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Abstract

Activated interleukin-7 receptor signaling drives B-cell acute lymphoblastic leukemia in mice.

Kerri R. Thomas

Chair of the Supervisory Committee:
Adjunct Professor David J. Rawlings, M.D.

Department of Immunology

Philadelphia chromosome-like acute lymphoblastic leukemia (Ph-like ALL) is a high-risk subtype
of B-ALL often associated with genetic variants that alter cytokine receptor signaling, including mutations
in the interleukin-7 receptor (/L7R). Although gain-of-function mutations in /L7R are present in a subset of
Ph-like ALLs, whether these lesions can initiate leukemic disease remains unknown. To investigate whether
IL7R variants are leukemia-initiating, we built mouse models expressing activated //7r (alL7R). B-cell
intrinsic alLL7R mice developed spontaneous B-ALL, demonstrating sufficiency of //7r activating mutations
in leukemogenesis. Concomitant introduction of a knock-out allele in the associated adapter protein Lnk
(encoded by Sh2b3) or a dominant-negative variant of the transcription factor Ikaros (Zkzf1) increased
disease penetrance. The resulting murine leukemias displayed monoclonality and recurrent somatic Kras
mutations and efficiently engrafted into immunocompetent mice. Prior to transformation, alL7R-expressing
mice exhibited an expansion of late pro-B cells with elevated Bcl-xl expression and IL-7-independent
survival. Phosphoproteomic analyses of alL7R leukemic cells revealed constitutive Stat5 signaling and B
cell receptor (BCR)-like signaling despite absence of surface pre-BCR. A human Ph-like ALL xenograft

with mutant /L7R, loss of SH2B3, and VPREBI deletion recapitulated this signature. Finally, in vitro



treatment of alL.7R leukemic B-cells with Jak, mTOR, or Syk inhibitors blocked growth, confirming that

each pathway is active in this model of /L7R-driven B-ALL.
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Chapter I. Introduction

[.1 B cell lymphopoiesis

The adaptive immune system consists of lymphocytes, specifically T and B cells, that function
coordinately to orchestrate highly specialized and pathogen-specific responses to infection. The primary
effector functions of B cells during an immune response are to recognize and internalize antigen via their
B cell receptor (BCR), present antigen to T cells, and to produce opsonizing and/or neutralizing antibodies.
Most B cells develop within in the bone marrow, where they arise from common lymphoid progenitors
(CLPs) and then progress sequentially through the early pro-B, late pro-B, large pre-B, small pre-B, and
immature B cell developmental stages. This process occurs in response to both external signals from bone
marrow stromal cells as well as cell-intrinsic signals. Secreted cytokines like Flt3-ligand, stem cell factor
(SCF), and IL-7 stimulate the proliferation and survival of early progenitor stages, while the chemokine
CXCLI12 aids in the retention of these progenitor cells in bone marrow microenvironment via CXCR4
chemoattraction'. From the large pre-B stage onward, surface pre-B cell receptor (pre-BCR) and BCR
signals predominantly drive differentiation.

A key step in B cell lymphopoiesis is the generation of a functional BCR that becomes expressed
on the B cell surface following VDJ or VJ rearrangement of the immunoglobulin (Ig) heavy and light chain
loci, respectively. Successful rearrangement of the BCR is crucial to a mature B cell’s ability to recognize
pathogens and perform its effector functions during an immune response. The random nature of Ig gene
rearrangement is necessary to assemble a diverse set of B cell receptors (BCRs)' and tight regulation of this
process is required to maintain genomic integrity of a cell. Accordingly, Ig rearrangement is necessarily
separate from proliferation. Heavy chain DNA rearrangement begins in the early pro-B stage, with D-J
joining. Pro-B cells become pre-B cells with surface expression of the pre-BCR, a heterodimer of the
rearranged p heavy chain and the surrogate light chains (vpreB1 and A5). The pre-BCR is expressed in a
complex with the signal transduction molecules Iga and IgP, that become phosphorylated in response to

pre-BCR crosslinking. If this phosphorylation occurs, an event indicating productive heavy chain



rearrangement, large pre-B cells are positively selected to pass the pre-BCR checkpoint and undergo a
clonal expansion. Cells with non-productively rearranged heavy chains undergo apoptosis and do not
survive. Subsequently, light chain rearrangement proceeds during the small pre-B cell stage, resulting in
immature B cells that express a rearranged Ig heavy chain-light chain pair (IgM). Surface IgM on immature
B cells is then tested for reactivity to self-antigens prior to egress from the bone marrow. These positive
and negative selection events during BM development ensure the production of a functional, non-
autoreactive B cell pool.

Dysregulation of BM B lymphopoiesis can lead to primary immunodeficiencies or autoimmunity
due to the absence of functional mature B cells or persistence of autoreactive B cell clones, respectively.
One of the best described immunodeficiencies is X-linked agammaglobulinemia (XLA), where patients
cannot produce antibodies (immunoglobulins) and are susceptible to recurrent bacterial infections. XLA
patients have mutations that impair the function of the tyrosine kinase BTK downstream of the pre-BCR”.
BTK mutations lead to a block in B cell development at the late pro-B to large pre-B transition and
dramatically reduced peripheral B cells®. In contrast, defects in apoptotic pathways can impair negative
selection at the immature B cell checkpoint, leading to the inappropriate survival of autoreactive B cells.
This is best exemplified by the Bcl-2-Ig transgenic mouse model, where B cells that overexpress the
apoptosis inhibitor Bcl-2 produce anti-nuclear antibodies, causing glomerulonephritis’.

Aberrations in B cell development can also lead to B cell precursor acute lymphoblastic leukemias
(B-ALLs). Normal pro- and pre-B cells have malignant phenotypic counterparts (pro-B and pre-B ALLs)
that may reflect the developmental stage at which oncogenic transformation occurred. Dysregulation or
loss-of-function mutations in transcription factors important for B cell specification or commitment are
present in many B-ALLs. PAXS and EBF1 deletion mutations are found in 24-30% and 4-6% of pediatric
B-ALL cases, respectively®’, and Ebf1" Pax5"" mice develop pro-B ALL', suggesting a causative role in
leukemogenesis. Blocks in differentiation at the pre-BCR checkpoint can also lead to B-ALL via mutations
that promote pro-proliferative signaling and evasion of cell cycle arrest. Mice deficient for the B cell linker
protein Blnk, a key component of the pre-BCR signaling pathway, develop B-ALLs with high pre-BCR
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expression and genetic disruption of Arf-Mdm2-p53 tumor suppressor pathway''. Activating mutations in
other effector molecules downstream of pre-BCR, like those in the RAS-ERK pathway, are also frequently
observed'*!. Apart from pre-BCR signals, another key component regulating early B cell development and
the pre-BCR checkpoint is the interleukin-7 receptor, though its potential role in leukemia initiation in less

clear.

[.2 IL-7R signaling in lymphocyte development and maintenance

The interleukin-7 receptor (IL-7R) is a heterodimeric cytokine receptor that consists of IL-7Ra
(CD127) and the common gamma chain (IL2RG). Signaling through the IL-7R is crucial for the
development of all lymphoid lineage cells, including T cells, B cells, and innate lymphoid cells (reviewed
in '"). CLPs are defined in part by IL-7Ra expression'®, and IL-7 signals are thought to play a role in
directing progenitors towards a B cell rather than T cell fate'®. In the thymus, IL-7R signaling aids the
differentiation and proliferation of CD4™ CD8 double-negative (DN) pre-T cells by inhibiting expression
of the transcriptional repressor Bcl-6 and regulating cell growth genes®’. CD4"CD8" double-positive cells,
by contrast, inactivate IL-7R signals while undergoing positive selection and then subsequently re-express
the receptor’?2. Mature T cells also use IL-7R signals for their long-term maintenance via modulation of
apoptotic pathways?>, as well as for the formation of memory T cells*.

Unlike T cells, IL-7R signaling is only transiently important in B cell progenitors. Starting at the
late pro-B stage, signaling via the IL-7R regulates early B cell development and expands pre-B cells through
coordinated signaling with the pre-BCR. IL-7R signals via the JAK-STAT (Janus kinase-signal transducer
and activator of transcription) and PI3-kinase (PI3-K) pathways to activate cell proliferation and survival
genes" ' ¥ IL-7R signals are also known to block RAG1/2 activity and subsequent Ig light chain
rearrangement. Thus, a critical step in pre-B cell development is to downregulate the IL-7R to allow for
successful light chain recombination. This downregulation is coordinated via signals mediated by the pre-
BCR, which initially cooperates with the IL-7R at the large pre-B cell stage, but subsequently suppresses

STATS activation and IL-7R-induced proliferation at the small pre-B cell stage ** 2. While the
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mechanisms orchestrating this process remain unclear, this molecular crosstalk represents a critical
checkpoint in early B cell development. Lack of the pre-BCR, or downstream effectors like Btk or Blnk,
results in checkpoint loss and either failure to produce mature B cells or an uncontrolled expansion of the
precursor population®”*’. Dysregulation of these pathways can lead to precursor B-cell acute lymphoblastic

leukemia (B-ALL) *% 3!,

.3 Philadelphia chromosome-like acute lymphoblastic leukemia

B-ALL is characterized clinically by a very broad array of molecular defects, including aneuploidy
(21-32%), chromosomal rearrangements (31-51%), and/or sequence mutations (up to 25%) %33, Genome-
wide sequencing and array-competitive genomic hybridization have been utilized to identify all sequence
and structural variants that may be contributing to disease. While these efforts to identify mutations are
comprehensive, previously uncharacterized mutations will often require further study to have prognostic
impact. Due to this complexity, recent studies have also employed gene expression signatures to better
characterize specific leukemic populations and to help to predict treatment outcomes®*’. Gene expression
profiling can identify novel B-ALL subtypes and determine whether different genetic lesions may
phenocopy one another at the molecular level.

One of the best described B cell leukemia subtypes is the Philadelphia chromosome ALL (Ph+
ALL), where a translocation between chromosomes 9 and 22 results in a gene fusion of BCR and ABLI.
This BCR-ABLI fusion creates a constitutively active tyrosine kinase which mimics pre-BCR signals by
activating BTK, allowing cells to avoid the pre-BCR checkpoint and survive without undergoing normal
differentiation®®. In contrast, Philadelphia chromosome-like acute lymphoblastic leukemia (Ph-like ALL)
is a separate clinical category of ALL that comprises 15-30% of National Cancer Institute high-risk B-ALL
occurring in children, adolescents, and adults®. The Ph-like ALL subtype represents B-ALLs that share a
similar transcriptional profile to Ph+ ALL but lack the canonical BCR-ABL1 chromosomal translocation.

Instead, Ph-like ALLs contain diverse mutations predicted to augment cytokine receptor signals, promote



kinase activation, and limit cell differentiation. The mutational landscape of Ph-like ALLs include genetic
events that lead to: overexpression of the TSLP receptor, CRLF2; gain-of-function (GOF) mutations in IL-
7Ra or JAK1/2; and/or loss-of-function (LOF) mutations in SH2B3, a negative regulator of cytokine
signaling, or the lymphoid transcription factor IKAROS '3 3740 3334 ‘Nearly all genetic studies of Ph-like
ALL also find additional lesions that are common across many forms of cancer (e.g. mutations in R4S and
TP53/RB1 pathways, and CDKN2A/B)'3 442,

The observation that Ph+ and Ph-like ALL share a similar transcriptional signature is surprising, as
the Ph+ signature presumably reflects the outcome of enhanced ABL1 tyrosine kinase activation, while Ph-
like ALLs are predominantly JAK-STAT-driven. Ph-like ALLs are arrested between the pro- and pre-B
cell stages of development, where cytokine-driven proliferation may facilitate the build-up of additional
mutations that ultimately result in oncogenic transformation. This hypothesis has not been definitively

tested, however.

[.4 IL-7R gain-of-function mutations in ALL

Activating insertion/deletion (indel) mutations in the /L7R gene have been identified in
approximately 12% of Ph-like ALL cases, as well as in 9% of T-ALL'>**. There are four defined
“classes” of heterozygous somatic /L7R mutations found in leukemias, affecting either exon 6 (classes 1-
3) or less frequently, exon 5 (class 4). The exon 5 mutations are all S185C variants that confer cytokine
independence and enhanced sensitivity to TSLP when co-expressed with CRLF2*. The exon 6 mutations
are insertion mutations in the transmembrane domain that either contain a cysteine residue (class 1),
positively-charged residues like arginine or histidine (class 2), or tryptophans or SxxG motifs (class 3)**.
Of these, class 1 mutations are the most common, where the cysteine residue leads to disulfide bond-
mediated receptor homodimerization and cytokine-independent activation**. Ba/F3 cells or hematopoietic

progenitors overexpressing /L7R gene class 1 mutants can induce B-ALL when transplanted into mice,

suggesting a potential role for these mutations in leukemogenesis** *. JL7R mutations are presumed to



increase STATS signaling, leading to dysregulation of B cell development through inhibition of the pre-
BCR pathway and thereby potentially promoting leukemic transformation': 2% 4> 4474 "However, this

concept has not been definitively tested in a physiologic setting.

IL7R activating mutations co-occur in Ph-like ALL with other purported activating mutations in
related cytokine receptors including events leading to CRLF2 overexpression or FLT3 indel mutations'?.
They can also co-occur with loss-of-function mutations in the negative signaling regulator SH2B3
(encoding LNK), or alterations in the transcription factor /KZFI (encoding IKAROS)". SH2B3 is a
member of the Src homology 2-B family of adaptor proteins that negatively regulates the activation of
multiple tyrosine kinases and cytokine signaling pathways. Sh2h3” mice exhibit reduced negative
regulation of signaling mediated by stem cell factor, IL-7, GM-CSF, thrombopoietin, and erythropoietin,
and are characterized by overproduction of stem cells, B cells, dendritic cells, erythrocytes, and
megakaryocytes . Mechanistic studies have shown that SH2B3 can directly interact with phosphorylated
JAKs and likely functions to attenuate downstream JAK-mediated signals, including IL-7-induced

JAK/STATS activation®® 7.

Analysis of newly diagnosed adult B-ALL samples identified a high-risk subset with higher /L7R
expression and lower SH2B3 expression than in normal BM progenitors™®, suggesting these proteins may
coordinate to promote leukemia persistence. B-ALLs with high expression of /L7R and low expression of
SH2B3 are associated with the BCR-ABLI1 fusion gene, as well as IKZF1 deletion®. IKAROS (encoded by
IKZF1) is a member of the Ikaros family of zinc-finger proteins along with HELIOS (IKZF2), AIOLOS
(IKZF3), EOS (IKZF4), and PEGASUS (IKZF5). IKAROS is a lymphoid-lineage transcription factor that
plays a key role in lymphocyte development. Indeed, several mouse models of Ikzf1 deletion displayed
severe defects in all lymphocyte lineages (T, B, and NK cells)*¢'. Early stages of B cell development,
specifically the pro-B-to-pre-B transition, require Ikaros activity in mice®'. Ikaros likely mediates this
transition via its involvement in regulatory networks affecting both the pre-BCR and the IL-7R?® 6264,

Downstream of IL-7R activation, STATSA and IKAROS compete for binding sites, with opposing effects



on target gene expression®. Of note, amongst these target genes, IKAROS promotes SH2B3 transcription,
while inhibiting /L 7R transcription®®. Thus, loss of IKAROS may lead to a reduction in SH2B3 expression
and an increase in IL-7R, while also limiting differentiation to the pre-B cell stage, thereby compounding
the effects of constitutive IL-7R signaling. Together, these data suggest a potential synergistic role for
SH2B3 and/or IKAROS loss with activated IL-7R signals, but no study to date has specifically tested this

relationship.

.5 Signaling programs in Ph-like ALL

Comprehensive genomic and proteomic profiling of cancers can lead to the development of better
precision medicine therapies and improved outcomes for patients*" °. For many years, Ph+ ALL was
associated with a very poor prognosis, but patient outcomes have improved significantly with the advent of
targeted kinase inhibitor (TKI) therapies. Targeting the BCR-ABL1 mutation with the addition of the ABL
inhibitor imatinib or related TKIs to an intensive chemotherapy regimen has led to increased remission
rates for Ph+ ALL. Tyrosine kinase activity is also a hallmark of Ph-like ALL, and the hope is that these
patients would similarly benefit from TKIs targeting JAK, SRC, FLT3, or other kinase pathways. Indeed,
a handful of clinical trials are currently underway to evaluate the efficacy of dasatanib (SRC inhibitor) and
ruxolitinib (JAK1/2 inhibitor) on Ph-like ALLs with ABL1 fusion mutations or CRLF2/JAK pathway
mutations, respectively (NCT01406756, NCT03117751, NCT02420717, and NCT02723994). Preclinical
studies with Ph-like ALL patient-derived xenografts (PDXs) have demonstrated in vivo effectiveness of
JAK inhibitors, providing rationale for this clinical approach®”-%. However, these studies showed variability
in the activity of ruxolitinib treatment, depending on the underlying lesions, and it remains unclear how
well this therapy may translate to patients with alternative genetic lesions contributing to Ph-like ALL.
Thus, a more complete understanding of the signaling programs active within this mutationally diverse

subtype of B-ALL is likely to further inform potential treatment strategies.



Recent studies have found that, despite being leukemic cells, the signaling mechanisms of B cell
negative selection are intact in primary Ph+ ALL®. Increasing BCR signaling through pharmacologic
hyperactivation of SYK tyrosine kinase targets Ph+ ALL for negative selection ®. Based on these findings,
the pre-BCR is now recognized as a potential therapeutic target for B-ALL * -7, Ph-like ALL remains
difficult to treat, perhaps due in part to distinct survival signaling not appreciated in the transcriptional
profiles. Although counterintuitive, Ph-like ALLs with constitutive IL-7R signaling have been classified as
transcriptionally similar to Ph+ (ABL1-driven) leukemias®”*'. However, assuming the counter-regulatory
IL-7R and pre-BCR pathways present in normal early B cell development are intact, these subtypes
(activated IL-7R versus pre-BCR-mimicking constitutive ABL1) would be predicted to exhibit distinct
signaling programs. Likewise, whether malignant Ph-like ALL cells mimic canonical B cell development

signals or engage a unique oncogenic signaling program remains unknown.

1.6 Questions to address

Previous genomic studies of Ph-like ALL have identified a constellation of mutations that are
presumed to enhance cytokine signaling and/or reduce activity of transcription factors that drive B cell
differentiation. A better understanding of the molecular pathways that regulate these oncogenic events is
likely essential for guiding the development of targeted therapies and precision medicine for this high-risk
leukemia subtype. Studies to determine the roles that individual mutations play in leukemogenesis has thus
far primarily been conducted in patient-derived samples and/or cell line models, which are complicated by

issues of mutational burden and questionable physiologic relevance, respectively.

Is activated IL-7R sufficient to drive oncogenic transformation in primary murine B cell
progenitors?
As the activated IL-7R mutation is predicted to occur in early B cell progenitors, BM B cell

development analysis is likely to improve our understanding Ph-like ALL biology. To evaluate the impact



of activated IL-7R on B cell development and leukemogenesis, we generated an inducible transgenic mouse
model where the murine //7r coding sequence contains a class 1 (cysteine-containing) patient leukemia
mutation: a 4 amino acid insertion PPCL in the analogous location of the transmembrane domain (//7r
p.P243insPPCL; referred to as ‘all.7R”). This construct was introduced in association with a downstream
T2A-linked GFP marker into the endogenous Rosa26 locus. Crossing these mice to the mb1-cre and CD19-
cre strains, that mediate expression in early B cell progenitors, gives rise to GFP" cells that co-express
alL7R. Importantly, this model was designed to induce alLL7R expression at levels similar to those in B-
ALL patients with heterozygous somatic mutations. We used this model, as well as two lineage-specific
models of loss-of-function mutations in S#2b3 and Ikzf1, to study the effect of these mutation(s) on B cell
development and leukemogenesis. Our novel findings clearly demonstrate that B-intrinsic expression of
alL7R is sufficient to initiate bona fide B-ALL in mice and that heterozygous loss of either Sh2b3 or Ikaros

significantly increases disease penetrance.

What signaling programs are altered in Ph-like ALL?

Ph-like ALLs have been extensively characterized by their transcriptional profile, but
comprehensive proteomic strategies to characterize their signaling programs have been lacking. Our study
utilized a combination of phosphoflow, mass-spectrometry-based phosphoproteomics, and in vitro viability
assays with specific kinase inhibitors to investigate the signaling pathways that are active and vital in both
our novel murine leukemias and in genetically relevant, patient-derived, Ph-like ALL xenograft models.
Our data reveal activation of Stat5 and mTORCI] targets, as well as a unique “BCR-like” signature, that is

blunted by Syk inhibition.

Can we make a genetically-engineered mouse model of B-ALL for studying relevant drug combinations in
vivo?

Preclinical testing of novel drugs for the treatment of B-ALL is critical step to make sure that the
most promising drugs are prioritized to enter clinical trials. Yet, the rate of successful translation of novel

9



therapeutics to the clinic remains quite low. Currently, most preclinical models of Ph-like ALL assess
responsiveness to therapy in vivo using patient- or cell line-derived xenografts implanted immunodeficient
animals. The lack of an immune-competent tumor microenvironment likely complicates bench-to-bedside
translation. In our study, we successfully transplanted primary alL7R leukemias into immunocompetent
WT mice and utilized this serial transplantation system to demonstrate the partial efficacy of rapamycin

therapy in vivo.

Chapter II. Role of an activating IL-7R mutation in B cell leukemogenesis

1I.1 Introduction

Philadelphia chromosome-like acute lymphoblastic leukemia (Ph-like ALL) comprises 15-30% of
National Cancer Institute high-risk B-ALL occurring in children, adolescents, and adults®’. Although Ph-
like ALLs share a similar transcriptional profile to Philadelphia chromosome-positive ALLY’, these
leukemias exhibit diverse mutations predicted to augment cytokine signaling, promote kinase activation,
and limit cell differentiation'® ** 3" 3% 4! Activating insertion/deletion (indel) mutations in the I/L7R gene
have been identified in approximately 12% of Ph-like ALL cases, as well as in 9% of T-ALL'* %% A
common /L7R mutation introduces a cysteine residue in the transmembrane domain that promotes receptor
homodimerization and cytokine-independent activation**. IL-7R plays a critical role in early B progenitor
growth and differentiation, where it signals via the JAK-STAT and PI3-kinase (PI3K) pathways to promote
cell proliferation and survival prior to BCR rearrangement' - JL7R mutations are presumed to increase
STATS signaling, leading to dysregulation of B cell development through inhibition of the pre-BCR
pathway and thereby potentially promoting leukemic transformation 2% % *- 474 However, this concept
has not been definitively tested, and whether malignant B-ALL cells mimic canonical B cell development

signals or engage a unique oncogenic signaling program remains unknown.
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IL7R activating mutations co-occur in B-ALL with loss-of-function mutations in the negative
signaling regulator SH2B3 (encoding LNK) or alterations in the transcription factor /KZF'! (encoding
IKAROS) at rates of ~55% or 32%, respectively'®. B lymphopoiesis is altered in 223" mice, with pro-B
cell overproduction due to enhanced sensitivity to IL-7, resulting in increased Stat5 activation’ *°. By
contrast, IKAROS controls multiple stages of B lymphopoiesis. Introduction of germline homozygous null
or DNA-binding domain Zkzf] mutations results in a complete block in B lineage development™ 7' In
contrast, introduction of these homozygous changes post B-lineage specification results in a block in the
transition from the highly proliferative large pre-B cell stage to the quiescent small pre-B cell stage®' .
Importantly, STATS antagonizes IKAROS activity in murine pre-B cells and primary B-ALLs by
reciprocally regulating many of the same target genes, including /L7R>* . Collectively, these data suggest

that mutations in /L7R may collaborate with those in SH2B3 and IKZF I to alter B cell development in ways

that drive leukemic transformation.

Here, we present a genetically engineered mouse model (GEMM) of B-ALL that is driven by B-
cell intrinsic expression of an activating mutation in //7r. This model reproduces many of the hallmarks of
Ph-like B-ALL, including monoclonal growth, B-precursor immunophenotype, de novo co-mutation of
common tumor suppressors and oncogenes, and activation of canonical cytokine and BCR-like signaling.
We carefully characterized the biology, leukemic transition, and drug responses in this alL7R GEMM and
propose that it will be broadly useful in future studies to characterize factors regulating Ph-like ALL onset

and potential treatments.
I1.2 Results

11.2.1 B-intrinsic expression of an insertion mutation in 1l7r drives B cell precursor ALL.

Common /L7R mutations in B-ALL include cysteine insertions within the transmembrane
domain™. Expression of murine //7r containing the B-ALL-associated activating 1.243insPPCL ({I7r

p.P243insPPCL) mutation, hereafter referred to as activated “alL7R”, in Ba/F3 cells permitted IL-3-
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independent growth and constitutive Stat5 phosphorylation (Figure I1.S1). To generate knock-in mice, we
introduced alL.7R with a cis-linked GFP reporter downstream of the murine Rosa26 promoter and a floxed
stop cassette (Figure I1.1a). Rosa26-alL7R "™ mice were crossed to Mbl-cre or CD19-cre strains (referred
to as “alL7R-Mb1” or “alL7R-CD19,” respectively) to turn on one copy of the mutant allele at the bone
marrow (BM) pro-B stage (B220" surface (s)uHC™ IgD” CD24" BP-1"; Figure I1.S2a). In alL7R-Mb] mice,
pro-B and all subsequent developmental BM and splenic B cell populations expressed GFP. Mature B cells
(B220" suHC" IgD") maintained surface IL-7R expression and co-expressed GFP, whereas IL-7R
expression was absent in mature B cells from controls, demonstrating alL 7R is expressed on the cell surface
(Figure I1.1b-c). Total surface IL-7R in aIL7R-mb] late pro-B cells (B220" suHC IgD” CD24" BP-1") was
not significantly changed relative to controls, while median IL-7R fluorescence in alL7R-Mbl mature B
cells was approximately one-fifth of that in Mbl-cre late pro-B cells, suggesting that surface alL7R

expression is roughly 20% of endogenous IL-7R (Figure IL.1b-c).

Longitudinal cohorts revealed that alL7R-Mb1 and alL7R-CD19 mice developed spontaneous
leukemic disease with low penetrance (~20%) with a median time to euthanasia criteria of 16 or 12 weeks,
respectively (Figure I1.1d). Leukemic animals displayed lymphadenopathy, splenomegaly, and high levels
of neoplastic B cells in peripheral blood (Figure Il.1e-h). Disease manifestations included hind limb
paralysis with leukemic infiltration of vertebral bone marrow, bone degeneration, and local nerve
impingement (Figure I1.1g, Tables II.1 and I1.2). Leukemia infiltration into liver and central nervous
system meninges were also observed (Figure I1.S2b and Table 11.2). Leukemia cells (leukemias referred to
as “alL7R alone”) expressed markers consistent with late pro-/large pre-B cells (CD19" suHC" IgD” CD24"
BP-1") (Figure IL.1h-j, Figure I1.S2¢). Further characterization revealed surface pre-BCR (spuHC" VpreB1*
or suHC") expression in primary leukemia cells from 5 of 6 mice, consistent with a pre-B cell
immunophenotype (Table IL.1). Finally, Ig heavy chain sequencing showed clonal leukemia with
expression of one or two predominant Vy segments per animal (Figure I11.S2d, Table I1.1). Together, these

data demonstrate that alL7R can promote de novo leukemic transformation.
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11.2.2  Loss of Sh2b3 or lkzf1 exacerbates and accelerates alL7R-driven leukemia.

Loss-of-function mutations in SH2B3 and /IKZF'] are also associated with Ph-like ALL, including
those with IL7R mutations'> ** °* % To model the genetic interaction between Sh2bh3 and alL7R, we
introduced an inducible knock-out allele of Sh2b3™ onto the alL7R background. Alternative breeding
strategies produced compound heterozygous animals with either global or B-lineage-restricted loss of
Sh2b3 (strains referred to as alL7R-Mbl Sh2b3"" or aIL7R Sh2b3"" Mbl, respectively). To model
leukemia-associated /KZF[ deletions, we crossed alL7R mice to animals expressing an exon 5 floxed
dominant negative isoform of Ikaros in B cells” similar to the k6 isoform in human B-ALL™ (strain

hereafter referred to as “aIL7R Ikzf1"* CD19”).

As in alL7R-Mb1/-CD19 mice, alL7R-Mb1 Sh2b3"", aIL7R Sh2b3"" Mbl, and alL7R Ikzf1"*
CD19 animals also developed spontaneous B-ALL with features that closely resembled alLL7R alone
leukemias (referred to as “alL7R/Sh2b3” and “alL7R/Ikzf1” leukemias) (Figure II.1d-j, Tables II.1 and
I1.2, Figure I1.S2a-b). B-intrinsic S#2b3 deletion increased leukemia penetrance to ~40% of alL7R
Sh2b3"*Mb1 mice, while co-expression of mutant Zkzf7 resulted in complete penetrance of aIL7R Tkzf17*
CD19 animals by week 15 (Figure I1.1d). In the absence of alL7R, heterozygous Sh2b3 deletion or lkzf1
mutant expression did not lead to disease (Figure I1.1d). Disease presentation, tissue pathology, CD24"
BP-1" precursor phenotype, and leukemia clonality mirrored the features of alL7R alone leukemias (Figure
II.1e-j, Tables II.1 and 11.2, Figure I1.S2a-b). Interestingly, hepatic infiltration with leukemia was more
pronounced in alL7R/Ikzf1 leukemias, suggesting potential genotype differences in leukemia localization
(Figure I1.S2b, Table IL.2). Unlike the alL7R alone leukemias, surface pre-BCR expression was not
detected in most compound heterozygous leukemias (alL7R/Sh2b3: only 1 of 8; alL7R/Ikzf1: 3 of 14)
(Table 1I.1, Figure 11.S2e). However, some leukemias expressed c-kit and/or surrogate light chain in the

absence of surface heavy chain (suHC™ VpreB1"), which was similar to previously described studies of

mouse and human “pro-BCR"™ pro-B ALL (Figure I1.S2e, Table IL.1)"7.
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Next, we assessed the capacity to generate secondary leukemias via serial transplantation.
Splenocytes from 12 independent alL7R alone, alL7R/Sh2b3, and alL7R/Ikzf1 primary leukemias were
transplanted into unirradiated immunocompetent C57BL/6 (B6) recipient mice (Figure I1.2a). Regardless
of leukemia genotype, all recipient animals rapidly succumbed to disease, although across all starting
genotypes the time to required euthanasia varied depending on the specific murine donor (~2-6 weeks;
Figure I1.2b-d). Transplanted (GFP") cells were present at high proportions in BM, spleen, and peripheral
blood and maintained their CD24" BP-1" phenotype (Figure II.2e-h). Collectively, these findings are

consistent with reproducible malignant transformation in animals with B-cell intrinsic expression of alL7R.
11.2.3  alL7R leukemias harbor somatic mutations in Kras, Trp53, and Bcor.

To determine which secondary mutations were associated with alL7R-driven leukemia in these
models, we performed whole exome sequencing on eight primary leukemias (2 alL7R alone, 3
alL7R/Sh2b3, 3 alL7R/Ikzf1) and four paired tail DNA samples as controls. We used two somatic variant
callers, Pisces and Mutect2 (Figure I1.S3a), to identify somatic nucleotide variants (SNVs) present in
leukemia and not tail DNA. Kras variants were highly prevalent irrespective of starting genotype (6 of 8
leukemias) with most located at codons 12, 13, 61, and 146, previously identified “hotspots” mutated in
many cancers’® (Figure IL.2i, Figure 11.S3b, Table I1.3). Additional variants included mutations in the
tumor suppressor, Trp53 (encoding Tp53), and in the Bcl6 interacting corepressor (Bcor) (Figure 11.2i,
Table I1.3). Bcor mutations (stop-gain variant or a 1bp frameshift variant in exon 8) were similar to
mutations described in pro-B ALLs from NUPY98-PHF23 transgenic mice, a model that mirrors features of
cytokine receptor-like factor 2 (CRLEF2)-rearranged Ph-like ALL”. Mutations in the E3 ubiquitin ligase
Cbll1 and the NOTCHI1 receptor Notchl were also present in alL7R/Sh2b3 leukemias (2 of 3 and 1 of 3,
respectively; Figure I1.2i, Table I1.3). By contrast, all alL7R/Ikzfl leukemias displayed an ostensible loss
of the remaining wild-type lkzf1 allele, as evidenced by absence of exon 5 sequence coverage (Figure 11.2i,
Figure I1.S3¢, Table I1.3). Loss-of-heterozygosity analysis between paired tail and leukemia DNA

indicated one alL7R/Ikzfl leukemia (7K7) possessed a large deletion in chromosome 11 encompassing
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both lkzfl and Trp53 (Figure IL.2i). These data show that alL7R-driven leukemias acquire somatic
mutations in multiple genes previously associated with B-ALL, events that may contribute directly to

leukemogenesis.
11.2.4  alL7R expression preferentially drives expansion of BM late pro-B cells.

To ascertain the effect of alL7R on B cell development, we performed detailed
immunophenotyping of bone marrow and splenic B cells prior to leukemogenesis. alL7R-Mbl mice
displayed increased marrow cellularity with expansion of B220+ B cells (Figure II.3a-c). The percentage
and absolute number of late pro B cells (B220" suHC™ IgD” CD24" BP-1"; Figure IL.3d) was specifically
increased. However, mature B cells (B220" suHC" IgD") were present in numbers equivalent to control
mice, consistent with no significant impairment in overall B cell development (Figure I1.3d). In the context
of alL7R, global loss of one Sh2b3 allele led to an increase in early pro B and late pro B cells (Figure I1.3b,
d). Additionally, alL7R-Mb]1 and aIL7R-Mb1 Sh2b3" mice displayed a skewing towards increased splenic
transitional B cells and reduced marginal zone B cells (Figure I1.S4a-d). While alL7R-CD19 and alL7R
Ikzf1"* CD19 animals did not exhibit an increase in total B cell numbers (Figure II.3e, Figure I1.S4e-g),
alL7R Ikzf1™" CD19 mice displayed an increased proportion and absolute number of late pro-B cell
progenitor cells (Figure IL.3f). These studies show that B-intrinsic alL7R expression specifically promotes
a modest increase in the late pro-B cell compartment and that this phenotype is enhanced by either Sh2b3

loss or expression of mutant Zkzf1.
11.2.5 alL7R and loss of Sh2b3 promotes enhanced survival in normal and leukemic B cell progenitors.

IL-7R signaling promotes survival of normal B cell progenitors by upregulating anti-apoptotic
BCL-2-like family members*” *'. As BcI2l] (encoding the Bcl-xl protein) transgenic animals similarly
develop a large expansion of pro-B cells and Bel-x1 is most highly expressed in pro-B and pre-B cells™, we
assessed intranuclear Bcl-x1 protein expression by flow cytometry in non-leukemic (i.e. lacking in disease

symptoms as defined by our IACUC protocol) mice. alL7R-Mb1 Sh2b3"" mice displayed elevated Bel-x1
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levels in bone marrow B cells (B220") and pro/pre-B cells (B220" suHC IgD") (Figure I1.4a-b). Similarly,
leukemic alLL7R/Sh2b3 B cells exhibited increased Bel-x1 protein expression relative to control pro/pre-B

cells (Figure I1.4¢-d).

To assess the role of alL7R-driven cell proliferation, we performed in vivo EdU labeling studies.
While aIL7R-Mb1 and aIL7R-Mb1 Sh2b3"" mice had a greater frequency of EQU" BM B cells, the rate of
incorporation within the late pro-B cell compartment was not different from that of control mice (Figure
I1.4e-f). In contrast, ex vivo staining of B cells from leukemic alL7R mice demonstrated increased Ki-67"
cells in both bone marrow and spleen (Figure I1.4g-h). Taken together, these experiments suggested that
alL7R with loss of Sh2b3 may promote enhanced survival of normally proliferating marrow progenitors in
non-leukemic animals via upregulation of Bel-xl. Further, alL7R/Sh2b3 leukemic cells exhibit both
upregulation in Bcl-x1, possibly due to conserved signaling events, and increased cell proliferation mediated
via acquired leukemia-enhancing genetic lesions. However, as changes in Bcl-xl expression were not
evident in non-leukemic or leukemic aIL7R Tkzf1"* CD19 mice, this pathway is not uniformly active across

alL7R-associated leukemias.
I1.2.6  alL7R pro-B cells lack constitutive Stat5 activation yet are less sensitive to IL-7 depletion in vivo.

We next assessed whether phosphorylated (p)-Stat5 was increased in flow cytometry-sorted late
pro-B cells from littermate control, aIL7R-Mb1, and aIL7R Sh2b3"* Mb1 mice. Surprisingly, we observed
no genotype-specific differences in basal or IL-7-induced pStat5 levels via intracellular phosphoflow
cytometry (Figure IL.5a-b). Alternatively, when analyzing splenic B cells, we found that IL-7 induced
higher levels of pStat5 in alL7R-expressing mature B cells relative to controls, although basal levels
remained similar across genotypes (Figure I1.5¢-d). Overall, these data suggest that aIL7R is capable of
transducing pStat5 signals in primary B cells in the presence of ligand but lacks evidence for constitutive
Stat5 signaling as assessed by flow cytometry. The lack of measurable constitutive Stat5 signaling likely

reflects the relatively low level of alL7R expression in our Rosa-promoter based model.
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We next tested whether the expansion of the pro-B cell compartment in alL7R animals requires
endogenous IL-7. In these experiments, we treated aIL7R Sh2b3™* Mb1 and control animals in vivo with
IL-7 blocking or isotype negative control antibodies (Figure I1.5e). Strikingly, treatment with the blocking
antibody depleted both total BM B (B220+) and late pro-B cells in control animals, but had no effect upon
alL7R progenitors (Figure I1.5f-h). These data imply that aIL7R provides an IL-7-independent signal that

promotes pro-B cell growth in a non-leukemic setting.

To test whether alL7R-driven leukemias require IL-7 for survival/maintenance, two alL7R/Sh2b3
primary leukemias (7S4 and 7S5) were transplanted into B6 recipient animals that were subsequently
treated with anti-IL-7 or isotype control antibodies and monitored for signs of disease (Figure I1.S5d). Anti-
IL-7- and isotype-treated animals developed disease with similar kinetics, and IL-7 blockade had no impact
on survival (Figure I1.S5e), indicating that IL-7 is not required for growth of alL7R-derived leukemias in
vivo. We performed parallel studies in human Ph-like ALL PDX models, including one with /L7R mutation
and SH2B3 deletion (PALJDL)®, and assessed in vitro and in vivo dependencies upon IL-7 (n=11 PDX
models; Table 11.4). While cells from all PDX models showed increased pSTATS levels following in vitro
stimulation with IL-7, in vivo treatment of the PALJDL PDX model with the IL-7 blocking antibody had
no effect upon leukemia proliferation, as measured by longitudinal bioluminescent imaging (Figure I1.S5f-
i). In contrast, in vivo IL-7 blockade treatment of an aggressive PDX model that overexpresses TSLPR in
association with an activating JAK2 mutation (/GH-CRLF2 JAK2%%3¢; ALL121) resulted in decreased
leukemia burden at sacrifice and the recovered leukemia cells exhibited reduced viability (Figure I1.S6).
Taken together, these data suggest that alLL7R promotes IL-7-independent growth of B cell progenitors and
that IL-7 blockade is unlikely to control leukemic burden in B-ALL expressing alL7R but may prove more

effective with other Ph-like subtypes.

11.2.7  alL7R murine leukemias are sensitive in vitro and in vivo to rapamycin.
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Ph-like ALL cells have previously been shown to be sensitive to in vitro and in vivo treatment with
JAK and/or mTOR pathway inhibitors, implying that survival may be, in part, dependent upon both
signaling pathways® % To assess Jak/Stat and mTOR signaling activation in our alL7R-driven mouse
leukemias, we measured ex vivo phosphorylation of Stat5, as well as the PI3-K/Akt/mTORCI1 targets
ribosomal protein S6 and the translational repressor 4E-BP1. alL7R alone and alL7R/Ikzfl leukemias
showed a 1.5-fold increase in pStat5 levels in BM B (CD19+) cells and no significant differences in basal
pS6 relative to control B cells from the BM and/or spleen (Figure I1.S5a-b). Similar to our pStat5 findings,
alL7R/Ikzf1 bone marrow leukemia cells exhibited a ~2-fold increase in p4E-BP1 levels relative to control
BM B cells and splenic cells from all types of alL7R leukemias increased p4E-BP1 compared to control
cells (~2-6-fold; Figure I1.6a). Taken together, these data suggest that mTOR and likely also Stat5 signaling

are activated in alL7R leukemias and that our GEMMs recapitulate human Ph-like ALL biology.

Consistent with prior reports®, we confirmed that rapamycin treatment of PALJDL PDX mice
effectively inhibited in vivo leukemia proliferation (Figure II.S5i). To assess whether murine alL7R
leukemias were responsive to mTOR inhibition, we cultured leukemia cells with the mTOR inhibitor
rapamycin and found it significantly reduced viability of alL7R/Sh2b3 and alL7R/Ikzf1 leukemias (Figure
I1.6b). To test the effect of mTOR inhibition in vivo, we transplanted an alL7R alone leukemia (7R4) or
alL7R/Sh2b3 leukemias (7S5 and 7S6) into B6 mice and treated animals with rapamycin or vehicle for 4
weeks (Figure I1.6¢). Rapamycin treatment extended recipient survival for leukemias 7R4 and 7S6, but
exerted minimal impact on 7S5 recipients (Figure I1.6d-i). Five of 8 (62.5%) 7S6 leukemia recipients
treated with vehicle succumbed to disease (median survival of 23 days), while all rapamycin-treated mice
survived and showed no signs of leukemia at sacrifice (Figure I1.6e, h). Similarly, 6 of 7 (85.7%) vehicle-
treated 7R4 leukemia recipients met euthanasia criteria (median survival = 19 days), compared to only 2 of
7 (28.6%) receiving rapamycin (Figure I1.6f, i). Together, these data demonstrate that the mTOR pathway

is active in alL7R leukemias and that rapamycin is partially effective at controlling leukemia burden in
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vivo. The sensitivity of alL7R leukemias to rapamycin further validates the response previously observed

in our human Ph-like ALL PDX model (Figure I1.S5i).

11.2.8  IL7R-mutant leukemias display activation of “BCR-like” effector molecules.

To identify signaling programs that might mediate IL-7 independence in aIL7R leukemia cells, we
performed phospho-tyrosine immunoprecipitation coupled with mass spectrometry from cell lysates
derived from surface pre-BCR™ secondary murine leukemias (1 aIL7R alone - 7R4, 2 alL7R/Sh2b3 - 7S5
and 7S6, and 2 alL7R/Ikzf1 — 7K7 and 7K10). We identified 122 unique phospho-sites from 109 proteins
(Table I1.5). As anticipated, tyrosine phosphorylation of Stat5a/b and Stat3 were increased in leukemia
cells isolated from secondary hosts (Figure I1.7a, Tables I1.5 and I1.6, Figure I1.S7). Despite the absence
of surface pre-BCR expression, we surprisingly observed phosphorylation of multiple canonical “BCR-
like” effectors, including Syk, Cbl, Btk and others (Figure 11.7a, Tables IL.5 and I1.6, Figure I11.S7). We
next assessed whether this tyrosine phosphorylation signature was conserved in human Ph-like ALL PDX
models. We performed phospho-tyrosine immunoprecipitation of cells harvested from 6 discrete Ph-like
ALL PDX models (Table I1.4) and quantified tyrosine phosphorylation by mass spectrometry (Table 11.7).
Similar to the alL7R murine leukemias, we identified enrichment of pBTK and pSYK residues, as well as
pSTATSA and pJAK3, in the PALJIDL model (Figure II.7b). Notably, a similar BCR-like signaling
signature was detected in additional Ph-like ALL PDX models with other JAK pathway genetic alterations.
These findings suggest that a common adaptation in /L7R-driven leukemia is activation of BCR-like
signaling independent of surface pre-BCR expression that was recently reported in other Ph-like ALL

CaSCSgS.

11.2.9  alL7R leukemias are sensitive to Syk inhibition in vitro.

To determine whether the BCR-like signaling program present in alL7R murine leukemias and Ph-
like ALL PDX models was directly associated with IL-7R activation, we used a targeted proteomic

approach to monitor tyrosine phosphorylation of these substrates in the presence of acute stimulation with
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IL-7. We also used entospletinib and ruxolitinib to assess whether phosphorylation of these peptides was
associated with SYK- or JAK-dependent signaling, respectively. As expected, Stat5 phosphorylation was
enhanced by IL-7 and diminished with exposure to the Jak1/2 inhibitor, ruxolitinib, but was minimally
affected by treatment with the Syk inhibitor, entospletinib (Figure II.7c-d). Additionally, we found IL-7-
independent phosphorylation of Syk that was abrogated by entospletinib, but minimally affected by
ruxolitinib (Figure IL1.7¢, e). Finally, Cbl and Pik3ap1 (BCAP) peptides were also inhibited by entospletinib,
suggesting that these proteins are downstream of Syk in this BCR-like pathway (Figure I1.7b, f-g). These
results suggest that alL7R leukemias manifest a unique IL-7-independent BCR-like program in addition to

an IL-7-inducible Jak/Stat program.

We subsequently tested whether this BCR-like signaling program is essential for survival of alL7R
leukemias in vitro. We cultured alL7R leukemia cells with ruxolitinib, entospletinib, the proteasome
inhibitor bortezomib as a positive control, and compounds that target proteins downstream of Syk, including
the PI3KJ inhibitor idelalisib, the Btk inhibitor ibrutinib, or the MEK inhibitor trametinib. As predicted in
prior reports **, viability of aIL7R leukemic cells was sensitive to ruxolitinib (Figure I1.7h-i), idelalisib
(Figure I1.S8a-b), and bortezomib (Figure I1.7j-k). While individual leukemias showed varying degrees of
sensitivity to these inhibitors, alL7R leukemias were also sensitive to entospletinib in vitro (Figure 11.71-
m). Finally, alL7R/Ikzf1 leukemias displayed specific sensitivity to ibrutinib (Figure I1.S8c-d) and
trametinib (Figure I1.S8e-f), which suggest that this genotype may rely on different essential pathways
compared with alL7R alone or alL7R/Sh2b3. These data further validate that alL7R leukemias exhibit
active BCR-like signaling, especially via the Syk and PI3K pathways, and suggest that these compounds
could be effective as part of combinations with Jak and/or mTOR inhibitors to target alL7R-driven

leukemias.

11.2.10 IL-7R-mutant patient-derived xenograft is not controlled by Syk inhibition in vivo.

Given the in vitro data demonstrating a sensitivity of alL7R murine leukemias to Syk inhibition,

we next tested whether entospletinib treatment would control IL-7R-mutant leukemia burden in vivo. We
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utilized the PALJDL PDX model and treated recipient mice with vehicle, the Src kinase inhibitor dasatanib,
or entospletinib-formulated rodent chow. We found that neither treatment had an inhibitory effect on
leukemia engraftment kinetics nor final leukemia burden, indicating that entospletinib treatment as a

monotherapy is insufficient to inhibit IL-7R-mutant Ph-like ALL in vivo (Figure 11.S9).
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Figure IL.1. B-intrinsic aIL7R and heterozygous loss of Sh2b3 or Ikaros rapidly promote B cell
precursor leukemias. (a) (Top) Schematic of strategy for generation of knock-in mice expressing B-
mtrinsic activated mouse alL7R (I17r_P243insPPCL). (Bottom) Schematic of protein dimers illustrating
ligand-induced wildtype IL-7R (I17ra-I12rg) versus constitutive alL7R homodimer. Other ligand-induced
protein dimers could include I17ra-alL7R and II2rg-aIL7R (not pictured). Images created with
BioRender.com. (b) Surface IL-7Ra expression in late pro-B (B220™ IgD" spHC™ CD24™ BP-17; open
histograms) and mature B (B220" suHC™ IgD": filled histograms) cells from Mb1-cre (black) and aIL7R™"
Mbl-cre™ (aIL7R-Mbl: red) mice. (¢) Quantification of IL-7Ra surface expression in late pro-B and
mature B cells. Bar graphs depict mean = SEM of data from 4 independent experiments. N = 7 Mbl-cre
and 9 alL7R-Mbl. Significance defined as *** = P < 0.001 by two-tailed Student’s T test. (d) Survival
curves for alL7R-expressing mice relative to controls (Mbl-cre, CD19-cre, Sh2b3™-, Sh2b3?* Mb1 or
Ikzf1¥* CD19). Animals used experimentally prior to 15 weeks of age were excluded. Numbers on left side
indicate the number of spontaneous death or disease events per total animals. Total N = 54 Mb1-Cre
controls, 29 CD19-cre controls. 40 Sh2b3™" (global). 17 Sh2b3%* Mb1 (B-intrinsic), 24 Ikzf1?* CD19, 97
aIL7R-Mbl. 67 aIL7R-CD19. 24 aIL7R-Mb1 Sh2b3*-, 35 aIL7R Sh2b3?* Mbl. and 20 aIL7R Ikzf1®*
CD19 mice. Significance defined by Mantel-Cox test. ** = P < 0.005 and **** = P < 0.0001. (e)
Representative spleen and inguinal lymph nodes from a leukemic aIL7R-Mb1 animal and a Cre” littermate
control. 7R4 (and similar nomenclature in subsequent panels) represents identifier for specific leukemic
animal as detailed in Supplementary Table 1. (f) Quantification of spleen weights for leukemic animals and
littermate controls. Significance defined as **** = P < 0.0001 by one-way ANOVA. (g) Representative
H&E staining of vertebral bone sections from leukemic mice with indicated genotype and an Sh2b3?* Mb1
littermate control. N = 1 Sh2b3%* Mbl1 littermate control. 1 Ikzf1¥~ CD19 littermate control. 1 aIL7R-Mb1.
1 aIL7R-CD19. 3 aIL7R Sh2b3®* Mbl. and 3 aIL7R Ikzf1?* CD19 mice analyzed. (h) Frequency of B
cells in the bone marrow (BM). spleen. and peripheral blood from littermate control and leukemic mice
with indicated genotypes. (i) Representative flow plots of B cell developmental subsets in the BM. (j)
Frequency of BP-1"CD24" progenitor B cells in the BM. SPL. and peripheral blood. (f, h, j) Data points
represent individual mice and bars represent mean = SEM. N= 12 Cre” controls (black squares). 2 Mbl-cre
controls (black circles). 10 CD19-cre controls (grey circles). 3 Sh2b3®” Mb1 (open black circles). 2 aIL7R-
Mbl1 (red squares) 4 aIL7R-CD19 (open red squares). 2 aIL7R-Mb1 Sh2b3™ (open blue squares). 6 aIL7R
Sh2b3%* Mb1 (blue squares) and 13 aIL7R Ikzf1¥* CD19 (teal squares). (h, j) Significance defined as **
=P <0.005. *** = P < 0.001 and **** = P < 0.0001 by two-way ANOVA. aIL7R-Mb1 Sh2b3™" = B-
intrinsic aIL7R & global Sh2b3 het: aZL7R Sh2b3"" Mb1 = B-intrinsic aIL7R & Sh2b3 het: IkzfI'V~ CD19
= B-intrinsic mutant Ikzfl het: aIL7R IkzfI''" CD19 = B-intrinsic aIL7R & mutant Ikzf1 het.
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Figure I1.2. aIL7R leukemias are transplantable into inmunocompetent hosts and acquire mutations
in clinically relevant genes. (a - h) 106 primary leukemia cells were transferred retro-orbitally (r.0.) into
wildtype C57BL/6 recipient mice. (a) Schematic of leukemia serial transfer experiments. (b - d) Survival

curves for aIL7R alone (b). aIL7R/Sh2b3 (c). and aIL7R/Ikzfl (d) leukemia recipient animals. (e)

Representative flow plots of B cell subsets in the BM of an aIL7R-Mb1 leukemia (7R4) recipient and a no

leukemia control (NLC) that did not undergo adoptive transfer. (f - h) Frequency of GFP+ (/eff) and BP-

17CD24" (right) leukemia cells in the BM and spleen of aIL7R alone (f). aIL7R/Sh2b3 (g). and aIL 7R/Ikzf1

(h) leukemia recipients. (b - h) Data points represent individual recipient mice and bars represent mean +
SEM. N = 3 recipients for 7R1. 7R2. 7RS. 7S3. 7S4. 7S6. 7K7. 7K8. 7K 10. and 7K 11. 6 recipients for 7R4

and 7S5 (2 independent experiments), and 18 no leukemia controls (6 per graph). (i) Summary of somatic

nucleotide variants (SNVs) identified by whole-exome sequencing and validated in IGV in a panel of 8

alL7R leukemias.
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Figure I1.3. B-lineage aIL.7R cooperates with heterozygous loss of $/12b3 or Ikzf1 to drive a specific
expansion of late pro B cells. (a) Absolute number of total BM cells recovered from 1 tibia + femur for
animals with indicated genotypes. (b) Representative flow plots of BM B cell developmental subsets: early
pro-B (B220" suHC IgD CD24%BP-1"). late pro-B (B220™ suHC IgD CD24*BP-17). and mature B (B220"
suHC IgD") highlighted. (¢) Frequency (/eff) and absolute number (right) of B220™ B cells in the BM. (a,
¢) Data from 4 independent experiments. N = 8 Mb1-cre (black circles). 6 Sh2b3™" (black open circles). 9
aIL7R-Mb1 (red squares) and 6 aIL7R-Mb1 Sh2b3™" (open blue squares) mice. (d) Absolute number of
early pro-B (/eft), late pro-B (center). and mature B (right) cells in the BM. N = 6 replicate mice per
genotype. (e) Absolute number of B220™ B cells in the BM in aIL7R animals with or without B-intrinsic
heterozygous mutant Ikzfl expression (aIL7R Ikzf1¥~ CD19). (f) Absolute number of late pro-B cells in
the BM. (e, f) Data from 4 independent experiments. N = 13 CD19-cre (black circles). 7 Ikzf1?* CD19
(gray circles). 12 aIL7R-CD19 (open red squares). and 6 aIL7R Ikzf1?~ CD19 (teal squares) mice. (a, c-f)
Data points represent individual mice and bars represent mean + SEM. Significance defined as * =P =< 0.05,
*¥* =P <0.005, ¥** =P <0.001, **** =P <(0.0001 by one-way ANOVA.
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Figure I1.4. aIL7R and loss of Sh2b3 promotes enhanced survival in normal and leukemic B cell
progenitors. (a) Representative histograms of Bel-x1 expression in total B220™ (/eff) and pro/pre-B cells
(B220" suHCIgD': right) in the BM of non-leukemic animals with the indicated genotypes. (b) Bel-x1
MEFTI normalized to the average fluorescence in Mb1-cre animals for total B220™ (/eff) and pro/pre-B cells
(right). Data from 3 independent experiments. N = 6 Mb1-cre. 6 Sh2b3™", 8 aIL7R-Mb1. and 5 alL7R-Mb1
Sh2b3™ mice. FC = fold change. (c) Representative histogram of Bcl-xI expression in pro/pre-B cells in
the BM from an aIL7R Sh2b3®* Mb1 leukemia (7S5) and a Cre’ littermate control. (d) Relative fold-
change in Bcl-x1 MFI in leukemic cells normalized to MFI in pro/pre-B cells from Cre™ and Cre only
control animals. N = 8 controls (black circles). 4 aIL7R Sh2b3?" Mb1 (blue squares). and 3 aIL7R/Ikzf1

(teal squares) mice.
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Figure IL.4. cont'd. (e -f) 1 mg EdU was injected 1.p. 1 hr prior to sacrifice. (e) Representative histograms
showing the relative proportions of EAU™ cells in total BM B and late pro-B cells. (f) Percentage of EdU+
cells in total BM B cells (left) and late pro B cells (right). Data from 3 independent experiments. N = 5
uninjected controls, 8 Mbl-cre. 7 Sh2b3™", 9 alL7R-Mbl. and 7 aIL7R-Mbl Sh2b3™" mice. (b, f)
Significance defined as * = P < 0.05. ** = P < 0.005 and *** = P < 0.001 by one-way ANOVA. (g)
Representative histograms of Ki-67 expression in BM B (CD19+: /eff) and SPL B (B220+: right) cells
from an aIL7R/Sh2b3 leukemia (7S6) and a Cre” littermate control. (h) Percentage of Ki-67+ cells in BM
and SPL B cells in leukemic animals versus healthy Cre™ and Cre only littermate controls. N = 11 controls
(black circles). 2 aIL7R-CD19 (red squares). 4 aIL7R Sh2b3%" Mb1 (blue squares). and 3 aIL7R/Ikzfl
(teal squares). Significance defined as * = P < 0.05 and ** = P < 0.005 by one-way ANOVA. (b, d, f, h)
Data points represent individual mice and bars represent mean = SEM.
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Figure IL.5. aIL7R-expressing B cell progenitors are less sensitive to IL-7 depletion in vive. (a - b)
Late pro-B cells were sorted. rested, then stimulated with or without 10 ng/mL recombinant murine IL-7
(mIL-7). (a) Representative histograms of phosphorylated (p)Stat5 in unstimulated and mIL-7-stimulated
late pro-B cells. (b) pStat5 Median-FI normalized to the average fluorescence of unstimulated pro-B cells
from Cre’ littermate control animals. Data from 3 independent experiments. N =5 Cre” littermate. 6 aIL7R-
Mbl. and 7 aIL7R Sh2b3%* Mb1 mice. (¢ - d) Naive B cells were enriched from total splenocytes and
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Figure ILS5. cont'd. stimulated with 25 ng/mL mIL-7. (¢) Representative histograms of pStat5 in
unstimulated and IL-7 stimulated cells. (d) pStat5 Median-FI normalized to the average fluorescence of
unstimulated B cells from Mbl-cre animals. Data from 3 independent experiments. N = 6 Mbl-cre. 6
Sh2b3*~, 8 aIL7R-Mb1. and 6 aIL7R-Mb1 Sh2b3*~ mice. Significance defined by **** = P < 0.0001 by
two-way ANOVA. (e - j) aIL7R Sh2b3?* Mb1 and Cre" littermate control mice were treated i.p. with 0.5
mg/mouse isotype control or neutralizing anti-IL-7 mAb every third day for 16 days (6 injections) and
sacrificed on day 18. (e) Schematic of in vivo blocking antibody treatment. (f) Absolute number of B220~
B cells in the BM from 1 tibia + femur in isotype- (black circles) and anti-IL-7-treated (open squares)
animals. (g) Representative flow cytometry plots showing the frequency of late pro-B cells in isotype- and
anti-IL-7-treated animals. (h) Absolute number of late pro-B cells in the BM from isotype- and anti-IL-7-
treated animals. (f, h) Data from 2 independent experiments. N = 5 Cre” controls per treatment group and
5 (isotype) or 6 (anti-IL-7) aIL7R Sh2b3%" Mbl mice. Significance defined by multiple t tests using the
Holm-Sidak method. (b, d, f, h) Data points represent individual mice and bars represent mean = SEM.
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Figure IL.6. aIL7R leukemias are responsive to rapamycin therapy in vivo. (a) Fold-change median-FI
of p4E-BP1 in BM and spleen B cells (CD197) ex vivo from aIL7R leukemic animals relative to Cre™ or Cre
only littermate controls. N = 8 controls. 2 aIL7R-Mbl. 4 aIL7R Sh2b3%* Mbl. and 3 aIL7R/Ikzfl. (b)
CellTiter-Glo luminescent cell viability of aIL7R leukemias cultured for 48 hrs with IL-7 with (red triangle)
or without (blue square) rapamycin (Rapa). Luminescence reported as fold change relative to ex vivo (0 hr)
levels. Significance defined as *: P =0.024 and ****: P < 0.0001 by two-tailed paired t tests. N =2 aIL7R-
Mbl. 4 aIL7R Sh2b3®* Mb1 and 4 aIL7R/Ikzfl. (c - i) Primary aIL7R leukemia cells were transferred
retro-orbitally (r.0.) into C57BL/6 recipient mice and then given rapamycin or vehicle by oral gavage daily
for 4 weeks. (¢) Schematic of in vivo rapamycin treatment experiments. (d - f) Survival curves for recipients
of murine leukemias 7S5 (d). 7S6 (e). and 7R4 (f) treated with vehicle (solid line) or rapamycin (dashed
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Figure IL6. cont'd. line). Significance defined by Mantel-Cox test. *: P = 0.023 and **: P = 0.0084.
Data from 2 independent experiments. (g-i) Frequency of GFP+ leukemic 7S5 (g). 7S6 (h). and 7R4 (i)
cells in peripheral blood. BM. and spleen of recipient animals at sacrifice. Closed squares = vehicle and
open circles = rapamycin. Data points represent individual mice and lines represent mean. N = 7 7S5. 8
7S6. and 7 7R4 recipients per treatment group. N = 5 no leukemia controls per graph.
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Figure IL.7. IL-7R-mutant leukemias display activation of a “BCR-like” signaling program. (a)
Diagram of phosphorylated “BCR-like™ peptides (gold) and phosphorylated Stat peptides (blue) identified
by phospho-tyrosine immunoprecipitation and mass spectrometry analysis of six secondary aIL7R murine
leukemias (1 aIL7R-Mb1, 7R4 — 2 recipients: 2 aIL7R/Sh2b3 — 7S5 and 7S6: 2 aIL7R/Ikzf1 — 7K7 and
7K10). Created with BioRender.com. (b) Quantification of peptides identified by phospho-tyrosine
immunoprecipitation in six Ph-like ALL patient-derived xenograft models directly harvested from spleens
of NSG mice. PDX models included an activating JIL7R/SH2B3-null (IL-7R/SH2B3: PALJDL). three
independent CRLF2-overexpressing/JAK?2 gain-of-function ALLs (CRLF2-R/JAK2: ALL121. PAMDKS.
and PAWAKYV). a NUP214-ABL1 fusion (PAKVKK). and an EBFI-PDGFRB fusion (PAKKCA). (c-g)
The murine aIL7R leukemias from (a) were cultured with or without 1 uM of entospletinib (Ento) or
ruxolitinib (Rux) for 30 mins and then stimulated with or without 10 ng/mL mIL-7 for an additional 15
mins. Phospho-tyrosine residues were immunoprecipitated and analyzed by mass spectrometry. (c¢) Scatter
plot of all pY peptides for the IL-7 alone vs entospletinib + IL-7 conditions. Data are presented as fold
change relative to the average of untreated conditions for all peptides within each respective genotype.
pStat3/Stat5 (red), pSyk (blue). pPik3apl (green). and pCbl (orange) peptides are highlighted. (d) Bar graph
of pY699 Stat5b levels (in response to the indicated treatments) relative to the untreated conditions across
genotypes. (e) Bar graph of pY342 Syk levels relative to untreated. (f) Bar graph of pY694 Pik3apl levels
relative to untreated. (g) Bar graph of pY672 Cbl levels relative to untreated. (d - g) White bars = untreated:
gray bars = IL-7 only: red bars = IL-7 + Ento: blue bars = IL-7 + Rux. Data points represent individual
mice and bars represent mean with range. (h - m) Splenocytes harvested ex vivo from primary or secondary
murine alL7R leukemias were cultured with ruxolitinib (h - i). bortezomib (j - k). or entospletinib (I - m)
for 24 hr in the presence of 10ng/mL mIL-7 and cell viability was assessed via CellTiter-Glo luminescence.
Representative dose curves for leukemias 7R4 (red). 7S6 (blue) and 7K8 (teal) treated with ruxolitinib (h).
bortezomib (j). or entospletinib (I). Data points represent luminescence values at specific inhibitor doses
normalized to the luminescence at the lowest dose (100 pM or 10 pM (bortezomib)). Summary of EC50s
for aIL7R leukemias at 24 hr treated with ruxolitinib (i). bortezomib (k). or entospletinib (m). Data points
represent individual leukemias and lines represent means. N = 1 aIL7R-Mbl. 2 aIL7R-CD19. 4 aIL7R
Sh2b3%* Mb1. and 5 aIL7R/Ikzf1 leukemias.
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Figure IL.S1. Overexpression of murine alL7R confers cytokine independence and induces
constitutive STATS phosphorylation in Ba/F3 cells. (a-b) Ba/F3 cells were transduced with a lentiviral
vector containing wildtype (II7r_ WT) or mutant “activated™ aIL7R (I17r_PPCL) followed by a cis-linked
mCherry reporter. Parental. 117t WT. and I17r_ PPCL Ba/F3 cells were cultured without IL-3 for 6 days. (a)
Representative flow plots of %emCherry+ cells on Day 0: and viability and %emCherry+ cells on Day 6 for
Parental. Il17r WT. and I17r_PPCL Ba/F3 cells. (b) Frequency of mCherry+ cells over time. (¢ - d) Il7r WT
and I17r_PPCL transduced Ba/F3 cells were sorted on mCherry expression and maintained in culture with
10ng/mL recombinant murine IL-3. Parental and sorted II7r WT and I17r PPCL cells were washed.
cultured without mIL-3 for Shours (Starve) and then stimulated with either 10ng/mL mIL-7 or 10ng/mL
mlIL-3 for 20mins. Cells were then fixed. permeabilized. and stained for phospho-flow analysis. (c)
Representative histograms of unstimulated (Starve: /eff) and mIL-7 (right) conditions. Filled gray histogram
= fluorescence-minus-one (FMO): open histograms = parental (black). IlI7tr WT (blue). and I17r PPCL
(red). (d) MFI of pStat5 expression per condition. Representative data from one of two independent
experiments.
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Figure I1.S2. aIL7R murine leukemias infiltrate peripheral organs and display clonality and variable
pre-BCR expression. (a) Representative histograms comparing the GFP expression in the B cell
developmental subsets between aIL7R-Mb1 and aIL7R-CD19 BM. Open histograms: red = pre-pro-B. blue
= early pro-B. orange = late pro-B/large pre-B. light green = small pre-B. dark green = immature B. and
pink = mature B. (b) Representative H&E staining of the liver (fop) and meninges (bottom) from leukemic
mice from indicated genotype and littermate controls. N = 1 Sh2b3%” Mbl1 littermate control, 1 Ikzf1?*
CD19 littermate control, 1 aIL7R-Mbl1. 1 aIL7R-CD19, 3 aIL7R Sh2b3?* Mb1. and 3 aIL7R Ikzf1¥* CD19
mice. (c¢) Representative flow plots of B cell developmental subsets in the spleen of leukemic animals
compared to control. (d) Representative heavy chain V segment families present in bulk splenocytes from
three primary aIlL7R leukemias (7R1. 7S3. and 7K6) and a littermate control. Vg segments representing <
1% of total sequences were excluded from legend. N = 1 aIL7R-Mb1. 4 aIL7R/Sh2b3. 4 alL7R/Ikzf1. and
5 Cre or Cre only littermate controls sequenced. (e) Representative flow plots of normal and leukemic bone
marrow with gating schema to measure pre-BCR expression (CD1971gDsuHC vpreB1™) in three
alL7R/Ikzfl leukemias (7K7. 7K11. and 7K14) and a littermate control.
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Figure I1.S3. aIL7R leukemias display somatic mutations in known oncogenes (Kras) and tumor
suppressors (IkzfI). (a) SNVs identified by two variant caller methods, Pisces and Mutect2. were
combined and overlapping SNVs were considered high-confidence variants. Representative Venn diagrams
showing the number of variants identified in three primary leukemias (7R4, 7S6, and 7K12). Data
representative of N = 1 aIL7R-Mbl. 1 aIL7R-CD19. 3 aIL7R Sh2b3?" Mb1. and 3 aIL7R/Ikzf] leukemias.
(b) Schematic of the cod ng exons for Kras and the amino acid substitutions caused by SNVs identified in
the whole-exome sequencing. (¢) IGV alignment snapshot of Ikzfl Exon 5 sequence coverage in
alL7R/Ikzf1 leukemias 7K7. 7K10. and 7K12 compared to paired tail gDNA (7K7).
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Figure I1.S4. B-intrinsic aIL7R (with or without heterozygous loss of Sh2b3) skews peripheral B cell
subsets. (a) Absolute cell counts of the spleen in mice of the indicated genotypes. (b) Frequency (Lef?) and
absolute number (Right) of B220" B cells in the spleen. (a -b) Significance defined as * =P < 0.05, ** =P

< 0.005, and **** = P < 0.0001 by one-way ANOVA. (c¢) Representative flow plots of splenic B cells
subsets with gating schema to identify: transitional T1 (B220°CD24™CD21°) and T2
(B220°CD24™CD21™¢) cells. follicular mature (FM: B220™ CD24™¢CD21™¢) B cells. marginal zone (MZ:
B220°CD24™¢CD21%CD23") B cells and MZ precursors (MZp: B220°CD24™¢CD21¥CD23%).
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Figure IL.S4. cont'd. (d) Absolute number of T1. T2. FM (Top) and MZ and MZp (Bottom) cells in the
spleen. Significance defined by * =P < 0.05, ** =P < 0.005, *** =P < 0.001, and **** =P < 0.0001 by
two-way ANOVA. (a, b, d) N = 8 Mbl-cre. 6 Sh2b3™". 9 aIL7R-Mb1. and 6 aIL7R-Mb1 Sh2b3™" mice.
(e) Absolute cell count of the spleen in mice of the indicated genotypes. (f) Frequency (Lef?) and absolute
number (Right) of B220™ B cells in the spleen. (e, f) N = 13 CD19-cre, 7 Ikzf1¥~ CD19. 12 aIL7R-CDI19,
and 7 aIL7R Ikzf1®" CD19 mice. (g) Absolute number of T1. T2, FM. MZp. and MZ cells in the spleen.
N = 4 CDI19-cre. 4 Ikzf1?* CD19. 4 aIL7R-CD19. and 4 aIL7R Ikzf1¥* CD19 mice. (a, b, d — g) Data
points represent individual mice and bars represent mean + SEM.
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Figure IL.SS. IL-7 enhances murine and human B-ALL viability and signaling in vifro but is not
required for their survival in vive. (a-b) Splenocytes and BM harvested ex vive from primary or
secondary alL7R leukemias and littermate controls were fixed. permeabilized. and stained for phospho-
flow cytometry. N = 8 Cre™ or Cre only controls, 2 alL7R-Mb1. 4 aIL7R Sh2b3?" Mb1. and 3 aIL7R/Ikzfl.
(a) Fold change median-FI of pStat5 in BM and SPL B cells (CD197). (b) Fold change median-FI of pS6
in BM and SPL B cells. (¢) CellTiter-Glo luminescent cell viability of aIL7R leukemias cultured for 48 hr
with or without mIL-7. Luminescence reported as fold change relative to ex vivo (0 hr) levels. N =35 aIlL7R
alone. 8 aIL7R/Sh2b3. and 10 aIL7R/Ikzf] leukemias. Significance defined as *: P =0.0382 and ***: P =
0.0008 by two-tailed paired t tests. (d - e) B6 mice were pre-treated 1.p. with 0.5 mg/mouse isotype or anti-
IL-7 every other day for 6 days (3 injections) and then injected r.o. with 1x10° splenocytes from
alL7R/Sh2b3 leukemias 7S4 & 7S5. Starting 1 day after implantation. recipient mice were treated every
other day with isotype or anti-IL7 until sacrifice. N= 3 recipient animals per group. (d) Schematic of
leukemia transfer and in vivo IL-7 blockade. (e) Survival curves for recipient animals. (f) pSTATS
expression in 11 Ph-like ALL PDX models stimulated ex vivo with either 10 ng/mL recombinant human
TSLP (hTSLP) or recombinant human IL-7 (hIL-7). Nalmé6 (non-Ph+. non-Ph-like) B-ALL cells were
included as a control. Data presented as fold change over fluorescence minus one (FMO). (g - i) NSG mice
were injected r.0. with 1x10° IL-7Rins/SH2B3null (PALJDL) PDX cells transduced to express a firefly
luciferase construct. 8 days later (after leukemic cells were detectable by bioluminescent imaging). mice
were injected 1.p. with 0.5 mg/mouse isotype or anti-IL-7. or with 0.1 mg/kg rapamycin as a positive control.
Mice were treated every other day and in vivo bioluminescent imaging was used ~2x weekly to track
leukemia burden over time. N = 5 NSG recipients per treatment group and 1 no tumor control. (g)
Schematic of treatment and imaging schedule. (h) Representative luminescent image of mice treated with
rapamycin (Rapa). isotype. or anti-IL-7. (i) Total flux (photons/second) for the whole mouse over time.
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Figure IL.S6. IL-7 blockade can modestly inhibit growth of a CRLF2-rearranged Ph-like xenograft in
vivo. (a) Schematic of experimental approach. NSG mice were injected retroorbitally (r.0.) with 1e06
ALLI121 cells. Starting 7 days post-implantation. mice were injected intraperitoneally (i.p.) with 0.5mg of
anti-IL7 or isotype control every third day. Mice were sacrificed after 4 weeks. (b) Spleen size comparison
between anti-IL7 or isotype-treated animals. (¢) Spleen weight and total cell count. (d) Cell viability as measured

by Live/Dead Near IR Fixable Dye (Thermo Fisher). (e) Frequency of human CD19-positive cells. Statistics
calculated using unpaired student‘s T-test.
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Figure IL.S7. Representative examples of pY proteomic data for Stat5a and Syk peptides. (a) Diagram
of quantified peptide fragments for Stat5a. (b) Bar graph representing the relative ion intensity of each
peptide fragment of StatSa per culture condition for aIlL7R-Mb1 leukemia 7R4. (¢) Diagram of quantified
peptide fragments for Syk Y317. (d) Bar graph representing the relative ion intensity of each peptide
fragment of Syk Y317 per culture condition for aIL7R-Mb1 leukemia 7R4. (e) Representative Syk Y317
peptide fragment elution profiles across culture conditions.
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Figure IL.S8. aIL7R leukemias are sensitive to “BCR-like” inhibition in vifro. (a - f) Splenocytes
harvested ex vivo from primary or secondary murine aIL7R leukemias were cultured with idelalisib (a - b).
ibrutinib (¢ - d). or trametinib (e - f) for 24 hr in the presence of 10ng/mL mIL-7 and cell viability was
assessed via CellTiter-Glo luminescence. (a - f) Representative dose curves for leukemias 7R4 (red). 7S6
(blue) and 7K8 (teal) treated with idelalisib (a). ibrutinib (c). or trametinib (e). Data points represent
luminescence values at specific inhibitor doses normalized to the luminescence at the lowest dose (100
pM). Summary of EC50s for aIL7R leukemias at 24 hr treated with idelalisib (b). ibrutinib (d). or trametinib
(f). Data points represent individual leukemias and lines represent means. N = 1 aIL7R-Mbl. 1 aIL7R-
CD19. 4 aIL7R Sh2b3%* Mb1. and 5 aIL7R/Ikzfl.
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Figure I1.S9. (a — d) NSG mice were injected r.o. with 1x10° IL7Rins/SH2B3null (PALJDL)
human xenograft cells. When >1% hCD10+/hCD19+ were detectable in the peripheral blood.
recipient animals were assigned to their treatment group (vehicle chow. entospletinib chow. or 10mg/
kg dasatanib by oral gavage) and treated daily for 4 weeks. (a) Schematic of treatment schedule. (b)
Peripheral hCD10+/hCD19+ ALL count over time. (¢) Frequency of hCD10+/hCD19+ cells in
peripheral blood over time. (d) Frequency of hCD45+/hCD19+ ALL cells in the spleen.
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Mouse # Genotype Sex (wks) Condition phenotype* Tr d Ki-67 Bcl-xl  pFlow H&E IgHseq clone? (VH and %) Glo proteomics WES
781 alL7R-Mb1 Sh2b3+/- M 12.14 |cranial swelling uHC-
782 [alL7R Sh2b3 fi/+ Mb1 F 11.28 |hunched uHC- J558.11; 85%
783 alL7R Sh2b3 fi/+ Mb1 M 10.14  [hind limb paralysis uHC- 7183.4.6; 77%
754 alL7R Sh2b3 fi/+ Mb1 F 14.29 |hind limb paralysis uHC- 7183.4.6; 29.1%
785 [alL7R Sh2b3f/+ Mb1| M 10 |hind limb paralysis °'k':k\|’gfeB' SM7.2.49; 33.3%
786  |alL7R Sh2b3 i+ Mb1|  F 11.14 |forelimb paralysis °'k':k\|’gfeB'
. . VpreB+
787  [alL7R-Mb1 Sh2b3+/- M 7 cranial swelling WHC+
7S8  [alL7R Sh2b3 fi/+ Mb1 F 14  |abdominal masses VpreB+ pHC-
alL7R/Ikzf1
Age Surface If Y, dominant CellTiter- Phospho-
Mouse # Genotype Sex (wks) Condition phenotype* Transplanted Ki-67 Bel-xl  pFlow H&E IgHseq clone? (VH and %) Glo proteomics WES
7K1 alL7R Ikzf1 fi/+ CD19 F 9.14  |hind limb paralysis uHC- J558.72.173; 63%
7K2 alL7R Ikzf1 fi/+ CD19 F 9.57  |hind limb paralysis uHC-
7K3 alL7R Ikzf1 fi/+ CD19 M 9 thin/hunched uHC+
7K4  [alL7R Ikzf1 fi/+ CD19 M 9.28 |hunched uHC- 7183.4.6; 92.7%
7K5  [alL7R Ikzf1 fi/+ CD19 M 9.28 |hunched/bloated uHC- 7183.4.6; 19.4%
7K6  [alL7R Ikzf1 fi/+ CD19 F 7.14  |runted/bloated uHC- Q52.7.18; 49.4%
7K7 alL7R Ikzf1 fi/+ CD19 M 6.85 |hunched ckitr
) VpreB+ pHC-
7K8  [alL7R Izt i+ CD19 | F 714 |runted/hunched °'k""ﬂ\4/ges+
7K9  [alL7R Ikzft fi+ CD19 | F 11 |punched/poor cokit- VpreB+
n uHC+
7K10 IL7R kzf1 fi/+ CD19 M 6.43  |hind limb paralysi: cit+
@ : paraysis VpreB+ uHC-
>50% GFPhi in c-kit- VpreB+
7K1 [alL7R Ikzf1 fi/+ CD19 F 6 peripheral blood WHC+
P . c-kit+
7K12 |alL7R Ikzf1 fi/+ CD19 M 7 hind limb paralysis VpreB+ uHC-
>50% GFPhi in c-kit- vpreB+
7K13  [alL7R Ikzf1 fi/+ CD19 F 6 peripheral blood WHC-
7K14  [(alL7R Ikzf1 fi/+ CD19 M 1" hind limb paralysis VpreB+ pHC-

*If not listed, the expression status is unknown.

Table I1.1. Summary of spontaneous murine leukemias.
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. Brain . X
Mouse Genotype Spine (meninges) Liver Kidney |Lung Lymph node |Other
7R1 alL7R-Mb1 3+ wnl 1-2+ wnl wnl 3+
7R2 alL7R-CD19 3+ 2+ 1+ wnl wnl 3+ gfip”'a
752 alL7R SH2B3 fl/+ Mb1 |wnl p wnl wnl wnl wnl np
783 alL7R SH2B3 fl/+ Mb1 |3+ scant 1+ pv wnl wnl 1+
784 alL7R SH2B3 fl/+ Mb1 |3+ wnl 1-2+ wnl wnl np
7K2 alL7R Ikz1 fl/+ CD19 [1-2+ 1+ 1+ pv wnl wnl np
7K4 alL7R Kkzf1 fi/+ CD19 |3+ 1+ 3+ wnl wnl 1+ (minimal
tissue sample)
7K8 alL7R Ikzf1 fi/+ CD19 |3+ 2+ (poor g, 1+ wnl np
section) (scant)
Littermate wnl (see
control 1 (7S3) SH2B3 fl/+ Mb1 note) wnl wnl wnl wnl np
Littermate
control 2 (7K2) lkzf1 fl/+ CD19 wnl wnl wnl wnl wnl np

KEY

wnl — within normal limits
pv = perivascular

np - no tissue present

Scale (relative)

1 - mild
2 - moderate
3 - marked
Note - Littermate control 1 bone marrow is hyperplastic, but no evidence of neoplasia.
Table I1.2. Summary of alL7R murine leukemia histopathology.
ALL# Strain Kras Tp53 Cbll1 Notch1 Bcor Mapk6 lkzf1 Other lesions
7R4 alL7R-Mb1 Kras_Q61H Trp53_N236D Znrf3_R560S
Fmnl1_T797I; Atféb_H453P;
7R6  |alL7R-CD19 Mavs_C79W; Psmd4_A93T
785 alL7R SH2B3fl/+ Mb1  |Kras_A146T Cbll1_A193T
756 alL7R SH2B3fl/+ Mb1 Kras_E63K Trp53_V271F |Cbll1_A193T [Notch1_C449W |Bcor_S1226fs
758 alL7R SH2B3fl/+ Mb1  |Kras_G13V  |Trp53_R279H Beor_E1229X Ufl1_G75S8
Kras_G12V; . .
7K7 alL7R Ikzf1fl/+ CD19 Kras_A146T deletion deletion
7K10 alL7R Ikzf1fl/+ CD19 Kras_E63K deletion
7K12  |alL7R Ikzf1fl/+ CD19 Mapk6_E574K |deletion

Table I1.3. alL7R murine leukemia somatic variants.
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Xenograft # Specimen ID COG US| Surface Phenotype Rearrangement Major Lesion(s) Additional Lesions Ph-like? B cell pathway lesion description p53 pathway lesions

1 NL482B PALJDL [CD38+ CD24+ vpreB- IL7R L242>FPGV_C and Y PAX5 deletion; VPREB deletion CDKN2A/B deletion
SH2B3 e1-2 deletion
" IKZF1 deletion; PAX5 deletion, CDKN2A/B deletion;

2 NH362 PALTWS |CD38+ CD24+/- vpreB-  [IGH-CRLF2 FLT3 N609ins23aa N | omozygous, VPREB delotion RB1 deletion

3 JH331 PAMDKS |CD38+/- CD24- vpreB-  |IGH-CRLF2 JAK2 R683G KRAS G12D y  |KZF1 deletion; PAXS deletion; CDKN2A/B deletion
VPREB deletion

4 |49t PAKMVD |CD38+ CD24+ vpreB- JAK1 SB46F NRAS G12D, PAX5-ELN | Y |PAXS deletion; RAG1/2 deletion CDKN2A/B delstion

5 NL482A PAKYEP |CD38+/- CD24+/- vpreB+ |BCR-JAK2 y |EBF1 deletion; IKZF1 deletion; CDKN2A/B deletion
VPREB deletion

6 NL432 PAKKCA |CD38+ CD24+/- vpreB+ |EBF1-PDGFRB y  |EBF1 deletion; IKZF1 deletion; CDKN2A/B deletion
VPREB deletion
IKZF1 deletion, S402fs IKZF1

7 NHO11 PAKVKK |CD38+ CD24+/- vpreB+ [NUP214-ABL1 Y | mutation; PAXS deletion; G24R PAX5 |CDKN2AB deletion
mutation; VPREB deletion

8 PHL3 PANSFD |CD38- CD24- vpreB- ETV6-ABL1 y  |'KZF1 deletion; PAXS deletion; CDKN2A/B deletion
RAG1/2 deletion

9 |ALL121 N/A CD38+ CD24+/- vpreB-  |IGH-CRLF2 JAK2 R683G Y CDKN2A/B deletion

10 |ALL4321 N/A IGH-CRLF2 JAK2 R683G Y

11 |ALL4ses PAWAKYV [CD38+ CD24- vpreB+  |P2RY8-CRLF2 |JAK2 R683G Y

Table I1.4. Ph-like ALL patient-derived xenograft models. [Adapted from Roberts KG, et al. NEJM. (2014) and
Tasian SK, et al. Blood. (2017)]
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Protein pY site(s) Spectral counts Protein pY site(s) Spectral counts

Abi1 Y213 8 Map4k1 Y569 3
Abl2 Y393 4 Mapk1 Y185 23
Ablim1 Y417 2 Mapk14 Y182 140
Actb Y166 5 Mapk3 Y205 12
Alkbh3 Y127 4 Mapk7 Y221 6
Arhgap27 Y227 39 Mapk8 Y185 2
Btk Y551 4 Mapk9 Y185 6
Carkd Y81 2 Mela Y129 8
Caskin2 Y253 3 Nedd9 Y260 4
Cbl Y698 25 Pag1 Y224, Y414 30
Cd22 Y857 11 Pik3ap1 Y694 18
Cd244 Y266 3 Pik3r1 Y452, Y580 26
Cd247 Y153 3 Pkm2 Y148 4
Cd5 Y452 2 Plcg2 Y680, Y759 6
Cd79a Y204 5 Pls3 Y127 18
Cdk16 Y176 4 Prkcd Y332, Y311 17
Cdk1/2/3 Y15 197 Prmt1 Y309 4
Cep55 Y377 3 Prpf4b Y849 114
Cfl1 Y68 6 Ptbp1 Y126 10
Cfl2 Y89 12 Ptpn11 Y62, Y580 10
Crkl Y207 8 Ptpn18 Y381 9
Dapp1 Y139 4 Ptpn6 Y536 47
Dbf4 Y591 2 Ptpra Y825 29
Ddx20 Y757 2 Ptpre Y695 6
Dok1 Y450, Y361 17 Ranbp2 Y1349 6
Dok3 Y343 13 Rplp0 Y24 6
Dyrk1a Y321 21 Rps10 Y12 14
Dyrk4 Y379 7 Sash3 Y189 4
Eefla2 Y29 8 Setdb1 Y644 4
Eef2 Y443 2 Shmt1 Y28 6
Eno1 Y443 7 Siglecg Y682 6
Esyt1 Y809 3 Sit1 Y73 5
Fcerlg Y65 & Skap2 Y260 7
Fcgr2b Y326 3 Slamfé Y319 10
Fes Y713 4 Slamf7 Y302 10
Fgr Y196, Y400 16 Snd1 Y109 5
G3bp1 Y125, Y56 10 Snrnp70 Y126 11
Gm6180 Y140 3 Spna2 Y1020 5
Gm6316 Y316 6 Stat3 Y704/5 15
Gmds Y324 4 Statba Y694 15
Gpx1 Y147 13 Stat5b Y699 8
Gsk3b Y216 48 Stk4 Y41 4
Hck Y50 2 Sykb Y130, Y202 40
Hipk1 Y352 8 Tjp2 Y1095 4
Hist1h2b Y43 43 Tnk2 Y518, Y842, Y284 17
Hist1h4 Y51 17 Top1 Y725 2
Hsp90aal Y61 3 Top2a Y804 2
Hsp90ab1 Y484 12 Tyrobp Y92 6
Ikzf3 Y96 16 Vasp Y39 5
ltsn2 Y922 28 Vav1 Y844 69
Lck Y192 61 Vel Y692 10
Ldha Y239 7 Vim Y53, Y61 5
Lmo7 Y133 ) Was Y293 13
Lrrc25 Y289 8 Yes1/Src/k YA24/424/420/394 9
Lyn Y397 12

Table IL.5. alL7R murine leukemia tyrosine-phosphorylated peptides identified by DDA.
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Mass [m/z] CS[Z] Polarity Start [min] End [min] NCE Comment
758.828724 2|Positive 13 20 28|Abl2 LMTGDTY[+79.966331]TAHAGAK (light)
718.318495 3|Positive 18 26 28|Btk HYVVC[+57.021464]STPQSQY[+79.966331]YLAEK (light)
821.847833 2|Positive 17 25 28|Btk YVLDDEY[+79.966331]TSSVGSK (light)
798.086794 3|Positive 25 34 28|Cbl IKPSSSANAIY[+79.966331]SLAARPLPMPK (light)
873.902366 4|Positive 16 24 28|Cbl LPPGEQGESEEDTEY[+79.966331]MTPTSRPVGVQKPEPK (light)
1083.175775 3|Positive 20 29 28|Cd19 VTPPSGNGTQNQY[+79.966331]GNVLSLPTSTSGQAHAQR (light)
811.719716 3|Positive 24 32 28|Cd79a GLQGTY[+79.966331]QDVGNLHIGDAQLEKP (light)
673.277477 2|Positive 18 26 28|Cdk3-ps IGEGT[+79.966331]Y[+79.966331]GVVYK (light)
630.784642 2|Positive 15 23 28|Fcer1g ADAVY[+79.966331]TGLNTR (light)
719.623412 3|Positive 15 24 28|Fcgr2b HPEALDEETEHDY[+79.966331]QNHI (light)
751.829778 2|Positive 20 29 28|Fes EEADGIY[+79.966331]AASAGLR (light)
799.35779 3|Positive 32 36 28|Fes ISDFGMSREEADGIY[+79.966331]AASAGLR (light)
670.300125 2|Positive 19 27 28|Fgr LDTGGY[+79.966331]YITTR (light)
738.6875 3|Positive 16 28 28|Fgr LIEDNEY[+79.966331]NPQQGTKFPIK
681.281409 2|Positive 17 25 28|Gsk3b GEPNVSY[+79.966331]IC[+57.021464]SR (light)
707.318515 2|Positive 17 25 28|Hck GPVY[+79.966331]VPDPTSSSK (light)
595.964715 3|Positive 22 32 28|lkzf1 SGLIY[+79.966331]LTNHINPHAR (light)
537.902787 3|Positive 18 26 28|lkzf3 EYSDY[+79.966331]ESIKLER (light)
716.816474 2|Positive 24 32 28|Lck NLDNGGFY[+79.966331]ISPR (light)
1061.953892 2|Positive 37 49 28|Lck SVLDDFFTATEGQY[+79.966331]QPQP (light)
711.308481 2|Positive 18 28 28|Lyn SLDNGGYY[+79.966331]ISPR (light)
645.274107 2|Positive 10 20 28|Lyn VIEDNEY[+79.966331]TAR (light)
768.650512 3|Positive 22 32 28|Mapk1 VADPDHDHTGFLT[+79.966331]EY[+79.966331]VATR (light)
777.994279 3|Positive 22 32 28|Mapk3 IADPEHDHT GFLT[+79.966331]EY[+79.966331]VATR (light)
724.334499 2|Positive 17 25 28|Pik3ap1 VEFGVY[+79.966331]ESGPRK (light)
548.918772 3|Positive 10 20 28|Pik3r1 KLHEY[+79.966331]NTQFQEK (light)
554.928502 3|Positive 27 36 28|Pik3r1 TRDQY[+79.966331]LMWLTQK (light)
922.391362 2|Positive 21 31 28|Plcg2 MY[+79.966331]VDPSEINPSMPQR (light)
896.394231 2|Positive 27 37 28|Plcg2 NPGFY[+79.966331]VEANPMPTFK (light)
908.377289 2|Positive 19 29 28|Ptpn11 IQNTGDY[+79.966331]YDLYGGEK (light)
930.911831 2|Positive 19 29 28|Ptpn6 GQESEY[+79.966331]GNITYPPAVR (light)
832.361423 3|Positive 15 23 28|Stat3 YC[+57.021464]RPESQEHPEADPGAAPY[+79.966331]LK (light)
649.331228 2|Positive 12.5 21.5 28|Statba AVDGY[+79.966331]VKPQIK (light)
635.315578 2|Positive 12 20 28|Stat5b AADGY[+79.966331]VKPQIK (light)
657.631185 3|Positive 22 30 28|Sykb ARDNSGSY[+79.966331]ALC[+57.021464]LLHEGK (light)
920.410108 3|Positive 22.5 33.5 28|Sykb EALPMDTEVYESPY[+79.966331]JADPEEIRPK (light)
622.307753 2|Positive 17 26 28|Sykb ENLIREY[+79.966331]VK (light)
1096.841845 3|Positive 22 31 28|Sykb KPAPPQGSRPESTVSFNPY[+79.966331]EPT GGPWGPDR (light)
1119.424111 2|Positive 37 53 28|Vav1 IGWFPSNYVEEDYSEY[+79.966331]C[+57.021464] (light)
652.281932 2|Positive 11 21 28|Yes1 LIEDNEY[+79.966331]TAR (light)

Table I1.6. alL7R murine leukemia tyrosine-phosphorylated peptide isolation list.
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Mass [m/z] CS [Z] Polarity Start [min] End [min] NCE Comment

508.89297 3|Positive 12 19 28|ABL1 LMTGDTY[+80.0]TAHAGAK (heavy)
506.22157 3|Positive 12 19 28|ABL1 LMTGDTY[+80.0]TAHAGAK (light)
557.26194 3|Positive 16 22 28|ABL1 NKPTVY[+80.0]GVSPNYDK (heavy)
554.59054 3|Positive 16 22 28|ABL1 NKPTVY[+80.0]GVSPNYDK (light)
756.83909 2|Positive 15 21 28|BLK IIDSEY[+80.0]TAQEGAK (heavy)
752.83199 2|Positive 15 21 28|BLK IIDSEY[+80.0]TAQEGAK (light)
1108.5114 2|Positive 97 109 28|BTK VWWALYDYMPMNANDLQLR (heavy)
1103.5073 2|Positive 97 109 28|BTK VWWALYDYMPMNANDLQLR (light)
825.85493 2|Positive 23 32 28|BTK YVLDDEY[+80.0]TSSVGSK (heavy)
821.84783 2|Positive 23 32 28|BTK YVLDDEY[+80.0]TSSVGSK (light)

820.7302 3|Positive 96 108 28|CARKD IGVWWGGCQEYTGAPYFAAISALK (heavy)

818.0588 3|Positive 96 108 28|CARKD IGVWGGCQEYTGAPYFAAISALK (light)
790.10084 3|Positive 55 70 28|CBL IKPSSSANAIY[+80.0]SLAARPLPVPK (heavy)
787.42944 3|Positive 55 70 28|CBL IKPSSSANAIY[+80.0]SLAARPLPVPK (light)
596.31169 2|Positive 42 55 28|CD19 GILY[+80.0]JAAPQLR (heavy)

591.30756 2|Positive 42 55 28|CD19 GILY[+80.0]JAAPQLR (light)

807.0593 3|Positive 72 86 28|CD79A GLQGTY[+80.0]QDVGSLNIGDVQLEKP (heavy)

804.3879 3|Positive 72 86 28|CD79A GLQGTY[+80.0]QDVGSLNIGDVQLEKP (light)

630.29359 2|Positive 26 37 28|CDKS5 IGEGTY[+80.0]GTVFK (heavy)
626.28649 2|Positive 26 37 28|CDK5 IGEGTY[+80.0]GTVFK (light)
556.26191 3|Positive 42 54 28|GAB1 APSASVDSSLY[+80.0]NLPR (heavy)
552.92582 3|Positive 42 54 28|GAB1 APSASVDSSLY[+80.0]NLPR (light)
640.80432 2|Positive 17 24 28|GAB1 VDY[+80.0]VVVDQQK (heavy)
636.79722 2|Positive 17 24 28|GAB1 VDY[+80.0]VVVDQQX (light)
686.28554 2|Positive 19 31 28|GSK3B GEPNVSY[+80.0]IC[+57.0]SR (heavy)
681.28141 2|Positive 19 31 28|GSK3B GEPNVSY[+80.0]IC[+57.0]SR (light)
650.27824 2|Positive 11 20 28|HCK VIEDNEY[+80.0]TAR (heavy)
645.27411 2|Positive 11 20 28|HCK VIEDNEY[+80.0]TAR (light)

565.2747 2|Positive 31 44 28|INPPPS5D EKLYDFVK (heavy)

561.2676 2|Positive 31 44 28|INPPP5D EKLYDFVK (light)

563.918 3|Positive 20 32 28|IZKF3 EYNEYENIKLER (heavy)

560.5819 3|Positive 20 32 28|1ZKF3 EYNEYENIKLER (light)

494.6953 2|Positive 18 26 28|JAK1 GMDY[+80.0]LGSR (heavy)
489.69117 2|Positive 18 26 28|JAK1 GMDY[+80.0]LGSR (light)

639.97435 3|Positive 49 60 28|JAK2 EVGDY[+80.0]GQLHETEVLLK (heavy)
637.30295 3|Positive 49 60 28|JAK2 EVGDY[+80.0]GQLHETEVLLK (light)

652.2819 2|Positive 13 26 28|LCK LIEDNEY[+80.0]TAR (light)

657.2861 2|Positive 13 26 28|LCK LIEDNEY[+80.0]TAR (heavy)
461.22494 3|Positive 15 23 28|LYN TIY[+80.0]VRDPTSNK (heavy)
458.55354 3|Positive 15 23 28|LYN TIY[+80.0]VRDPTSNK (light)

771.9866 3|Positive 40 54 28| MAPK1 VADPDHDHTGFLT[+80.0]EY[+80.0]VATR (heavy)
768.65051 3|Positive 40 54 28| MAPK1 VADPDHDHTGFLT[+80.0]EY[+80.0]VATR (light)
781.33037 3|Positive 43 56 28| MAPK3 IADPEHDHT GFLT[+80.0]EY[+80.0]VATR (heavy)
777.99428 3|Positive 43 56 28| MAPK3 IADPEHDHTGFLT[+80.0]EY[+80.0]VATR (light)

707.8207 2|Positive 13.4 21 28|PECAM1 DTETVY[+80.0]SEVRK (heavy)

703.8136 2|Positive 13.4 21 28|PECAM1 DTETVY[+80.0]SEVRK (light)

649.2942 3|Positive 27 39 28|PIK3AP1 SQERPGNFYVSSESIR (heavy)

645.9581 3|Positive 27 39 28|PIK3AP1 SQERPGNFYVSSESIR (light)

626.6235 3|Positive 36 49 28|PIK3CD GSGELYEHEKDLVWK (heavy)

623.9521 3|Positive 36 49 28|PIK3CD GSGELYEHEKDLVWK (light)

464.87268 3|Positive 9 17 28|PIK3CD RGSGELY[+80.0]JEHEK (heavy)
462.20128 3|Positive 9 17 28|PIK3CD RGSGELY[+80.0]JEHEK (light)

623.9396 3|Positive 19 31 28|PIK3R1 SREYDRLY[+80.0]JEEYTR (heavy)

620.6035 3|Positive 19 31 28|PIK3R1 SREYDRLY[+80.0]JEEYTR (light)

527.2181 2|Positive 14 22 28|PIK3R1 LY[+80.0]EEYTR (light)

532.2222 2|Positive 14 22 28|PIK3R1 LY[+80.0]EEYTR (heavy)

636.28078 2|Positive 26 38 28|PLCG2 DINSLY[+80.0]DVSR (heavy)
631.27665 2|Positive 26 38 28|PLCG2 DINSLY[+80.0]DVSR (light)
567.918 3|Positive 30 40 28|PLCG2 IGTAEPDY[+80.0]GALYEGR (heavy)

564.5819 3|Positive 30 40 28|PLCG2 IGTAEPDY[+80.0]GALYEGR (light)
826.37075 2|Positive 16 25 28|PRAG1 EATQPEPIY[+80.0]JAESTK (heavy)
822.36365 2|Positive 16 25 28|PRAG1 EATQPEPIY[+80.0]JAESTK (light)
682.30828 3|Positive 27 38 28|PRKCD RSDSASSEPVGIY[+80.0]QGFEK (heavy)
679.63688 3|Positive 27 38 28|PRKCD RSDSASSEPVGIY[+80.0]QGFEK (light)
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912.38439 2[Positive 32 43 28|PTPN11 IQNTGDY[+80.0]YDLYGGEK (heavy)
908.37729 2|Positive 32 43 28|PTPN11 IQNTGDY[+80.0]YDLYGGEK (light)
762.85402 2|Positive 21 32 28|PTPN11 VY[+80.0]ENVGLMQQQK (heavy)
758.84692 2[Positive 21 32 28|PTPN11 VY[+80.0JENVGLMQQQK (light)
546.5985 3[Positive 18 27 28|PTPN18 SAEEAPLYSKVTPR (heavy)
5432624 3|Positive 18 27 28|PTPN18 SAEEAPLYSKVTPR (light)
936.9019 2[Positive 31 45 28|PTPN6 GQESEYGNITYPPAMK (heavy)
932.8948 2|Positive 31 45 28|PTPN6 GQESEYGNITYPPAMK (light)
534 2464 3|Positive 9 18 28|PTPN6 HKEDVYENLHTK (heavy)
531.575 3[Positive 9 18 28|PTPN6 HKEDVYENLHTK (light)
992.44498 2|Positive 64 79 28|SHC1 ELFDDPSY[+80.0]VNVQNLDK (heavy)
988.43788 2|Positive 64 79 28|SHC1 ELFDDPSY[+80.0]VNVQNLDK (light)
864.0435 3|Positive 17 26 28|STAT3 YCRPESQEHPEADPGSAAPYLK (heavy)
861.3721 3|Positive 17 26 28|STAT3 YCRPESQEHPEADPGSAAPYLK (light)
653.33833 2|Positive 15 23 28|STAT5A AVDGY[+80.0]VKPQIK (heavy)
649.33123 2|Positive 15 23 28|STAT5A AVDGY[+80.0]VKPQIK (light)
848.69696 3[Positive 61 73 28|SYK EALPMDTEVY[+80.0]ESPYADPEEIR (heavy)
845.36087 3[Positive 61 73 28|SYK EALPMDTEVY[+80.0JESPYADPEEIR (light)
823.03634 3|Positive 74 91 28|SYK QESTVSFNPY[+80.0]EPELAPWAADK (heavy)
820.36494 3[Positive 74 91 28|SYK QESTVSFNPY[+80.0]EPELAPWAADK (light)
811.34728 2|Positive 18 27 28| TEC YVLDDQY[+80.0]TSSSGAK (heavy)
807.34018 2[Positive 18 27 28| TEC YVLDDQY[+80.0]TSSSGAK (light)
655.77567 2|Positive 11 21 28| TYK2 AVPEGHEY[+80.0]YR (heavy)
650.77154 2|Positive 11 21 28| TYK2 AVPEGHEY([+80.0]YR (light)
478.72746 2[Positive 215 315 28|YES1 GAY[+80.0]SLSIR (heavy)
473.72333 2|Positive 215 315 28| YES1 GAY[+80.0]SLSIR (light)

Table IL.7. Ph-like ALL PDX tyrosine-phosphorylated peptide isolation list.

11.3 Discussion

To date, preclinical modeling of Ph-like ALL has been performed predominantly using cell lines
or patient-derived xenografts implanted into immunodeficient animals. While these models have
contributed substantively to the understanding of Ph-like ALL, each have limitations (i.e. cell passage
limits, lack of an immune-competent tumor microenvironment, etc.) that may impact translation. Here, we
report a new activated /L7R GEMM as a model of human Ph-like ALL and other leukemia subtypes and
demonstrate that B cell-intrinsic expression of alL7R is sufficient to initiate B-ALL in mice. Importantly,
the resultant leukemias reproducibly acquire mutations in oncogenes and tumor suppressors commonly
associated with Ph-like ALL. Furthermore, concomitant heterozygous loss of Sh2b3 or co-expression of a
dominant-negative [lkzfI variant that frequently occur in human ALL markedly increased leukemia
penetrance. Notably, our GEMM effectively mirrors key signaling programs in human /L7R-mutant ALL,
including constitutive STATS and mTOR signaling, as well as a unique BCR-like signaling program despite

absence of surface pre-BCR, which resulted in rapid, penetrant, and spontaneous disease in immune-
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competent animals. Finally, based on our initial in vitro and in vivo studies, we predict that this preclinical
alL7R GEMM can effectively model candidate therapeutic interventions in an immune-competent setting

and is representative of this high-risk human B-ALL subtype.

Leukemogenic potential has previously been described for primary murine hematopoietic cells or
lymphoid progenitors overexpressing alL7R mutant proteins following adoptive transfer into
immunocompromised mice'” ** . In these studies, mutant /L7R, alone or in combination with those in
NRAS or NOTCH], led to T-cell ALLs, myeloproliferative disorders, or IgM" B cell lymphomas*-*¢. More
recently, Geron et al. has demonstrated a similar leukemogenic potential for human hematopoietic
progenitors overexpressing the PPCL mutant version of IL-7R*. In contrast, our study provides the first
demonstration that B lineage-restricted expression of alL7R at or below endogenous IL-7R levels is
sufficient to initiate B-ALL in primary B cell progenitor cells. We speculate that leukemic transformation
in the alL7R model requires alL.7R-induced signaling and stereotypical secondary genetic hits. While
additional work is needed to determine how SH2B3 or IKZF1 deletions specifically contribute to disease,
our genetic studies demonstrate that some acquired lesions in alL7R leukemias appear genotype-specific
with alLL7R/Ikzf1 leukemias consistently exhibiting total loss of functional Zkzf1. Our findings showing co-
occurrence of mutant 7rp53 in primary alL7R/Sh2b3 leukemias also provide direct demonstration of
previously-modeled synergistic impacts of Sh2b3 and Tp53 in mouse cancer mortality>’. These observed
genomic landscapes suggest that although alL7R-Mb1/-CD19, aIL7R Sh2b3™" Mb1, and aIL7R Tkzf1"*

CD19 animals all develop B-ALL, their journey to leukemia transformation may indeed be quite distinct.

In addition to associated genetic alterations, we predict that active IL-7R signaling may additionally
play a direct role in ALL progression. Prior to disease, the pro-B cell expansion observed in alL7R mice
mirrors the effects of in vivo exogenous IL-7 administration to wildtype animals®’*. IL-7 hypersensitivity
of pre-leukemic B cells and preferential expansion at the expense of normal progenitor cells has been
reported by several groups ® °**2. IL-7R has also been shown to be required for the leukemogenesis of

BCR-ABLI1-transduced murine pre-B cells in vivo, while IL-7 can diminish the inhibitory effect of
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dasatanib treatment on similarly derived BCR-ABL1" leukemogenic cells in vitro®**. Indeed, our in vitro
cytokine stimulation studies using both alL7R mouse leukemias and Ph-like ALL PDX cells suggest that
endogenous IL-7 may provide an important survival signal for Ph-like leukemogenesis and maintenance.
However, our limited studies of in vivo IL-7 antibody blockade did not appreciably affect leukemia
proliferation in either our alL7R mouse or human PALJDL models. Notably, recent work by Abdelrasoul
et al. demonstrated a suppressive effect of in vivo IL-7 receptor blockade on BCR-ABL1" xenograft
models’. These findings suggest that combinatorial therapy using anti-IL-7/IL-7R in association with an

additional target pathway may be a valuable next step in preclinical studies.

Ph-like ALL is characterized by a kinase-activated gene expression profile driven by JAK/STAT,
PI3K pathway, and other signaling networks. Strikingly, our quantitative phospho-proteomic analyses
independently identified multiple canonical “BCR-like” effectors in all alL7R mouse leukemias and in our
human /L7R-mutant/SH2B3-deleted and several other primary Ph-like ALL PDX models. Our findings are
concordant with recent studies by Hurtz and colleagues, who reported BCR-like activation in CRLF2-
rearranged Ph-like ALL cell lines and PDX cells lacking pHC surface expression via orthogonal
transcriptional analysis and targeted immunoblotting to support the concept that BCR-like signaling was
orchestrated via CD79A/B and SRC family kinases®*. Upstream events mediating the BCR-like signaling
program in alL7R Ph-like and other leukemias remain to be determined; however, alternative non-BCR
pathway proteins potentially capable of scaffolding Syk activation include integrins, C-type lectins, Fc or
complement receptors (reviewed in °°), and the surrogate light chain-only pro-BCR complex” "". Integrins
comprise an important candidate, as large pre-B cells from Ikzf1™”™" CD19 mice have enhanced expression
of integrins o5, a6, and activated B1, and show an increase in FAK activation’”. While technically
challenging, it will also be important to determine whether this BCR-like program is active in alL7R-
expressing progenitors prior to overt disease development, or whether this phenomenon is a feature of
transformation and/or secondary mutation acquisition. Regardless, consistent with recent data in CRLF2-

rearranged Ph-like ALLY and KMT2A-rearranged infant B-ALL®, our results suggest that targeting this
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BCR-like program with Syk inhibitors (in parallel with other pathway agents) could potentially provide

therapeutic benefit for alL7R leukemias i vivo in preclinical models and in patients.

In summary, our alL7R GEMM provides the first definitive demonstration of the leukemia-
initiating role of alL7R, a robust new platform for detailed and iterative investigation of combinatorial
therapies to treat primary alL7R B-ALL, and a system for identifying additional biochemical and genetic
events that facilitate B cell leukemic transformation, growth, and survival. Our inducible strain should

further permit analogous lineage-restricted modeling of other alL7R-driven leukemias, including T-ALL.

11.4 Methods

Cell lines

Nalmé6 (human pre-B; ATCC) and Ba/F3 (murine pro-B; Immunex, Seattle, WA, USA) cells were
maintained in RPMI-1640 (HyClone) supplemented with 10% fetal calf serum (Omega Scientific), 1X
GlutaMAX (Invitrogen), 20 mM N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES), 55 um
2-mercaptoethanol (2ME; GIBCO), sodium pyruvate, and 10 ng/mL recombinant murine IL-3 (mIL-3 —
Ba/F3 only; R&D Systems). Nalm6 cells were validated by surface immunophenotyping. Ba/F3 cells were

authenticated by their inability to grow in the absence of murine IL-3.

Ba/F3 assays

Parental Ba/F3 cells were transduced with pPRRL-MND-2A-mCherry lentiviral vectors containing WT or
mutant murine //7r (I17r P243insPPCL) followed by a self-cleaving T2A-linked mCherry reporter.
Transduction efficiency (%mCherry+) was measured after 4 days. For assessment of cytokine
independence, parental, Il17r WT, and II7r PPCL Ba/F3 cells were subjected to mIL-3 withdrawal for 6

days. Cell counts, viability, and %emCherry+ were quantified at days 3 and 6.

Patient-derived xenografts
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Secondary Ph-like ALL xenograft samples were provided by S. Tasian (Children’s Hospital of Philadelphia,
Philadelphia, PA). 1e06 splenocytes were injected retro-orbitally (r.0.) into NOD.Cg-Prkdc*
112rg"™"""/Sz] (NSG) animals. Leukemia burden (% hCD19") was assessed biweekly by flow cytometric
analysis of peripheral blood. Recipient animals were euthanized when ill according to standard parameters

set on the IACUC protocol.
Animals

Murine 117r P243insPPCL coding region was cloned into the pRosa26-DEST vector (Gateway) with an
upstream loxp-flanked 3x-stop codon and a downstream self-cleaving T2A linked GFP reporter. This
targeting vector was then inserted into the Rosa26 locus via homologous recombination after
electroporation into C57BL6/J ES cells (Biocytogen). These activated I17r “alL7R” mice were crossed to
Mb1-Cre’”” and CD19-Cre”® mice. alL7R-Mb1 mice were also crossed to Sh2b3 knockout and floxed mice”
and alL7R mice were crossed to B-intrinsic Ikzfl exon 5 floxed animals’>. NSG (005557), Mb1-Cre
(020505), CD19-Cre (006785), and C57BL/6J (000664) mice were purchased from Jackson Laboratories.
All mice were bred and maintained in a specific pathogen-free animal facility, and studies were performed
in accordance with the Institutional Animal Care and Use Committee (IACUC) of Seattle Children’s
Research Institute. Mice were sorted into experimental groups based on genotype and matched for age and
sex. Experimental groups were co-housed whenever possible. alL7R and littermate mice used for
immunophenotyping, cell cycle analysis, phospho-Stat5 assays, and in vivo IL-7 blockade were 6-11 weeks
old. alL7R mice were monitored for signs of spontaneous disease and were euthanized when ill according

to standard parameters set on the [ACUC protocol.
Reagents and antibodies

The LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit (Invitrogen) was used according to the
manufacturer’s instructions. Anti-mouse and anti-human antibodies used in the study are described in detail

below in Table I1.8.
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Mouse antibodies Clone Vendor Catalog # Lot #
PE anti-mouse IgD 11-26 Southern Biotech 1120-09 |G0815-TF35R
Biotin Rat Anti-Mouse CD43 S7 BD 553269 7257995
PE-Cy7 anti human / mouse B220 RA3-6B2 BioLegend 103222 B270362
PE-Cy7 anti-mouse CD19 1D3 BD 552854 0009122
Pacific Blue anti-mouse CD24 M1/69 BioLegend 101820 B271348
Alexa 700 Streptavidin Thermo Fisher S21383 2047151
PE-Cy7 anti-mouse CD23 B3B4 BioLegend 101614 B259283
APC anti-mouse CD21 7E9 BioLegend 123412 B210793
PerCP-Cy5.5 anti-mouse B220 RA3-6B2 BioLegend 103236 B285069
IgM Rat anti-Mouse, PerCP-eFluor™ 710 11/41 Thermo Fisher 46-5790-82 2185098
Brilliant Violet 605 anti-mouse CD19 6D5 BioLegend 115540 B289096
Biotin anti-mouse LY-51 / BP-1 6C3 BioLegend 108304 B193235
PE anti-mouse LY-51 / BP-1 6C3 BioLegend 108308 B297470
PE anti-mouse CD179a (VpreB) R3 BioLegend 143604 B195300
PE-Cy7 anti-mouse IgD 11-26C Thermo Fisher 25-5993-82| 4323733
EF 660 anti-mouse CD127 / IL-7Ra A7R34 Thermo Fisher 50127182 1919524
BV 510 anti-mouse/human CD45R/B220 RA3-6B2 BioLegend 103247 B260375
APC Rat Anti-Mouse CD43 S7 BD 560663 9017742
Purified Rat Anti-Mouse CD16/CD32 (Mouse BD Fc Block™)[2.4G2 BD 553142 148675
PE anti-mouse CD117 (c-kit) 2B8 Thermo Fisher 12-1171-82 E028962
Intracellular/Intranuclear antbodies

Alexa Fluor® 647 Mouse Anti-Stat5 (pY694) 47/Stat5 (pY694) [BD 612599 9192735
Phospho-S6 Ribosomal Protein (Ser235/236) XP® Rabbit m{(D57.2.2E) Cell Signaling Tech| 4851S 26
Phospho-4E-BP1 Rabbit mAb 236B4 Cell Signaling Tech| 5123S 8

PE anti-human/mouse Bcl-xL 54H6 Cell Signaling Tech| 13835S 8
eFluor 660 anti-mouse Ki-67 SolA15 Thermo Fisher 501124387 1977755
Human antibodies

FITC anti-human CD38 T16 Beckman Coulter IM0775U 61
bv605 anti-human CD24 ML5 BioLegend 311123 B196581
APC anti-human CD10 HI10a BioLegend 312210 B246897
PE anti-human CD179a (VpreB) HSL96 BioLegend 347404 B209133
PE-Cy7 anti-human CD19 HIB19 BioLegend 302216 B278096
Pacific Blue anti-human IgM MHM-88 BioLegend 314514 B223924
Alexa Fluor647 anti-human IL7Ra (CD127) A019D5 BioLegend 351318 B220642
Fc Receptor Binding Inhibitor Polyclonal Antibody Thermo Fisher 501129053 2075565
In vivo antibodies

InVivoMAb anti-mouse/human IL-7 M25 Bio X Cell BE0048 648417M1
InVivoMAb mouse IgG2b isotype control MPC-11 Bio X Cell BE0086 645417J3

Table I1.8. Antibodies used in this study.

Flow cytometric and cell cycle analysis

Single-cell suspensions of peripheral blood, spleen, and BM were obtained and stained with fluorescently-

labeled antibodies as previously described”. Transcription factor labeling was performed following surface

staining for 20 min at 4°C by using the True-Nuclear Transcription Factor Buffer Set (BioLegend)

according to the manufacturer’s instructions. For Ki-67 staining, cells were fixed for 30 min at 4°C with
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fixation/permeabilization solution (BD Biosciences), followed by staining with Ki-67 under the same
conditions. All flow cytometric data were collected on an LSR II (BD) and analyzed by using FlowJo

software (TreeStar).
Cell cycle analysis using in vivo EdU labeling

In vivo EdU labeling for cell cycle analysis was performed as previously described'®. Briefly, 5-ethynyl-
2’-deoxyuridine (EdU, Thermo Fisher) was dissolved in sterile DMSO and 1mg in a volume of 100ul was
injected i.p. 1 hr prior to sacrifice. EQU detection was performed with the Click-iT Plus EdU Pacific Blue
Flow Cytometry Assay Kits (Thermo Fisher). Cells are stained for surface markers for 15min at 4<C,
followed by fixation and incubation with the Click-iT Plus reaction cocktail according to manufacturer’s

instructions.

In vitro cytokine stimulations and Phospho-flow analysis

Mouse splenic B cells were enriched using CD43 depletion (Miltenyi) and purified B cells were cultured
in supplemented RPMI-1640 at 37°C. B cells were seeded at 5e05 cells/well in a 96-well plate with or
without recombinant murine IL-7 (mIL-7)"" (25 ng/mL) for 25 mins and fixed with 2% PFA in PBS for 10
min at 37°C. Cells were resuspended in cold Perm Buffer III (BD Biosciences) and stained with surface
and phospho-site antibodies for 35 min at 4°C in the dark. For ex vivo alL7R leukemia analysis, 1e06 cells
harvested from BM and spleen were directly fixed, permeabilized, and stained as above for phospho-flow
analysis. Mouse bone marrow late pro-B cells were FACS-sorted into 96 well plates at a density of 1.5¢04
cells/well in supplemented RPMI-1640 medium, rested for 2 hours at 37°C and stimulated with mIL-7 (10

ng/mL) for 25 mins. Cells were then fixed, permeabilized, and stained for phospho-flow analysis

[I7r_ WT and 17r_ PPCL expressing Ba/F3 cells cells were sorted on mCherry expression and maintained
in supplemented RPMI-1640 with 10 ng/mL mIL-3. Cells were washed to remove cytokine, starved for 5
hours, stimulated with 10 ng/mL mIL-7 or 10 ng/mL mIL-3 for 20mins, fixed and stained for phospho-flow
analysis.
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For human xenografts, splenocytes from NSG recipients were plated at a density of 5e05 cells/well in a 96-
well plate in supplemented RPMI-1640 with or without recombinant human IL-7 (PeproTech) or human
TSLP (R&D Systems) (10 ng/mL) for 25 mins at 37°C. Cells were then fixed, permeabilized, and stained

for phospho-flow analysis.
Histopathology

Tissues were fixed in 10% neutral buffered formalin, embedded in paraffin, and tissues sections stained
with Hematoxylin and eosin (H&E) according to standard practices. Histology images were acquired using
a Nikon OptiPhot-2 microscope and a Canon Eos 5D Mark II camera. Tissue sections were examined by a

board-certified veterinary pathologist (H.D.L.) who was blinded to study design.
Igh sequencing

Murine Igh gene transcripts were amplified from leukemic splenocyte cDNA as described previously, using
only the first round PCR of the nested PCR strategy'®>. Amplified sequences were purified using the
NucleoSpin Gel & PCR Cleanup Kit (Macherey-Nagel), cloned into pJET1.2 plasmid DNA using the
CloneJET PCR Cloning Kit (Thermo Fisher Scientific) and Sanger sequencing of individual transformed
bacterial colonies was performed using the pJET1.2 forward and reverse sequencing primers. 96 colonies

were sequenced per leukemia sample.
Exome sequencing and analysis

Genomic DNA (gDNA) from sorted primary alL.7R leukemia samples (spleen) and paired tail gDNA was
submitted for whole exome sequencing using Twist Mouse Exome Panel with paired end 100bp NGS reads
on NovaSeq (Illumina). FASTQ files were aligned using BWA to mm10 reference mouse genome. Unique

104 Mutect2 variants were

leukemia somatic variants were identified by either Mutect2'® or Pisces
subsequently filtered using FilterMutectCalls and annotated using ANNOVAR'?. Pisces variants in the

tumor sample were annotated using ANNOVAR and then filtered for coverage and if present in more than
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one read in the normal sample. Variants were visualized using Integrated Genome Viewer (IGV; Broad

Institute).
alL7R leukemia serial transfer studies

1e06 splenocytes from alL7R animals with spontaneous disease were injected r.o. into C57BL/6 mice.
Leukemic burden was assessed biweekly by flow cytometric analysis of peripheral blood. Recipient animals

were euthanized when ill according to IACUC protocol.
In vivo IL-7 blockade and kinase inhibitor treatment

alL7R Sh2b3™* Mb1 and cre-negative littermate control mice were treated i.p. with 0.5 mg/mouse isotype
control or neutralizing anti-IL-7 mAb (Bio X Cell) every third day for 16 days (6 injections) and sacrificed
on day 18. For murine leukemias, B6 recipient mice were pre-treated i.p. with isotype or anti-IL-7 every
other day for 6 days (3 injections), then injected r.o. with 106 splenocytes from primary alL7R/Sh2b3
leukemias. Recipient mice were treated every other day with isotype or anti-IL-7 until they met euthanasia

criteria.

NSG mice were injected r.0. with 1e06 IL-7Rins/SH2B3null (PALJDL) PDX cells transduced to express a
firefly luciferase-eGFP fusion protein (ffluc-GFP; gift from Michael Jensen). /n vivo bioluminescent
imaging of PALJDL-ffluc-GFP cells was performed as previously described'” using an IVIS Spectrum
Imager (PerkinElmer). 8 days post-injection (after leukemic cells were detectable by bioluminescent
imaging), mice were injected i.p. with 0.5 mg/mouse isotype or anti-IL-7, or with 0.1 mg/kg rapamycin
(Selleck Chemicals) as a positive control. Mice were treated every other day for 8 weeks and in vivo
bioluminescent imaging was used ~2x weekly to track leukemia burden over time. All animals were

sacrificed on day 58.

1e06 alL7R primary leukemia cells were injected r.o. into C57BL/6 recipient mice. Three days later,

recipients were treated by gavage with 5 mg/kg rapamycin or vehicle (5% dextrose in water) daily (Mon-
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Fri) for up to 4 weeks or until euthanasia. Leukemic burden was assessed weekly by flow cytometric

analysis of peripheral blood.

For testing entospletinib and dasatanib treatments, NSG mice were injected r.o. with 1e06 IL-
7Rins/SH2B3null (PALJDL) PDX cells. When >1% hCD10+/hCD19+ were detectable in the peripheral
blood, recipient animals were assigned to their treatment group (vehicle chow, 0.05% entospletinib chow
(Gilead), or 10mg/kg dasatanib by oral gavage) and treated daily for 4 weeks. Mice were bled weekly to

track leukemia burden (hCD10+ hCD19+) over time and then sacrificed after the 4 weeks of treatment.

In vitro drug sensitivity assay

Splenocytes from primary or secondary leukemic animals were plated in supplemented RPMI-1640 with
10 ng/mL mIL-7 in 96 well plates at a density of 5¢04 cells/well. Cells were cultured for 24 hours with or
without ruxolitinib, rapamycin, bortezomib, entospletinib, ibrutinib, idelalisib (Selleck Chemicals), or
trametinib (Cayman Chemical). Inhibitors were tested at a 10-fold dilution curve ranging from 10 uM to
100 pM or 1 uM to 10 pM (Bortezomib). Viability of cells was measured at 24 and 48 hours by adding 10
uL of CellTiter-Glo reagent (Promega) per well and incubating for 10 mins with shaking at room
temperature (RT) before luminescence is recorded. Luminescence was read by using a SpectraMax i3x

microplate reader (Molecular Devices).

Mass spectrometry-based phosphoproteomic analysis

Secondary murine alL7R leukemias were harvested ex vivo from spleen and plated into 10 cm dishes at a
density of 1e07 cells/mL. Cells were incubated at 37°C with or without 1 uM entospletinib or ruxolitinib
(Selleck Chemicals) for 30 mins, and then with or without 10 ng/mL mIL-7 for an additional 15 mins. Cells
were harvested, washed with 1X PBS (HyClone), and lysed. For Ph-like PDX models, cells were harvested

ex vivo from spleen and 1e08 cells/sample were directly lysed.
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Cell pellets were lysed in 8M Urea containing phosphatase inhibitors and sonicated. Protein concentration
was then determined by a BCA assay (Pierce). 1-2 mg of each sample was reduced with 5 mM DTT at 56
°C for 45 minutes, then alkylated with 15 mM iodoacetamide for 30 minutes at RT in the dark. Samples
were diluted 4-fold with 100 mM ammonium acetate, pH 8.9, and digested with Lysyl endopeptidase (Lys-
C, from Wako) for 4 hours at RT at a ratio of 1:100 (Lys-C to total protein), followed by sequencing grade
modified trypsin (Promega) at a ratio of 1:100 (trypsin to total protein), overnight at room temperature.
Following digestion, peptides were desalted and concentrated using Sep-Pak Plus C18 cartridges (Waters)
according to the manufacturer’s recommendations. Samples were then dried by vacuum centrifugation,

lyophilized, and stored at —80 °C until further processing.

Protein-G agarose (Sigma) was reconstituted in water for 1 hour at room temperature and washed three
times in IP buffer (100 mM Tris pH 7.4, 0.3% NP-40). Beads were resuspended in IP buffer containing
three antibodies (4G10 from Sigma, pY 100 and pY 1000 from Cell Signaling Technologies) and placed on
a rotator for 6-8 hours at 4 degrees. Beads were washed with IP buffer and added to lyophilized peptides in
IP buffer, overnight at 4 degrees. Beads were washed with IP buffer, wash buffer (100 mM Tris pH 7.4),
and with water. Peptides were eluted with 15% Acetonitrile containing 0.15% trifluoroacetic acid. For
human PDX samples, heavy labeled peptides were added, and in all cases the acetonitrile was removed

using vacuum centrifugation.

Online peptide separation coupled to MS/MS was performed with a nanoLC system (nanoAcquity UPLC
system, Waters) and a Q-exactive mass spectrometer (Thermo Fisher Scientific). Peptide samples were
loaded onto a trap column (Bruker C18 MAGIC beads, 200 A pore size, 4 cm packing length, 100 pm
column inner diameter) connected to an analytical column (Bruker C18 MAGIC beads, 100 A pore size,
20 cm packing length, 75 pm column inner diameter) with an incorporated electrospray emitter. Peptide
separation was achieved using a gradient from 3 to 40% (V/V) of ACN in 0.1% FA over 40 or 115 minutes

at a flow rate of 250 nL/min.
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A top 10 method was used for data-dependent/discovery acquisitions. Full MS scans were acquired at a
resolution of 70,000, a target automatic gain control (AGC) value of 1¢6, with a maximum fill time of 100
ms. MS2 scans were acquired at a resolution of 17,500 with an AGC target of Se4 and a maximum fill time

of 200 ms, and a normalized collision energy of 28.

Parallel Reaction Monitoring (PRM) methods were used to target specific phosphorylated peptides. The
acquisition method combined 5 sequential PRM events followed by a full scan event. Precursor ions of the
peptides were targeted in preliminary experiments without time-scheduling and confirmed precursors were
targeted +/— 5 minutes of the observed elution times in the actual experimental runs. PRM events were
acquired with an orbitrap resolution of 17,500, an AGC value of 2e5, and maximum fill times of 100 ms,
and a normalized energy of 28. The precursor ion of each targeted peptide was isolated using a 2 m/z
window. Full MS scans were acquired at a resolution of 70,000, an AGC value of 3e6, and maximum fill

times of 240 ms.
Data Processing and Analysis

For DDA analysis, MS data files were searched using the COMET algorithm'"” and the output was imported
into the Trans-Proteomic Pipeline'®® with the following parameters: variable oxidation of methionine (15.99
Da), variable phosphorylation (79.96 Da) of serine, threonine, or tyrosine, up to 4 variable modifications
per peptide, fixed carbamidomethylation of cysteine (57.02 Da), two missed cleavages, maximum charge

of 7. Peptide false discovery rate (FDR) was set to 1%.

Quantitative analysis of pY peptides was performed with Skyline software'®’

. Quantifiable fragment ions
for each peptide were confirmed and an intensity value was determined by summing the area under the
curve gleaned from a subset of fragment ion and/or precursor ion isotopic peaks (minimum peak number =

3). For mouse pY quantification, the intensity value for each peptide was normalized to that for a

phosphorylated peptide from Fgr within the same sample prior to assessing changes in relative peptide
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abundance. For human PDX models, the intensity values for endogenous peptides were first normalized to

that of the corresponding spiked-in heavy peptide and then to that of GSK3B pY216.

Statistical analysis

All statistical analyses were performed using graphPad Prism version 8.4.2 unless specified above. All
specific statistical tests and P-values are indicated in the relevant figures. In all summary figures, a single
data point represents an individual mouse, and bars indicate the mean £ SEM. One-way and two-way
ANOVA tests were adjusted for multiple comparisons using the Tukey’s (one-way) or Sidak’s (two-way)
multiple comparisons tests. No sample size calculations were performed. Experiments were generally
repeated 2 or more times with at least two mice or leukemias per genotype/group. An exception is the
characterization of the mice with spontaneous leukemia - those experiments typically contained just the
sick mouse and a healthy littermate control, as it was infrequent that multiple animals with spontaneous
disease would meet euthanasia criteria at the same time. Data were only excluded when there was a
technical issue with administering the EdU i.p. injections and no labeling was detected upon flow cytometry

analysis (Figure 4e-f).

Data availability

The mapped reads for the whole exome sequencing have been deposited in the Sequence Read Archive
database (BioProject ID: PRINA735253). The mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium via the PRIDE'"® partner repository with the dataset

identifiers PXD026438 and PXD026322.
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Chapter III. Concluding Remarks

Molecular profiling of cancers through genome sequencing can identify tumor-specific mutations
that may inform treatment strategies. However, genomic data alone is not always clinically useful without
additional studies. The identification of a mutation often does not indicate how protein function may be
impacted nor how altered protein function impacts cell biology. Similarly, it is not known whether specific
mutations are “drivers” versus “passengers” in either oncogenic transformation or disease progression in
the absence of direct testing. Without this knowledge, it can be difficult to understand what is truly causing
an individual’s cancer and to predict patient outcomes (i.e. responses to therapy, likelihood of relapse, etc.).
Furthermore, it is challenging to deconvolute the effects and roles of individual mutations in primary patient
samples, where mutational load may be quite high, and disease may be advanced. Analysis of isolated
mutations can help inform how single mutations alter normal cellular processes and identify which

mutations are capable of initiating disease.

Previous work has examined IL-7R activating mutations in isolation using retroviral
overexpression systems. These studies made important observations about the effects of these mutations on
protein dimerization and function and suggested a possible role for these mutants in leukemogenesis, yet
there were limitations to those models. Primarily, that expression levels of the mutant receptors were
supraphysiological and that in vivo oncogenesis was only tested via adoptive transfer of transduced cells
into immunodeficient hosts. Thus, it remained difficult to determine how well these results translate to
defining the role of activated IL-7R in human leukemias. Similarly, while SH2B3 and IKAROS deletion
mutations have been observed in Ph-like leukemias with mutant IL-7R, no study has investigated specific

combinations of these mutations to determine their sufficiency in driving disease.

Murine models of lineage-restricted expression of activated //7r, Sh2b3 loss, and Zkzf1 dysfunction
can provide insight into how these mutations may cooperate to alter normal B cell biology and contribute

to disease. In our study, we utilize these novel models to demonstrate that an activating //7» mutation can
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initiate B-ALL when expressed alone and at a level below endogenous wildtype IL-7R. Our data also
establishes the requirement of aIL7R for leukemic disease in the Sh2b3"", Sh2b3"* Mb1, and Ikzf1"* CD19
models, as these mutations alone do not result in B-ALL. Future work is needed to define the mechanism(s)
by which Sh2b3 and Ikaros dysfunction enhance the alL7R disease phenotype. Loss of Sh2b3 clearly
impacts signaling pathways in progenitor B cells beyond IL-7R that may synergize to drive B-ALL.
Consistent with this, loss of SH2B3 is observed across a broad range of Ph-like ALLs, including leukemias
with alterations in CRLF2, JAK2, IKZF1 and others '**!:"'"!113 These leukemic cells retain expression of
endogenous (wildtype) IL-7R. Thus, loss of SH2B3 in this setting likely impacts JAK activation via
endogenous IL-7 (as well as in response to CRLF2 signaling). Indeed, Wei Tong’s group has shown that
loss of SH2B3 increases STATS activation and cell growth in response to IL-7 in pro/pre-B cells®.
Therefore, SH2B3 loss likely cooperates with both wildtype and mutant IL-7R signals. Like SH2B3, IKZF 1
deletions or mutations are observed across multiple genetic subtypes of Ph-like ALL. Importantly, STATS
antagonizes IKAROS activity in murine pre-B cells and primary B-ALLs by reciprocally regulating many
of the same target genes, including the induction of IL7R> . Collectively, these data suggest that both
SH2B3 and IKAROS can negatively regulate IL-7R, albeit via different mechanisms (signaling vs
transcriptional regulation), and that mutations in /L7R may collaborate with those in SH2B3 and /IKZF I to

alter B cell development in ways that drive leukemic transformation.

Leukemic transformation after an early arrest of B cell development in the bone marrow has been
reported in some mouse models. For example, B-ALL occurs in Blnk”™ and Btk”™ Blnk™ *>''* but not in
Ragl/2 KO, uMT, or IL-7R KO models ''>"''® While our aIL7R mice exhibit an expansion of late pro-B
cells, B cell maturation is not altered prior to leukemia onset (Figures I1.3 and 11.S4). Further, the degree
of progenitor expansion is not correlated with the rate or penetrance of alL7R-driven transformation. Sh2b3
 mice have increased B cell progenitors, but do not develop B-ALL*. Similarly, while Ikzf1%" CD19 B
cells are blocked at the large pre-B stage and have leukemogenic potential in NSG mice’?, heterozygous

Tkzf1"* animals lack progenitor expansion and do not develop spontaneous leukemias. Taken together,
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these data suggest that simply blocking development is insufficient to drive B cell progenitor
leukemogenesis. It is intriguing to speculate that the stage at which development is blocked or altered plays
a role in the likelihood of transformation, due to the stage-specific differences in signaling, transcription,

and proliferation.

While IL-7R activating mutations are relatively rare in B-ALL, they are more frequently observed
in T-ALL. Like in B-ALL, IL-7 signaling promotes the survival and proliferation of T-ALL, and unlike
normal thymocytes, it does so regardless of the stage at which development in blocked''’. In T-ALL, IL-
7R mutations occur in all subtypes, but appear to be enriched in early T cell precursor ALL (ETP-ALL), as
well as leukemias with HOXA or TLX overexpression*> 2> 2! Our murine model of aIL7R expression could
similarly be applied to investigate its role in initiating T-ALL or altering early thymocyte development by
crossing to T-cell-specific Cre strains. As discussed previously, IL-7R signaling and expression is
dynamically regulated in the DN and DP thymocyte stages, so we may need to knock-in alLL7R into the
endogenous locus as opposed to Rosa26 to reflect this physiology. Selecting the most relevant Cre strains
is also likely to be important. It would be interesting to evaluate alL.’7R both alone and in concert with the

Vav-Hoxa9 mouse model'??

of moderate Hoxa9 overexpression that is predisposed to ETP-ALL to assess
potential synergistic effects. Indeed, recent work from Scott Durum’s group indicates that DN murine

thymocytes transduced to overexpress Hoxa9 and mutant human IL-7R can induce T-ALL in vivo when

adoptively transferred into irradiated Rag-/- mice'?, supporting this concept.

We have shown that murine and human IL-7R-mutant B-ALLs display activation of JAK/STAT,
mTOR, and a unique “BCR-like” signaling program characterized by SYK phosphorylation. As discussed
earlier, it is currently unclear what is driving the activation of this “BCR-like” signature. Furthermore, the
role of alL7R and/or WT IL-7R in “BCR-like” activation remains undefined. Our phosphoproteomics data
indicates that acute (15 mins) IL-7 stimulation has little impact on the relative phosphorylation levels of
Syk and its downstream targets (i.e. Btk, Pik3ap1, Cbl, etc.; Figure I1.7¢-g), suggesting no direct role for

IL-7R signals. Alternatively, alL7R/IL-7R may indirectly influence the upstream events that mediate Syk
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activation. Integrins are an intriguing candidate to induce “BCR-like” signaling and evidence suggests they
can be regulated by IL-7R signals. In naive human T cells, 72 hours of IL-7 stimulation can induce the
expression of the integrin a4p7 and its binding to MAdJCAM-1'**, while in Th17 cells IL-7R and 21
cooperate to drive adhesion to collagen and IL-17 production'”. Importantly, both studies found
JAK/STAT and PI3K pathways are required for these functional effects. Moreover, in murine pro-B cells,
IL-7R blockade results in decreased FAK expression and increased motility, suggesting that IL-7R signals
promote integrin-mediated adhesion to IL-7-producing stromal cells in the bone marrow'?®. These data
indicate that future signaling studies using murine alL7R progenitors, leukemias, and human Ph-like ALLs
treated with anti-IL-7R and/or anti-integrin blocking antibodies may add clarity to the “BCR-like”

activation signature.

Ph-like ALL remains associated with high rates of relapse and chemotherapy resistance and more
effective therapies are urgently needed. Preclinical studies have demonstrated reduced in vivo survival and
growth of Ph-like ALL xenografts, including the IL-7R/SH2B3-mutant (PALJDL), in response to
ruxolitinib and rapamycin treatment®®. We demonstrate that targeted inhibition of active signaling pathways
(Jak/Stat, mTOR, and Syk) in primary alLL7R tumors impaired their survival in vitro (Figure I1.6b, I1.7h-j,
and I1.S8). In vivo, however, while rapamycin treatment alone delayed tumor growth it was not sufficient
to eliminate disease in either the murine leukemia or human PDX setting (Figures I1.6¢-i and I1.S5g-i) and
entospletinib treatment alone showed no inhibitory effect on the PALJDL xenograft (Figure 11.S9). These
findings are consistent with CRLF2-rearranged Ph-like xenografts, where targeting single candidate
pathways (JAK/STAT, PI3-K, or BCR-like) is insufficient as monotherapy'?’. Only triple pathway therapy
(ruxolitinib + parsaclisib + dasatanib), or dual therapy in combination with steroids (ruxolitinib +
parsaclisib + dexamethasone) provided effective control in vivo'”’. Dual JAKi and PI3-Ki treatment also
extended the survival of Sh2b3”" Trp53” B-ALL recipients compared to single agent therapy™®. Our results

suggest that in vivo combinatorial testing of targeted therapeutics could be a useful next step for both the
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alL7R murine leukemias and the PALJDL Ph-like PDX model and that rapamycin, ruxolitinib, and

entospletinib represent logical initial candidates.

Overall, the data from this study demonstrates how early B cell development is impacted by
activated IL-7R expression and establishes alL 7R, but not heterozygous Sh2b3 or Ikzf1 loss, as a leukemia-
initiating mutation. Our novel B-ALL GEMMSs will be a useful in vivo system to further investigate the
mechanisms by which cytokine-driven B cell leukemias develop and persist, as well as to test combinatorial
therapies that may treat primary alL7R B-ALL. These important preclinical experiments represent a crucial

first step in the path towards improving outcomes for patients with IL-7R-mutant leukemias.
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Chapter IV. Glossary

alL7R — Activated murine IL-7R mutant (PPCL insertion)
ALL — Acute lymphoblastic leukemia

B-ALL — B cell acute lymphoblastic leukemia
BCR - B cell receptor

BM - Bone marrow

CLP — Common lymphoid progenitor

CRLF2 - Cytokine Receptor Like Factor 2 (aka TSLP receptor)
EdU — 5-ethynyl-2’-deoxyuridine

IL-7R — Interleukin-7 receptor

LNK — lymphocyte adapter protein (aka SH2B3)
FM - Follicular mature B cells

MS — Mass spectrometry

MZ — Marginal zone B cells

MZp — Marginal zone precursor B cells

PDX — Patient-derived xenograft

Ph+ - Philadelphia chromosome+

Ph-like — Philadelphia chromosome-like

SH2B3 — Src homology 2-B adapter protein 3
T1 — Transitional type 1 B cells

T2 — Transitional type 2 B cells

TSLP — Thymic stromal lymphopoietin

WT - Wildtype
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