For example, we validated the FL73
p.A680V mutation in AML as activating and rendering sensitivity to FLT3 inhibitors,
suggesting that a FLT3 inhibitor could be recommended for future patients with FL73
p.A680V mutant leukemia(4,43). Systematic efforts to characterize VUS as activating, such
as MITE-Seq (Mutagenesis by Integrated TilEs)(48) are needed, particularly for targets with
readily available inhibitors. These efforts may add pre-clinical evidence to a previously
uncharacterized variant. Likewise, the targeting of a sub-clonal mutation, and its effect on
the bulk leukemia population, have not been well studied. Our study was not powered to
assess efficacy of specific targeted therapies in the context of variable VVAFs. There was no
correlation between VAF and sensitivity to MEK inhibitors /n vitro, which may be due to a
number of factors: differences in VAF between the patient sample that was sequenced and
the viable cells that were screened, potential paracrine effects from Ras pathway mutant
cells or alternative mechanisms of activating the Ras pathway. It is also possible that the
relationship between VAF and sensitivity to MEK inhibitors is not linear. Notably, the MEK
inhibitor trametinib had clinical efficacy only in RAS-mutant myeloid malignancies(49).
Future genomically-informed therapeutic trials will need to be conducted to address the
question of the level of clone that is needed for a therapeutic response. We did, however,
correlate the VAF findings between clinical laboratories that performed NGS panel
sequencing. This analysis showed a significant correlation between the results and supports
the possibility of using institutional assays for specific genes rather than requiring a
centralized test.

Ex vivo drug sensitivity testing is another potential approach to guide targeted therapy
recommendations. In our study, leukemia samples with molecular alterations predicted to
sensitize to a particular drug were in fact more sensitive to the inhibitor than those samples
without the mutation. Unfortunately, the study was not powered to assess whether the ex
vivo drug sensitivity correlated with a patient response to the targeted inhibitor. Future
clinical trials using ex vivo drug sensitivity testing would need to be performed to address
this question. Beyond ex vivo testing of single agents, robust preclinical testing to study drug
combinations is needed as patients with acute leukemia are generally not curable with
single-drug therapies. One goal of the LEAP consortium was to conduct pre-clinical studies
to inform future clinical trials. The combination of a MEK inhibitor with venetoclax was
synergistic in both B-ALL and AML cell lines, as well as in a highly aggressive PDX model
for TCF3-HLF and KRAS-mutant B-ALL. The combination of the MEK inhibitor
cobimetinib with venetoclax was recently found to be synergistic in a subset of AML cell
lines and primary patient samples(50). Testing this combination in additional preclinical /n
vivo models would be a valuable next step toward informing biomarkers of response and
testing in clinical trials.

This first-in-the-US multi-institutional prospective pediatric leukemia genomics trial brought
state-of-the-art clinical genetic testing, assessment of prognostic biomarkers and targeted
therapy treatment recommendations to children and young adults with high-risk, relapsed or
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refractory leukemias or MDS. Future studies will need to comprehensively assess the impact
of genomic testing and matched targeted therapy on patient outcome, as well as the financial
implications of integrating genomic testing into the clinical care for all patients. Our
collaboration provided a unique opportunity to perform sophisticated patient-specific /n vitro
drug testing assays to impact matched targeted therapy discovery efforts, which will be
further validated in patient-derived xenograft models in future studies. We believe that a
model like the LEAP Consortium has the potential to transform precision medicine
approaches for children with high-risk leukemias and to inform future genomics-guided
therapeutic trials and drug discovery efforts.

Materials and Methods:

LEAP Consortium Clinical Trial

Cell Culture

The patients all had a diagnosis of relapsed/refractory or high-risk leukemia or
myelodysplastic syndrome. The patients were enrolled in two cohorts. Cohort 1 included
patients with relapsed or refractory leukemia. Cohort 2 included pediatric patients with high-
risk or rare leukemias. These were defined as AML, KMTZA-rearranged infant ALL or
hypodiploid ALL, rare leukemia (e.g., JIMML, MPAL), or leukemias secondary to therapy.
Patient characteristics are listed in Table 1. At the time of enrollment, patients had a
leukemia sample (or DNA derived from a leukemia sample) sent for sequencing using an
NGS panel profiling 95 genes commonly mutated in leukemia (Rapid Heme Panel). A
subset of patients also had fusion analysis using multiplex RT-PCR (19 patients), AMPSeq
fusion panel (56 patients) or RNASeq (5 patients) (Figure 1). Clinical data, including
cytogenetics and FISH, in combination with sequencing results, were then reviewed by an
expert panel of physicians. For patients who had leukemia profiling performed at their home
institution, data were also reviewed by the expert panel.

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. The study was registered on
Clinicaltrials.gov (NCT02670525).

and Viability Assays

The 697 cell line was obtained from Dr. Scott Armstrong. KOPN-8 cells were obtained from
Dr. Sarah Tasian. NOMO-1 and OCI-AML3 were provided by Dr. Ross Levine. Cell line
identity was verified using STR profiling. All cell lines were maintained in RPMI 1640
(Cellgro) supplemented with 1% penicillin/streptomycin (PS)(Cellgro) and 10% FBS
(Sigma-Aldrich) at 37°C with 5% CO,. Ba/F3 cells were maintained in RPMI 1640
(Cellgro) supplemented with 1% PS, murine I1L-3 and 10% FBS. After transduction with
either FLT3, FLT3-1TD, or FLT3A680V vector, selection was made by removing IL-3 from
the culturing medium.

For drug sensitivity assays, viability was evaluated using the CellTiter-Glo Luminescent Cell
Viability Assay (Promega) after the indicated days of exposure to the specific drug or
combination of drugs. Luminescence was measured using FLUOstar Omega from BMG
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Labtech. The ICgq values were determined using Prism GraphPad version 8 software.
Murine KMT2A-AF9 leukemia cells were generated as previously described(51).

Drug sensitivity testing
Trametinib (#S2673), selumetinib (#51008), venetoclax (#58048), PD0325901 (#S1036)
and gilteritinib (#S7754) used for cell line testing were purchased from Selleckchem.
Selumetinib (#S-4490) and venetoclax (#V-3579) used for the mouse study were purchased
from LC laboratories.

Dose response

Synergy drug testing was performed with the combination of selumetinib or trametinib and
venetoclax as previously described(52).

Ex vivo drug sensitivity testing for primary patient leukemia samples was performed as
previously described(32). Briefly, drug sensitivity was analyzed by incubating freshly
isolated mononuclear cells from patient blood or bone marrow specimens in RPMI-1640
medium supplemented with fetal bovine serum (10% for myeloid specimens; 20% for
lymphoid specimens), L-glutamine, penicillin/streptomycin, fungizone, 10™* M beta-
mercaptoethanol, and graded concentrations of respective small-molecules for 72 hours.
Relative numbers of viable cells were quantified using a tetrazolium-based MTS assay
(CellTiter 96 Aqueous), and the resulting seven point dose response curve data were fit using
Probit to calculate the response metric, area-under the dose response curve (AUC). Data for
response to gilteritinib, crenolanib, midostaurin, quizartinib, selumetinib, trametinib and
venetoclax were included in the analyses for this manuscript. Combination testing for this
assay was performed as previously described(53).

Immunoblotting

Cells were lysed in Cell Signaling Lysis Buffer (Cell Signaling Technology) as previously
reported(54) and resolved by gel electrophoresis using Novex 4-12% Bis-Tris Gels
(Invitrogen), transferred to a PVDF membrane (Bio-Rad) and blocked for one hour in 5%
BSA (Sigma). Blots were incubated in primary antibody to pFLT3-Y591 (Cell Signaling
#3461S), total FLT3 (Cell Signaling #3462S), pErk1/2-Thr202/Tyr204 (Cell Signaling
#4370S), total ERK (Cell Signaling #4695S), BIM (Cell Signaling #2933S), Bax (Cell
Signaling #5023S), NOXA (Cell Signaling #14766S) or Lamin B (Cell Signaling #12586S),
followed by the secondary antibodies anti-rabbit HRP (GE Healthcare Life Sciences
#NA9341ML) or anti-mouse HRP (GE Healthcare Life Sciences #NA93101ML). Bound
antibody was detected using the Western Lightning Chemiluminescence Reagent (Perkin
Elmer).

In silico modeling

Models of inactive FLT3 were built using the auto-inhibited crystal structure of FLT3
(1RJB) as a reference(55). Proteins were prepared using the PrepWizard tool in Maestro®.
For the active-like FLT3 models, N-terminal JM domain residues were removed. A680V
mutation was introduced into these models with the rotamer search in Chimera. A total of
4x40ns explicit solvent Molecular Dynamics (MD) simulations were performed with the
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inactive-like FLT3 model, while 2x120ns MD simulations were performed for the active-like
FLT3 model. Amber14 suite was used for all MD simulations(56). ChimeraX, a virtual
reality visualization software, was used for investigation of conformational changes in the
models, and figures were generated with the Chimera Software(57). For more details, please
see Supplemental Methods.

In vivo drug testing in a TCF3-HLF ALL PDX model

Primary ALL cells were obtained from a pediatric patient with relapsed ALL at the
Children’s Hospital of Philadelphia (CHOP) Center for Childhood Cancer Research on an
approved institutional research biobanking protocol. Written informed consent was obtained
prior to sample acquisition in accordance with the Declaration of Helsinki. Animal studies
were conducted under a CHOP 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 into NSG mice to
establish the primary PDX model. Subsequently, 100,000 cells from primary PDX spleens
were injected into secondary 8 week-old male NSG mice for experimental studies. After
flow cytometric confirmation of 21% CD45+ CD19+ human ALL (fluorochrome-
conjugated antibodies #17-9459-42 and #47-0199-42 from EBioscience) in murine
peripheral blood, mice were randomized to treatment with vehicle, venetoclax 100 mg/kg
per 0s (PO) once daily x 5 days/week, selumetinib 100 mg/kg PO once daily x 5 days/week,
or both venetoclax and selumetinib x 5 days/week, for a total of 21-day course. Human ALL
cells were quantified weekly in murine peripheral blood and in harvested spleens after 21
days of treatment by flow cytometry using a FACSVerse flow cytometer (BD Biosciences)
and with data analysis in Cytobank as described(58-60).

Statistical analysis

Statistical significance was determined by two-tailed t-test or Mann-Whitney test for pair-
wise comparison of groups, as indicated and considered significant if < 0.05. Pearson
correlation was used to measure the strength of linear association between continuous
measures. For PDX studies, human ALL cell numbers in murine spleens of vehicle- and
drug-treated animals were evaluated for statistical significance using one-way ANOVA with
Tukey’s post-test for multiple comparisons. Statistical calculations were performed using
Prism GraphPad version 8 software.
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Statement of Significance:

Patients with relapsed/refractory leukemias face limited treatment options. Systematic
integration of precision medicine efforts can inform therapy. We report the feasibility of
identifying targetable mutations in children with leukemia and describe correlative
biology studies validating therapeutic hypotheses and novel mutations.
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Total patients: 153

Multiplex RT-PCR: 19

NGS panel: 153

AMP Seq
fusion panel: 56

Data reviewed by an
expert panel

WES/RNASeq
(CLIA): 5

VRS

Number of patients with
actionable alteration
identified: 116

Number of patients
who received targeted
therapy recommendation: 17

Figure 1:
LEAP Consortium clinical trial schema. The diagram outlines the clinical genomics data that

was obtained during this trial and informed matched targeted therapy recommendations.
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Figure 2:
Landscape of targetable genomic alterations for the LEAP Consortium Clinical Trial. Co-

mutation plot showing targetable genomic alterations for the 153 patients enrolled on the
LEAP trial. Samples are sorted according to the recommendation tier (across top) and
grouped by drug target along left axis. For patients with more than one targetable alteration,
the highest tier recommendation is used for diagram order.
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Figure 3: RAS pathway mutations are a therapeutic target in pediatric acute leukemia.
A) VAF for NRAS, KRAS, and PTPN11 mutations in patients with B-ALL on the LEAP

trial compared to patients with newly-diagnosed B-ALL treated at Dana-Farber Cancer
Institute. Leukemia samples were profiled using the same assay. **P<0.005 using Mann-
Whitney test. B) VAF for NRAS, KRAS, and PTPN11 mutations in patients with AML on
the LEAP trial. Primary leukemia samples from patients enrolled on the LEAP Consortium
trial were tested ex vivo in response to MEK inhibitors. Samples with Ras pathway
mutations (VRAS, KRAS, and PTPN1I1) were more sensitive to selumetinib (C) and
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trametinib (D), compared to WT samples. Shown is average area under the curve (AUC) for
individual samples, with average +/- SD. *P<0.05 and **P<0.005 using unpaired t-test.
Genome-scale CRISPR-Cas9 screen of 739 cell lines showed RAS mutant leukemia and
other cell lines to be differentially dependent on NRAS (E) or KRAS (F) compared to RAS
WT leukemia cell lines. Shown is the average gene effect +/- SEM. ****P<0.0001 using
Mann-Whitney test. G) Expression of NRAS p.G12D in murine MLL-AF9 cells increased
their sensitivity to MEK inhibitors, PD-0325901 and trametinib. Shown is average dose
response +/— SEM, with 4 replicates. H) Patient-derived xenograft (PDX) model
characterized by TCF3-HLF NRAS p.G12D was treated with venetoclax, selumetinib or
venetoclax plus selumetinib. The combination of venetoclax with selumetinib decreased
leukemia burden compared to mice treated with each drug individually. Data are flow
cytometric quantification of total human CD45+ CD19+ ALL cells in harvested murine
spleens (N=5). * P<0.01 and ****P<0.0001 using one-way ANOVA with Tukey’s post-test
for multiple comparisons. 1) Combination of selumetinib with venetoclax is synergistic
across Ras pathway mutant acute leukemia cell lines. Synergy was assessed by Chou-Talalay
combination index (CI) across the indicated cell lines. Normalized isobolograms depict Cl
scores over a range of concentrations. The coordinates of the Cl scores are d1/Dx1 and d2/
Dx2, where Dx1 is the concentration of drug 1 (selumetinib) that alone produces the
fractional inhibition effect x, and Dx2 is the concentration of drug 2 (venetoclax) that alone
produces the fractional inhibition effect x. The red line displayed is the line of additivity.
Points below the line are synergistic and above the line are antagonistic. Cell viability was
measured at 3 days of combination treatment using an ATP-based assay.
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Figure 4: FLT3 activating mutationsincreased ex vivo sensitivity to FLT3 inhibitors.

Primary leukemia samples from patients enrolled on the LEAP Consortium trial were tested
ex vivowith FLT3 inhibitors. Samples with FL73 mutations were more sensitive to
crenolanib (A), gilteritinib (B), midostaurin (C), and quizartinib (D), compared to FLT3
wildtype samples. Shown is area under the curve (AUC) for individual samples, mean +/-
SD. *P<0.05 and **P<0.005, using unpaired t test. The first trial patient had AML with a
FLT3p.A680V mutation, which has been described but had unknown functional
significance. (E) Crystal structure of auto-inhibited FLT3 kinase domain (grey) and JM
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domain (pink). Area surrounding residue 680 is highlighted. (F) Zoom in on residues A680
(blue) and (G) A680V (yellow) from active-like models of FLT3 shown relative to the Y599/
E604 H-bond observed in the auto-inhibited crystal structure. (H) Prevalence of H-bonds
between: Y599/E604 (left) and Y599/water molecules (right) in molecular dynamics
simulations of inactive-like models. (I) Proposed mechanism of activation of the A680V
mutation. J) Ba/F3 cells expressing empty vector, FL73WT or FLT3p.A680V were grown
without IL-3, and cells counted using trypan blue exclusion. Shown is the average humber of
cells = SD of 3 replicates. K) Ba/F3 cells expressing FLT3-ITD or FLT3p.A680V were
tested with a range of gilteritinib concentrations and viability evaluated at day 2 by an ATP-
based assay as a percentage of cells relative to DMSO control. Shown are the mean + SD of
4 replicates. L) Western immunoblotting showing inhibition of FLT3 phosphorylation in
response to gilteritinib treatment.
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Total N (%)

Cohort 1: Relapsed/Refractory N (%)

Cohort 2: Newly Diagnosed N (%)

N 153
Sex
Female 73 (48)
Male 80 (52)
Age (yrs.) at sample, median (range) 11 (<1, 26)
<1luyrs. 6 (11)
1-9yrs. 64 (42)
10 - 17 yrs. 54 (35)
>18yrs. 29 (19)
Disease
AML 67 (44)
MDS 1(<1)
JMML 3(2)
ALL 59 (39)
B-cell 49
T-cell 10
Infant KMT2A-rearranged ALL 3(2)
Leukemia of ambiguous lineage 9 (6)
Other rare leukemia 4(3)
Therapy-related leukemia 7 (5)

101

46 (46)
55 (54)
11 (1, 25)
0(0)
41 (41)
38 (38)
22 (22)

34 (34)
0(0)
1(1)

56 (56)

48
8
1(1)
4(4)
2(2)
3(3)

52

27 (51)
25 (48)
7 (<1, 26)
6 (11)
23 (44)
16 (31)
7(13)

33 (63)
12
2(4)
3(6)

1
2
2(4)
5(9)
2(4)
4(8)
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Table 2.

Actionable Alteration and Inhibitor Recommendations

Cohort 1. Relapsed/Refractory N
0,

Total N (%) Cohort 2: Newly Diagnosed N (%)

(%)
N 153 101 52
Actionable Alteration Identified [90% CI]* 116 (76) [69-81] 77 (77) [69-84] 39 (74) [62-83]
Alteration Tier
1 16 (14) 9(11) 7(18)
2 6 (4) 6 (8) 0 (0)
3 72 (62) 46 (56) 26 (68)
4 7(6) 5 (6) 2(5)
5 16 (14) 13 (16) 3(8)
Additional Recommendation ” 32 3(3) 0(0)
Recommended Inhibitor Target [90% CI] ™ 114 (75) [68-80] 77 (76) [68-83] 37(71) [59-81]
MEK 62 (41) 39 (39) 23 (44)
DOT1L/Menin 23 (15) 11 (12) 12 (23)
FLT3 14 (9) 9(12) 5(9)
MTOR 13(8) 9(9) 4(8)
JAKLI2 14 (9) 10 (10) 4(8)
JAK3 1) 1) 0(0)
WEEL 6(4) 5(5) 1(2)
HDAC 5@3) 4(4) 1)
ABL 5(3) 5(5) 0(0)
Gamma Secretase 4(3) 2(2) 2(4)
IDH1 4(3) 22) 2(4)
CDK4/6 32) 2(2) 12
KIT 3(2) 0(0) 3(6)
PI3K 32) 33) 0(0)
TP53 2(1) 1) 12
AKT 2(1) 2(2) 0(0)
BCL2 2(1) 22) 0(0)
BRAF 2(1) 0(0) 2(4)
CRML 2(1) 1() 102)
SRC 2(1) 22) 0(0)
PDGFRB 1) 1) 0(0)
CXCR4 1) 1) 0(0)

*

One patient had an actionable mutation found, but the patient died prior to having a treatment recommendation sent (case 100) and one patient had
a BCR-ABL 1 fusion identified but was already being treated with dasatinib so no additional recommendation was provided (case 90).

Ak

Patients may have had multiple recommended inhibitors.

fAdditionaI features of interest added retrospectively based on targetability during the course of the clinical trial (ex. TP53, CDKN2A)
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