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ABSTRACT

Myeloproliferative neoplasms (MPN) can transform into Acute Myeloid
Leukemia (AML) with short survival and no therapeutic options beyond supportive care.
Studies of patients with post-MPN AML revealed hotspot mutations in IDH genes
acquired at transformation. We characterized a mouse model that combined Jak2"'""
with IDHI®** and 1dh2%'*°? that developed a lethal myeloproliferative neoplasm with
preleukemic features, including acceleration of disease on transplant, a competitive
advantage in the bone marrow niche and perturbed stem and progenitor compartments
consistent with a hematopoietic differentiation block. Treatment of double-mutant mice
with targeted inhibitors against JAK2 and IDH2 results in resolution of disease
phenotype, normalization of stem and progenitor compartments, and reduction in disease
burden in mice. RNA-Seq of hematopoietic stem and progenitor cells revealed a
characteristic disease gene set, and treatment of sick mice normalized expression of
these genes. Ex vivo treatment of human MPN and post-MPN AML JAK2™" IDH2>™"
tissues ex vivo showed a differentiation phenotype with AG221 treatment, consistent
with current studies of the drug in de novo AMLs. Furthermore, this differentiation
response was corroborated by a patient derived xenograft model developed from a

JAK2™" IDHI™" patient treated with AGI-5198.
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Chapter 1 : INTRODUCTION

MYELOPROLIFERATIVE NEOPLASMS AND PROGRESSION TO
ACUTE MYELOID LEUKEMIA

Myeloproliferative neoplasms (MPN) are hematopoietic disorders characterized
by the clonal proliferation of mature myeloid elements (Figure 1.1). The most common
MPNs are polycythemia vera (PV), essential thrombocythemia (ET) and primary
myelofibrosis (PMF), and these diseases manifest clinically as an excess of red blood
cells (PV), platelets (ET), or white blood cells (PMF), respectively. Despite
administration of standard therapies, many develop progressive bone marrow failure
and/or transform to acute myeloid leukemia (AML). The only curative therapy for MPN
patients is allogeneic stem cell transplantation, which cannot be offered to most patients,
given their advanced age. There is therefore a pressing need for novel therapies for MPN

patients.
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Figure 1.1: Classification of MPNs

Reprinted by permission from Macmillan Publishers Ltd: Nature Reviews Cancer, 7(9),
673-83, copyright 2007.”




The somatic constitutively activating JAK2V®'"" mutation* is observed in 81-
99% of PV patients, 41-72% of ET patients, and 39-57% of PMF patients.>* After this
discovery, investigators identified somatic activating mutations in exon 12 of JAK2 in
JAK2V®'F _negative patients.’ Similarly, somatic MPL mutations (e.g.: MPLY"""),
which activate the TPO receptor, are found in approximately 8% of ET patients and 10-
15% of PMF patients.”” More recently, up to two thirds of MPN patients without
mutations in the JAK2 or MPL genes were found to have activating mutations in
CALR."™"" CALR mutant overexpressing cells are reported to have a similar phenotype to
JAK?2 and MPL-mutant overexpression, including induction of cytokine independence in

Ba/F3 cells and activation of STATS." Together, these studies indicate that these

oncogenic JAK-STAT pathway mutations are a pathogenetic feature of chronic MPN.

Transformation to AML from MPN is the most feared complication of MPN, and
post-MPN AML is associated with a dismal prognosis. Several studies examining
patients undergoing leukemic transformation from MF, PV, and ET, have observed

12-14 With no clear

median survival times ranging from 2.6 months to 4.6 months,
prognostic distinction for any given MPN."> Advanced age (>60 years,) disease-specific
burden measures (e.g.: thrombocytosis and anemia in ET), and exposure to certain
therapies including erythropoiesis-inducing and cytoreductive agents are associated with
an increased risk of leukemic transformation. In contrast, leukemic progression has not
been found to correlate with JAK2V®'"" mutational status or exposure to cytotoxic drugs

or hydroxyurea; however, J4K2 mutant allele burden remains controversial in MPN,'*!®-

24



Importantly, no therapy has been demonstrated to improve outcome for post-

12-14

MPN AML patients in comparison to supportive care. In patient outcome studies, all

1214 These data indicate a

surviving patients were treated with allogeneic transplants.
powerful need for new models and improved therapeutic approaches in order to improve

outcomes for patients with this aggressive malignancy.

GENOMICS OF POST-MPN AML

Although post-MPN AML has only recently been characterized as a distinct
clinical entity, studies show that this disease has a different mutational spectrum than
observed in de novo AMLs.”>**(Figure 1.2.A, B) implying that there is a distinct
pathogenesis of these two AML subtypes. JAK2"®'"" mutations are relatively rare in de
novo AML?" and AML patients that do have J4K2V*'"" mutations are more likely to
have a history of an antecedent MPN***’. Certain specific mutated alleles are commonly
found in post-MPN AML in higher proportions than classically associated with de novo
AML, including TET2, ASXL1,® IDHI/2' RUNXI,** SRSF2> P53°* LNK,”> CBL,*
and IKZF1.>" Therapy-associated transformation may have chromosomal abnormalities
such as —5/5q or —7/7q—.>* SNP analysis has further confirmed commonly modified
regions including chromosomes 8§, 12, 17, and 21 (which contain MYC, ETV6, TP53, and
RUNXI), and these studies have postulated novel candidate tumor suppressors on 7q
(SH2B2, CUTLI), 19p (PIN1, ICAMI, and CDC37) and 21q (ERG.)” Conversely, the
mutations that are usually common in de novo AML, such as DNMT3A4 and FLT3, are
largely absent from post-MPN AML.” These genetic data suggest a unique route of

transformation for post-MPN AML.



Figure 1.2: Post-MPN AML has a distinct mutational landscape from de novo AML

Circos plots representing mutational landscape of (A) de novo AML,*® (B) Post-MPN AML, and (C) Post-MPN AML, isolating and
combining JAK2/MPL mutant and IDH/TET2 mutant cases to reveal 20% overlap between these categories.”

Figure 1.2.4 Reproduced with permission from N EnglJ Med., 2012, 366(12), 1079-89, Copyright Massachusetts Medical Society.
Figure 1.2.B Adapted from Zhang SJ, Rampal R, Manshouri T, Patel J, Mensah N, Kayserian A, Hricik T, Heguy A, Hedvat C, Génen
M, Kantarjian H, Levine RL, Abdel-Wahab O, Verstovsek S. Genetic analysis of patients with leukemic transformation of
myeloproliferative neoplasms shows recurrent SRSF2 mutations that are associated with adverse outcome. Blood. 2012 May
10;119(19):4480-5.



Post-MPN AML is characterized by a mutational spectrum distinct from chronic
MPN or de novo AML; however, the sequence of events in leukemic transformation
requires further evaluation. To this end, some studies have matched samples from both
before and after leukemic transformation in individual patients, and they have
demonstrated that genetic events beyond JAK-STAT activating mutations occur at
transformation. One early study shows that, unlike MPN, none of the subjects included
with post-MPN AML had a normal karyotype.'* Analyzing paired samples from several
groups has yielded several genes that are mutated at the time of transformation, which are
summarized in Table 1.1. In contrast to these genes, which have different mutation status
before and after leukemic transformation, mutations in other genes, such as P53 and
CBL, were found to exist in both clones. Upregulation of WT1 and EVI1 has also been
documented in transformation.”® Our laboratory, in two successive papers, performed
mutational profiling of 17 paired samples in which dominant clones were shown to
acquire mutations over the course of transformation in TET2* as well as in 7P53 and

KRAS,” and further studies of this data have implicated IDH mutation in this event.



Table 1.1: Genetic mutations from studies comparing pre- and post- transformation

Total Total
Study Mutated Gene Identified Paired Candidate

Samples Genes
Ding 2009% RUNX1/AML1 18 7
Beer 2010%° RUNX1/AML1 16 11
Zhang and Rampal 2012%° 17 22
(Abdel-Wahab 2010%°) TET2, TPS3, KRAS (14) (4)
Green 2010" IDH1/2 5 2




Given this evidence, there is a compelling argument to investigate cooperation
between activation of the JAK-STAT pathway and induction of /DH/TET2 mutation in
the pathogenesis of post-MPN AML. J4K2 mutation is not sufficient to predict leukemic
transformation,’' but it is a pathognomonic feature of MPN and many post-MPN AMLs
do maintain this mutation. In transforming to AML, studies to date have reported
acquisition of mutations in TET2, IDHI, and IDH?2 in up to 50% of patients.*' To this
end, IDH mutation has, independent of JAK2-mutational status, been shown to
significantly reduce leukemia-free survival; this is significantly further reduced when the
mutations exist in combination®'(Figure 1.3.A) Our lab has shown frequent acquisition
of TET2 mutations, which are functionally related to IDH mutations, at the time of

. . 2530
leukemic transformation,”™

and Green et al. in a recent study identified IDH mutations
five paired samples from JAK2V®'"" _positive PV patients that progressed to leukemia.*’
Furthermore, examining our own cohort of post-MPN AML patients (Figure 1.2.C), we
find that JAK-STAT activating mutations and /DH/TET2 mutations co-occur in 20% of

patients. With this evidence, we set out to create models combining these two pathways.
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Figure 1.3: Patients with IDH mutation have shortened leukemia-free survival
Adapted from Tefferi A, Jimma T, Sulai NH, Lasho TL, Finke CM, Knudson RA,
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transformation and shortened survival: clinical evidence for leukemogenic
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ISOCITRATE DEHYDROGENASE MUTATIONS
Isocitrate dehydrogenase (IDH) proteins catalyze the oxidative decarboxylation of
isocitrate to a-ketoglutarate (a-KG, 2-oxoglutarate). IDH3 serves the classical role as an
allosterically regulated, rate-limiting enzymatic step in the Citric Acid Cycle. The other
isoforms, which are more commonly mutated in cancer, are thought to use this catalytic
process in other roles, such as lipid metabolism and glucose sensing (in the case of

IDH1), and regulation of oxidative respiration (in the case of IDH2).***

10



Tumor cell

Isocitrate
IDH3 ¢ IDH2
o-KG_€

Cancer biomarker?
Dysregulation of
epigenetic and
gene expression profiles

Marina Corral

Figure 1.4: Mutant IDH activity and 2-HG signaling in cancer
Reprinted by permission from Macmillan Publishers Ltd: Nature Medicine 17(3), 291-3

copyright 201 1.
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Mutations in IDH1 were first identified in colorectal cancer* and gliomas.*
Subsequently, whole genome sequencing studies in AML by Ley and colleagues led to
the identification of IDH1 mutations in AML,* later confirmed by studies finding IDH1
and IDH2 mutations in cytogenetically normal AML (CN-AML) patients. Subsequent
studies have identified IDH1/2 mutations in a spectrum of malignancies, including
angioimmunoblastic T-cell lymphoma,*’ cholangiocarcinoma,™ and chondrosarcoma,*
suggesting that mutations in this pathway are a common mechanism of transformation
across a wide spectrum of tumors. Notably, gliomas with IDH mutations are usually
lower-grade, and are associated with relatively favorable outcome in brain tumors — this
contrasts with the data in MPN/AML, in which IDH mutation is associated with

transformation to AML and poor outcome.™

12
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Figure 1.5: IDH1 and IDH2 mutations associated with different cancer types
Reprinted from Trends in Molecular Medicine, 16(9), Lenny Dang, Shengfang Jin,
Shinsan M. Su, IDH mutations in glioma and acute myeloid leukemia, 387-97, Copyright
2010, with permission from Elsevier.
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Given the prognostic significance of IDH mutations in glioma, the implications of
IDH mutations in AML is of great interest. In AML, patients with the /DHI®""

1. °12 Patients with IDH2?'7?* mutation have lower

mutation have lower overall surviva
rates of compete remission,> and patients with this mutation have a worse prognosis than
those with IDH2%"**? mutations.”* However, the relevance of IDH mutations to outcome
in AML is more complex than it first appears. In one study of newly diagnosed patients,
IDH mutations were associated with older age and higher platelet levels, but the
mutations themselves were not independent predictors of survival.”® In CN-AML, IDH2
mutations have no influence on treatment outcome,’® and IDH1 mutations remain stable
over the course of disease, are not acquired at relapse, and do not have any independent
impact on survival.’’ In childhood AML, IDH mutations were actually associated with
increased overall survival, though this was not an independent predictor of survival.”®
Recently, IDH2"'*? mutations have been associated with favorable outcomes in younger

26,54

adults treated with dose-intensive therapy. By contrast, IDH mutations, particularly

IDH2®* mutations, are associated with adverse outcome in older adults with AML,
suggesting an age-dependent relevance of IDH mutations to outcome in AML.” All
together, these data suggest that the prognostic relevance of IDH mutations may depend

on the specific allele, patient age, and treatment regimen.>

Loss of function mutations in other Krebs Cycle components have also been

linked to cancer. Mutation of fumarate hydratase (FH) have been linked to hereditary

60,61

leiomyomatosis and renal cell cancer, and mutations in and succinate dehydrogenase

(SDH) have been linked to pheochromocytoma, paraganglioma, renal cell carcinoma, and

64

papillary thyroid cancer,”® respectively. As such, many hypothesized that IDH1/2
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mutations would result in loss of metabolic activity, and indeed, early enzymatic studies
confirmed that the mutant protein loses the ability to catalyze conversion of isocitrate to
a-ketoglutarate. However, these mutations were also characterized as somatic,
heterozygous mutations at highly conserved positions, which is more consistent with
gain-of-function mutations. This dissonance was resolved when metabolic profiling
showed that IDH1 and IDH2 mutant proteins catalyze a reaction that converts a-KG to 2-
hydroxyglutarate (2-HG).* This metabolite is a normal intermediate of hemoglobin
synthesis; 2-HG is present in trace quantities in normal cells but accumulates in mutated
cells, as shown in IDH-mutant AML and glioma cells.”” Subsequently, Thompson,
Caroll, and colleagues (including our laboratory) measured 2-HG production and
compared it to targeted IDH1/2 mutational analysis in AML patients and observed that all
AML patients with either IDHI®'"** or IDH2R'”* mutations had marked elevations in 2-
HG. Furthermore, by recognizing a subset of samples with 2-HG elevations (but no
known IDH1/2 mutations,) they identified a novel mutation in IDH2"'", which is the

most common IDH mutation seen in AML.>>%¢

IDH mutations are broadly associated with a differentiation block. This has been
shown in vitro in hematopoietic cell lines that lose their capacity to differentiate in the
presence of specific cytokines.”” It has been observed in neural cell lines and patient
samples as mediated by aberrant histone methylation.® It has also been observed in
conditional mouse models of conditional /DH2 mutation in hepatobiliary cells through

suppression of transcription factor HNF-4q.”

Together, these data indicate the
neomorphic mutant’s ability to confer a stem-like state to cells undergoing leukemic

transformation.
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TET2 MUTATIONS

TET2 was initially associated with MPN through genome-wide SNP arrays that
identified an MPN patient with a microdeletion containing the gene, and this was
followed by identification of somatic missense, nonsense, and frameshift 7E72 mutations
in patients with MDS, MPN, AML and other myeloid malignancies.””” This, together
with the observation that missense 7E72 mutations result in loss of TET2 catalytic

function,” are consistent with a tumor suppressor function in myeloid malignancies.

TET1 was first identified as a partner of MLL-translocated AML,”>’® but the
function of the TET gene family and its role in leukemogenesis remained unknown until
TET1 was shown to catalyze a-KG-dependent addition of a hydroxyl mark to methylated
cytosines.”” This action leads to DNA demethylation and resultant epigenetic control.””**
Additionally, TET enzymes have been shown to catalyze conversion of methylated
cytosine (5mC) to formylcytosine (5fC) or carboxylcytosine (5¢C.)**® These data

suggest that loss of TET2 enzymatic function can lead to aberrant cytosine methylation

and resultant epigenetic silencing in malignant settings.

ROLE OF 2-HG IN REGULATION OF CELLULAR PROCESSES

The role of 2-HG in malignant transformation has not been fully delineated. 2-HG
accumulation is observed in patients with 2-hydroxyglutaric aciduria, and some of these

. . .. . 87,88
patients have increased incidence of brain cancers.®”

However, this subset does not
correlate with patients identified to have IDH2 mutations. More recently, 2-HG has been

. . . . . 89
examined as a biomarker for leukemic disease activity and response to therapy.
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2-HG was first hypothesized to impact specific enzymatic processes in
oncogenesis when a collaborative group observed that TE72 mutations were mutually

%091 Purther studies confirmed this

exclusive from mutations in /DHI/2 in AML.
association and delved into the functional relationship between these mutant IDH
proteins and the function of TET2, implying a role for 2-HG. Increased global
hypermethylation of DNA and transcriptional silencing of genes with hypermethylated
promoters characterize /[DH/TET2-mutant patient samples. Quantification in vitro and in
vivo further confirmed that the expression of these mutant /DH alleles results in increased

S5mC and reduced ShmC, and impairs TET2 function.” Then, in biochemical assays, 2-

HG was shown to directly inhibit TET2 as well as other a-KG dependent enzymes.”
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Figure 1.6: Oncometabolite 2-HG produced by mutant IDH blocks TET-mediated
cytosine hydroxymethylation

Reproduced with permission of American Society for Clinical Investigation via Copyright
Clearance Center. Original publication: McKenney AS, Levine RL. Isocitrate
dehydrogenase mutations in leukemia. J Clin Invest. 2013 Sep,;123(9):3672-7.
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Several cellular enzymes have a-KG dependent activity, and many groups have
investigated whether IDH-mutant mediated production of 2-HG inhibits the function of
other enzymes involved in transformation (Figure 1.04). These include the JmjC family
of histone demethylases, which are uniquely capable of demethylation of mono-, di-, and
tri-methylated histone lysines. These enzymes use a highly conserved PHD domain to
coordinate binding to histone tails while the JmjC domain coordinates demethylation, *>**
and they have been shown to remove H3K4 mono-, H3K27 di-, H3K4 tri-, H3K9 di-, and
H3K79 di-methylation.”>”>*®* 2-HG has been shown to block function of JmJC
demethylases through competitive inhibition.”*”” Consistent with these data, expression
of IDH mutations in normal adipocytes, astrocytes, and hematopoietic cells leads to
significant alterations in histone methylation, in particular in H3K27me3 and in
H3K9me3. Moreover, these effects lead to altered chromatin markers with a resultant
block in differentiation.’® Of note, there are likely other mutations in metabolic enzymes
which affect epigenetic patterning, as recent studies have shown that mutations which

result in the accumulation of succinate and fumarate also result in reduced activity of

JmjC histone demethylases.”®

The prolyl 4-hydroxylases (P4H) also require a-KG for enzymatic function. In
normoxic settings, P4H regulate Hypoxia Inducible Factor (HIF) by enabling the Von
Hippel Lindau (VHL) protein to target HIF for degradation. The HIF transcription factor
pathway has been implicated in tumor angiogenesis. The P4H also regulate post-
transcriptional modifications of collagen species, as they act to oxidize proline to
hydroxyproline. 2-HG has been shown to inhibit the function of P4H enzymes,”” and

overexpression of glioma-derived IDH1 mutations has been shown to cause accumulation
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of HIF la in cell lines (Figure 1.04).”>%° Most importantly, these effects likely contribute
to in vivo effects of IDH mutations, as brain-specific expression of IDHI mutations
blocks proper collagen maturation and basement membrane function in vivo.'” Similarly,
reduced function or loss of SDH or FH inhibit the function of HIF-a specific

101102 Recently 2-HG produced by IDH mutations was shown to stimulate

hydroxylases.
the activity of the ELGN family of P4H, thus leading to reduced HIF levels and increased

proliferation in astrocytes.'”

JAK-STAT PATHWAYS

Janus Kinase (JAK) Proteins are nonreceptor tyrosine kinases which were named
for the Roman god with two heads, in recognition of their unique structure with two
kinase domains.'” They were first identified in studies of cell lines with defective
interferon (IFN) signaling using complementation assays with HeLa genomic material.'®
Four members of the JAK family have been identified (JAK1, JAK2, JAK3, and TYK?2),
and each is capable of associating with many different cytokine receptors, which may
occur constitutively or be augmented by ligand binding. Classically, JAKs are required
for the activation of the DNA-binding and regulatory functions of STATs.'%*!%
Activation of STAT proteins, by somatic mutation or by increased upstream signaling,
has been implicated in oncogenesis, and there is some evidence that dominant negative
STAT3 can abrogate transformation of AML in cell lines.'”” SOCS proteins are
associated with JAK2 proteins, may be activated by STATs, and act to suppress JAK-

108,109

STAT signaling pathways. JAK2 is also known to associate with insulin-related

receptors and activate downstream targets, implicating JAK and SOCS in potential

mechanisms of insulin resistance in metabolic syndrome.''*'"?
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JAK2 is essential for myeloid hematopoiesis, based on an obligate role for JAK2
enzymatic function in erythropoietin (EPO), thrombopoietin (TPO) and GM-CSF
receptor signaling. JAK?2 signaling is essential for normal hematopoietic differentiation,
and germline deletion of Jak2 in mice is homozygous lethal with severe anemia. This
block in signaling is severe; for example, in comparison to Epo receptor knockout mice,
JAK2 knockouts had a more severe block in erythroid differentiation.'” Myeloid
progenitors from JAK2 knockout mice fail to respond to erythropoietin, thrombopoietin,
IL3, and GM-CSF, while response to other cytokines including GM-CSF is relatively
intact.''* The essential role for JAK-STAT signaling in normal erythropoiesis and more
broadly in normal myeloid differentiation was underscored with the discovery of
JAK2/MPL mutations in MPN patients, and likely explains the anemia and

thrombocytopenia seen with JAK kinase inhibitors in MPN patients.''>'°

Recent work has shown that in addition to its role in the canonical JAK-STAT
pathway, activated JAK?2 itself can translocate to the nucleus and alter chromatin state
independent of STAT activation. JAK2"®'"" was shown to directly phosphorylate Y41 on
histone H3, with resultant displacement of HP1-o and derepressed expression of
oncogenic targets, including LMO2. The effects of JAK2 on histone phosphorylation and
gene activation were reversible, as they were inhibited with exposure to JAK2
inhibitors.'"” The JAK2"®'"F mutant kinase has also been shown to phosphorylate PRMT5
(originally identified as JAK-binding protein 1), which inactivates the function of this

18 Nuclear

arginine methyltransferase. This was also reversible with JAK2 inhibitors.
JAK2 may also serve a role in NF1-C2 and RUSH-la phosphorylation.'"” When

examined by immunohistochemistry, patient samples of Philadelphia-chromosome-
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negative MPNs show elevated nuclear accumulation of JAK2 in JAK2-mutant patients.
Additionally, this accumulation is more evident in CD34" cells compared to granulocytic,
megakaryocytic, or erythroid cells, suggesting a more prominent role for nuclear JAK2 in

stem/progenitor function in MPN patients.'*
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Figure 1.7: JAK can activate a multitude of signaling pathways including STAT
Reprinted from Trends in Pharmacological Sciences, 33(11), LaFave LM, Levine RL,
JAK?2 the future: therapeutic strategies for JAK-dependent malignancies, 574-82,

Copyright 2012, with permission from Elsevier.
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Chapter 2 : Modeling combined IDH and JAK2 mutant

disease in mice

MURINE MODELS OF JAK-STAT PATHWAY ACTIVATION

In vivo murine bone marrow transplantation (BMT) models found that retroviral
overexpression of JAK2 or MPL alleles results in a fully penetrant, short latency MPN.
However, as in human disease, these alleles confer different disease phenotypes.
Expression of JAK2V'" or J4K2 exon 12 alleles results in a PV/PMF-like

phenotype.”'*'"'** Expression of MPLY>""

causes disease resembling human ET/PMF,
manifesting marked splenomegaly, thrombocytosis, and leukocytosis, with only mild

effects on hematocrit. Notably, this model did not show a significant increase in cKit

positive populations.®

The most physiologic models of Jak2"®'"F-mediated disease,express the mutation
in the endogenous locus, and result in PV with progression to MF, characterized by
elevated hematocrit (HCT) and splenomegaly.'*>'*® This MPN is serially transplantable,
but disease does not show competitive advantage against wild type cells in reconstitution
assays. This disease has its cell of origin in the LSK (Lin" Scal® cKit') long term
hematopoietic stem cell (LT-HSC) compartment, but JAK2 inhibitor treatment does not

eradicate the disease initiating capacity of this population.'*

MURINE MODELS OF IDH/TET MUTATION IN HEMATOPOIETIC CELLS
Based on the genetic and functional data described above, several groups have
begun to investigate the hematopoietic effects of conditional 7E72 loss and IDH mutant
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expression in vivo through conditional knockout/knockin models. In these studies, loss
of Tet2 expression was shown to increase leukemic self-renewal as assessed by
methylcellulose replating assays, and resulted in significant extramedullary
hematopoiesis, myeloid progenitor production in the form of Granulocyte/Macrophage
Progenitors (GMP), and ability to outcompete wild type marrow in competitive
transplant.'”” These mice develop chronic myeloid expansion with features of chronic
myelomonocytic leukemia (CMML), but they do not develop AML. These data are
comparable to groups who have reported the phenotype of TET2 gene-trap/catalytic

. 128-13
mutant mice. 0

Mouse models of IDH mutation have been characterized as well. Mak and
colleagues reported the phenotype of conditional IDHI®"™ expression in the
hematopoietic’' and neural compartments.'” Another group has characterized the role
of mutant IDH1 in hepatobiliary development and cancer,” and shown the effects of
ubiquitously expressed mutant IDH2 on cardiac and neural integrity.”*> Mice with
hematopoietic-specific expression of IDHI®"™ are characterized by hematopoietic
stem/progenitor expansion, including increased numbers of LSK cells and myeloid
progenitors. In addition, expression of mutant IDH in the hematopoietic compartment
was associated with a DNA methylation signature with promoter hypermethylation
similar to that observed in primary AML patients.”’! As in the cases of hematopoietic-
specific Tet2 loss, these mice did not develop overt AML, indicating a requirement for
cooperating disease alleles to induce leukemic transformation. These data indicate that
hematopoietic expression of mutations in the TET2/IDH pathway lead to alterations in

self-renewal and differentiation and contribute to transformation.
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Models have also been characterized that combine IDH/TET mutation with
mutation in the receptor tyrosine kinase F/¢3. One murine model developed in our group
combines Ter2 knockout and FIr3'™ and demonstrates that these alleles cooperate to
induce AML. In this model, the LSK Multipotent Progenitor (MPP) cells propagate this
disease and this portion of the LSK compartment is relatively expanded.'” Similar
results have been obtained in a combined Idh2*'**? FIt3'™ model (data not published.)
Another group was able to use JDH2"'**? mutation in cooperation with overexpression
of HoxA9, Meisla, and mutant FLT3 to precipitate leukemia with evidence of blocked

differentiation.'**

Finally, a model combining Jak2"®'""

mutation with 7ez2 knockout was recently
characterized. This model manifested a fulminant MPN with invasive features, including
specific expansion of granulocytic compartments and competitive advantage in the bone
marrow niche. Ultimately, these data indicate that these pathways may cooperate
phenotypically. However, they also indicate that the combination of Jak2 and Tet2

mutations is not sufficient to induce transformation to AML."*

MATERIALS AND METHODS

Retrovirus Production and Transduction for Overexpression

Retroviral overexpression vectors containing human ¢cDNA for IDHI, IDHI®"*",
IDH?2, and IDH2®"*? on the MSCV promoter with IRES GFP were kindly provided by
Patrick Ward and Craig B. Thompson (Memorial Sloan Kettering Cancer Center.)
Vectors containing MPL and MPLY>">" on the MSCV promoter with IRES GFP or IRES
human CD4 (OKT4, BioLegend) were previously described or cloned directly from

26



6,136

previously described vectors and verified by Sanger sequencing and Western Blot

(data not shown).

Retrovirus was produced using FuGENE® 6 Transfection Reagent (Promega,
Cat E2311) according to manufacturer specifications with VSVG envelope protein in
293T-HEC cell lines, collected, and flash frozen for future use. Transduction was
performed using 6.7 pg/mL polybrene (American Bioanalytical, Cat AB01643), ImL
virus, and 1 x 10° cells /mL for 5 hours using spinfection technique, and then cells were

resuspended in fresh media overnight.

Stable expression of Cell Lines

Ba/F3, 32D, and TF1 cell lines were transduced simultaneously with /DH MSCV
GFP vector and MPL MSCV CD4 vector twice at two-day intervals with an additional
week of recovery. FACS sorting was performed on GFP and using antibodies against

human CD4 and allowed to recover for one week before evaluation and further sorting.

Transgenic Animals
The conditional Jak2V®'"" mice were previously described.'” Conditional
transgenic IDHI" " mice,”"** were kindly provided by Kwok-Kin Wong (Dana Farber

2R1%9Q mice were kindly provided by Craig B.

Cancer Institute) and conditional Idh
Thompson (Memorial Sloan Kettering Cancer Center). At induction, mice received five
intraperitoneal injections of polyl:polyC (Amersham) of 200 uL of a 1 mg per mL
solution. Peripheral blood was collected via cheek bleeding using heparinized
microhematocrit capillary tubes (Thermo Fisher Scientific). Peripheral blood counts

were obtained using a HemaVet according to standard manufacturer’s instructions.
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Excision at two weeks post-induction was confirmed using PCR. Animals were
humanely sacrificed when they were moribund. All animal procedures were conducted
in accordance with the Guidelines for the Care and Use of Laboratory Animals and were
approved by the Institutional Animal Care and Use Committees at Memorial Sloan

Kettering Cancer Center.
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Figure 2.1: Schematic constructions of vectors and mouse models used in this study
(A) Construction of retroviral vectors used in adoptive transfer and in vitro experiments.
(All retroviral vectors used an MSCV promoter.) (B) Construction of transgenic and
knockin mice used in primary experiments.

29



Histology

Pathology was obtained after fixation in 4% paraformaldehyde (PFA); blood
smears and bone marrow cytospins were performed on the day of sacrifice. Sections
were stained with hematoxylin and eosin stain or Wright Giemsa stain as appropriate.
Immunohistochemical staining was performed on a Leica Bond™ RX using the Bond™
Polymer Refine Detection Kit (Cat. No. DS9800). The sections stained with CD34
(Abcam, Cat. Ab8158 diluted 1:50) were pre-treated using heat mediated antigen
retrieval with Citrate, pH6 (Leica Biosystem Epitope Retrieval 1, Cat. No. AR9961) for

20min. DAB was used as the chromogen, counterstained with hematoxylin and mounted.

Bone Marrow Transplant and Retroviral Adoptive Transfer Studies

Dissected femurs and tibias were isolated. Bone marrow was flushed into PBS +
2%BSA or RPMI + 10% FCS using a syringe or by centrifuge spin. Spleens were
isolated and single cell suspensions made by mechanical disruption using glass slides.
All harvested cells were passed through a 70 mm strainer. Red blood cells (RBCs) were

lysed in ammonium chloride-potassium bicarbonate lysis buffer for 10 min on ice.

Donors for retroviral adoptive transfer transplants were dosed by intraperitoneal
injection (IP) with 150 mg per kg 5-Fluorouracil 5-7 days before sacrifice. Bone marrow
cells were maintained overnight in transplant media (RPMI, 10% FCS, P/S, 6 ng/mL
recombinant mouse IL3 (R and D systems, Cat 403-ML), 10 ng/mL recombinant mouse
SCF (R and D Systems, Cat 1832-01), 10 pg/mL recombinant human IL-6 (Gemini, Cat
300-155P)) and transfected as described above twice on consecutive days before cells

were injected into recipients.
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For secondary transplants, cells were transplanted by via tail vein injection into
lethally irradiated (2 x 550 Rad) CD45.1 host mice. For noncompetitive transplants,
1x10° total cells were transplanted; for competitive transplants including drug studies,
1x10° total donor cells were injected in a mixture with 1x10° cells from a congenic
CD45.1 donor; for cell of origin transplants, injection number was determined based on
the lowest yield after sort to inject approximately 100,000 MPP or 300 LT-HSC with

300,000 whole bone marrow cells from a CD45.1 donor.

Flow cytometry and fluorescence-activated cell sorting for murine tissues

Cells were stained with antibodies in FACS Buffer (2% Bovine Serum Albumin
in phosphate-buffered saline (PBS)) for 30 min on ice. Donor and support chimerism
was assessed using antibodies against CD45.1 (Clone A20, Biolegend) and CD45.2

(Clone 104, BioLegend).

For hematopoietic stem and progenitor staining, cells were stained with a lineage
cocktail including CD4 (clone RM4-5, BioLegend), CD3 (clone 17A2, BioLegend),
B220/CD45R (clone RA3-6B2, BioLegend), NK1.1 (clone PK136, BioLegend), Gr-1
(clone RB6-8C5, BioLegend), Mac1/CD11b (clone M1/70, BioLegend) and Ter119 (cat
no. 116223, BioLegend), allowing for mature lineage exclusion from the analysis. Cells
were also stained with antibodies specific to c-Kit/CD117 (clone 2B8, BioLegend), Sca-
1 (clone D7, BioLegend), FcyRII/III/CD16/32 (clone 2.4G2, eBiosciences) and CD34
(clone RAM34, eBiosciences) or SLAM/CD150 (TC15-12F12.2, BioLegend) and CD48
(HM48-1, eBiosciences). To assess mature cell lineages we used a combination of

antibodies against Mac1, Gr-1, B220, CD3, cKit/CD117, CD45.1, and CD45.2.
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To assess erythroid and megakaryocyte progenitors we stained unlysed tissues
with a lineage cocktail including CD4, CDS8, B220/CD45R, Macl/CDI11b, Gr-1,
IL7R/CD127 (A7R34, BioLegend), CD49b (DX5, BioLegend). Antibodies were also
used against c-Kit/CD117, Sca-1, SLAM/CD150, CD48, FcyRII/III/CD16/32, CD41
(eBioMWReg30, eBioscience), CDI105 (MJ7/18, BioLegend), CD71 (RI7217,

BioLegend), and Ter119 and gated as previously described."’’

Before cell of origin transplants, sorting was performed on bone marrow with
enrichment for cKit/CD117-positive cells using CD117 MicroBeads (Miltenyi). For
expression analysis, sorting was performed on bone marrow that had been depleted of

mature cells using Progenitor Cell Enrichment Kit (STEMCELL Technologies).

Metabolomic analysis

2-HG was extracted from cells and tissue culture media using 80% aqueous
methanol, as previously described.'*® For cell extraction, 2 x 10° cells were suspended in
-80°C 80% methanol. All extracts were spun at 13,000 rpm at 4°C to remove precipitate,
dried at room temperature, and stored at -80°C. Metabolite levels were determined by
ion-paired reverse-phase LC coupled to negative mode electrospray triple-quadrupole
mass spectrometry using multiple reactions monitoring, and integrated elution peaks

were compared with metabolite standard curves for absolute quantification.®

Expression analysis
CD45.2" LSK cells were sorted into ice cold FACS Buffer, pelleted, and stored

in Triazol until extraction of RNA using phenol-chlorophorm. The library was produced
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using SMARTer amplification (Clontech) amplify and create the library. Illumina

sequencing was performed using Paired-End 50 bp at 40 x 10° reads per sample.

Statistical analysis

Data are displayed as mean + SEM. Prism software was used to conduct the
statistical analysis of all data. Multiple comparisons were performed using an ordinary
one-way ANOVA, using Tukey’s correction for post-hoc comparisons. Comparisons of
survival were performed using the log-rank (Mantel-Cox) test. Statistical interaction
calculated for influence of Jak2 mutation status and IDH mutation status combined using
two-way ANOVA. Paired t-tests were used to compare results in mice before and after
treatment. Longitudinal chimerism data was modeled as log-log curves assuming
constant y-intercept and performing hypothesis testing for equal slopes. Correlations
were examined by calculating Pearson’s correlation coefficient and its corresponding
significance. All comparisons are two-tailed. P < 0.05 was considered to be significant.

*P <0.05, **P <0.01, ***P <0.001, ****P <(0.0001.

RESULTS

Combined IDH and JAK2 mutant mice develop lethal MPN with preleukemic
features

To create a preliminary model of phenotypic cooperativity between IDH and
JAK-STAT activating mutations, we employed a retroviral adoptive transfer (RAT)
model using vectors expressing MPLY>"" or IDHI®"**™ ¢DNA with an IRES GFP
reporter. Retrovirus was transduced into bone marrow from primary mice conditionally
expressing Jak2"*'"" or IDHI®"**" and marrow was transplanted into recipients.
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MPL™"" adopted into IDHI®**" resulted in a sudden, dramatic phenotype as
early as 20 days and combined mutant mice reached death (or moribund state) within 4
weeks. At this endpoint, combined mutant mice displayed splenomegaly (Figure 2.2.A).
Notably, leukocytosis and thrombocytosis were significantly greater and polycythemia
was significantly lesser in combined mutants than in than in MPL-mutant alone mice
(Figure 2.2.B). Pathological observation revealed that peripheral blood of combined
mutant mice was typical MPN, while the bone marrow of combined mutant mice

W515L

showed atypical blasts which were not seen in MPL mice alone (data not shown.)

Mice in which IDHI®"™ was adopted into Jak2¥®'™™ had a longer course of
disease with all mice remaining in the cohort at least 115 days. Endpoint data was
suggestive of increased splenomegaly in double mutants in comparison to Jak2-mutant
alone mice (Figure 2.2.C), although this observation was limited by small sample size.
Over time, combined mice showed leukocytosis and polycythemia similar to that of

JAK2-mutant mice (Figure 2.2.D).
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Figure 2.2: Retroviral adoptive transfer recipients of combined JAK-STAT and
mutant IDH1 develop MPN

(A-B) Phenotype of recipients of retrovirally-induced MPL expression in
IDHI®M_expressing murine bone marrow cells. (A) Spleen weights at sacrifice, and
(B) complete blood count quantification of leukocytosis, polycythemia, and
thrombocytosis 20 days post transplant.

(C-D) Phenotype of recipients of retrovirally-induced IDHI®"*" expression in
Jak2V*'™ _expressing murine bone marrow cells. (C) Spleen weights at sacrifice, and (D)
longitudinal measurements of complete blood counts after adoptive transfer.
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To create a more faithful model of phenotypic cooperativity between IDH and
JAK2 mutations, we crossed mice to combine inducible transgenic IDHI®"*" or
conditional knockin Idh2*'**? with Jak2"®'"" and Mx1-cre. We aged a primary cohort of
IDHI®™M Jak2V®'"" mice after cre induction, and combined mutant primary mice
showed similar survival to Jak2-mutant controls, which both have significantly reduced
survival compared to IDH mutant and control mice (Figure 2.3.A). Combined mutant
mice show an MPN phenotype with leukocytosis and polycythemia similar to that of
Jak2-mutant mice (Figure 2.3.B). At endpoint, combined mutant mice show
splenomegaly (Figure 2.3.C) and trend toward leukocytosis and polycythemia (Figure
2.3.D). In timed sacrifices at approximately 100 days, combined mutants show robust
splenomegaly (Figure 2.4.A) and leukocytosis while trending toward polycythemia
(Figure 2.4.B), similar to Jak2-mutant controls. Histological examination of these mice
revealed combined mutant spleens showed increased loss of normal architecture beyond
that of Jak2V*'"" mice, and the appearance of blast-like cells with open chromatin and
large nucleoli could be observed in the spleen of combined mice but not in Jak2"'""
mice. In the bone marrow and cytospins, atypical megakaryocytes were observed, and
CD34 staining in the bone marrow revealed that these cells showed stronger staining
than in single mutant mice. (Figure 2.4.C) These histological changes were

V617F

accompanied by pallor in hematopoietic organs in comparison to Jak2 (data not

shown).
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Figure 2.3: Primary mice expressing IDHI®"**" and J4K2"®'"" develop lethal MPN
(A-B) Longitudinal measurements of primary mice after polyl-polyC induction of
recombination: (A) Kaplan-meier survival curve, (B) complete blood count
quantification of leukocytosis and polycythemia in peripheral blood.

(C-D) Phenotypic measurements in primary mice at endpoint: (C) Spleen weights, and

(D) complete blood count quantification of leukocytosis and polycythemia in peripheral
blood.
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after recombination by polyl:polyC induction. (A) Spleen weights at sacrifice, and (B)
complete blood count quantification of leukocytosis, and polycythemia. (C)
Representative images of histological sections from hematopoietic organs.
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Mice expressing combined Idh2%'*°? and Jak2V®'" showed splenomegaly
(Figure 2.5.A), leukocytosis and polycythemia (Figure 2.5.B) similar to that of
Jak2"'"F mice, at timed sacrifices at approximately 100 days. Histologically, these mice
also show significantly disrupted spleen architecture with blast-like cells that are not
present in Jak2"®'"" mice. Megakaryocyte-like cells also show noticably stronger
immunohistochemical staining of CD34 in these mice than in single mutant mice, and
bone marrow cytospins show a variety of abnormal myeloid elements with a strongly
elevated M:E ratio (Figure 2.5.C). These data indicate that combined mutant mice have

a lethal myeloproliferative neoplasm with histological preleukemic features.
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after recombination by polyl:polyC induction. (A) Spleen weights at sacrifice, and (B)
complete blood count quantification of leukocytosis and polycythemia. (C)
Representative images of histological sections from hematopoietic organs.
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To test the functional aspects of this preleukemic phenotype we performed
secondary transplants of bone marrow from IDHIN*" Jak2V®'"" primary mice into
lethally irradiated recipients. These combined mutant mice had significantly shorter

k2" mice (Figure 2.6.A), indicating that this disease accelerates upon

survival than Ja
transplantation. The recipients of combined bone marrow also developed

myeloproliferative neoplasm with leukocytosis and thrombocytosis similar to recipients

of Jak2"®""* bone marrow (Figure 2.6.B).
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leukocytosis and polycythemia.
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IDH1 combined mutant MPN shows non-cell autonomous synergistic elevation of
serum 2-HG with JAK-STAT activating mutation

Interestingly, measurement of the oncometabolite 2-HG in serum of the primary
and adoptive transfer models above showed a synergistic relationship between
expression of IDH mutation and JAK2 mutations. This was true for our MPLV""" into
IDHI®™M model (Figure 2.7.A), our IDHI®® into Jak2V*'"™" model (Figure 2.7.B),
and our primary IDHI®*"" Jak2V*'"" model mice (Figure 2.7.C), indicating that it is not
simply an artifact of one model system. However, we did not observe this cooperation in
our primary Idh2"'*? Jak2V*"" models (Figure 2.7.D), which show much higher levels

of 2-HG in the serum on induction.
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Figure 2.7: Serum 2-HG quantification reveals synergistic relationship between
IDHI and JAK-STAT mutations

(A-D) Quantification of 2HG in serum in the following mouse models: (A) recipients of
retrovirally-induced MPLY>"" expression in IDHI®"**"_expressing murine bone marrow
cells, (B) recipients of retrovirally-induced IDHI®"“™ expression in Jak2"*'"*-
expressing murine bone marrow cells, (C) primary IDHI®"* Jak2V°'"" mice, and (D)
primary Idh2®'* Jak2V'F mice.
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In an effort to delineate the mechanism for this synergy, we correlated serum 2-

HG with other measurements taken at the time of serum collection. In IDH IR}

into
Jak2V*'"" mice, we did not see a correlation between 2-HG and proportion of GFP-
positive cells, indicating that this elevation is not simply associated with increased
presence of the mutant clone. Instead, a mild correlation was seen with leukocyte counts
and excellent correlation (r* = 0.9584, p=0.036) with hematocrit levels in each mouse
(Figure 2.8.A). Accordingly, in IDHI®"*" Jak2V*'"" primary mice, there was a strong
negative correlation (r2 = 0.9508, p=0.0249) between 2-HG and proportion of common
myeloid progenitors (CMP; Lin Scal” cKit CD16/32" CD34"), a negative correlation
with granulocyte-macrophage progenitors (GMP; Lin” Scal” cKit' CD16/32"), and a

strong positive correlation (r* = 0.929, p= 0.0362) with megakaryocyte-erythroid

progenitors (MEP; Lin" Scal” cKit' CD16/32° CD34") (Figure 2.8.B).

45



>

8000=
jary
£
j=)
£ 6000 .
c
S
@ °
5
8 4000 \
8 °
(O] °
&
£ 2000
3 Y
A
g
0 T T T 1
0 20 40 60 80
GFP (% of Live)
e Ctrl —a—  JAKM
2= 0.007588 ?=0.07106
—s— |DHM e |DH™ JAK™M
2=0.8723 2= 0.06067
B  suwu-
j *,
£ 4000 p= 0.0249
g
c
S
S 3000
=
Q
2
Q
O 2000=
5 N
I v
o . A
5 1000
Q : A A i
%)
0 T T T 1

0 10 20 30 40 50
CMP (% of MP)

e Cirl —— JAKM
2=0.1778 2=0.3128

—s—  |DHM  —e— |DH™ JAK™
?=0.1589 r2=0.9508

Serum 2HG Concentration (ng/mL)

Serum 2HG Concentration (ng/mL)

80001
6000 .
4000+

2000=

Yy
Al
0 T T T 1
0 10 20 30 40

Leukocyte Count (10%/uL)

—— JAK™

2= 0.3298
IDH™ JAK™
2= 05218

e Ctrl

2= 0.7022
IDH™! e
r2=0.9432

——

5000=

4000= ©

3000

2000

1000+ -

0 T T T
20 25 30 35 40 45

GMP (% of MP)

- JAK™
2= 0.286

= Ctrl
2= 0.002254
|DHmt o

?=0.03168 2= 0.686

|DHmut JAKmut

Serum 2HG Concentration (ng/mL)

Serum 2HG Concentration (ng/mL)

8000
6000= **p= 0.0036
4000
L]
2000
w
N —
0 T T T 1

0 20 40 60 80 100
Hematocrit (%)

—— Ctrl === JAK™
2= 0.304 2= 0.03528
—s— |DHM™ —e— |DH™JAK™
2= 0.464 2= 0.9584
50001
*p= 0.0362
4000
3000
(]
2000 "\v
v
1000 “ "
e
0 T T 1
0 20 40 60
MEP (% of MP)
== Ctrl —=—  JAKM
?=0.186 2=0.04035
—— [DHM™ ==— IDH™ JAKMY
2=0.05267 2=0.929

Figure 2.8: Strong positive correlations are observed between serum 2-HG and

erythroid development

(A) Correlation between serum 2-HG and peripheral blood measurements in recipients
of retrovirally-induced IDHI®"”™ expression in Jak2"®'"F-expressing murine bone

marrow cells.

(B) Correlation between serum 2HG and peripheral blood measurements in /DH

Jak2"""" primary mice
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Because metabolomics assays currently require large numbers of cells, we sought
to reproduce this finding in various murine and human cell lines using retroviral
overexpression vectors with fluorescent reporters. In the lymphoblastic murine Ba/F3
cell line, although expression of IDHI®"*™ elevated 2-HG, the presence of MPLY>""
did not appear to elevate this level either intracellularly (Figure 2.9.A) or in the
supernatant media (Figure 2.9.B). Western blots confirmed overexpression of the
relevant proteins (Figure 2.9.C). In the myeloblastic murine 32D cell line,
overexpression of IDH2%"'? also elevated intracellular 2-HG levels but this did not

increase with the presence of MPLY>""

(Figure 2.9.D). Western blots confirmed
overexpression of appropriate proteins in this cell line (Figure 2.9.E). Finally, in the
human myelo/erythroblastic TF1 cell line, similar results were obtained (Figure 2.9.F)
despite adequate levels of expression markers (Figure 2.9.G). We concluded that the

relevance of this system to the preleukemic phenotype we observe in mice might be

limited.
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Figure 2.9: Activating JAK-STAT mutations do not synergistically elevate 2-HG

production by mutant IDH in vitro

(A-C) Ba/F3 cell lines overexpressing MPL""*" and IDHI*'"**" evalutated with respect
to (A) intracellular 2-HG, (B) 2-HG accumulation in supernatant media, and (C)

overexpression of transduced proteins.

(D-E) 32D cell lines overexpressing MPLY>"" and IDH2®'*? evaluated with respect to
(D) intracellular 2-HG, and (E), overexpression of transduced proteins.
F-G) TF1 cell lines overexpressing MPL">"*" and IDH2*'*?, evaluated with respect to
(D) intracellular 2-HG, and (E), surface staining of expression markers.
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Combined IDH and JAK2 mutant mice have altered stem cell and progenitor
phenotype

We sought to explore the stem/progenitor cell population of transmission of this
disease. IDHI®**" and Jak2V®'™ bone marrow was sorted into LSK (Lin~ CD117/cKit"
Scal™) long-term hematopoietic stem cell (LT-HSC; LSK CD48 CDI150") and
multipotent progenitor (MPP; LSK CD48" CD150") populations (Figure 2.10.A) and
injected into primary recipients. Disease transplanted from the LT-HSC was lethal, and
IDHI?*M and Jak2V'"" recipients showed similar survival to controls with Jak2"®'™"
(Figure 2.10.B). Disease chimerism, (Figure 2.10.C) polycythemia, and thrombocytosis
were conferred overwhelmingly in recipients of LT-HSC but not MPP marrow (Figure
2.10.D). We infer based on these data that the combined mutant preleukemic MPN has

its cell of origin in the LT-HSC compartment.
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Figure 2.10: The cell of origin in IDHI®"™ Jak2V®'"" MPN resides in LT-HSC
compartment

(A) Representative image of gating of lineage negative bone marrow for FACS sorting.
(B) Kaplan-Meier survival curves of recipients after injection of sorted cells.

(C-D) Characterization of disease in peripheral blood of recipients approximately 100
days after transplant: (C) FACS quantification of donor (CD45.2") chimerism and (D)
complete blood count quantification of leukocytosis and polycythemia.
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Since combined mutant disease has its cell of origin in the LSK LT-HSC
compartment, we explored other stem cell phenotypes that may exist in this combined
mutant MPN. In the retroviral transfer experiments overexpressing MPLY’"" in
IDHI?**M marrow, we found that the presence of IDH mutation coincided with an
increase the level of the MPL GFP marker in the peripheral blood (Figure 2.11.A).
Similarly, in IDHI®***" into Jak2V®'"" marrow adoptive transfer experiments, cells
containing the IDH1-mutant gained presence in the peripheral blood over time, while
those overexpressing the wild type IDHI did not (Figure 2.11.B). We tested the

competitive abilities of Idh2R'*°Q

mouse bone marrow using competitive transplants by
injecting marrow from donors with a CD45.2 cell surface marker mixed equally with
marrow from wild type mice expressing a congenic CD45.1 marker. In doing this, we
found that the presence of the IDH2 mutant improved the competitive capacity of the
donor bone marrow regardless of Jak2 mutant status (Figure 2.11.C), and this difference
was statistically significant (Figure 2.11.D). Transplant recipients developed a
phenotype very similar to primary mice including polycythemia and thrombocytosis.
Notably, leukocytosis was greater in recipients of Idh2%'*? Jak2V*'" marrow in

comparison to Jak2'®'"" alone (Table 2.11.E) further confirming the preleukemic

disease observed in these mice.
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Figure 2.11: IDH mutant-expressing bone marrow has competitive advantage in
hematopoietic niche

(A) Peripheral blood cells detected with GFP expression marker in recipients of
retrovirally-induced MPLY>"*" expression in IDHI""**"-expressing murine cells, 20 days
post transplant..

(B) Peripheral blood cells detected with GFP expression marker in recipients of
retrovirally-induced IDHI®"*" expression in Jak2V®'"-expressing murine cells,
displayed longitudinally after transplant.

(C-E) Observation of peripheral blood of recipients of equally mixed Idh2®'**? Jak2Ve'™
(CD45.2") and wild type (CD45.1") bone marrow: (C) CD45.2" chimerism observed
longitudinally post transplant, (D) CD45.2" chimerism observed approximately 12
weeks post transplant, and (E) complete blood count quantification of leukocytosis and
polycythemia observed approximately 12 weeks post transplant.
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Given this observation that IDH mutation improves the ability of bone marrow to
expand within the hematopoietic niche, we sought to further characterize the stem cell
phenotype of these mice. In models of overexpression of MPLY>"" in IDHI*"**" bone
marrow, we found significantly elevated proportions of cKit/CD117" cells (Figure
2.12.A) — this finding is not seen in the MPLY>"*" model.® Looking into this cKit"
population, we observed that the presence of IDH mutation altered the distribution of
LSK subpopulations by expanding the LT-HSC and ST-HSC compartments at the
expense of the MPP compartment (Figure 2.12.B). Accordingly, the presence of MPL
mutation expanded the GMP compartment at the expense of the MEP compartment

(Figure 2.12.C).
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In primary IDHI®*" Jak2V*'" mice, we observed marked expansion of the LSK
compartments in both the bone marrow and spleen. In the bone marrow, the trend was
toward expansion of the MPP (Figure 2.13.A), while in the spleen this population
showed the opposite trend (Figure 2.13.B). Myeloid progenitor numbers were greatly
affected by Jak2 mutation, though there was some trend toward reduction of MEP
populations with the addition of IDH mutation in bone marrow (Figure 2.13.C) and the

spleen (Figure 2.13.D).
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Figure 2.13: Primary IDHI®"™ Jak2"®'" mice have perturbed stem and
progenitor compartments

(A) FACS characterization of total LSK and proportions of LSK subcompartments in
bone marrow. (B) FACS characterization of total LSK and proportions of LSK
subcompartments in splenocytes. (C) FACS characterization of total myeloprogenitors
and proportions of myeloprogenitor subcompartments in bone marrow. (D) FACS
characterization of total myeloprogenitors and proportions of myeloprogenitor
subcompartments in splenocytes.
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Similar studies in Idh2"'**? Jak2V*""" primary mice also demonstrated expansion
of the LSK population with a trend away from the MPP population both in bone marrow
(Figure 2.14.A) and in spleen (Figure 12.14.B). There is a trend towards expansion of
the myeloprogenitor population in these mice, and the addition of IDH mutant attenuated
the MEP population size in comparison to Jak2"*'"™" alone mice in bone marrow (Figure

2.14.C) and in spleen (Figure 2.14.D).
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Given our previous studies of erythroid development, we made a more granular
examination of megakaryocyte and erythroid populations. This allowed us to find THAT
induction of Jak2-mutant expression expanded GMP (in this experiment defined as Lin’
cKit" Scal’CD41 CD16/32" CD150") populations, with a coordinate reduction in less
differentiated pre-granulocyte-macrophage progenitors (Pre-GM; Lin cKit™ Scal CD41°
CD16/32" CD150" CD105") (Figure 2.15.A). Jak2-mutant associated expansion of
megakaryocyte progenitors (MkP: Lin cKit" Scal” CD150" CD41") while presence of
IDH mutation appears to greatly accentuate a reduction in pre-megakaryocyte
populations (Pre-MegE: Lin cKit" Scal” CD41  CD16/32" CD150" CD105") (Figure
2.15.B). In examining early erythroid populations, CFU-E (Lin" cKit" Scal” CD41
CD16/32" CD150° CD105" Ter119") populations were reduced while pre-erythrocytes
(Lin cKit" Scal CD41 CD16/32"CD150" CD105" Ter119") trended toward expansion in

Idh 22" mutants regardless of Jak2 status (Figure 2.15.C).
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Figure 2.15: Primary Idh2®'*'? Jak2"*'" mice have perturbed myeloid
differentiation

(A-D) FACS characterization of bone marrow poulations: (A) Pre-GM and GMP
populations as a proportion of lineage negative cells, (B) Pre-MegE and MkP as a
proportion of lineage negative cells, (C) Pre-CFU-E, CFU-E, and Pre-Erythrocytes as a
proportion of lineage negative cells, (D) maturing erythrocyte compartments as a
proportion of live cells.
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Combined IDH and JAK2 mutant mice have characteristic disease expression
pattern

Since both IDH-mutant and JAK2 proteins have significant functions in
transcriptional regulation, we sought to explore the expression profiles of LSKs in
combined mutant stem/progenitor cells. To do this, we performed RNA-Seq analysis on
CD45.2" LSK cells from combined mutant recipients and wild type controls. This
analysis identified a setof genes that are able to effectively cluster combined mutant
mice separately from wild type mice (Figure 2.16). Examining this gene list further, we
observe enrichment for several gene sets that are relevant to our systems, including those
activated in Wilms Tumor 1, which can alter TET2 function"’ (Figure 2.17.A). This
gene list also enriches for signatures consistent with myelopoiesis including VEGF and
PDGF (Figure 2.17.B). Finally, several signatures related to oncogenic metabolism were
enriched, including positive correlations with KRAS'*™ mutation, and negative

correlations with PTEN and mTOR inhibition (Figure 2.17.C).
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Figure 2.16: Donor LSK from Idh2®'*'? Jak2"*""" mice have RNA-Seq expression
patterns distinct from wild type mice

Heatmap showing supervised clustering of RNA-Seq expression analysis of CD45.2"
LSK based on most differentially expressed genes.

62



Enrichment plot:
LI_WILM5_TUMOR_V5_FETAL_KIDNEY_1_DN

A

T
= 05+
fon
Eos
§ouN
& 008
O+

[N HBELL

e caoat a0 L2080

£
£

- Webide tnegtive by Corelated
© 20 500 TEN DN 13300 15006 LTAI0 JnOD 3Z0D

Rarkad kit rmafic (Signal2Matie)

Fank in Ordered Dytaset

[=Enrcnmant profle —pats Fanking metric scores |

Ervichmane sesen [ES)

Ranked list metric (Sgnalificisel

L]

23

o

Enrichment plot: VEGF_A_UP.VI_UP

LI 1L

WY ESE bely comabited
S cavat 4 52001

et inepatively comeluied
B zame SMm 7S IO 133M0 15060 L7SI0 26000 22300
Rank in Drdered Dasaset

[ Enrichment prodle —ats

Rarking metric scores|

Enrichment plot PDGF_ERK_DN.V1_UP
wap {

w5
()
o

0 A

50 (WY pasthely comebited

23

E

S srent o0 32008

i

“FehidE inepativedy came e d
2a6 BN 7SM 100G 12500 L5000 17SH0 26000 22300
Rank in Drdened Dataset

Ranked list matric [Sgnalifscise)

[—Enrkrmant prodle —at: Fanking metnc scores |

C Enrichment plot: MTOR_UP.N4.V1_UP
Lib

b5

nin

IS

3]

L5
-6

Ervichmunt scocn [ES)

2 5o furenryaman

‘Z' (2]

o s arona 52580

E

_E 25

E ehKIE negaLively cmelned

£ e im nim mhW LM Dm0 A RS0 D0
2 Rank In Ordered Dasset

| —Enrichmant profle — Bits Ranking meiric scores

3 03
=om
8 oas
¥ o
£ s
2 ou
= s

Rankad [t matrie (Sgnal Neisa)

23

e

A AACEL

34 W pasitretky Comeare

[

Enrichment plot: PTEN_DN.V2_DN

farecanat o4 12088

Wb (gt coelated
2E0 5060 TENO IMEOD 12300 IS0 LTEI0 J0DOD 120D
Fiank In Grdered Dataset

[—Enrihmant prodle — itz Farking meiric scores|

Enrichment plot: KRAS.G00_UP.V1_DN

039
045
oo
§ 035
E LA
E 025
£ 030
3 o5
8 o

oaz

00

& (W ol ol ares
3

S

34

e Weldde! hegalive corlated)
o aEm 0N AN MO 1M 150N LPE om e
Fank in Ordered Dataset

Ranked list matric (Sgnaliiciss)

| —Enrihmant prodie —Bat: Ranking meiric scores

Figure 2.17: Donor LSK from Idh2R140Q Jak2V617F

gene sets over wild type

mice have enrichment for

(A-C) Highly enriched GSEA in most differentially expressed genes from RNA-Seq
expression patterns of CD45.2" LSK, related to (A) IDH/TET?2 function, (B) erythrocyte
and platelet development, and (C) oncogenic metabolic pathways.

63



DISCUSSION

Together, these data indicate that in the hematopoietic system, IDH mutations
cooperate with JAK-STAT activating mutations to escalate a lethal MPN to a more
advanced state with preleukemic features. This is evidenced by slightly elevated blood
counts, acceleration of disease on transplant, and a competitive advantage in the
hematopoietic niche in comparison to JAK-STAT mutant mice. This coincides with
expansion of early stem cell populations and disturbances in several megakaryocyte and
erythroid progenitor populations. Our single mutant MPN results are consistent with

previously reported MPL- and Jak2-mutant models®

Our description of the combined IDH and Jak2 mutations is consistent with
recently reported data regarding cooperation between Jak2 and Ter2 mutations.'”
Although the overt phenotype in the described model is less subtle, this may be due to
the fact that Tet2 is just one of many proteins whose activity affected by 2-HG. In
contrast, the mutation of IDH in our model will affect several pathways simultaneously,
which may interact. This Jak2/Tet2 phenotype may also be affected by this group’s use
of a cre-recombinase that is expressed early in development. Our study instead used a
recombinase that must be induced after birth, which we believe to be more
physiologically relevant given the age and progression of human patients with combined

mutant disease.

Our results contrast strikingly with data combining 7et2/Idh2 mutation with
mutations in the tyrosine kinase FIr3."*"** Both of these models found that the

combination of these mutations result in an AML phenotype, which was not the case for

64



our model. Additionally, both of these models report aberrant stem cell populations and
expansion of LSKs, but the cell of origin in the /dh2 mutant leukemia appears to be
found in the MPP LSK population. In contrast, our model’s cell of origin appears to be
maintained in the LT-HSC LSK population. Our results are consistent with a block in
differentiation that maintains the cell of origin SEEN in Jak2 mutant disease, and show

evidence for specificity for cooperativity between different kinases.

Curiously, we are not aware of another combination of mutations that appears to
synergistically elevate 2-HG levels in the serum, as seen in our models. This finding is
consistent across different in vivo IDH1 models. It was not reproduced in primary
1dh28'*°? Jak2V*'" mutants. However, we believe this may be due to already very high
levels of 2-HG with single mutation that may become lethal for cells if elevated — further
experimentation is necessary in mice with a less potent IDH2 mutation to test this
hypothesis. This elevated 2-HG in IDH1 combined mutant mice was highly correlated
with phenotypic measures of erythroid development as early as the MEP compartment,
so future experimentation would ideally explore the metabolic state of these cells despite
very small cell numbers. Unfortunately, this finding was not reproduced effectively in
cell lines, which we believe to be a consequence of this synergy occurring in a highly
undifferentiated cell in the bone marrow niche. All together, these data suggest that
JAK2 potentiates the production of 2-HG in a physiological context, but further research

is necessary to explore this relationship and delineate a mechanism for interaction.

Further experimentation is also needed to understand why these mice with

combined mutations do not acquire leukemia, while humans with combined JAK and
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IDH mutations clearly have a high risk of progression shortly after observation of IDH
mutation. One method to achieve this would be to combine these mutations with a third
allele based on mutations that coincide in our human cohort. Additionally, the use of
human xenografts may help isolate any differences in physiology between mice and
humans. Human data from paired samples can also be explored including retrospective

clinical data, to see if they also appear to harbor an MPN with preleukemic features.

66



Chapter 3 : Combined targeted inhibition in combined mutant

samples from mice and men

DEVELOPMENT OF JAK/STAT PATHWAY INHIBITORS

The remarkable efficacy of targeted therapies to inhibit the BCR-ABL tyrosine
kinase in CML'* and the identification of JAK2/MPL mutations in PV, ET, and PMF
resulted in great interest in the development of JAK2 kinase inhibitors. As a result,
several JAK2 inhibitors have been investigated in preclinical settings.''>'*'"'* JAK2
inhibitor therapy results in marked reductions in spleen size and improvement in
constitutional symptoms in patients; this led to the FDA approval of ruxolitinib, a
selective JAK 1/JAK?2 inhibitor, for the treatment of MF."** Although ruxolitinib does not
lead to pathologic or molecular remissions, recent randomized clinical trial data suggest
that patients had improved survival and a reduced leukemic transformation rate as

compared to placebo.'*’

There are a spectrum of other JAK kinase inhibitors being tested
in different clinical settings, and recent studies have suggested that HSP90
inhibition' *or HDAC inhibition'*’ may be promising in combination with ruxolitinib. It
is thought that ruxolitinib’s effectiveness may lie, at least in part, in its ability to lower
circulating cytokine levels, thus reducing systemic inflammation, splenomegaly, and
generalized symptoms. This also has implications on resistance mechanisms, and to this
end, point mutations that confer resistance in vitro have not been corroborated in patient

144
samples.

Instead, recent work has postulated that, in the presence of inhibitor,
Jak2V®'" is able to recruit heterodimeric partners in the JAK family to induce

constitutive JAK-STAT signaling and persistence of neoplastic clones.'**
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Although most JAK kinase inhibitor studies have been limited to patients with
chronic phase MPN, there are limited data regarding the efficacy of JAK kinase
inhibition in acute leukemias. In patients with post-MPN AML, ruxolitinib induced
complete remission in three out of 18 patients.'* This study indicates that JAK kinase
inhibitors are active in post-MPN AML, but that combination therapies with JAK

inhibitors and other therapies are needed.

DEVELOPMENT OF IDH1 and IDH2 INHIBITORS

Preclinical development of IDH inhibitors has emerged as an important goal,
both to test the viability of mutant IDH1/2 as a therapeutic target and as a tool to help
dissect the IDH/2-HG pathway in different malignant contexts. One compound under
investigation is compound 35, which is active against Z/DHI®'**" mutants, and preclinical
tests have indicated that its application reduces 2-HG production in cell lines and mouse
xenograft models.””” A similar selective compound was more recently used in
combination with an exogenous 2-HG system to show that the cellular phenotype
induced by IDH mutation is reversed by this drug, whereas the cellular phenotype
induced by exogenous 2-HG production is not.”” A specific inhibitor of IDH1, AGI-
5198, was reported to delay glioblastoma xenograft growth. However, notably, treatment
with this compound was reported to induce differentiation of cells as evidenced by

increased expression of neural differentiation markers."'

Recently, compounds targeting mutant IDH2 have been explored in leukemia cell

151

lines'* and glioma cell models."" In both cases, IDH inhibitors were found to reduce 2-

HG production and inhibit the growth of leukemia or glioma cells in a mutant-specific
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manner. In addition, IDH inhibition led to global changes in DNA methylation/histone
state and to induction of hematopoietic/neural differentiation, suggesting that these
agents might induce differentiation in IDH-mutant cells through alterations in the

epigenetic state.

In vivo murine models of IDH2 mutation in leukemia have been shown to be
susceptible to deinduction of IDH2 with a differentiation expression phenotype.'**
However, extensive in vivo studies in IDH-mutant transformation models remain to be
reported, and the role of IDH in malignant cells after oncogenic transformation requires

additional, extensive investigation. >

Early reports of Phase I/II clinical trials for the selective IDH2 inhibitor AG221
have shown potential for this therapeutic in humans with de novo AML, relapsed-
refractory AML, and other myeloid malignancies. The composite complete remission
rate among AML patients is 28.6%, and a substantial subset of the patients were reported
to show resolution of abnormal myelopoiesis and partial remission through significant
reduction of myeloblasts. Additionally, the investigators provide evidence that
persistence of the mutant clone was associated with differentiation of cells in the

myeloid lineage as measured by recovery in absolute neutrophil counts.'**">’
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MATERIALS AND METHODS

Therapeutic Assays in Secondary Transplants: AG221 and INC424

Approximately two months after competitive transplant, peripheral blood
analysis was performed by HemaVet and FACS for donor chimerism. Mice were
matched using HCT(%), WBC(K/uL), donor chimerism, and body weight, and they
were randomized within matching groups using a random number generator. Drugs were
administered BID by gavage for 21-28 days. INC424 (James Bradner, Dana Farber
Cancer Institute) was administered 60 mg per kg; AG221 (Agios Pharmaceuticals) was
administered at 100 mg per kg or 40 mg per kg. Final doses were administered

approximately 1.5 hours before sacrifice.

Human Tissues

Approval was obtained from the Institutional Review Board at Memorial Sloan-
Kettering Cancer Center. Tissues were collected in partnership with the Human
Oncology Tissue Bank, and all patients provided informed consent. Fresh peripheral
blood was collected into heparinized collection tubes, and separation of peripheral blood
mononuclear cells (PBMC) was performed using hetastarch and a Ficoll gradient with

subsequent red blood cell lysis.

Human Colony Forming Assays
Frozen or fresh PBMCs were plated in Methocult H4435 (Stem Cell) with
penicillin and streptomycin in triplicate wells. MPN patient cells were plated after

enrichment using CD34 Microbeads (Miltenyi) at 1,000 cells per well; AML patient
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cells were plated without enrichment at 100,000 cells per well. AG221 and INC424 were

dissolved into samples at 400nM concentration and DMSO was dissolved into controls.

Patient Derived Xenograft (PDX) Models

1 x 10° Peripheral Blood Mononuclear Cells (PBMCs) from an AML patient
were injected into sublethally irradiated NSG mice and mice were maintained in a
xenograft facility. Engraftment was monitored monthly in peripheral blood and bone

marrow aspirates for up to 12 months or engraftment was observed.

Therapeutic Assays in PDX Models: AGI5198 and INC424

After chimerism was detected in peripheral blood or bone marrow, mice were
randomized using a random number generator. Drugs were administered by gavage for
28 days. INC424 (James Bradner, Dana Farber Cancer Institute) was administered twice
per day at 60 mg per kg; AGI5S198 (Agios Pharmaceuticals) was administered once per
day at 450 mg per kg. Final doses were administered approximately 1.5 hours before

sacrifice.

Flow Cytometry for Human Tissues

To observe erythroid differentiation in human tissues we stained with a
combination of CD117/cKit (YB5.BS, eBiosciences), CD34 (581, BioLegend), CD38
(HIT2, BioLegend), CD36 (5-271, BioLegend), CD71 (OKT9, eBiosciences), and
CD235a (HIR2, eBiosciences). To observe monocytic and granulocytic differentiation,
antibodies against CD117/cKit, CD34, CD38, CD15 (HI9S8, eBiosciences), CD14
(HCD14, BioLegend), and CD16 (3G8, BioLegend) were used. To observe engraftment
and clone differentiation in PDX models, antibodies against mouse Ter119, mouse
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CD45.1, human CD45 (HI30, BioLegend), human CD3 (OKTS3, eBiosciences), human
CD19 (HIB19, eBiosciences), human CD33 (WMS53, BD), human CD34 (581,
BioLegend), human CD38 (HIT2, BioLegend), and human CDI117/cKit (YB5.BS,

eBiosciences).
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RESULTS

AG221 INC424 treatment in recipients of IDH2/JAK2 mutant MPN resolves
disease phenotype, reduces size of all stem cell and progenitor populations

Due to the lack of therapeutic options for patients, we explored whether currently
available inhibitors might be able to affect disease. Primary recipients of Idh2®'*Q
Jak2V*'"" bone marrow treated with AG221 showed reduction of plasma 2-HG to the
level of wild type mice (Figure 3.1.A). Monotherapy with either AG221 or INC424
reduced splenomegaly, while combined treatment completely resolved splenomegaly
(Figure 3.1.B). Combined therapy with AG221 and INC424 normalized polycythemia
and leukocytosis to a level not seen with monotherapy (Figure 3.1.C). Histologically,
treatment with monotherapy or combined therapy results in restoration from left-shifted
cells in the bone marrow as well as the return of normal diletations in the bone.
Treatment with AG221, but not INC424, resulted in reduction of CD34
immunohistochemical staining in cells with megakaryocyte morphology, while
combined treatment eliminated the presence of these cells. In the spleen, cells identified
morphologically as blasts are no longer present in single AG221 or combined treatment

(Figure 3.1.D).
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Figure 3.1: Treatment of Idh2®'*Q Jak2Y%'"" combined mutant mice with combined
JAK2 and IDH2 inhibitors results in resolution of disease phenotype

(A-D), Disease phenotype in bone marrow recipients treated with targeted JAK inhibitor
and high dose targeted IDH2 inhibitor. (A) 2HG quantification in plasma, (B) spleen

weights, (C) hematocrit levels and leukocyte counts, and (D) representative images of
histological stained sections.
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Both monotherapy and combined therapy dramatically reduced the size of the
LSK compartment in the bone marrow (Figure 3.2.A) and spleen (Figure 3.2.B), in a
manner largely uniform across all populations. This is also true for myeloprogenitor
populations, for which monotherapy and combined therapy reduced the total size of the
compartment in the bone marrow (Figure 3.2.C) and spleen (Figure 3.2.D) in a uniform
manner. Combined therapy or monotherapy reduced Pre-GM and GMP populations
(Figure 3.3.A). Similarly, treatment with monotherapy reduced Pre-MegE populations
while trending toward reduction in expanded MkP populations (Figure 3.3.B).
Monotherapy or combined therapy reduced the proportions of Pre-CFU-E, CFU-E, and
Pre-erythrocytes in the bone marrow (Figure 3.3.C). Notably, treatment with AG221
expanded the population of intermediate maturity erythrocytic precursors (CD71

Ter119") in the spleen. (Figure 3.3.D).
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Figure 3.2: Treatment of combined mutant mice with combined JAK2 and IDH2
inhibitors results in contraction of expanded stem and progenitor compartments
(A-D), FACS characterization of stem cell phenotype in Idh2®'**? Jak2"®'"" bone
marrow recipients treated with targeted JAK inhibitor and IDH2 inhibitor. (A) Total
LSK and proportions of LSK subcompartments in bone marrow. (B) Total LSK and
proportions of LSK subcompartments in splenocytes. (C) Total myeloprogenitors and
proportions of myeloprogenitor subcompartments in bone marrow. (D) Total
myeloprogenitors and proportions of myeloprogenitor subcompartments in splenocytes.
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Figure 3.3: Treatment of combined mutant mice with combined JAK2 and IDH2
inhibitors results in contraction of other myeloid differentiation compartments
(A-D) FACS characterization of bone marrow poulations: (A) Pre-GM and GMP
populations as a proportion of lineage negative cells, (B) Pre-MegE and MkP as a
proportion of lineage negative cells, (C) Pre-CFU-E, CFU-E, and Pre-Erythrocytes as a
proportion of lineage negative cells, (D) maturing erythrocyte compartments as a
proportion of live cells.
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AG221 treatment in recipients of IDH2/JAK2 mutant MPN reduces chimerism of
combined mutant cells in a targeted fashion

Because JAK2 inhibitors have not been shown to reduce allele burden in JAK2-
mutant disease, we examined specific effects on cells contributed from the Idh2%'*?
Jak2V®'™ donor (CD45.2"). In comparing peripheral blood from individual mice before
and after treatment, we observed that mice treated with either AG221 or combined
inhibitors showed significant reductions in mutant donor chimerism; in contrast, mice
treated with either INC424 or vehicle showed significant expansion of the proportion of
mutant derived clones (Figure 3.4.A). A trend toward reduction in chimerism was
present in unfractionated, CD11b/Mac1”, and CD117/cKit" bone marrow (Figure 3.4.B),
as well as in the spleen (Figure 3.4.C), and peripheral blood (Figure 3.4.D). Notably,
the reduction of mutant allele burden was significant in whole bone marrow,

Ckit/CD117" bone marrow, CD11b/Mac1” spleen, and CD11b/Macl” peripheral blood.
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Figure 3.4: Treatment of combined mutant mice with IDH2 inhibitor results in
reduction of donor chimerism

(A) Paired analysis of donor chimerism in peripheral blood of mice before and after
treatment, highlighting statistically significant changes within each group.

(B-D) Donor chimerism as a proportion of all live cells, all myeloid (CD11b/Macl”),
and all CD117/cKit") compartments of (B) bone marrow, (C) splenocytes, and (D)
peripheral blood.
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For practical reasons, we examined whether a reduction in dose of AG221 would
be efficacious for future experiments. Dosage of mice with approximately half the dose
still resolved serum 2-HG levels to that of wild type mice (Figure 3.5.A), resolved
spleen weights (Figure 3.5.B), and trended toward reduction in leukocytosis and

polycythemia (Figure 3.5.C).
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Figure 3.5: Treatment of combined mutant Idh28' " Jak2V*'" mice with lower
dose IDH2 inhibitor results in resolution of disease phenotype

(A-D), Disease phenotype in Idh2R140Q Jak2V617F bone marrow recipients treated
with targeted JAK inhibitor and lower dose targeted IDH2 inhibitor. (A) 2HG

quantification in plasma, (B) spleen weights, and (C) hematocrit levels and leukocyte
counts.
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Interestingly, within the donor compartment, monotherapy or combined therapy
appeared to reduce the proportion of LSK significantly beyond wild type levels, through
the proportions of each subpopulation trend toward that of a wild type mouse (Figure
3.6.A). The number of CD45.1" wild type cells is not significantly affected by treatment,
indicating that this effect is specific to the mutant donor cells (Figure 3.6.B).
Furthermore, mutant donor derived myeloid progenitor populations contract to wild type
proportions. Within this compartment, the myeloid progenitor subpopulations also trend
toward their wild type proportions (Figure 3.6.C). Again, while there was a slight trend
toward expansion in the CD45.1" compartment (Figure 3.6.D), the effect of treatment
appears to be specific to the donor cells. In the mutant donor compartment, erythroid
progenitors (CD71" Ter119) cells are normalized with treatment, although this is
accompanied by coordinate reduction in proportion of more mature erythroid cells

(Figure 3.6.E).
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Figure 3.6: Treatment of combined mutant mice with combined inhibitors results
in normalization of stem and progenitor proportions within the donor
compartment

(A) FACS quantification within the donor-derived (CD45.2") population, LSK
population as a proportion of lineage negative cells and LSK subpopulations as
proportion of total cells

(B) Within the recipient-derived (CD45.1") population, LSK population as a proportion
of lineage negative cells.

(C) FACS quantification within the donor-derived (CD45.2") population,
Myeloprogenitor population as a proportion of lineage negative cells and
myeloprogenitor subpopulations as proportion of total cells

(D) Within the recipient-derived (CD45.1") population, myeloprogenitor population as a
proportion of lineage negative cells.

(E) Within the recipient-derived (CD45.1") population, immature erythroid populations
as a proportion of live cells

83



Combined treatment of combined mutants resolves disease expression pattern

We further explored the effects of our therapeutic interventions on expression. In
comparing the differential expression of each treatment arm to wild type mice, we found
that while a large number of genes are affected by each monotherapy, even outside the
untreated disease set, combined mutant mice show many fewer differentially expressed
genes (Figure 3.7.A). Additionally, supervised clustering using the disease-derived gene
list described above showed that combined treatment mice cluster with wild type mice
(Figure 3.7.B). Together, these data indicate that combined treatment induces LSKs to

return to a wild type pattern of gene expression.
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Figure 3.7: Donor LSK from Idh2R140Q Jak2V617F recipients treated with IDH2
inhibitor have RNA-Seq expression patterns very similar to wild type mice

(A) Venn diagram depicting lists of highly differentially expressed genes in CD45.2"
LSK in each treatment group in comparison to wild type.

(B) Heat map with supervised clustering based on gene list of highly differentially
expressed genes in CD45.2" LSK in combined mutant mice in comparison to wild type

(as defined in Figure 2.15).
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Ex vivo treatment of human combined IDH2/JAK?2 mutants with combined therapy
results in expansion of differentiated cells in culture

To explore the relevance of these inhibitors in human disease we performed
methylcellulose assays on patients with clinically determined MPN and post-MPN AML
patients with IDH2®'"*? J4K2V®'™ mutations. This included paired samples both tken
from one patient before and after transformation (MPN 24 and AML 24, Figure 3.8). All
of the patients showed a characteristic pattern of colony formation with marked
expansion of colony number with IDH inhibitor treatment. This expansion was often
accompanied by the presence of BFU-E colonies (Figure 3.8.A). On morphological
examination, this expansion was also associated with the presence of large, well-

differentiated colonies in comparison to controls (Figure 3.8.B).
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Figure 3.8: Human IDH2-mutant JAK2V617F MPN and AML samples in methylcellulose respond to IDH2 inhibitor therapy
(A) Colony counts of cultured cells from four different patients with MPN or AML classified by colony morphology.
(B) Representative images of colonies taken during culture of cells from MPN Patient 71.
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FACS analysis showed that in all patients, IDH inhibitor treatment reduced
surface expression of at least two of the three following immature markers: cKit/CD117
(Figure 3.9.A), CD34 (Figure 3.9.B), and/or CD38 (Figure 3.9.C). Observing
differentiation markers in the myeloid lineage, we found that several patient samples
showed increased surface expression of mature erythroid and/or granulocyte markers in
the presence of IDH inhibitor. For example, MPN 24 downregulated erythroid markers
CD36, CD71, and CD235a (Figure 3.10), but cells from this sample upregulated
granulocytic markers CD15, CD14, and CD16 (Figure 3.11). In contrast, MPN 71
shows upregulation of CD36 and CD235a (Figure 3.10) and downregulation of
granulocytic markers (Figure 3.11). AML 91 and AM L09 both show upregulation of
both erythrocytic CD235a (and upregulation of CD14 and CD16.) AML 24 is the only
patient sample in this dataset that did not show a specific differentiation phenotype
according to these panels. Together, these observations indicate that treated samples may

undergo differentiation in response to AG221 treatment.
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Figure 3.9: Human IDH2 mutant Jak2V617F MPN and AML samples respond to IDH2 inhibitor therapy with
downregulation of canonical immature markers
Mean fluorescence intensity of (A) CD117/cKit, (B) CD34, and (C) CD38.
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Figure 3.10: Some human IDH2 mutant JAK2"*'"* MPN and AML samples in methylcellulose respond to IDH2 inhibitor
therapy with skew toward erythroid differentiation
Mean fluorescence intensity of (A) CD36, (B) CD17, and (C) CD235a
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Figure 3.11: Some human IDH2 mutant JAK2V617F MPN and AML samples in methylcellulose respond to IDH2 inhibitor
therapy with skew toward granulocytic differentiation
Mean fluorescence intensity of (A) CD15, (B) CD14, and (C) CDI16.
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Patient derived AML xenografts with IDH1/JAK2 mutation respond to AGI5198
treatment with expansion of chimerism of mature cells

In light of these results in ex vivo human samples, we sought to understand the
response of patient derived xenografts to IDH inhibitor therapy. After engraftment of
peripheral blood mononuclear cells from an AML patient harboring IDHI®'**¢ and
JAK2V®'F mutations into NSG mice as detected by bone marrow aspirates, we treated
with AGI-5198 and INC424. Consistent with AG221 treatment, treatment with AGI5198
reduced 2-HG levels in bone marrow cells (Figure 3.12.A). However, in contrast,
treatment with IDH inhibitor expanded spleen size (Figure 3.12.B). This trend was true

for human cell chimerism in bone marrow, spleen, and peripheral blood (Figure 3.12.C).
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Figure 3.12: IDHI mutant JAK2 mutant AML xenografts respond to IDHI1
inhibitor treatment
(A-C) Analysis of treated xenograft mice at sacrifice: (A) quantification of 2HG in bone
marrow cells normalized for human chimerism, (B) spleen weights, (C) proportion of
human chimerism in cells isolated from bone marrow, spleen, and peripheral blood.
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Observing the cell surface phenotype of these human cells in the bone marrow,
spleen, and peripheral blood, we found that combined therapy reduced expression of
immature / stem cell markers CD34 (Figure 3.13.A), CD38 (Figure 3.13.B), and
CD117/cKit (Figure 3.13.C). At the same time, mature markers CD33 (Figure 3.14.A)
and CD15 (Figure 3.14.B) were upregulated in these samples in comparison to the
vehicle. Together, this indicates that this expansion of chimerism is in fact a

differentiation phenotype induced by administration of the IDH inhibitor.
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Figure 3.13: IDH1 mutant JAK2 mutant xenograft treatment with IDH1 inhbitor
results in downregulation of canonical immature markers

(A-C) FACS quantification of mean fluorescence intensity of human CD45" cells
extracted from corresponding tissues of treated xenograft mice at sacrifice: (A) CD34,
(B) CD38, (C) CD117.

95



Bone Marrow Spleen Peripheral Blood

A 2000= 4000= 800 = *
dekkk kkkk dekdkk

CD33 T S—

1500 3000= 600

Jkdk  dkkk gk

1000

MFI

2000 i 400-
=

MFI

500= 1000 200~

AT
AN NS
AN

Veh IDH JAK Comb Veh IDH JAK Comb Veh IDH JAK Comb

Inh  Inh Inh Inh  Inh  Inh Inh  Inh Inh
- S—
800 ook ek oo 1500 1500
B
CD15

600~
1000= 1000 =

400=

MFI
MFI
MFI

500 500

200

A Y

1
1
787
1
1
1
1
1
N,

AMMMNLSS.

ANNITTaS

7
é
/
/
é

Veh |

SO
=

H JAK Comb Veh IDH JAK Comb Veh IDH JAK Comb

Inh  Inh Inh Inh Inh Inh  Inh Inh

Figure 3.14: IDH1 mutant JAK2 mutant xenograft treated with AGI-5198
upregulates myeloid differentiation surface markers

(A-C) FACS quantification of mean fluorescence intensity of human CD45" cells

extracted from corresponding tissues of treated xenograft mice at sacrifice: (A) CD33,
(B) CD15.
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DISCUSSION

This data shows a clear effect of IDH inhibitor therapy on mutant mouse and
human cells. In mouse models, monotherapy results in resolution of all phenotypic
measures of MPN, contraction of LSK and myeloprogenitor compartments, resolution of
histological signs of preleukemic disease, and reduction of aberrant RNA expression in
LSK stem cells. All of these measures were further improved with the addition of JAK2
inhibitor, often to the point of normalization of counts and phenotype to that of a wild
type mouse. These effects appeared to be specific to mutant cells, as intermixed wild
type cells did not appear to be affected. Although not all progenitor populations returned
to normal proportions with combined therapy, most populations were reduced in size. In
the context of our understanding of IDH mutation, this is consistent with increased
differentiation has exhausted the early species that had accumulated in the presence of
IDH mutation. This displays the potential efficacy of combined therapeutic regimen in

combined mutant MPNs.

These ex vivo and PDX human samples showed clear evidence of differentiation
as measured by cell surface antigens that label stem cells, maturing erythrocytes, and
maturing granulocytes. All samples showed reductions in immature markers, indicating
progressive maturity of these cells with treatment. In most of these patient samples, more
mature markers of differentiation in the erythrocytic or granulocytic lineages were also
upregulated, indicating at least one direction for this expansion of cells with treatment.
Since this experimental system generally induces differentiation in erythrocytic and
granulocytic lineages, further investigation is needed to determine if the samples would

differentiate into other myeloid lineages (i.e.: megakaryocytes.)
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Disease burden is an important issue in the therapy of MPNs, as previous
therapies have not shown efficacy in reducing or eliminating the disease-initiating clone.
In combined mutant mouse cells, there is a specific reduction in donor chimerism with
monotherapy, which is further enhanced by combination with ruxolitinib. One prominent
variation between the response of human cells and mouse cells is that, in human cells,
the number of mutant cells increases with therapy. This is actually consistent with
experiences in clinical trials, which show an expansion of differentiated granulocytes
with short term treatment. However, with prolonged treatment, these patients are capable

.. s 153-155
of achieving complete remission.

) Further experimentation is necessary to see if
extending the length of treatment regimens in human samples (or looking at very short
timescales in mice) will resolve this issue. One reason this timescale for disease

recession may be so discrepant between mice and humans could be the much higher

physiologic baseline serum 2-HG found in mice in comparison to humans.

Interestingly, there does appear to be a minor but significant effect of JAK2
inhibitor therapy on physiologic 2-HG which, consistent with our observations in
primary mice, does not completely correlate with simple reduction in tumor burden as
measured through bone marrow chimerism or spleen weight (data not shown.) This
observation opens the question about potential effects of inhibition of JAK2 signaling on
the activity of mutant (or native) IDH activity. Further experimentation is necessary to

explore interaction of inhibition of these two pathways.
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