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Acute lymphoblastic leukemia is the most common cancer of children. Individual cases
of leukemia may have multiple genetic lesions, and identifying those that drive leukemogenesis
will be important in the development of targeted therapy. Approximately 10% of pediatric T-cell
acute lymphoblastic leukemia (T-ALL) cases have a mutation in IL-7Ra. These mutations are
thought to be oncogenic, but little is known about the effects of the mutation on T-cell
development. In addition, the mutation does not seem to induce leukemia in the absence of other
genetic lesions, suggesting that collaborative mutations are required for leukemogenesis. Based
on patient data, potential collaborators include TLX3 expression, HOXA gene cluster
overexpression, and NRAS mutation.

Given the current state of knowledge regarding mutant IL-7Ra, this project was
developed with two specific aims. The first was to investigate the effects of mutant IL-7Ra gain-
of-function (IL-7Ra-GOF) on T-cell development in vitro and in vivo. The second was to

determine whether candidate collaborative genetic lesions would drive T-ALL formation when



combined with mutated IL-7Ra. To address these aims, immature murine thymocytes were
cultured on an OP9-DL4 stromal cell system, transduced with retroviral vectors, and injected
into sub-lethally irradiated Ragl-- mice. Resultant diseases were analyzed using a variety of
techniques including flow cytometry, histology, immunohistochemistry, ligation-mediated PCR,
TCRP clonality assessment, RNA-sequencing, serial passage, and limiting dilution assay.

Studies showed that IL-7Ra-GOF mutation caused an increase of CD8* cells in vitro.
When thymocytes transduced with I1L-7Ra-GOF mutation were injected into mice, animals
developed a multi-systemic inflammatory disease. This inflammation was not due to imbalance
in populations of Ty and Th17 cells, as had been hypothesized.

Assessing collaborations with TLX3 expression, HOXA overexpression, and NRAS
mutation showed that combination of these genetic lesions with IL-7Ra-GOF mutation caused
different neoplastic diseases. The combination of IL-7Ra-GOF mutation and TLX3 expression
caused low-penetrance, late-onset T-cell lymphoma. Thymocytes overexpressing the HOXA gene
cluster and transduced with IL-7Ra-GOF mutation caused a rapid-onset myeloid leukemia.
Combination of IL-7Ra-GOF mutation with mutant NRAS yielded rapid-onset, full-penetrance T-
cell lymphoblastic leukemia, suggesting that this combination of mutations was sufficient to
induce T-ALL. These experimental results may help to lay the foundation for the development of

targeted therapy for pediatric T-ALL.
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Chapter 1: Introduction to targeted therapy for the treatment
of mutant IL-7Ra-associated pediatric acute lymphoblastic

leukemia

Portions of this chapter have been published in Blood (Cramer et al., 2016).

Scope of human disease: Communicable and non-communicable diseases

Anyone who has ever been sick knows that it is hard to enjoy life or to be
productive when you don’t feel good. Health is vital. Unfortunately, human and animal
health can be impacted by many different diseases, including communicable diseases and
non-communicable diseases. Many diseases are shared between species, and often human
health is dependent on the health of animals used for draft, food, or protection. Such
zoonoses and anthropozoonoses include influenza virus, Lyme disease, Toxoplasmosis,
and many others. Diseases impacting health vary, depending on location. Globally,
communicable diseases that incur huge human costs include malaria, tuberculosis, human
acquired immunodeficiency virus (HIV), dengue fever, and many others (Baxter and
Abdool Karim, 2016; Castro et al., 2017; Dondorp et al., 2017; McBryde et al., 2017,
Mendenhall et al., 2017). Work in many biomedical laboratories worldwide focuses on
combating these communicable diseases, either by developing vaccines or working
towards prevention or eradication.

Non-communicable diseases also weigh heavily on society. Common non-
communicable diseases with significant health impacts include malnutrition, diabetes,
heart disease, hypertension, depression, and cancer (Cuschieri etal., 2016; Higashiguchi

et al., 2017; Mendenhall et al., 2017). Of the non-communicable diseases, cancer causes
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some of the highest rates of morbidity. Globally in 2012, there were approximately 14
million new cases of cancer, and, 1 in 6 deaths is due to cancer according to the World
Health Organization (WHO). The GLOBOCAN project seeks to estimate the incidence,
prevalence, and mortality of major cancers across the world under the auspices of the
WHO (globocan.iarc.fr). Cancer is the second leading cause of death in the United States,
and 8.5% of American adults have been diagnosed with the disease, according to the
National Center for Health Statistics.

While cancer burden is high across the world, specific cancer types may have
differential impacts in certain areas, particularly in the case of those cancers that arise in
association with infectious disease. Examples of such cancers include cervical cancer
caused by human papillomavirus and liver cancer caused by hepatitis B or C virus
(Plummer etal., 2016). In the United States, the top ten sites of cancer include the breast,
prostate, lung, colon, uterus, skin, urinary bladder, kidney, and thyroid as well as non-
Hodgkin lymphoma according to Center for Disease Control and Prevention (CDC)

statistics.

Health as social justice

Health can be considered a social justice and global justice issue, and moral
questions surrounding health care are fascinating and vast. The United Nations lists
“good health and well-being” as one of 17 sustainable development goals (Rozendo etal.,
2017). Within this goal, targets include reducing maternal mortality, ending preventable
childhood deaths, ending AIDs, tuberculosis, and malaria epidemics, fighting against

hepatitis, reducing deaths attributed to traffic accidents, enabling family planning access,



and protecting against pollution, as well as other goals (www.un.org). Other interesting
global social justice issues include access to childhood vaccinations containing thimersol
and HIV infection in different populations (Anderson et al., 2017; King etal., 2013;
Rubenstein et al., 2016).

In the United States, there are many potential social justice issues intermingled
with health. Racial health disparities plague the United States, and these may be rooted in
“structural racism” (Bailey et al., 2017). Provision of mental health support and treatment
of individuals who are addicted to drugs are also social justice issues (Dickey and Singh,
2017; Cumming etal., 2016). Currently, access to quality, affordable health care has been
a pivotal political issue in the United States with rigorous debate regarding the
Affordable Care Act, alaw passed in 2010 with the goal of enabling greater numbers of
Americans to access affordable health care. The law has become a major political
flashpoint in recent years, and currently repeal of the law has been threatened. It is said
that a society should be judged in part on how it treats its most vulnerable members, and
it seems likely that such judgement should include the availability of affordable and
quality health care.

With this in mind, 1 am proud to have worked on this project with the aim of
improving the quality of therapy for some of our most vulnerable citizens: children with
acute lymphoblastic leukemia. This project seeks to improve the way that we treat
children that have acute lymphoblastic leukemia to reduce treatment side effects and to
potentially cure children when current therapy fails. While this is an important and noble
goal, it should, of course, be pursued at the same time as efforts to address other health

issues affecting children globally. According to U.N. statistics, every year six million



children under the age of five die, and four out of five of these children are in sub-
Saharan Africa and South Asia. While these figures are staggering and deeply troubling,
continued efforts to improve the health care available to children globally can help. For
example, the U.N. cites that measles vaccines have prevented the deaths of 15.6 million
individuals since 2000. We must continue to expand our efforts to vaccinate, engage in
preventative health care, and treat children around the world as well as to improve the
way we treat children with leukemia and other childhood cancers. These are moral

imperatives.

Cancer: Definition and pathogenesis

Cancer typically develops when cells within the body begin to proliferate
uncontrollably. Some cancers stay localized to the organ of origin, but many cancers
spread, or metastasize, to distant organs. Local spread and metastasis cause organ
dysfunction leading to morbidity and mortality. For cancer cells to develop and
metastasize, the cells must undergo many changes from normal cells. Identifying the
changes necessary for malignant behavior has led to the development of a well-known,
ever-evolving model, the ten “Hallmarks of Cancer.” Based on this model, malignancy
requires: “l) Sustaining proliferative signaling; 2) Evading growth suppressors; 3)
Avoiding immune destruction; 4) Enabling replicative immortality; 5) Tumor-promoting
inflammation; 6) Activating invasion and metastasis; 7) Inducing angiogenesis; 8)
Genome instability and mutation; 9) Resisting cell death; and 10) Deregulating cellular

energetics” (Hanahan and Weinberg, 2011).



Pediatric acute lymphoblastic leukemia

While cancer causes significant disease around the world, it usually impacts
adults, often in the later stages of life. According to statistics from the American Cancer
Society, pediatric cancers make up less than 1% of the global cancer burden. While
pediatric cancer is, thankfully, not common, there are several types of cancer that more
commonly arise in children. Pediatric solid tumors include neuroblastoma, renal tumors,
retinoblastoma, hepatoblastoma, rhabdomyosarcoma, soft tissue sarcoma, osteosarcoma,
germ cell tumors, and pediatric brain tumors. Hematologic malignancies include myeloid
leukemia, lymphoma, and acute lymphoblastic leukemia (ALL). Of all pediatric cancers,
ALL is the most common (Orkin etal., 2015).

Acute lymphoblastic leukemia arises from hematopoietic progenitor cells in the
bone marrow, or thymus. In the United States, there are approximately 3,250 new cases
of ALL every year. Unlike adult ALL, which is associated with human T-cell leukemia
virus type | (HTLV-1) infection, pediatric ALL is not associated with infectious disease
(Watanabe, 2017). Though the disease originates in the bone marrow or thymus,
leukemic cells typically begin circulating and proliferating in the blood stream. Cells can
also infiltrate organs including the spleen, liver, brain, testes, kidneys, lungs, and eye
(Gutierrez and Silverman, 2015). Bone marrow involvement can impact developing
blood cell precursors leading to anemia, thrombocytopenia, and leukocytopenias, though
the total white blood cell count is typically elevated. Reductions in normal white blood
cells can predispose children to infections which may be life-threatening (Gutierrez and
Silverman, 2015). Untreated ALL is fatal with a median survival of 2 months (Frei,

1984). Acute lymphoblastic leukemia can be subdivided according to cell of origin,



including B-cell precursor ALL (BCP-ALL), T-cell ALL (T-ALL), and early T-cell
precursor ALL (ETP-ALL) (Gutierrez and Silverman, 2015; Zhang etal., 2012).

Based on conventional approaches for genetic analysis, it has been thought that
pediatric ALL cases have a relatively low mutational burden compared to most adult
cancers. However, newer technologies are enabling identification of thousands of genetic
lesions in pediatric ALL cases, including copy number variations as well as genetic
mutations (Mullighan and Downing, 2009; Oshima et al., 2016). It is unclear whether
these mutations play a role in disease development, though this suggests that we may be
only beginning to understand the tangle of genetic lesions that cause ALL.

Based on current knowledge, cases of T-ALL can be subdivided into several
groups based on gene expression patterns. These gene expression patterns are typically
due to aberrant expression of an oncogenic transcription factor. Commonly identified
subgroups include the TAL/LMO, TLX1, TLX3, NKX2-1/NKX2-2, MEF2C, and HOXA
subgroups (Brandimarte et al., 2013; Homminga et al., 2011; Zenatti etal., 2011).
Individual cases of ALL may have genetic lesions in multiple pathways including, most
commonly, those involved in lymphoid development, growth factor signaling, epigenetic
regulations, tumor suppression, and cell cycle regulation (Gutierrez and Silverman, 2015;
Mullighan, 2013). Common chromosomal translocations in ALL include those that form
the ETV6-RUNX1 fusions, MLL fusions, BCR-ABL fusions, and translocations involving
MYC and TCRp (Ferrando and Look, 2000; Harrison, 2001). Recurrent genetic mutations
include activating NOTCH1 mutations, aswell as PTEN and CDKNZ2A deletions
(Carrasco Salas et al., 2016; Gutierrez et al., 2009; Gutierrez and Silverman, 2015). New

technology continues to enable identification of new genetic lesions. Further



understanding which of these mutations are driving disease formation as well as those
that are associated with disease relapse is a major focus of pediatric ALL research

(Mullighan, 2013; Oshima et al., 2016).

The need for targeted therapy in ALL

Understanding the genetic lesions that drive All formation is fundamental to
better treating the cancers. Current treatment of pediatric ALL is a major success of
modern medicine. Fifty years ago, children diagnosed with ALL survived a median of
two months (Gutierrez and Silverman, 2015). Today, the five-year overall survival rate is
over 90% in some series (Pui et al., 2009). However, survival rates are much lower in
children that experience relapse, varying between 21-39% (Freyer et al., 2011; Nguyen et
al., 2008). In addition, while this overall improvement in outcome is staggering, it comes
at a cost. To achieve remission, patients typically undergo 2-3 years of chemotherapy
(Gutierrez and Silverman, 2015). Acute side effects include infections, allergic reactions,
thrombosis, pancreatitis, and neurologic impairment. Chronic side effects include
osteonecrosis, obesity, secondary malignancies, and neurocognitive deficits (Gutierrez
and Silverman, 2015).

As we characterize the pathophysiology of ALL, we must use our improved
understanding to develop targeted therapies (Mullighan and Hunger, 2013). Targeting
molecular lesions in specific patients may enable reduced intensity chemotherapy and
may help to rescue children that current protocols fail to cure. While there are many
potential targets for therapy, here we describe the role of the IL-7Ra signaling pathways
in normal T-cell development and leukemia with a focus on its potential as a therapeutic

target.



IL-7 signaling supports survival and proliferation

IL-7Ra signaling is vital to normal T-cell and B-cell development

In health, the IL-7Ra chain forms two heterodimeric cytokine receptors (Tal etal.,
2014). IL-7Ra forms the receptor for IL-7 by pairing with yc,and forms the receptor for
TSLP by pairing with TSLPR (encoded by the CRLF2 gene) (Tal et al., 2014). The y. is
used by multiple cytokine receptors, including IL-2, IL-4, IL-9, and IL-15 (Giri etal.,
1994; Kimura et al., 1995; Kondo etal., 1993; Russell et al., 1993). Binding of IL-7 or
TSLP to their respective receptors is thought to enable transphosphorylation of the JAK
proteins with subsequent activation of the JAK/STAT and PI3BK/AKT/mTOR pathways
(Corcoran etal., 1996; Dadi et al., 1994; Jiang et al., 2004; Li etal., 2004; Tal et al.,
2014; van der Plas et al., 1996; Venkitaraman and Cowling, 1994). The MAPK cascade
can also be activated with normal TSLP signaling and with IL-7 signaling in immature B
and T-cells (Barata etal., 2004b; Johnson etal., 2008; van Bodegom et al., 2012).
However, MAPK signaling does not seem to play arole in IL-7 signaling in normal T-
cells (Barata et al., 2004b; Crawley etal., 1996). Since the JAK/STAT and
PIBK/AKT/mTOR intracellular signaling cascades seemto be the major players in IL-
7Ra signaling, we will focus on them.

TSLP signaling is involved in stimulation of growth and differentiation of B1 B-
cell progenitors (Montecino-Rodriguez etal., 2006). In addition, TSLP is involved with
CD4* T-cell homeostasis, regulatory T-cell development, and dendritic cell activation
(Liu etal., 2007). Lastly, TSLP plays a prominent role in the pathogenesis of allergy and
asthma (Ziegler and Artis, 2010). In comparison, IL-7Ra signaling promotes both T-cell

proliferation and survival, and IL-7 signaling is vital for normal T-cell development and
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survival of most mature T-cells (Mazzucchelli etal., 2012). Proliferative effects of IL-7
signaling appear to be mediated through its effects on regulating the cyclin-dependent
kinase inhibitor p27%irl, Withdrawal of IL-7 from a dependent cell line induces cell cycle
arrest that is associated with upregulation of p27Kirl (Li etal., 2006). In addition, the
phosphatase Cdc25A appears to play a major role in mediating proliferative effects of IL-
7 signaling (Khaled et al., 2005).

Pro-survival effects of IL-7 are mediated through regulation of apoptosis. IL-7
induces synthesis of the anti-apoptotic protein Bcl-2, as shown in the IL-7 dependent
murine thymocyte cell line D1 (Jiang et al., 2004; Kim et al., 2003). Italso induces the
anti-apoptotic protein Mcl-1 (Opferman et al., 2003). Removal of IL-7 induces activation
of the pro-apoptotic protein Bax by increasing intracellular pH, leading to Bax
conformational change and translocation to the mitochondria (Khaled etal., 1999). IL-7
stimulation also induces inactivating phosphorylation of the pro-apoptotic protein Bad,
preventing its translocation to the mitochondria (Jiang etal., 2004; Li et al., 2004).

In human patients, loss-of-function mutations in IL-7Ra may cause severe
combined immunodeficiency with reduced T-cell numbers, but normal B-cell and NK
cell numbers. Affected patients developed chronic viral and protozoal infections (Puel et
al., 1998; Roifman et al., 2000). Similarly, JAK3 mutations cause autosomal recessive
SCID with lack of T-cells and NK cells, but presence of B-cells (Macchi et al., 1995;
Russell etal., 1995). Mutation in y leads to X-linked severe combined immunodeficiency
with reductions in T-cell numbers (Noguchi et al., 1993). Using transgenic mice, knock-
out of IL-7, IL-7Ra, y., or JAK3 leads to deficiencies of T-cells and, variably, NK cells

and B-cells (Cao etal., 1995; DiSanto et al., 1995; Nosaka et al., 1995; Parket al., 1995;



Peschon etal., 1994; von Freeden-Jeffry etal., 1995). T-cell development halts at the
CD3-CD4-CD8- stage (von Freeden-Jeffry et al., 1995). In addition to being necessary for
T-cell development, IL-7 signaling is necessary for maintenance of peripheral CD8* T-
cells and generation of CD8+* memory T-cells (Schluns et al., 2000). This may be due, in
part, to IL-7-induced post-translational inhibition of the pro-apoptotic protein Bim (Li et

al., 2010).

IL-7 signaling is supportive of T-ALL cells

In addition to promoting normal T-cell development, IL-7 signaling can also
support survival and proliferation of neoplastic T-cells and B-cells (Barata et al., 2004a;
Karawajew et al., 2000; Makrynikola etal., 1991; Silva et al., 2011; Touw et al., 1990).
IL-7 signaling effects in malignant T-cells are similar to its effects in normal T-cells.
Malignant T-cells may express the IL-7R, and levels of expression correlate with
responsiveness to IL-7 (Karawajew et al., 2000). Aswith normal cells, stimulation of the
receptor activates the PISBK/AKT/mTOR pathway leading to anti-apoptotic and pro-
survival effects (Barata et al., 2004b). Pathway activation inhibits spontaneous apoptosis
of neoplastic T-cells by upregulating Bcl-2 (Barata et al., 2001; Karawajew et al., 2000).
IL-7 signaling does not seem to impact Bax regulation as significantly as it does in
normal T-cells (Karawajew et al., 2000). Proliferation of primary patient T-ALL cells is
encouraged by IL-7 induced downregulation of p27irl which enables cell cycle
progression (Barata etal., 2001; Barata et al., 2004a). Assessing the impact of IL-7
signaling in vivo, patient T-ALL xenografts did not grow as well in IL-7 deficient mice.

Similar to in vitro effects, IL-7 signaling led to upregulation of Bcl-2 and downregulation
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of p27Kirl(Silva et al., 2011). Further supporting the importance of IL-7 signaling in T-
ALL, IL-7 overexpressing transgenic mice may develop lymphoid cancers (Rich etal.,
1993; Uehira et al., 1993). Targeting the IL-7Ra pathways may be useful for many T-

ALL patients, regardless of the genetic lesions driving the disease (Barata etal., 2001).

IL-7 signaling and IL-7Ra mutations act to drive formation of ALL

IL-7Ra signaling can be hijacked by T-ALL associated mutations

While it appears that IL-7R signaling pathways support growth and proliferation
of most T-ALL cells, a subset of leukemias have mutations that co-opt IL-7R signaling,
likely playing arole in driving leukemogenesis. The zinc finger transcription factor ZEB2
has increased expression in some cases of early thymic precursor ALL (ETP-ALL)as a
result of the recurrent translocation t(2;14)(g22;023) (Goossens et al., 2015). Supporting
arole of ZEB2 mutation as a driver in leukemia development, Zeb?2 gain-of-function mice
developed T-cell lymphoblastic leukemia (Goossens etal., 2015). Chromatin
immunoprecipitation demonstrated that Zeb2 bound to the IL-7Ra promoter, and
upregulation of IL-7Ra by ZEB2, promoted survival of leukemic cells. Blockade of IL-
7R signaling led to increased survival in mice carrying a Zeb2 overexpressing cell line
(Goossens et al., 2015). In both human ETP-ALL and the Zeb2 gain-of-function mouse
model, there was strong correlation between ZEB2 mRNA levels and IL-7Ra mRNA
levels. Knockdown of ZEB2 in the ETP-ALL-like cell line LOUCY using siRNA led to
downregulation of IL-7Ra mRNA levels (Goossens et al., 2015). Taken together, these
data suggest that the driver effect of ZEB2 mutation may be due, at least in part, to its

induction of IL-7Ra signaling.
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Mutations in Dynamin 2 (DNM2), a protein that regulates endocytosis, have been
identified in approximately 20% of ETP-ALL cases (Zhang etal., 2012). In a mouse
model, mutation in DNM2 enhanced leukemogenesis of the Lmo2 oncogene by impairing
IL-7Ra endocytosis, leading to an increase of the receptor on leukemic cell surfaces and
enhanced IL-7Ra signaling (Tremblay et al., 2016). From this, it seems likely that IL-

7R signaling contributes to the oncogenicity of DNM2 mutations.

Genetic lesions in the IL-7Ra signaling pathways in T-ALL

In addition to mutations that activate IL-7Ra signaling to drive leukemogenesis,
multiple recent studies have identified mutations in IL-7Ra in T-ALL, B-ALL, and ETP-
ALL (Figure 1) (Roberts et al., 2012; Shochat et al., 2011; Zenatti etal., 2011; Zhang et
al., 2012). Our lab has been instrumental in identifying and characterizing these
mutations in T-ALL (Zenatti etal., 2011). These mutations occurred in about 10% of T-
ALL patients (Shochat et al., 2011; Zenatti et al., 2011). The mutations were typically
large insertions in exon 6 of the extracellular juxtamembrane-transmembrane domain of
the protein and usually contained a cysteine and a proline with additional amino acids
possible (Shochat et al., 2011; Zenatti etal., 2011). Mutations in the extracellular domain
of the receptor have also been identified, though these were far less common (Shochat et
al., 2011). The insertions altered the structure of the receptor to enable homodimerization
by the formation of disulfide bonds between unpaired cysteine residues, and the mutant
receptor signaled constitutively in the absence of the typical signaling partners, IL-7,
JAK3 and y. (Shochat et al., 2011; Zenatti etal., 2011). IL-7Ra mutations seemto be

more prevalent in HOXA, TLX3, and early T-cell precursor (ETP-ALL) patient
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subgroups (Zenatti etal., 2011; Zhang et al., 2012). The mutation does not seem to have
prognostic implications (Zenatti et al., 2011). However, in vitro, these mutations
improved cell viability, enabled growth factor independence, and encouraged
proliferation (Zenatti et al., 2011).

While mutations in IL-7Rea occur in approximately 10% of pediatric patients,
mutations in an upstream regulator of IL-7Ra, NOTCH1, occurred in over 50% of T-ALL
cases (Weng et al., 2004). NOTCH1 is the most commonly mutated gene in T-ALL and is
known to regulate IL-7Ra transcription and expression. NOTCH1-promoted IL-7R
signaling may play a role in NOTCH1 mutation oncogenicity (Gonzalez-Garcia etal.,
2009).

Mutations downstream of IL-7R also occur in T-ALL. The JAK/STAT pathway
can be activated by several genetic lesions. Activating mutations in JAK1 and JAK3 are
reported, and a TEL-JAK2 fusion has also been described (Asnafi et al., 2010; Bains et
al., 2012; Cante-Barrettet al., 2016b; Flex etal., 2008; Jeong et al., 2008; Kalender Atak
etal., 2012; Lacronique etal., 1997; Zhang et al., 2012). Notably, JAK2 mutations
generally seemto be more associated with BCP-ALL than T-ALL. Further downstream,
T-ALL patients may also have mutations in STAT5B (Bandapalli etal., 2014; Kontro et
al., 2014). In addition, a negative regulator of JAK-STAT signaling, PTPNZ2, is deleted in
some cases of T-ALL (Kleppe et al., 2010).

Activation of the PIBK/AKT/mTOR pathway also occurs in T-ALL secondary to
genetic lesions, and an estimated 47.7% of pediatric cases have deletion or mutation of
PTEN, PI3K, or AKT (Gutierrez et al., 2009). Mutations in PI3K and AKT have been

described (Gutierrez etal., 2009; Remke et al., 2009). The PI3K/AKT/mTOR negative
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regulator PTEN is mutated in an estimated 8.7-22% of T-ALL cases and deleted in 27.3%
(Gutierrez et al., 2009; Remke et al., 2009). PTEN activity can also be decreased by post-
translational effects such as casein kinase 2 (CK2) overexpression, high levels of reactive

oxygen species (ROS), or miRNAs (Mavrakis et al., 2011; Silva etal., 2008).

Genetic lesions in the IL-7Ra signaling pathways in BCP-ALL

In BCP-ALL patients, IL-7Ra pathway perturbations are most commonly caused
by genetic aberrations affecting the CRLF2 gene. In most cases, chromosomal
translocations, rearrangements, or gene duplications cause overexpression of CRLF2.
Translocation leads to IGH-CRLF2 fusion, while interstitial deletion causes P2RY8-
CRLF2 fusion (Mullighan et al., 2009a; Russell etal., 2009; Yano et al., 2014). P2RY8-
CRLF2 fusions are found ata much higher rate (53%) in patients with Down’s syndrome-
associated ALL (DS-ALL) (Mullighan etal., 2009a). Other chromosomal abnormalities
can also lead to CRLF2 deregulation (Russell et al., 2009; Yano et al., 2014). It appears
that rearranged TSLP receptors signal conventionally through JAK/STAT and
PIBK/AKT/mTOR pathways (Tasian et al., 2012). Less commonly, the CRLF2 gene can
have a F232C mutation that enables constitutive activation of TSLPR in the absence of
IL-7Ra (Chapiro et al., 2010; Yoda et al., 2010). Mutant TSLPR may not signal through
the same kinases as wild type TSLPR, particularly with regards to MAPK which is
downregulated in response to mutant TSLPR/mutant JAK2 signaling (van Bodegom et
al., 2012).

Notably, CRLF2 overexpression is not always attributable to structural

rearrangement involving the CRLF2 gene (Bugarin etal., 2015; Chen etal., 2012). In all,

14



approximately 15% of patients with BCP-ALL have CRLF2 overexpression (excluding
those with MLL, TCF3, TEL, and BCR/ABL rearrangements) (Roberts et al., 2012; Yano
et al., 2014; Yoda etal., 2010). Genetic aberrations of CRLF2 seemto confer a poorer
prognosis in most studies (Chen et al., 2012; Harvey etal., 2010; Palmi et al., 2012; Yoda
et al., 2010). Fusion type may be associated with prognosis (Palmi et al., 2012).

However, not all studies support a poorer prognosis associated with CRLF2 lesions (van
der Veeretal.,, 2013; Yano etal., 2014).

Patients with CRLF2 lesions often have additional genetic abnormalities including
deletion/mutation of IKZF1 (encoding IKAROS) and mutation or translocation of JAK2.
Of note, CRLF2 aberrations can also be paired with concurrent mutations in IL-7Ra as
well as JAK1, JAK3,and SH2B3 (which encodes the JAK2 negative regulator LNK)
(Chen et al., 2012; Roberts et al., 2012; Yoda et al., 2010). In Philadelphia chromosome-
like B-ALL, as well as other cases of B-ALL, transmembrane in-frame insertions in IL-
7Ro. have also been identified (Roberts et al., 2014; Roberts et al., 2012). Those patients
with combined CRLF2 and IKZF1 aberrations often have gene expression profiles similar
to patients with the BCR-ABL fusion protein, leading them to be considered “Philadelphia
chromosome-like” (along with other genetic lesions inducing similar gene expression
profiles). Patients with a Ph-like gene expression profile have a poor prognosis
(Mullighan et al., 2009b; Yoda etal., 2010). Mutation or translocation of JAK2 also
occurs independently of CRLF2 mutations in BCP-ALL (Bercovich etal., 2008;
Mullighan et al., 2009b; Yano etal., 2015). In B-ALL, some mutations in IL-7Ra were
associated with aberrant overexpression of CRLF2, and the two combined to form a

functional TSLPR (Shochat et al., 2011).
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Genetic lesions in the IL-7Ra signaling pathways in ETP-ALL

A subset of ETP-ALL patients also have mutations in IL-7Ra, and these were in-
frame insertions or substitutions in the transmembrane domain between residues 1241-
V253. Similar to the T-ALL mutations, the insertions included cysteine insertion into the
transmembrane domain and led to receptor homodimerization with activation of
downstream signaling. As in the case of T-ALL mutations, mutations found in ETP-ALL
were able to transform the cytokine dependent BaF3 and MOHITO cell lines (Zhang et

al., 2012).

IL-7Ro. signaling pathway is a potential therapeutic target

Receptor Targeting

The mutant IL-7Ro homodimers found in T-ALL depend on formation of
disulfide bonds for stability. These bonds could potentially be targeted therapeutically
using the reducing agent N-acetylcysteine (Nac). In T-ALL cell lines, Nac disrupts
homodimerization, and it slows progression of disease in a xenograft model. While Nac
IS inexpensive, it may require frequent dosing (Mansour et al., 2015). In addition to using
Nac, development of antibodies against IL-7Ra and/or against mutant homodimers would
be a potential therapeutic (Tal etal., 2014). A mutant-specific antibody would reduce
potential off-target effects on normal T-cells. For treating CRLF2 genetic aberrations in
BCP-ALL, T-cells engineered to express chimeric antigen receptors (CAR-T-cells)
against TSLPR have been shown to be effective in treating multiple xenograft models of

BCP-ALL (Qin etal., 2015). In addition, antibodies against TSLPR have been developed,
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though these have mostly focused on applications in allergy/asthma to date (Borowski et

al., 2013).

NOTCH1 Targeting

In T-ALL, mutated NOTCH1 could potentially be targeted using gamma
secretase inhibitors, but these have shown significant side effectsin a T-ALL clinical trial
(Tosello and Ferrando, 2013). Alternative approaches to targeting NOTCH1 include
using antibodies and proteasome inhibitors which are currently in varying stages of
pharmaceutical development (Agnusdei etal., 2014; Koyama et al., 2014; Tosello and
Ferrando, 2013). NOTCHY1 targeting has caused significant side effects to date,
suggesting that it may not be an ideal target, and it may be better to focus on development

of other targets.

JAK/STAT Targeting

Efforts investigating JAK inhibitors to treat cancer have focused mainly on the
effects of blocking JAK2 in myeloproliferative neoplasms (MPN), polycythemia vera,
and myelofibrosis (Santos and Verstovsek, 2011). In ALL, most studies of JAK
inhibition have explored its effects on BCP-ALL. These studies have used primary
patient samples or cell lines, including CRLF2-overexpressing cells and Ph-like cells
with /L7Ra activating mutation and SH2B3 mutation. Results from these in vitro and in
vivo experiments suggest JAK inhibition may have some efficacy against BCP-ALL
(Bercovich et al., 2008; Maude et al., 2012; Roberts et al., 2012; Tasian etal., 2012;

Treanor et al., 2014; Yoda et al., 2010). A recent Phase I clinical trial of the JAK1/2
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inhibitor ruxolitinib suggests that the drug is well-tolerated in children (Loh etal., 2015).
Fewer experimental studies have focused on JAK inhibition in experimental models of T-
ALL and ETP-ALL, though results from these studies are promising (Maude etal.,

2015).

Experience with MPN suggests that resistance to JAK inhibition may develop,
fueled by additional mutations in JAK proteins, increased JAK2 expression, or shifting
transphosphorylation partners; resistance has been identified in both MPN and T-ALL
(Koppikar et al., 2012; Springuel et al., 2014). There are several potential approaches to
overcoming resistance to JAK inhibition. New generations of JAK inhibitors are being
developed to bind inactive forms of JAK to overcome resistance (Meyer and Levine,
2014). Alternatively, JAK inhibitors may be combined with histone deacetylase (HDAC)
inhibitors or heat shock protein 90 (HSP90) inhibitors (Wang et al., 2009; Weigert et al.,
2012). HDAC inhibitors induce hyperacetylation of HSP90, block its chaperone function,
and promote JAK2 degradation (Wang et al., 2009). Inhibition of HSP90 increases
degradation of both wild type and mutant JAK2 and shows some efficacy against
xenograft models of CRLF2-overexpressing BCP-ALL (Weigert et al., 2012). However,
both HSP90 inhibitors and HDAC inhibitors have multiple side effects (Hong et al.,
2013). Phase I clinical trials of the HDAC inhibitor panobinostat included patients with
myeloid and lymphoid malignancies, though none with ALL (DeAngelo et al., 2013).

STATSB targeting is less advanced than JAK targeting (Dorritie et al., 2014). The
drug pimozide targets STAT5B and induces apoptosis in cultures of chronic
myelogenous leukemia (CML) cells. Alternative efforts to target STATSB include the use

of decoy oligonucleotides in CML and potentially the use of SIRNA (Wang et al., 2011b;
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Zhang et al., 2013). In an experimental model of BCP-ALL, STAT5B gene expression has
also been targeted by epigenetics-based therapy using BET bromodomain inhibitors.
Bromodomain inhibition induces apoptosis in vitro, improves survival in a xenograft
model, and promotes downregulation of IL-7Ra (Ott etal., 2012). In addition, use of a
pan-BCL-2 inhibitor, navitoclax, demonstrated efficacy against STAT5B-mutated cells in

vitro (Kontro et al., 2014).

PIBK/AKT/mTOR Targeting

The PISBK/AKT/mTOR pathway can be targeted by inhibitors of PI3K, AKT, and
mMTOR, dual inhibitors targeting both PI3K and mTOR, or inhibition of other components
of the pathway including eukaryotic translation initiation factor 4E and phosphoinositide-
dependent protein kinase | (Rodon et al., 2013). Studies of PI3K and AKT inhibition
have focused on effects in experimental models of T-ALL. PI3K inhibitor NVP-
BKM120 induces apoptosis in cell lines and primary T-ALL cells and synergizes with
vincristine and doxorubicinin in vitro and in vivo (Lonetti etal., 2014). Conversely, while
the PI3K inhibitor AS605240 synergizes with glucocorticoids, it antagonizes
methotrexate and daunorubicin activity in cell lines, primary T-ALL cells, and murine
xenograft models (Silveira etal., 2015). Dual PI3K and mTOR inhibitors are also
effective against T-ALL cell lines and patient samples in vitro and are more effective
than individual inhibition of PI3K, AKT, or mTOR (Chiarini etal., 2010). Dual inhibitor
BEZ235 synergizes with dexamethasone in vitro and in vivo suggesting that targeting the
PIBK/AKT/mTOR pathway could modulate glucocorticoid resistance in T-ALL (Hall et

al., 2015). However, dual inhibitor P1-103 has been shown to cause upregulation of
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NOTCHL1 and c-myc; combining PI1-103 with c-myc or short-term NOTCH1 inhibition is
synergistic and leads to increased death of T-ALL cell lines (Shepherd et al., 2013). In
addition, inhibition of the PI3K pathway can led to activation of the FAK/NFKB/Bcl-2
pathway, suggesting that inhibition of PI3K may be paired with FAK inhibition for
greater efficacy (You et al., 2015).

AKT inhibition by GSK690693 is effective against both T-ALL and BCP-ALL
cell lines in vitro (Levy etal., 2009). AKT inhibitor MK-2206 decreases T-ALL cell
viability and induces apoptosis in leukemia-initiating cell populations (Simioni etal.,
2012). Combining three AKT inhibitors with different mechanisms of action led to
synergistic effects against T-ALL cell lines (Cani et al., 2015). AKT inhibition can also
lead to reversal of T-ALL glucocorticoid resistance as demonstrated in cell lines and
primografts in vitro as well as in several mouse models (Piovan et al., 2013).

Inhibition of MTOR has included studies in both T-ALL and BCP-ALL.
Rapamycin, the first mTOR inhibitor, is an allosteric inhibitor which does not fully
inhibit the MTORC1 and mTORC2 enzymes (Janes etal., 2013). Rapamycin shows
efficacy against xenografted BCP-ALL with mutated IL-7Ra and altered CRLF2
expression as well as Ph-like BCP-ALL and a transgenic model of BCP-ALL (Brown et
al., 2003; Maude et al., 2012). However, treatment with rapamycin alone is not
considered highly effective against T-ALL (Chiarini et al., 2010).

To improve on the efficacy of rapamycin, several other drug types have been
developed to target mTOR. Drugs targeting the active site of mTOR are effective against
both T-ALL and BCP-ALL cell lines (Evangelisti etal., 2011; Simioni etal., 2014).

More specific targeting of mTORC1 also induces apoptosis and autophagy in BCP-ALL
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cell lines and synergizes with AKT inhibitor MK-2206 (Neri etal., 2014; Simioni etal.,
2014). Alternatively, mTORCL1 activity can be targeted with metformin, an activator of
LKB1/AMPK which down-modulates mTORCL1 activity. Metformin was effective in
vitro against T-ALL cell lines, primary cells, and leukemia-initiating cells. There is
currently aclinical trial recruiting pediatric patients with relapsed ALL for treatment with
a combination of metformin and chemotherapy (NCT01324180) (Grimaldi et al., 2012).
In both T-ALL and BCP-ALL cell lines, inhibition of mTOR synergizes with
methotrexate and vincristine, potentially targeting leukemia-initiating cells (Evangelisti et
al., 2011; Teachey etal., 2008). In addition, inhibition of MTOR may synergize with
NOTCH1 or Bcl-2 inhibition as demonstrated in murine xenografts and T-ALL cell lines
and primary samples, respectively (Cullion et al., 2009; lacovelli et al., 2015).
In those T-ALL cases where PTEN inhibition by CK2 or ROS leads to activation of the
PIBK/AKT/mTOR pathway, antagonists of CK2 or ROS scavengers may help to increase
PTEN activity as suggested by results in T-ALL cell lines and primary cells (Buontempo

et al., 2014; Silva et al., 2008).

Conclusion: IL-7Ra signaling pathways are ideal therapeutic targets

In the search for targeted ALL therapies, genetic aberrations in the IL-7Ra
signaling pathways offer many potential opportunities for therapeutic intervention
(Figure 1). We believe that targeting the IL-7Ra signaling pathways could currently be
utilized as adjunctive, non-specific therapies for many leukemia patients, based on their
potential to reduce cellular proliferation and survival. However, the real promise of these

therapies lies in the (hopefully) near future, when each new case of pediatric leukemia
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will be sequenced. This will enable clinicians to target an individual leukemia’s specific
genetic lesions with specific IL-7Ra-targeted therapies. The appropriate therapy or
therapies will vary depending on the location of the genetic lesion within the signaling
pathway. For example, a BCP-ALL patient with over-expressed CRLF2 might be treated
by targeting multiple levels of the signaling pathway, including use of anti-TSLPR CAR
T-cells, monoclonal antibodies, JAK inhibitors, and/or dual PI3K/mTOR inhibitors. A
patient with AKT mutation might benefit from AKT or mTOR inhibition. As we move
forward, we will need to determine the best use of these therapies to minimize side
effects and maximize patient benefit. Perhaps someday, targeted therapy will enable
patients with IL-7Ra signaling pathway mutations to be treated with less intensive
chemotherapy, and relapsed patients or those patients that current therapies fail will be

successfully treated.

Figure 1. IL-7 pathway mutations provide potential targets for acute lymphoblastic
leukemia. In both T-ALL and BCP-ALL, mutations canoccur at many points within
the IL-7Ra signaling pathways (A). Aberrant signaling through these pathways
offers multiple potential therapeutic targets (B) (Cramer et al., 2016).
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Figure 1. IL-7 Pathway Mutations Provide Potential
Targets for Acute Lymphoblastic Leukemia
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Chapter 2: Mutations that collaborate with IL-7Ra signaling to
drive ALL

Mutant IL-7Ra is insufficient to drive T-ALL alone

It seems clear that IL-7R signaling plays an important role in normal lymphocyte
development and in supporting survival and proliferation of T-ALL cells, including those
cells without a genetic lesion in the signaling pathway. This makes the signaling
pathways ideal therapeutic targets. However, sole mutation in IL-7Ra does not seem
sufficient to drive leukemia formation on its own. The mutation did confer cytokine
independent growth to immortalized BaF3 and MOHITO cell lines (Shochat et al., 2011,
Zhang et al., 2012). When introduced to the immortalized thymocyte cell line D1, the
mutation caused leukemia/lymphoma (Zenatti etal., 2011). However, similar to work
shown in our laboratory, a study using bone marrow progenitors as well as common
lymphoid precursors demonstrated that T-ALL did not result when these cells were
transduced with mutant human IL-7Ra (Yokoyama et al., 2013). This is consistent with a
model of clonal evolution wherein mutations in the IL-7Ra signaling pathways are
considered a late event in the development of leukemia. The IL-7Ra mutations play a role
in clonal proliferation and survival, but they must be combined with other genetic lesions
that enable aberrant self-renewal for fulminant leukemia to develop (Tremblay and
Curtis, 2014). Based on these data, we hypothesized that mutant IL-7Ra requires

additional genetic mutations/ aberrations to induce T-ALL.
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Genes known to collaborate with mutant IL-7Ra to induce T-ALL

In the search for mutations that collaborate with mutant IL-7Ra., there were
multiple mutations that were known or likely collaborators (Table 1). Evidence from
patient data and/or experimental studies suggested that collaboration may occur between
mutant IL-7Ra and NRAS, TLX3, HOXA, Notchl, Arf, PHF6, WT1, and the PRC2

complex.

GTP binding protein: NRAS

NRAS is a GTPase that mediates effects of growth factor receptors by activating
multiple intracellular signaling pathways including the MAPK and PI3K pathways. RAS
proteins are one of the most commonly mutated genes across human cancers (Ward et al.,
2012). NRAS mutations have been reported to occur in 2/57 (4%) of pediatric patients and
4/18 (22%) of T-ALL cell lines (Kawamura et al., 1999). In another study, NRAS and
KRAS mutations together were shown to be present in 15% of ALL patients, including B-
ALL and T-ALL patients (Perentesis et al., 2004). With newer technologies, higher rates
of NRAS mutation are reported, around 25% (Kalender Atak etal., 2012; Oshima etal.,
2016). In patients with Downs syndrome, 15/42 (35.7%) had a mutation in NRAS or
KRAS (Nikolaev et al., 2014). RAS pathway mutations had a high prevalence in cases of
high-risk, relapsed ALL, and RAS mutations showed heterogeneous clonal evolution
(Oshima et al., 2016). From a collaborative standpoint, mutations in NRAS may enable

proliferation, survival, and aberrant self-renewal (Li etal., 2013).
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Table 1: Patient and experimental data supporting collaboration between mutant IL-
7Ra and other genes

Potential
Collaborative
Genes

Expected
Vital
Collaborative
Role

Evidence for
collaboration in
patients

Evidence for
collaboration in
experiments

GTP binding Self-renewal | Concurrent mutations | None known
protein: NRAS in NRAS and IL-7Ra
signaling pathways
occurred in a subset of
T-ALL patients
Homeobox Self-renewal | Patients with mutant None known
transcription IL-7Ra were more
factors: HOXA likely to be in HOXA
and TLX3 or TLX3 genetic
(HOX11L2) subgroups
Developmental | Self-renewal | None known Combination of
regulator: activated Notchl with
NOTCH1 mutant h1L-7Re in bone
marrow progenitor cells
led to T-ALL in mice
Cell cycle Self-renewal | Concurrent CDKN2A | Transduction of Arf-/-
regulator: deletion and IL-7Ra primary immature
ARF- signaling pathway murine thymocytes with
(CDKN2A mutations occurred in | mutant hIL-7Ra caused
locus) asubset of ETP-ALL | ETP-ALL in mice
patients
Epigenetic Enhanced Patients with mutant None known
regulators: STATS IL-7Ra were more
PHF6/ binding likely to have
WT1/PRC2 mutations in PHF6,
WT1, or PRC2

Evidence of collaboration with IL-7Ra signaling pathway

Analysis of T-ALL patient samples showed that 10/24 patients with mutations in

N-Ras/K-Ras/NF1 had concurrent mutations in the IL-7Ra signaling pathway. Using a
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combination of MEK inhibition and PI3K/AKT/mTOR inhibition had synergistic effects
in vitro (Cante-Barrett etal., 2016a). Concurrent mutations in NRAS have also been
identified in 2/15 Philadelphia chromosome-like B-ALL patients with mutations in IL-
7Ro. (Roberts etal., 2014). Prior experiments to assess the effects of combining mutant

NRAS and mutant IL-7Ra have not been performed to our knowledge.

Homeobox transcription factors: HOXA and TLX3

The HOXA gene cluster is a group of class I homeobox genes containing four
gene clusters located on four separate chromosomes, while TLX3 is a class 11, NKL
homeobox gene that is isolated and non-clustered (Argiropoulos and Humphries, 2007;
Homminga et al., 2012). In general, homeobox genes encode transcription factors that are
involved in many facets of development (Argiropoulos and Humphries, 2007). Members
of the HOXA gene cluster are normally expressed during early T-cell development
(Argiropoulos and Humphries, 2007; Lawrence et al., 1997; Taghon et al., 2003). TLX3 is
not expressed in normal hematopoietic cells (Ballerini etal., 2002; Dadi et al., 2012;
Nagel etal.,, 2017). Dysregulation of these homeobox genes leads to distinct gene
expression patterns that can be used to subgroup T-ALL patients (Meijerink, 2010).
Interestingly, dysregulation of the HOXA gene cluster and TLX3 caused relatively similar
gene expression profiles (Soulier etal., 2005; Zenatti et al., 2011).

The HOXA gene cluster is activated by translocation in less than 10% of T-ALL
patients (Meijerink, 2010). Translocations may lead to overexpression by juxtaposing the
gene cluster with TCRp or BCL11B (Cauwelier et al., 2007; Speleman et al., 2005; Su et

al., 2006b). In addition, HOXA gene cluster dysregulation may occur in T-ALL cases
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with MLL, CALM-AF10, or SET-NUP214 fusions (Bergeron et al., 2006; Soulier etal.,
2005; Van Vlierberghe et al., 2008b). TLX3 dysregulation occurs in approximately 15-
25% of pediatric T-ALL patients, typically in association with the cryptic translocation
t(5;14)(935;032.2) that juxtaposes TLX3 with BCL11B (Ballerini et al., 2002; Bernard et
al.,, 2001; Cave etal., 2004; MacLeod et al., 2003; Noronha et al., 2016; Su et al., 2006b).
Other chromosomal translocations leading to overexpression of TLX3 have been
identified, including t(5;7)(935;021), t(2;5)(p21;935), and t(5;10)(g35;g21) (Su et al.,
2004). Expression of TLX3 has been shown in up to 60% of pediatric T-ALL patients
(Mauvieux etal., 2002). As to the potential collaborative role of the HOXA gene cluster
and TLX3, dysregulation of these genes has been postulated to enable self-renewal,
contributing to the formation of pre-leukemic stem cells (Argiropoulos and Humphries,

2007; Tremblay and Curtis, 2014).

Evidence of collaboration with IL-7Ra signaling pathway

In patients with mutant I1L-7Ra, the HOXA and TLX3 subgroups were over-
represented, with 5/17 patients in the HOXA oncogenetic group and 4/17 in the TLX3
subgroup. The increased representation was more striking for the HOXA subgroup than
the TLX3 subgroup (Zenatti et al., 2011). A second study analyzing the genetic
sequences of 155 T-ALL patients confirmed that IL-7Ra mutation was more common in
both the HOXA and TLX3 subgroups (Vicente et al., 2015). A third study showed that
TLX patients had a high prevalence of IL-7Ra mutation (Cante-Barrett et al., 2016a).

From an experimental standpoint, murine bone marrow cells transduced with

retroviral vectors expressing TLX3 did not survive in vivo (Su et al., 2006a). However,
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prior experiments assessing collaboration between TLX3 expression or HOXA gene

cluster overexpression with mutant IL-7Ro have not been performed to our knowledge.

Developmental gene: NOTCH1

NOTCHL1 is a member of the NOTCH family of cell surface receptors that have
multiple developmental roles. In the thymus, Notchl signaling drives commitment to the
T-cell lineage (Bray, 2016; Gonzalez-Garcia etal., 2012). Activating mutations in
NOTCH1 have been identified in more than 50% of T-ALL patients, making it one of the
most commonly mutated genes in T-ALL (Breit et al., 2006; Weng et al., 2004).
NOTCHL1 activation leads to transcriptional activation of multiple target genes, and IL-
7Ro.is notably one of its transcriptional targets (Garcia-Peydro etal., 2006). Active
NOTCH1 induces the IL-7Ra signaling pathway by binding to the /L7Ra promoter,
regulating its transcription (Gonzalez-Garcia et al., 2009). NOTCH1 mutation is used
experimentally to drive T-ALL formation (Chiang etal., 2008; Oshima etal., 2016;
Yokoyama etal., 2013). Collaboratively, NOTCH1 mutation would be expected to
encourage cell growth, proliferation, and differentiation, and it may encourage self-

renewal in early T-cells (Gerby et al., 2014; Palomero etal., 2006; Yuan etal., 2011).

Evidence of collaboration with IL-7Ra signaling pathway

To our knowledge, studies have not been performed that focus on assessing the
coincidence of mutations in NOTCH1 and IL-7Ra signaling pathway members in patients
with ALL. However, experiments in mice suggest that the two mutations act

collaboratively. Injection of lineage negative bone marrow cells transduced with a
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combination of IL-7Ra mutant and active NOTCHL1 into congenic recipient mice led to
development of CD4+*CD8* leukemia/lymphoma. The combination of mutations caused
more rapid disease onset than active NOTCH1 alone, suggesting that mutant IL-7Ra«

enhanced the leukemogenic activity of NOTCH1 (Yokoyama et al., 2013).

Cellcycle regulator: Arf

The CDKN2A locus is vital in cell cycle regulation as it produces both p16INK4
and p14ARF (p19ARF in mice). The cell cycle regulator p14ARF acts as a tumor
suppressor by activating p53 and binding MDMZ2 to stabilize p53, enabling cell cycle
arrest (Carrasco Salas etal., 2016). Deletion of the chromosomal region 9p21 occurs in a
high percentage of T-ALL cases with resultant loss of the CDKN2A/B locus (Bertin et al.,
2003; Hebertet al., 1994; Vicente et al., 2015). Further supporting the role of Arfasa
tumor suppressor, Arf/- mice developed a variety of spontaneous cancers including
thymoma, lymphoma, fibrosarcoma, and carcinoma within six months of age (Kamijo et
al., 1997). Thymocytes from Arf--mice had increased self-renewal capacity suggesting
that loss of Arf may enable self-renewal as a collaborative mutation (Treanor etal.,

2011).

Evidence of collaboration with IL-7Ra signaling pathway
A screen of genetic aberrations in pediatric human cases of ETP-ALL showed
that, of 54 total patients, 5 had activating IL-7Ra mutations, and two of these five had

concurrent CDKN2A/B deletion (Zhang et al., 2012).
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Experimentally, loss of Arf combined with expression of mutant hlL-7Ra has
been shown to induce early thymic precursor ALL (ETP-ALL). Immature double
negative (CD4-CD8-) Arf/-thymocytes were transduced with retroviral vectors
containing mutant hlL-7Ra. After 20 days of culture on OP9-DL1 stromal cells, cells
were blocked at the double negative 2 stage and showed high expression of the leukemia-
associated transcription factor LMO2 (Treanor et al., 2014). When these thymocytes were
injected into mice, recipient animals developed leukemia with variable phenotypes. A
subset of mice developed leukemia with a myeloid morphology that expressed the
myeloid markers Grl and myeloperoxidase. Another subset had leukemia with erythroid
morphology that expressed the erythroid marker CD71. In both cases, the leukemic cells
also expressed intracellular CD3, suggestive of an ETP-ALL-like phenotype (Treanor et
al., 2014). Assessment of T-cell receptor rearrangements showed that the resultant
leukemias were monoclonal, suggesting that additional collaborating mutation(s) may
have encouraged outgrowth of a single clone. Similar to cultured cells, leukemic cells
expressed high levels of LMO2, as well as decreased levels of BCL11B; alterations in the
expression of these transcription factors may have caused developmental block enabling
development of the ETP-ALL phenotype from immature thymocytes. Assessment of
human pediatric cases of ETP-ALL showed similar gene expression differences (Treanor

etal., 2014).

Epigenetic regulators: PHF6/WT1/PRC2 complex
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PHF6

PHF6 is a chromatin adaptor protein that is thought to act as an epigenetic
regulator with a role in regulating gene transcription (reviewed by Todd et al.) (Liu etal.,
2015; Todd MA1, 2015; Todd and Picketts, 2012). Multiple studies have identified
mutations in PHF6 in pediatric T-ALL and ETP-ALL (Chao etal., 2010; Huether et al.,
2014; Kalender Atak etal., 2012; Van Vlierberghe et al., 2010; Wang et al., 2011a; Yoo
etal., 2012; Zhang etal., 2012). In pediatric T-ALL, the frequency of PHF6 mutations
was between 5.4 and 16%; mutations were more frequent in adult T-ALL (Kalender Atak
etal., 2012; Van Vlierberghe etal., 2010; Wang etal., 2011a). PHF6 is an X-linked gene,
and mutations have been reported to be more common in males, though results of one
study did not show a sex difference in mutation incidence (Van Vlierberghe et al., 2010;
Wang etal., 2011a). The mutations seemed to be more common in patients with the
TLX3 and TLX1 subtypes of T-ALL (Van Vlierberghe etal., 2010). PHF6 mutation is
not thought to impact prognosis (Wang et al., 2011a). Consistent with a role as tumor
suppressor gene, mutations were most commonly loss-of function and included nonsense,
frameshift, truncating, and missense mutations; PHF6 deletions were less common
(Huether et al., 2014; Van Vlierberghe etal., 2010; Wang etal., 2011a). Expression of
PHF6 may also be impacted by miRNA and DNA methylation (Kraszewska etal., 2012;

Mavrakis et al., 2011; Mets etal., 2014).

Wilms’ tumor-1 protein (WT1) is a transcription factor thought to have both

oncogenic and tumor suppressor effects, dependent on context. Recently, WT1 has been
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shown to have a role in epigenetic modification in AML, and it may also impact cell
cycle progression (Rampal and Figueroa, 2016; Shandilya and Roberts, 2015). WT1
mutations and deletions have been identified in T-ALL and ETP-ALL (Tosello etal.,
2009; Van Vlierberghe et al., 2008a; Zhang et al., 2012). Genetic aberrations effecting
WT1 occurred in 13.2% of pediatric patients with T-ALL and were significantly more
common in TLX1, TLX3, and HOXA subgroups of patients, with 85% of WT1 cases
having aberrant expression of a HOX gene (Tosello et al., 2009). WT1 mutation did not
appear to impact prognosis (Tosello etal., 2009). Loss-of-function mutations identified
include frameshift, missense, and nonsense mutations as well as deletions, and WT1

genetic lesions were often heterozygous (Tosello et al., 2009).

PRC2 Complex (EZH2, SUZ12,and EED)

Polycomb repressive complexes (PRC) are chromatin repressor complexes that
regulate gene expression across many developmental pathways. There are two separate
complexes, PRC1and PRC2, and PRC2 contains the genes EZH2, SUZ12,and EED as
well as others (Schwartz and Pirrotta, 2008). Most studies suggest that PRC2 genes act as
tumor suppressors in T-ALL. Mutations in PRC2 genes were identified in 25% of T-ALL
cases and a high proportion of ETP-ALL cases (Ntziachristos etal., 2012; Zhang et al.,
2012). Another study showed much lower rates of EZH2 mutations (1.3%) in pediatric
ALL cases, though single nucleotide polymorphisms were identified in a higher
percentage of patients (17.1%), and EZH2 promoter hypermethylation was present in
60% of samples (Schafer et al., 2016). In T-ALL, loss-of-function mutations in EZH2 and

SUZ12 included truncating, missense, substitution, and frameshift mutations as well as
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recurrent deletions (Huether etal., 2014; Ntziachristos et al., 2012). Transgenic mice with
deletion of Ezh2 (enhancer of zeste homolog 2) in hematopoietic cells develop T-ALL
(Simon etal., 2012). Mice with hypomorphic eed expression are more susceptible to N-

methyl-N-nitrosourea-induced thymic lymphoma (Richie et al., 2002).

The actual role of epigenetic regulators such as PHF6, WT1, and the PRC2
complex in T-ALL oncogenic collaboration is not known. However, it has been
hypothesized that these mutations may result in altered chromatin conformation,
increasing availability of STATS for mutant IL-7Ra pathway signaling (Vicente et al.,

2015).

Evidence of collaboration with IL-7Ra signaling pathway

Mutational profile analysis of T-ALL and ETP-ALL cases showed significant
association between IL-7Ra pathway mutations and mutations in the epigenetic
regulators PHF6, WT1, and the PRC2 complex (Vicente etal., 2015; Wang et al., 2011a;
Zhang et al., 2012). One study used PCR and sequencing to analyze 96 patients (pediatric
and adult) with T-ALL, assessing frequency of PHF6 mutation/deletion as well as
frequency of several other T-ALL-associated mutations. There was a significant
association between PHF6 mutation and mutations in the IL-7Ra signaling pathway
member, JAK1 (Wang et al., 2011a). In a later study, samples from 111 children and 44
adults with T-ALL were analyzed using Haloplex enrichment to sequence the coding
regions of 115 known or candidate T-ALL driver genes. From this analysis, patients with

a mutation in the IL-7Ra signaling pathway were significantly more likely to also have
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mutations in PHF6 (34.9% vs 13.4% with wild type IL-7Ra pathway), WT1 (30.2% vs
8.9% WT IL-7Ra), and PRC2 complex (27.9% vs 13.4% with WT IL-7Ra). Whole
genome or whole exome sequencing of patients with ETP-ALL and T-ALL showed
several examples of concurrent mutations within the IL-7Ra signaling pathway and
PHF6, WT1, and the PRC2 complex (Oshima etal., 2016; Zhang etal., 2012).

To our knowledge, successful in vitro and in vivo experiments have not been
performed to assess the interaction of these genes with mutant IL-7Ra (Holmfeldt and

Mullighan, 2010).

Reviewing the roles of known collaborative partners

Evidence from in vitro and in vivo studies suggests that IL-7Ra signaling supports
both normal and malignant lymphocytes by inducing cell proliferation and survival.
However, collaborating genetic lesions seemto be required to drive leukemia formation.
Collaborative partners would be anticipated to include genetic lesions that enable
aberrant self-renewal and/or those that alter epigenetic regulation (Tremblay and Curtis,
2014). Consistent with this model, experimental data support collaboration between
mutant hIL-7Ra and mutations supporting self-renewal including NOTCH1, and Arf.
Patient data support collaborations with self-renewal-inducing TLX3, HOXA, and NRAS

as well as the epigenetic regulators PHF6, WT1, and the PRC2 complex.
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Exploring mutant IL-7Ra oncogenic collaboration: Project outline and goals

This overview of known collaborative genes highlighted several genetic lesions
which patient data suggested might collaborate with mutant IL-7Ra, but for which
supportive experimental evidence was lacking. These genetic lesions included TLX3
expression, HOXA overexpression, and NRAS mutation, as well as loss of the epigenetic
regulators PHF6, WT1, and PRC2. The need for experimental evaluation of these
potential collaborators combined with the lack of knowledge regarding the effects of
mutant IL-7Ra signaling on T-cell development led to the construction of this project. In
our focus on collaboration, we chose to focus on those genes that would be expected to
behave as oncogenes (TLX3, HOXA, and NRAS). From this, we developed two specific

aims:

1. Evaluate the effect of human IL-7Ra gain-of-function mutation (IL-7Ra GOF) on
T-cell development and differentiation
2. Explore genetic lesions that may collaborate with mutated IL-7Ra to cause T-cell

acute lymphoblastic leukemia formation

Results of experiments addressing the first specific aim are described in Chapter 3.
Results from experiments addressing the second specific aim are addressed in Chapters 4
and 5.

We believe that understanding the effects of mutant IL-7Ra signaling on normal
T-cell development might help to better understand its oncogenic effects. Furthermore,

experimental investigation of potential oncogenic collaborations is vital to the
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development of targeted therapies. We considered induction of leukemia would be the
best indicator as to whether a certain combination of genes was sufficient to drive
neoplastic transformation. This approach does not take into account our current
understanding of the natural history of leukemia development, which is that fulminant
leukemia likely evolves from pre-leukemic stem cells over time. Our studies have
focused on the relevance of IL-7Ra mutation to T-ALL. However, mutations in IL-7Ra
have also been found in B-ALL and ETP-ALL (Chapter 1), suggesting that the results
from our experiments may have implications for these diseases as well. Understanding
collaborative networks will enable clinicians to target driver mutations and tailor therapy
to the genetic lesions present in each leukemia (Cramer et al., 2016; Hunger and

Mullighan, 2015; Mullighan and Hunger, 2013).
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Chapter 3: Effects of mutant /L-7Ra on T-cell development

Introduction

The effects of normal IL-7Ra signaling in T-cells have been well-characterized,
with signaling supporting survival and proliferation of both developing and mature T-
cells (see Chapter 1). The effects of mutant IL-7Ra signaling on T-cell development are
less well understood. Work in our lab has shown that the mutant IL-7Ra-GOF found in
pediatric T-ALL has constitutively active signaling in the absence of normal signaling
partners JAK3 and vy in leukemic cells (Zenatti etal., 2011). The effect of this
constitutive activation in normal immature T-cells is unknown. Another laboratory has
investigated the effects of IL-7Ra-GOF mutation in progenitor cells by using bone
marrow stem cells that were grown on OP9-DL1 stromal cells to an early T-cell
progenitor stage of development. When these cells were transduced with mutant IL-7Ra
and injected into BALB/c mice, recipient animals did not develop disease (Yokoyama et
al., 2013). When bone marrow cells were transduced without first maturing on OP9-DL1
stromal cells, cells caused myeloproliferative disease in recipient mice (Yokoyama et al.,
2013). In other studies of the effects of mutant IL-7Ra on development, it is only when
the mutation is combined with other genetic lesions that it induces disease, as reviewed in
Chapter 2 (Treanor etal., 2014; Yokoyama etal., 2013). Better understanding of the
developmental effects of mutant IL-7Ra on T-cell development could help to explain the

role of the mutation in leukemogenesis.

Establishing techniques
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Before addressing the hypothesis and specific aims of this project, experimental
techniques needed to be established. Since T-ALL is thought to arise from immature
thymocytes, a reasonable approach seemed to be transducing primary murine cells with
retroviral vectors to assess the developmental and collaborative effects of genetic lesions.
However, cells would need to be cultured to enable transduction, and transduction of
primary cells can be difficult. Experiments were performed to compare two culture
systems, the OP9-DL4 stromal cell system and the cell-free DL4 protein system. OP9-
DL4 cells originated from murine bone marrow stromal cells were created by the Zuniga-
Pflucker laboratory (shared under a material transfer agreement). These stromal cells
were engineered to express the NOTCH1 ligand DL4 to drive T-cell differentiation in the
presence of media containing IL-7 and FLT-3L. The culture system has been used
successfully for multiple years (Holmes and Zuniga-Pflucker, 2009). The DL4 protein
cell-free system relies on recombinant DL4 protein bound to the culture well to drive T-
cell differentiation. This technique was shared by the Rolink laboratory, and has only
recently been published (Gehre etal., 2015).

We also compared three preparations of lineage-depleted murine thymocytes and
one lineage-depleted murine bone marrow cell preparation to determine the ideal starting
cell preparation. While transduction of primary cells required in vitro techniques, we
planned to perform the majority experiments in vivo. In vivo work would be performed
by injecting transduced cells into sub-lethally irradiated Ragl”-mice. This is an
immunocompromised strain that would not be expected to mount an effective immune

response against injected cells. In vivo experiments were expected to give insights into

39



the developmental effects of mutant IL-7Ra and were considered the best method to

determine the leukemogenic capacity of mutation combinations.

Normal T-cell development

In health, T-cells develop in the thymus from progenitor cells that originate in the
bone marrow and travel hematogenously to the thymus. Initially, cells do not express the
maturation markers CD4 or CD8 (double negative, hereafter abbreviated DN). These DN
populations can be further subdivided into four developmental stages based on expression
of CD25 and CD44. The most immature cells are CD25-CD44* (DN1). Cells then
become CD25*CD44+ (DN2) before losing CD44 expression (DN3). Loss of CD25
expression defines the DN4 stage (CD25-CD44-). Cells then progress through an
immature CD4* or CD8* stage to a CD4*CD8* (double positive/ DP) stage. Lastly, cells
become mature CD4* or CD8* cells (Hong etal., 2012). T-cell dependence on IL-7
signaling is stage-specific. Cells express IL-7Ra at the DN2 and DN3 stages, then lose
receptor expression in the DN4 and DP stage. Upon maturation into CD4* or CD8* cells,
the receptor is again expressed (Hong etal., 2012). It is thought that down-regulation of
the receptor at the double positive stage is important in enabling apoptosis of T-cells that
do not undergo successful positive selection (Hong et al., 2012). Once thymocytes have
matured through positive selection, IL-7 signaling also appears to play arole in
differentiation of T-cells into single positive cells. Signaling appears to favor
development of CD8* cells rather than CD4* cells. CD4* cells undergoing lineage
commitment do not respond to IL-7 signaling, and signaling has been shown to induce

silencing of CD4 genes (Hong et al., 2012; Parket al., 2010; Yu etal., 2003). Based on
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this, we hypothesized that constitutive signaling by the mutant IL-7Ra might drive CDS8
lineage commitment in immature thymocytes.

Given that earlier experiments had shown that BALB/c mice injected with mutant
IL-7Ra T-cell progenitors did not develop disease, it was not clear whether in vivo
experiments would yield results (Yokoyama etal., 2013). However, our experimental
approach differed from those experiments in the cell of origin and the strain of mice used
as recipients. To generate hypotheses as to the in vivo effects of mutant IL-7Ra signaling
on T-cell development, a search of the literature revealed that IL-7 signaling can be
important in regulating the balance between T cells and Th17 cells. Both cell
populations arise from CD4* cells, and development of one population seems to be
balanced by development of the other in health (Diller et al., 2016; Joller et al., 2014).
Th17 cells may incite inflammation and autoimmunity, while T cells typically actto
limit the immune response (Diller et al., 2016; Rodriguez-Perea et al., 2016). A mouse
model of recurrent pregnancy loss showed that IL-7 signaling was important in the
development of Thl7-associated inflammation and dampened T4 responses (Wu et al.,
2016). In amodel of ocular autoimmune disease, IL-7 signaling was important for
maintaining Th17 populations (Chen et al., 2016). Similarly, in experimental autoimmune
encephalitis, 1L-7 signaling is important in maintaining Th17 cell survival (Liu et al.,
2010). From this, we hypothesized that mutant 1L-7Ra might shift the Treg-Th17 balance

in favor of Th17 cells in vivo.

Materials and Methods

Thymocyte transduction and culture
41



Thymocytes were harvested from 3-6 week old C57B1/6J female donor mice by
first mechanically dissociating the tissue into a single cell suspension. Cells were then
bound to CD4 and CD8 microbeads (Miltenyi) and passed through an LD column
(Milteny1) to isolate double negative cells according to the manufacturer’s mstructions.
Resulting double negative cells were cultured on OP9-DL4 bone marrow stromal cells for
1 day, then transduced twice with retroviral vectors with approximately 18 hours between
transductions. Thymocytes were transduced by spinoculation (centrifugation at 2000 rpm
for 60 minutes) with addition of 8ug/ml polybrene (Chemicon) to the transduction
solution. After transduction, thymocytes were maintained on OP9-DL4 cell culture for an
additional 7-8 days prior to injection into mice to allow for expansion of cell numbers.

Retroviruses were generated using Phoenix-Eco packaging cells (Orbigen).
Phoenix cells were cultured in DMEM containing glucose, L-glutamine, and sodium
pyruvate (Corning), with 50 ml of fetal bovine serum added to every 500 ml of DMEM.
Phoenix cells were transfected with pMIG plasmids containing wild type hiL-7Ra,
mutant hIL-7Ra, cDNAS of, hlL-7Ra mutant were subcloned into pMIG vector by
gateway cloning or PCR cloning methods by Wenqing Li. The hlL-7Ra mutant sequence
was ¢.731_732insTTGTCCCAC, based on the mutation in subject P2 and was confirmed
by sequencing previously by our laboratory (Zenatti et al., 2011). Thymocytes for the IL-
17 reporter experiment were performed using a transgenic mouse designed to have IL-
17a expression linked to TdTomato and IL-17f expression linked to GFP using bacterial
artificial chromosome technology (Shen et al., 2014).

Transfection was performed using lipofectamine (Invitrogen) and OPTI-MEM |

reducing serum medium (Invitrogen) 48-72 hours prior to thymocyte transduction.
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Phoenix cell supernatants containing retroviruses were filtered using a 0.45 pum syringe
filter (Millex) prior to transduction of thymocytes. OP9-DL4 cells were cultured
according to published guidelines used for culture of OP9-DL1 cells and were cultured in
MEM-alpha medium (Gibco). For 500 ml of media, the following additives were
included: 50 ml fetal bovine serum (GE life Sciences), 3 ml fresh (frozen to maintain
freshness) L-glutamine (Sigma), 0.5 ml 2-mercaptoethanol (Gibco), and 2.5 ml penicillin/
streptomycin (Gibco). When thymocytes were added to culture, growth was supported by
the addition of 5 ng/ml mIL-7 and 5 ng/ml hFLT-3L (Peprotech) (Holmes and Zuniga-
Pflucker, 2009).
Animal Experiments

Transduced cells were injected into sub-lethally irradiated, 6-15 week old, female
Ragl”- mice via tail vein in a concentration and volume of 5 x105 cells/ 200 W/ mouse.
Recipient mice were prophylactically treated for 3 days with SMZ antibiotics (0.08mg/ml
in drinking water) either immediately prior to irradiation. Animals were monitored by a
single, experienced technician for consistency (T.B.) and euthanized at the onset of
clinical signs. Clinical signs included hunching, dyspnea, reduced ambulation, rough hair
coat, crusted skin (in the mutant IL-7Ra-only group), or moribund status. Peripheral
blood was collected immediately prior to euthanasia. Animals that required euthanasia for
causes not related to development of experiment-associated disease (i.e. tail caught in
caging, inner ear infection, fighting-associated skin lesions) were censored from
experimental results. Technicians performing monitoring were not blinded to

experimental groups.
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Passage of untouched (Invitrogen trademark term) CD4* and CD8* inflammatory
cells was performed using fresh spleens from mice injected with mutant IL-7Ra-only
cells that had developed clinical disease. Spleens were mechanically dissociated, red
blood cells were lysed, and cells were then depleted of lineage-expressing cells using the
Invitrogen Dynabeads untouched mouse CD4 and untouched CD8 kits according to
manufacturer’s instructions (Invitrogen). These kits include magnetic beads bound to
CD11b, CD16/32, Ter-119, and CD45R as well as CD8 and CD4, respectively.
Untouched cells were suspended at 4-5 x 10° cells/ 200 pl PBS (dependent on cell yield),
and injected into sub-lethally-irradiated Ragl--recipients.

Serum Cytokines

Serum from mice was submitted for the mouse cytokine array/ chemokine array
31-plex to Eve technologies (Calgary, Canada). Analysis of cytokine levels was
performed using a laser bead multiplex technology, assessing levels of the following
cytokines: Eotaxin, G-CSF, GM-CSF, IFNy, IL-1a, IL-1p, IL-2, IL-3, IL-4, IL-5, IL-6,
IL-7, IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-15, IL-17A, IP-10, KC, LIF, LIX,
MCP-1, M-CSF, MIG, MIP-1alpha, MIP-1beta, MIP-2, RANTES, TNFa, and VEGF.
Flow Cytometry

Thymus, spleen, and bone marrow were manually dissociated to single cell
suspensions. Liver was dissociated using a Stomacher tissue lyser. Lungs were digested
in a solution of 0.25 WU/mL TM liberase (Roche) in 2% glucose PBS. After placing
dissected lobes in 3 ml of digestion solution in a C tube (Miltenyi), dissociation was
performed using the Miltenyi gentleMACS Lungl program. Dissociated lungs were

incubated for 30 minutes at 37 degrees Celsius. Then, tissues were further dissociated
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using the Lung 2 program. Red blood cell lysis was applied to these tissues as well as to
peripheral blood using ACK Lysing Buffer (Lonza). Resultant suspensions were stained
with Zombie Red live/dead fixable stain (Biolegend) for 15 minutes at room temperature.
Then, CD16/32 Fc receptor block (93) was applied at a 1:400 dilution for 10-15 minutes
(Biolegend). Cocktails of fluorochrome-conjugated antibodies were applied to cells for
15 minutes on ice, including the following antibodies: anti-Thyl.2 APC-Cy7 (30-H12),
anti-CD4 PE-C7 (GK1.5), anti-CD8 Brilliant Violet 421 (53-6.7), anti-CD44 PerCP-
Cy5.5 (IM7), anti-CD25 Brilliant Violet 650 (PC61), anti-TCRp Alexa Fluor 700 (H57-
597), anti-CD3 Brilliant Violet 421 (17A2), anti-Ly6G Pe-Cy7 (1A8) from Biolegend;
anti-CD11b PerCP-Cy5.5(M1/70), anti-B220 APC (RA3-6B2) from BD Biosciences.

Fluorescence minus one (FMO) labeling was used for controls (Figure 2). Cells were then

Figure 2: Gating strategy for flow cytometric analyses. Cells were gated to exclude
debris using FSC-A v. SSC-A, then doublet exclusion was performed using FSC-A v.
FSC-H. Next, a live-dead stain was used to exclude dead cells. For assessment of CD4
and CD8 populations (A), live cells were assessed for GFP+ populations. GFP+ cells
were analyzed based on Thyl.2+ expression. Thyl.2+ cells were gated based on CD8
and CD4 expression. CD8 single positive cells were analyzed for TCRp expression.
Fluorescence minus one (FMO) controls are shown below each gate. The FMO for GFP
and Thy1.2 is blue, and the labeled populations are red. The CD4 FMO is blue, and the
CD8 FMO is red. The TCRB FMO is blue, and the labeled population is red (A). Gating
for human IL-7Ra and GFP on the cell line is shown in B. Cells were gated to exclude
debris using FSC-A v. SSC-A, then assessed for expression of hIL-7Ra. Unstained
cells as a labeling control are shown below in blue, and the labeled population is red
(B). Gating for CD11b expression of Hoxa-IL-7Ra-GOF cells is shown in C. Cells
were gated to exclude debris using FSC-A v. SSC-A, then doublet exclusion was
performed using FSC-A v. FSC-H. Next, a live-dead stain was used to exclude dead
cells. Live cells were assessed for GFP+ populations. GFP+ cells were assessed for
CD11b expression (C). FMO control is shown below in blue with CD11b labeled
populations in red. Gating for Treg cells (D) began with FSC-A v. SSC-A, then FSC-A
v. FSC-H, and selection of live cells. CD4+ populations were then gated, and
expression of FoxP3 and CD25 were assessed. CD4 FMO is in blue, and GFP FMO is
in red. FoxP3 FMO is in blue, and CD25 FMO is in red.
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fixed in stabilizing fixative (BD Biosciences) for 30 minutes. Fixative was removed, and
flow cytometric analysis was performed on an LSRIISORP cytometer with FACS DIVA
software. Data analysis was performed using FlowJo (Tree Star, Inc.). Flow cytometry
was performed on fresh tissues for intracellular staining and for those experiments
assessing 1L-17 expression linked to TdTomato.

Intracellular labeling was performed using either BD biosciences intracellular
labeling kit (IL-17-producing cells) or Biolegend TruNuclear Fixation kit (Tq cells). The
following antibodies were used: anti-FOXP3 AlexaFluor 647 (150D), anti-CD25 Brilliant
Violet 650 (PC61), anti-CD4 Brilliant Violet 421 (GK1.5), anti-IL-17a Brilliant Violet
650, anti-TCRyo Pe-Cy7, anti-CD4 APC, anti-CD8 APC, and anti-CD45 PerCP
(Biolegend). For IL-17 labeling, cells were processed, then stimulated with PMA (50
ng/ml) and lonomycin (1pg/ml; Sigma) for 4 hours at 37 degrees Celsius in the presence
of GolgiStop protein transport inhibitor (BD Biosciences) prior to labeling for
intracellular 1L-17.

Histopathology, Immunohistochemistry, and Digital Slide Analysis

Tissues were fixed in 10% neutral buffered formalin and transferred to 70%
ethanol after complete fixation. Samples were trimmed, paraffin-embedded, sectioned,
and stained with hematoxylin and eosin according to standard histotechnological
procedures.

Immunohistochemistry was performed by the Pathology/ Histotechnology
Laboratory using previously optimized protocols. Immunohistochemistry utilized anti-
GFP antibody (Abcam ab6556) at 1:1000 dilution with proteolytic digestion using

proteinase K (DAKO) incubated overnight at 4 degrees C; anti-CD3 antibody (Bio-Rad
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#MCA1477) at 1:100 dilution incubated for 60 minutes with heat-induced epitope
retrieval using citrate (Leica Biosystems) for 20 minutes; and anti-ki67 antibody (Abcam
#ab16667) at 1:100 dilution incubated for 30 minutes with heat-induced epitope retrieval
using citrate for 20 minutes. For all protocols, DAB (Sigma & Leica Biosystems) was
used as the chromogen, and hematoxylin (Leica Biosystems) was used as a counterstain.

Slides were digitalized using an Aperio AT2 slide scanner (Leica) ata
magnification of 20x. Digital slides were viewed in ImageScope (Aperio), and digital
slides were used to generate images of the tissues. Digital image analysis of ki67 labeling
was performed using an optimized Aperio Nuclear v9 algorithm.
Ligation-Mediated PCR

Oncogenes were transfected using retroviral vector and thus each original cell
carried a unique molecular barcode that could be used to assess clonality by identifying
the frequency of retroviral integration as described previously (De Ravin etal., 2016;
Maldarelli et al., 2014). The integration sites were cloned from 5LTR-genomic junction
using primers specific for the vector used in this study (MFGS5LTR,
5S’ATGGCGTTACTTAAGCTAGCTTG 3, MFGSSLTRnest,
CAAACCTACAGGTGGGGTCTTTC 3’). Integration site junctions were mapped to
mouse genome build mm210. Frequency of each clone was calculated as the percentage

of read numbers for each integration sites out of total mapped reads.

Statistics

For most studies, statistics were performed using GraphPad Prism version 6.00

for Windows (GraphPad Software, La Jolla, CA). To compare more than two groups,
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Kruskall-Wallis analysis was performed, and the Mann-Whitney test was used to
compare two groups. Survival curve analysis was performed using the Log-rank test.
For the limiting dilution studies, extreme limiting dilution analysis was performed using
software from the Walter and Eliza Hall Institute of Medical Research, available at the

following website: http://bioinf.wehi.edu.au/software/elda/ (Hu and Smyth, 2009).

Results

Establishing techniques: CD4-CD8 depleted thymocytes yielded the best culture and
transduction results

Initially, we compared two cell culture systems: the OP9-DL4 stromal cell
system, and the DL4 protein cell-free system. Using the OP9-DL4 stromal cells, primary
murine thymocytes and bone marrow cells survived and thrived. In comparison, cells did
not grow well on the cell-free DL4 protein culture system, and most cells died in culture.
From this, we decided to proceed with experiments using the OP9-DL4 cell culture
system.

In addition to comparing culture systems, we also compared several techniques
for depleting primary murine cells of mature cell populations. We performed one
replicate of these experiments (results are shown), and therein it is unknown how robust
the following data are. Isolating immature cells seemed vital to addressing our
experimental questions because ALL likely arises from an immature cell population.
Since T-ALL arises from thymic populations, it seemed that the ideal preparation would
yield a pure population of immature thymocytes (CD4-CD8- cells). To deplete mature cell

populations, we used cocktails of antibody-conjugated magnetic beads. The lineage
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depletion cocktail included anti-CD5, anti-CD45R, anti-CD11b, anti-Gr-1, anti-7-4, and
anti-TER-119 to remove mature T-cells, B-cells, myeloid cells, and erythroid cells from
the depleted populations. Beads conjugated to anti-CD4 and anti-CD8 were also used for
some preparations. Cells expressing surface markers were bound by these beads, then
removed by filtering over a magnetic column. With this technique, only cells that did not
express the surface markers remained in suspension.

We compared lineage-depleted bone marrow cells (bone marrow cells depleted of
cells using only the lineage cocktail of magnetic beads described above), lineage-depleted
thymocytes (thymocytes depleted of cells using only the lineage cocktail of magnetic
beads described above), CD4-CD8 depleted thymocytes (thymocytes depleted of cells
using anti-CD4* and anti-CD8* magnetic beads), and lineage-CD4-CD8-depleted
thymocytes (thymocytes depleted of cells using the lineage cocktail of magnetic beads as
well as anti-CD4* and anti-CD8* magnetic beads). Comparing thymocyte preparations
immediately after depletion, both lineage-depleted and CD4-CD8 depleted preparations
yielded adequate numbers of cells (approximately 1% of thymocytes); the lineage-CD4-
CD8 depletion yielded very few cells (data not shown). Further evaluating thymocyte
preparations, there were similar percentages of CD11b-lineage- cells in each of the three
preparations (Figure 3A). However, the CD4-CD8 depletion yielded higher levels CD4-
CD8:- cells (expected to be mostly immature T-cells) than either of the other preparations
(Figure 3B). This preparation also had moderate enrichment of CD11b* myeloid cells,
considered a less-than-ideal contaminating population (Figure 3C).

We then followed the maturation of the different cell preparations on the OP9-

DL4 stromal cells over time. CD4 and CD8 were used as markers of T-cell maturation.
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Figure 3: CD4-CD8 depleted cells yielded the highest percentage of CD4-CD8-

immature thymocytes. Comparison of thymocyte depletion techniques immediately after

depletion showed that the percentage of CD11b-lineage- cells was similar across
techniques (A). The CD4-CD8 cell depletion yielded over 30% CD4-CD8- cells in
comparison to fewer cells with lineage depletion and lineage-CD4-CD8 depletion (B).
There was a modest enrichment of CD11b+ myeloid cells in the CD4-CD8 depletion
(C). Data are from asingle experiment, N=1 for each group.
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When evaluating lineage- bone marrow cells, we compared cells grown in the absence of
activating cytokines with those grown in the presence of activating cytokines required for
transduction (IL-6, SCF, and FLT-3L). After 16 days, bone marrow cells without
activating cytokines matured into mixed populations containing CD11b*, lineage*, and
lineage- cells (Figure 4A). A few CD4* and CD4*CD8* lymphoid cells developed. The
addition of activating cytokines caused an increase in the percentage of CD11b*
populations and a reduction in lymphocyte populations (Figure 4B). Based on the large
number of CD11b* myeloid cells and few lymphocytes, we concluded that bone marrow
cells would not be a good starting cell preparation.

In comparison, thymocyte preparations appeared to be excellent starting cell
preparations. The CD4-CD8 depletion yielded relatively pure populations of ideal CD4-
CD8- cells. Lineage depletion yielded mixed populations of CD4-CD8- and CD4*CD8*
cells. There were too few cells in the lineage-CD4-CD8 depleted preparation to assess
immunophenotype at the time of harvest (Figure 5A). Though the immunophenotype of
the starting populations varied, after 4 days on OP9-DL4 stromal cells in the presence of
IL-7 and FLT-3L, the three preparations had become more uniform with mixed
populations of predominantly CD4-CD8- and CD4+*CD8* cells, similar to the populations
seenin the thymus. These cell populations remained consistent after 16 days of culture on
OP9-DL4 (Figure 5A). The enhancement of CD11b* cells seenin the CD4-CD8 depleted
cells did not persist. Assessing the maturational stages DN cells in the three thymocyte
preparations, the majority of cells in each of the preparations were in the DN3 stage

(CD25*CD44), and this remained consistent over time (Figure 5B).
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Figure 4. Lineage- bone marrow cells develop into myeloid and lineage+ populations
when cultured in activating cytokines. After 16 days in culture, cells grown in the
absence of activating cytokines have low percentages of CD11b+ and lineage+ cells,
but the addition of activating cytokines markedly increases these undesirable
populations (A). Cells do not appreciably differentiate to express CD4 or CD8 (B).
Data are from a single experiment, N=1 for each group. Population percentages are in
red, and this convention will be continued throughout the text.
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Figure 5: After culture on OP9-DL4 cells, the three thymocyte depletion preparations
show similar maturation. Immediately after depletion, the three preparations yielded
markedly different populations. The CD4-CD8 depletion was composed of a nearly
pure population of ideal CD4-CD8- cells. The lineage-depleted preparation was more
mixed. There were too few cells in the lineage-CD4-CD8 depletion to assess phenotype
(A). After 16 days in culture, the three thymocyte preparations developed into similar
populations consisting predominantly of CD4+*CD8* and CD4-CD8- cells (A). The
majority of DN cells were in the DN3 stage immediately post-depletion and after
culture on OP9-DL4 cells (B). Data are from a single experiment, N=1 for each group.
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Since our experimental design required successful transduction with retroviral
vectors, we next compared transduction of the three thymocyte depletion preparations
using a GFP-containing retroviral vector. The percentage of live cells was relatively
similar across preparations, though the lineage-CD4-CD8 preparation had the lowest
percentage of live cells (Figure 6A). Similarly, the percentage of GFP* cells was similar
across transductions, with a slight increase in the number of GFP* populations in the
lineage-CD4-CD8 preparation, suggesting that transduction efficacy was not significantly
affected by preparation (Figure 6B and D). However, the lineage-CD4-CD8 cells
appeared to have a slight increase in the percentage of CD11b* cells as compared to the
other cell preparations (Figure 6C). Based on these data, we determined that the ideal
starting preparation was the CD4-CD8 depletion because it yielded relatively high
numbers of cells, the resulting cells were nearly pure populations of CD4-CD8&
thymocytes, and these cells could be successfully transduced. Thymocytes depleted of
CD4* and CD8* cells were therefore used for all subsequent experiments, and the
preparation consistently yielded nearly pure populations of CD4-CD8- thymocytes, with

depletion success checked after each depletion to ensure consistent starting populations.

Mutant IL-7Ra enables IL-7-inde pendent growth of primary murine thymocytes in
vitro

We evaluated the effects of IL-7Ra-GOF mutation (also referredto as mutlL-7Ra«)
on cell growth and development in vitro by transducing CD4-CD8 depleted thymocytes

with retroviral vectors containing the IL-7Ra-GOF or wild type IL-7Ra (WtIL-7Ra).
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vectors. Survival of cells after transduction
was similar across thymocyte depletion
preparations (A). Transduction was successful
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Removal of IL-7 from the culture media caused non-transduced thymocytes and wtlL-

7Rao thymocytes to die after several days in culture (Figure 7A). In comparison,
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Figure 7: Transduction of thymocytes with IL-7Ra-GOF enables IL-7 independent
growth and confers growth advantage. When IL-7 is removed from the culture media,
non-transduced thymocytes and thymocytes transduced with wtlL-7Ra die after several
days in culture. In contrast, thymocytes transduced with IL-7Ra-GOF survive in the
absence of IL-7 (A). Transduction with IL-7Ra-GOF yields 95.4% GFP+* cells in IL-7
replete media and 99% GFP* cells in IL-7 depleted media (B). In comparison, GFP*
cells composed only 81% of the population of thymocytes transduced with wtlL-7Ra
after 16 days in culture (B).
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thymocytes transduced with IL-7Ra-GOF survived longer in culture media lacking IL-7
(Figure 7A). Removal of IL-7 from the culture media resulted in an increase in the
percentage of GFP* (transduced) cells after 16 days in culture with 95.4% GFP+* in IL-7
containing media and 99% GFP* in media without IL-7 (Figure 7B). Transduction with
IL-7Ra-GOF conferred greater growth advantage than transduction with wtlL-7Ra where
only 81% were GFP+ after 16 days, and the mean fluorescence intensity was higher in
cells transduced with IL-7Ra-GOF than with wild type IL-7Ra (Figure 7B).
Mutant IL-7Ra-GOF rescues cells from IL-7 starvation-induced DN3-DN4 shift in
vitro

Next, we compared the effects of IL-7 removal on the DN cell populations. In
non-transduced and wtlL-7Ra transduced thymocytes, removal of IL-7 led to a striking
shift in the double negative cell population from DN3 stage (CD25*CD44) to the more
mature DN4 stage (CD25-CD447). Thymocytes transduced with 1L-7Ra-GOF did not
undergo the same maturational shift when IL-7 was removed from culture, presumably
because they continued to have IL-7 signaling support due to IL-7Ra-GOF constitutive
signaling (Figure 8A).
Mutant IL-7Ra-GOF causes anincrease in CD8 cells invitro

Analysis of the development of non-transduced cells showed that the cells
developed from a CD4-CD8- (DN) population to populations containing a mixture of
predominantly DN or CD4*CD8* (DP) cells after 4 days on OP9-DL4 stromal cells. This
is similar to the developmental stages seen in the normal thymus. By Day 16, there were
fewer DP non-transduced cells than at Day 4 or Day 7 and higher percentages of CD4+

and DN (Figure 9A). Thymocytes transduced with wtlL-7Ra followed a similar pattern of
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development, with a slight increase in the CD8* population ateach time point; whether
this was statistically significant is not known due to the low number of experimental
replicates (Figure 9A). In comparison, cells transduced with IL-7Ra-GOF showed a
notable increase in the CD8* population with fewer DP cells and very few CD4* cells
(Figure 9A&B). This CD8* population was present with or without I1L-7 in the culture
media (Figure 9C). To assess whether the CD8* population seenin IL-7Ra-GOF

transduced thymocytes were immature or mature, we assessed expression of TCRp.
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Figure 8: Transduction of thymocytes with 1L-7Ra-GOF prevents DN3 to DN4 shift
when IL-7 is removed from media. Removal of IL-7 from the culture media induced a
rapid shift from predominantly DN3 stage to DN4 stage in non-transduced cells and
cells transduced with wtlL-7Rea. In comparison, thymocytes transduced with IL-7Ra-
GOF did not undergo this shift as highlighted by the yellow circle.
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Figure 9: Transduction of thymocytes with IL-7Ra-GOF and culture on OP9-DL4
caused an increase in CD8* cells. Assessing maturation of thymocytes on OP9-DL4 at
multiple time-points showed that non-transduced cells matured from predominantly DN
populations to predominantly DP populations over 7 days with an enhancement of DN
populations by day 16 (A). Thymocytes transduced with wtlIL-7Ra developed similarly,
with a slight enhancement of CD8* populations (A). In contrast, thymocytes transduced
with IL-7Ra-GOF had a marked increase in percentage of CD8* cells as highlighted by
the yellow circle (A&B). This population was present with or without IL-7 in the
culture media (C). By day 16, many of the CD8* cells expressed TCRp, suggesting
maturity (D).
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Many of the CD8* cells expressed TCR after 16 days on culture, consistent with a
mature phenotype (Figure 9D).
Mutant IL-7Ra thymocytes cause inflammation in recipient mice

After evaluating the effects of IL-7Ra-GOF on growth and development of
thymocytes in vitro, we next explored the effects of the mutant in vivo. To do this,
transduced thymocytes were cultured for 8-9 days on OP9-DL4 stromal cells. After this,
thymocytes were injected into sub-lethally irradiated Ragl-/- mice to enable engraftment
of cells in the absence of a significant immune response. Mice injected with non-
transduced cells, GFP vector-transduced cells, and wtlL-7Ra transduced cells did not
consistently develop disease, though one animal injected with GFP vector-transduced
cells did develop leukemia 110 days after injection, presumably due to retroviral
integration activating an oncogene. In contrast, mice injected with IL-7Ra-GOF
developed clinical disease necessitating euthanasia an average of 43 days after injection
(Figure 10A). Clinical disease varied between experiments. Typically, disease onset was
manifest as skin crusting, dyspnea, hunching, and/or reduced ambulation.

Mice injected with IL-7Ra-GOF thymocytes consistently developed inflammation
in the liver and lungs and, more variably, skin. In some animals, inflammation was also
present in the gastrointestinal tract, kidney, skeletal muscle, and cardiac muscle. Grossly,
inflammatory infiltrates were visible as variably-sized white to yellow foci scattered
throughout the affected lungs and liver. Skin of the ears, face, tail, and footpads was
crusted and thickened with loss of facial hair in more severe cases (Figure 10B).
Histologically, infllmmation consisted of a mixed population of mononuclear cells

including lymphocytes and macrophages intermingled with neutrophils. Cutaneous
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Figure 10: Mice injected with IL-7Ra-GOF
thymocytes developed multi-systemic
inflammatory disease. On average, mice injected
with IL-7Ra-GOF-only cells developed clinical
disease necessitating euthanasia after 43 days
(A). Mice injected with wtlL-7Ra thymocytes did
not develop disease (A). Mice typically
developed crusted skin and dyspnea due to
inflammation in the skin and lungs. Skin crusting
was grossly manifest as thickening and flaking of
the ears, foot pads, and tail (B). Histologically,
the dermis was expanded and infiltrated by
inflammatory cells (see arrow in upper image),
and lymphocytes invaded the epidermis (see
arrow in lower image) (C). Scale bars= 400 pm
and 200 pm. Survival statistics were performed
using the Log rank (Mantel-Cox) test. p<0.0001.
Data are from 2-5 experiments (wtlL-7Ra N=1, 5;
IL-7Ra-GOF N=3,5,5,5,8).

inflammation consisted of intense dermal infiltrates with less severe epidermal

infiltration. In some areas, inflammation was associated with individual keratinocytes

apoptosis. The epidermal surface was variably covered with thick, serocellular crusts

(Figure 10C). In the lungs, inflammation was peribronchiolar and perivascular, and there

was concurrent eosinophilic crystalline pneumonia in many cases. Infllmmatory cells
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variably infiltrated bronchiolar epithelium. In the liver, inflammation was centered on the
portal triads, inducing biliary hyperplasia, periportal fibrosis, and variable degrees of
hepatocellular loss. Similarly, biliary epithelium was variably infiltrated by inflammatory
cells. Inflammation in the muscle and kidney was minimal and consisted predominantly
of mononuclear cells. Spleens were variably infiltrated by mononuclear cells and
neutrophils. Overall, the inflammatory lesions seen in mice injected with IL-7Ra-GOF
cells were similar to the lesions associated with graft-versus-host disease (Diana Haines,
personal communication).

Examination of GFP-immunolabeled skin, liver, and lung showed that the IL-
7Ra-GOF (GFP*) cells were present in areas of inflammation and were admixed with
many GFP- mononuclear cells and neutrophils (Figure 11A). Flow cytometry on the
thymus, spleen, bone marrow, and peripheral blood showed that a majority of GFP* cells
were Thyl1.2*. Of these, cell populations consisted predominantly of CD4+ and CD8*
populations (Figure 12A).

Mutant IL-7Rea-associated inflammation induces increases in serum cytokines and
chemokines

Consistent with the inflammation seen in multiple tissues, analysis of serum
cytokines showed significant increases in many infllmmatory cytokines in mice injected
with IL-7Ra-GOF compared to mice injected with wtlL-7Ra and C57BL/6 mice. The
most prominently elevated serum cytokines/chemokines included IL-5, IL-6, CXCL10,
CCL2, CCL3, CCL4, and CXCLO. Significant elevations in serum IFNy, IL-10, 1L-12
p70, IL-13, IL-17, and TNFa were also present (Figure 13). Slight (though significant)

elevations were present in serum IL-1b, IL-3, and IL-9 (data not shown). There was no
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Figure 11: Immunohistochemistry showed that inflammation consisted of GFP+

transduced cells and non-transduced cells. Examination of H&E and GFP-
immunolabeled skin, liver, and lung showed many GFP* cells admixed with GFP-

mononuclear cells and neutrophils.
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Figure 12: Cells transduced with IL-7Ra-GOF were predominantly CD4+ and CD8+ T-
cells. Flow cytometry showed that the Thyl.2+ cell populations were a mixture of
CD4+ and CD8+ populations.
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Figure 13: Serum cytokines and chemokines were elevated in IL-7Ra-GOF mice.
Analysis of serum cytokine levels by laser bead multiplexing showed that many
cytokines and chemokines were elevated in mice injected with IL-7Ra-GOF thymocytes
compared to mice injected with wtlL-7Ra thymocytes or naive C57BL/6 mice. The
graph shows cytokines/ chemokines that were significantly elevated in IL-7Ra-GOF
mice. Each analysis was performed with two technical replicates, and the average of the
two values is shown. Statistics were performed using the Mann-Whitney test to compare
IL-7Ra-GOF mice to controls.

significant difference between groups in levels of eotaxin, G-CSF, VEGF, IL-2, LIX,
LIF, IL-15, IL-7, GM-CSF, IL-4, KC, or M-CSF. Animals injected with wtlL-7Ra had
significant, though slight, increases in IL-1a, MIP-2, and IL-12 p40 (data not shown).
Mutant IL-7Ra cells are variably oligoclonal

Clonality of transduced cells was assessed using ligation-mediated PCR to

identify retroviral integration sites in the splenic DNA from mice injected with IL-7Ra-
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GOF cells. This showed that the transduced cells were relatively oligoclonal (Figure

14A).

Figure 14: Populations of IL-7Ra-GOF cells have variable clonality.Assessment of
clonality using ligation-mediated PCR to identify retroviral integration sites showed that
cell populations in the two examined animals were relatively oligoclonal (A). Each pie
chart represents a single mouse, and each pie wedge represents a unique retroviral
integration site. A single clone may have more than one integration site. Numbers below
the pie charts indicate the ear tag number of the individual animal.

Neither CD4* nor CD8* cells induce inflammation in recipient mice

In an effort to identify the cell population responsible for inciting inflammation in
recipient mice, “untouched” CD4* and “untouched” CD8* cells were purified from the
spleens of affected mice using magnetic beads to bind and remove lineage positive cells.
The term “untouched” refers to the Invitrogen kit (described in the materials and
methods) that isolates lineage negative cells by binding lineage positive cells to magnetic
beads (negative selection); lineage negative cells, therefore, remain “untouched” by
magnetic beads. (Lineage markers included CD11b, CD16/32, CD45R, Ter-119, and
either CD4 or CD8 to remove myeloid cells, B-cells, erythroid cells, and mature T-cells.)

Animals injected with CD4* or CD8"* cells did not develop disease in atime frame
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consistent with disease induced by IL-7Ra-GOF cells in donor animals (Figure 15A&B).
This suggested either that the CD4+ and CD8* cell populations were not responsible for
the inflammatory lesion, or that the inflammatory lesion was not able to be passaged.
Inflammation is not driven by dysregulation of Treg or Th17 populations

We hypothesized that IL-7Ra-GOF inflammation might be driven by
dysregulation of the T.-Th17 balance. To address this hypothesis, we analyzed the
populations of Ty and Th17 cells in inflamed tissues. Populations of
CD4+*CD25*FOXP3* Ty cells did not appear to be decreased in the bone marrow, spleen,
liver, or thymus of recipient animals (Figure 16).

Intracellular labeling for IL-17a in PMA/ionomycin-stimulated cells from a single
mouse injected with IL-7Ra-GOF cells did not identify CD4*IL-17a* (Th17 cells)
populations in the spleen, bone marrow, liver, or thymus (Figure 17). In the lungs of this
mouse, there was a population of CD4-IL-17a* cells. These were not consistent with
Th17 cells (which are CD4%), but could represent T,17 cells which are CD8* IL-17-
producing cells (Figure 17). Given that there were many dead cells in the pulmonary
tissue preparation, and intracellular labeling is notoriously prone to background labeling,
this population could also have been a labeling artefact.

Because intracellular labeling for IL-17 was not conclusive, we next transduced
the thymocytes from an IL-17 reporter mouse with IL-7Ra-GOF to better determine
whether the mutant signaling was inducing IL-17 production (Shen et al., 2014). This
transgenic mouse was designed to link IL-17a expression with TdTomato expression and

IL-17f expression with GFP expression. Therefore, IL-17 producing cells can be
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Figure 15: Injection of untouched CD4+ and CD8+ cells did not cause infllmmation.
CD4+ and CD8+ cells from mice injected with IL-7Ra-GOF were isolated using
magnetic beads and injected into recipient Ragl-/- mice. Mice did not develop clinical
disease in the same period as donor mice (A&B). N=1-2 mice/ passage.
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Figure 16: Populations of Treg cells are not reduced in IL-7Ra-GOF mice.

Flow cytometry showed that CD4+CD25+FOXP3+ Treg cells in the bone marrow,
spleen, liver, and lung were present in higher percentages in mice injected with IL-7Ra-
GOF thymocytes than animals injected with wtlL-7Ra thymocytes. Data are from a
single experiment. C57BL/6 N= 3, wtIL-7Ra N=2, and IL-7Ra-GOF N=4 (3 livers);
lung N=1.
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Liver

Thymus

Figure 17: Populations of I1L-17 producing cells identified by intracellular labeling were
not increased in IL-7Ra-GOF mice. Cells from the spleen, bone marrow, liver, thymus,
and lung were harvested and stimulated with PMA/ionomycin in the presence of a
protein transport inhibitor to trap cytokines produced upon stimulation. Flow cytometry
on these cells did not show significant populations of CD4+IL-17a+ cells in any of the
examined tissues as highlighted by the red circle. The lungs of the mouse injected with
IL-7Ra-GOF thymocytes contained a potential small population of IL-17a+ cells that
may or may not have been artefact. Data are from a single experiment. C57BL/6 N= 1,
wtlL-7Ra N=1, and IL-7Ra-GOF N=1

72



identified directly based on GFP and/or TdTomato expression rather than performing
PMA/ionomycin-stimulation and intracellular labeling. Itwas hoped that this approach
would minimize flow cytometry artefacts. Analysis of cells from the blood, spleen, liver,
lung (shown), bone marrow, and thymus (not shown) of mice injected with IL-7Ra-GOF
transduced into IL-17 reporter mouse thymocytes did not reveal significant populations

of GFP* or TdTomato* populations (Figure 18). This indicated that IL-7Ra-GOF did not

C57BL/6 Normal IL-17 reporter Mice wtiL-7Ra Mice mutiL-7Ra Mice
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Figure 18: Use of IL-17 reporter mouse thymocytes does not demonstrate 1L-17+ cell
populations. Thymocytes from a transgenic mouse engineered to link IL-17a expression
with TdTomato expression and IL-17f expression with GFP expression did not show
TdTomato+ or GFP+ cell populations in tissues of mice injected with IL-7Ra-GOF

thymocytes. N=1-2 mice as shown.
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induce appreciable production of IL-17 in transduced thymocytes. The origin of the

increased levels of IL-17 in the serum of some mice is unknown.

Discussion

In vitro experiments

Experiments to establish culture techniques demonstrated that CD4-CD8 depleted
thymocytes cultured on OP9-DL4 stromal cells were the best cell preparation, though
there was a slight increase in the CD11b* population immediately after harvest. This
population was lost after culture on the OP9-DL4 stromal cells, suggesting that CD11b*
cells do not significantly contaminate transduced populations. Transduction of these cells
using the OP9-DL4 stromal system for activation was successful, yielding consistent
rates of 30-40% transduced cells. Cells transduced with IL-7Ra-GOF out-competed non-
transduced cells in culture over time, suggesting that the mutation conferred a growth
advantage.

The DN3 to DN4 maturational shift seen with IL-7 removal may occur because
DN3 cells are IL-7-dependent while DP cells are not (Hong etal., 2012; Van de Wiele et
al., 2004). Removal of IL-7 likely drives rapid maturation of cells from DN3 through
DNA4 to the DP stage to enable survival. Consistent with this, removal of IL-7 resulted in
death of non-transduced and wtlL-7Ra cells over several days. Transduction with IL-7Ra-
GOF prevented this maturational shift and enabled IL-7 independent growth. This
suggests that constitutive signaling by the mutant receptor is able to replace exogenous
IL-7 signaling for survival in primary murine thymocytes.

Culturing thymocytes transduced with IL-7Ra-GOF on OP9-DL4 stromal cells

consistently yielded a population of CD8*TCRf* cells that were more prevalent than in
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wtlL-7Ra or non-transduced thymocytes. This expansion of CD8* cells was likely due to
constitutive 1L-7 signaling, since this is known to promote differentiation of DP cells into
CD8* cells, in part due to silencing of CD4 genes (Hong et al., 2012; Yu etal., 2003).
The expression of TCRP by CD8* cells suggests maturity, and OP9-DL1 cells have been
shown to support maturation of conventional CD8* cells (Dervovic etal., 2013).
In vivo expe riments

Mutant IL-7Ra transduced thymocytes consistently induced inflammation in
recipient mice, while wtlL-7Ra transduced thymocytes did not. This is in contrast to
studies performed in our laboratory and others. In our laboratory, previous work has
shown that transduction of bone marrow cells leads to myeloproliferation. These cells
were not cultured on the OP9-DL4 stromal cell system prior to injection into mice.
Similarly, work by another group has failed to show an inflammatory phenotype
associated with 1L-7Ra-GOF transduction. In these studies, bone marrow cells and T-cell
progenitor cells were transduced with IL-7Ra-GOF then injected into irradiated BALB/c
mice. T-cell progenitors were generated by culturing lineage kit* stem cells on OP9-DL1
cells prior to transduction. Mice injected with transduced bone marrow cells developed
rapid-onset myeloproliferative disease, and mice injected with transduced lymphoid
progenitor cells did not develop disease (Yokoyama et al., 2013). These differences may
be due to variations in starting cells, cell culture techniques, or recipient mice.

The inflammation was morphologically consistent with graft-versus-host disease,
but it was not clear why the mutant receptor would preferentially induce this lesion.
We hypothesized that the inflammation induced by IL-7Ra-GOF might be mediated by

IL-17 signaling. We based this hypothesis on several factors. Several reports suggested
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that IL-7 signaling could skew the balance between Ty populations and Tp17
populations, leading to reduced Ty cells and increased Ty17 cells (Diller etal., 2016;
Joller et al., 2014). Furthermore, the morphology of the inflammation was consistent with
an IL-17-induced lesion, asthere was a marked neutrophilic component. Lastly, serum
cytokine levels of 1L-17 were significantly increased in mice injected with IL-7Ra-GOF
thymocytes. However, experimental data did not support this hypothesis, as IL-7Ra-GOF
mice did not have decreased populations of T cells or increased populations of 1L-17-
producing cells. The mechanism by which IL-7Ra-GOF cells induce inflammation

remains unknown.
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Chapter 4: TLX3 expression and Hoxa overexpression do not
cause T-ALL in collaboration with mutant /L-7Ra-GOF

Introduction

The second aim of this project focused on providing experimental support of
patient data that suggested oncogenic collaboration between mutant IL-7Ra-GOF and
candidate genes to generate T-ALL. At the initiation of the project, we defined a list of
criteria that we expected would occur when experimental evidence indicated that a
combination of mutations was adequate to drive neoplastic transformation. These
included: 1) rapid-onset disease, 2) lesions consistent with leukemia/lymphoma, 3) T-cell
origin of leukemic cells, 4) polyclonal cell populations, 5) serial passage success, and 6)
high leukemia-initiating cell frequency. Chapter 2 contains a review of genes known or
suspected to collaborate with mutant IL-7Ra to cause ALL. Here, we review and provide
additional details about the potential IL-7Ra collaborators TLX3 and HOXA and describe
the results of experiments combining these genetic lesions with IL-7Ro mutation.

TLX3 (HOX11L2)

Approximately 15-25% of pediatric T-ALL patients have the cryptic translocation
t(5;14)(935;032.2) that results in the aberrant expression of TLX3 in T-cells (Ballerini et
al., 2002; Bernard et al., 2001; Cave et al., 2004; MacLeod et al., 2003; Noronha etal.,
2016). Overexpression of the gene has been shown in up to 60% of pediatric T-ALL
patients (Mauvieux et al., 2002). Overexpression of TLX3 has been related to poor
prognosis in some reports, but not in others, and expression levels can be used as a
marker to assess minimal residual disease (Ballerini et al., 2002; Ballerini et al., 2008;

Cave etal., 2004; Ma etal., 2014). In affected patients, fluorescent in situ hybridization is
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required to identify the translocation, as conventional cytogenetic analysis does not detect
it (Helias et al., 2002). This translocation juxtaposes BCL11B and TLX3, leading to
ectopic expression of TLX3 in T-cells (MacLeod et al., 2003; Su et al., 2006b).

In addition to the t(5;14)(g35;932.2) translocation that was initially described,
additional chromosomal translocations leading to overexpression of TLX3 have been
identified including t(5;7)(935;021), t(2;5)(p21;935), and t(5;10)(g35;921) translocations
(Su etal., 2004). Genes affected by these translocations include BCL11B, which is vital
to alpha/beta T-cell development, and CDK®6, a gene which is involved in T-cell
development (Su etal., 2004). Previous work has assessed the transforming capacity of
TLX3 in vivo by transducing murine bone marrow cells with retroviral vectors expressing
TLX3. Cells transduced solely with TLX3 did not survive in vivo, suggesting that TLX3
requires collaborating mutations to generate T-ALL (Su et al., 2006a). Potential
collaborating genetic aberrations include PHF6 mutation, WT1 deletion, FBXW7
deletion, and other recurrent deletions (Van Vlierberghe etal., 2008a; Van Vlierberghe et
al., 2010).

HOXA

Similar to TLX3, the HOXA gene cluster is affected by dysregulating
translocations in a subset of T-ALL, but the frequency of HOXA patients is lower,
representing less than 10% of patients (Meijerink, 2010). The HOXA gene cluster
contains eleven members, HOXA1, HOXA2, HOXA3, HOXA4, HOXA5, HOXAG,
HOXA7, HOXA9, HOXA10, HOXA11, HOXAL13 (Speleman etal., 2005). Several
translocations affecting the HOXA gene cluster have been identified. The recurrent

translocation inv(7)(p15g34) juxtaposes the HOXA gene cluster with the TCRp locus,
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leading to increased expression of the HOXA genes HOXA10 and HOXAL11 (Speleman et
al., 2005). Juxtaposition of the HOXA gene cluster with the 7CR/f locus has also been
seenin other cases, and this may cause overexpression of some or all HOXA genes
(Cauwelier et al., 2007; Speleman etal., 2005). In addition, HOXA gene cluster
dysregulation may occur in MLL and CALM-AF10 cases of T-ALL (Bergeron et al.,
2006; Soulier et al., 2005). Similar to TLX3, a BCL11B-HOXA13 fusion has also been
identified which leads to HOXA13 overexpression (Su etal., 2006a). In addition, the
SET-NUP214 fusion causes activation of HOXA cluster genes by binding to HOXA
promoter regions (Van Vlierberghe etal., 2008b). Hoxa9 has been shown to collaborate
with Meisla to generate acute myeloid leukemia (Kroon et al., 1998). In T-ALL, a
Hoxa9-overexpressing transgenic mouse has been shown to develop T-ALL with

spontaneous NOTCHZ1 mutations (Beachy etal., 2013).

Materials and Methods

Thymocyte transduction and culture

Thymocytes were harvested from 3-6 week old C57BI/6J female donor mice by
first mechanically dissociating the tissue into a single cell suspension. Cells were then
bound to CD4 and CD8 microbeads (Miltenyi) and passed through an LD column
(Miltenyi) to isolate double negative cells according to the manufacturer’s instructions.
Resulting double negative cells were cultured on OP9-DL4 bone marrow stromal cells for
1 day, then transduced twice with retroviral vectors with approximately 18 hours between

transductions. Thymocytes were transduced by spinoculation (centrifugation at 2000 rpm
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for 60 minutes) with addition of 8ug/ml polybrene (Chemicon) to the transduction
solution. After transduction, thymocytes were maintained on OP9-DL4 cell culture for an
additional 7-8 days prior to injection into mice to allow for expansion of cell numbers.

Retroviruses were generated using Phoenix-Eco packaging cells (Orbigen).
Phoenix cells were cultured in DMEM containing glucose, L-glutamine, and sodium
pyruvate (Corning), with 50 ml of fetal bovine serum added to every 500 ml of DMEM.
Phoenix cells were transfected with pMIG plasmids containing mutant hlL-7Ra or hTLX3
(Dharmacon, Lafayette, CO). cDNAs of hlL-7Ra mutant and hTLX3 were subcloned into
pMIG vector by gateway cloning or PCR cloning methods by Wenging Li. The hIL-7Ra
mutant sequence was ¢.731_732insTTGTCCCAC, based on the mutation in subject P2
and was confirmed by sequencing previously by our laboratory (Zenatti et al., 2011).
Thymocytes for the Hoxa experiments were isolated from the thymus of a NUP98-
HOXD13 transgenic mouse (Lin et al., 2005).

Transfection was performed using lipofectamine (Invitrogen) and OPTI-MEM I
reducing serum medium (Invitrogen) 48-72 hours prior to thymocyte transduction.
Phoenix cell supernatants containing retroviruses were filtered using a 0.45 pum syringe
filter (Millex) prior to transduction of thymocytes. OP9-DL4 cells were cultured
according to published guidelines used for culture of OP9-DL1 cells and were cultured in
MEM-alpha medium (Gibco). For 500 ml of media, the following additives were
included: 50 ml fetal bovine serum (GE life Sciences), 3 ml fresh (frozen to maintain
freshness) L-glutamine (Sigma), 0.5 ml 2-mercaptoethanol (Gibco), and 2.5 ml penicillin/

streptomycin (Gibco). When thymocytes were added to culture, growth was supported by
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the addition of 5 ng/ml mIL-7 and 5 ng/ml hFLT-3L (Peprotech) (Holmes and Zuniga-
Pflucker, 2009).
Animal Experiments

Transduced cells were injected into sub-lethally irradiated, 6-15 week old, female
Ragl”- mice via tail vein in a concentration and volume of 5 x10° cells/ 200 W/ mouse.
Recipient mice were prophylactically treated for 3 days with SMZ antibiotics (0.08mg/ml
in drinking water) either immediately prior to irradiation (initial experiments and limiting
dilution experiments) or immediately following irradiation (serial passage experiments).
Animals were monitored by a single, experienced technician for consistency (T.B.) and
euthanized at the onset of clinical signs. Clinical signs included hunching, dyspnea,
reduced ambulation, rough hair coat, crusted skin (in the mutant IL-7Ra-only group), or
moribund status. Peripheral blood was collected immediately prior to euthanasia.
Animals that required euthanasia for causes not related to development of experiment-
associated disease (i.e. tail caught in caging, inner ear infection, fighting-associated skin
lesions) were censored from experimental results. Technicians performing monitoring
were not blinded to experimental groups.
Flow Cytometry

Thymus, spleen, and bone marrow were manually dissociated to single cell
suspensions. Liver was dissociated using a Stomacher tissue lyser. Lungs were digested
in a solution of 0.25 WU/mL TM liberase (Roche) in 2% glucose PBS. After placing
dissected lobes in 3 ml of digestion solution in a C tube (Miltenyi), dissociation was
performed using the Miltenyi gentleMACS Lungl program. Dissociated lungs were

incubated for 30 minutes at 37 degrees Celsius. Then, tissues were further dissociated
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using the Lung 2 program. Red blood cell lysis was applied to these tissues as well as to
peripheral blood using ACK Lysing Buffer (Lonza). Resultant suspensions were stained
with Zombie Red live/dead fixable stain (Biolegend) for 15 minutes at room temperature.
Then, CD16/32 Fc receptor block (93) was applied at a 1:400 dilution for 10-15 minutes
(Biolegend). Cocktails of fluorochrome-conjugated antibodies were applied to cells for
15 minutes on ice, including the following antibodies: anti-Thyl.2 APC-Cy7 (30-H12),
anti-CD4 PE-C7 (GK1.5), anti-CD8 Brilliant Violet 421 (53-6.7), anti-CD44 PerCP-
Cy5.5 (IM7), anti-CD25 Brilliant Violet 650 (PC61), anti-TCRp Alexa Fluor 700 (H57-
597), anti-CD3 Brilliant Violet 421 (17A2), anti-Ly6G Pe-Cy7 (1A8) from Biolegend;
anti-CD11b PerCP-Cy5.5(M1/70), anti-B220 APC (RA3-6B2) from BD Biosciences.
Fluorescence minus one (FMO) labeling was used for controls (Figure 2). Cells were then
fixed in stabilizing fixative (BD Biosciences) for 30 minutes. Fixative was removed, and
flow cytometric analysis was performed on an LSRIISORP cytometer with FACS DIVA
software. Data analysis was performed using FlowJo, and gating strategy is included in
the materials and methods in Chapter 2 (Tree Star, Inc.).
Histopathology, Immunohistochemistry, and Digital Slide Analysis

Tissues were fixed in 10% neutral buffered formalin and transferred to 70%
ethanol after complete fixation. Samples were trimmed, paraffin-embedded, sectioned,
and stained with hematoxylin and eosin according to standard histotechnological
procedures.

Immunohistochemistry was performed by the Pathology/ Histotechnology
Laboratory using previously optimized protocols. Immunchistochemistry utilized anti-

GFP antibody (Abcam ab6556) at 1:1000 dilution with proteolytic digestion using

82



proteinase K (DAKO) incubated overnight at 4 degrees C; anti-CD3 antibody (Bio-Rad
#MCA1477) at 1:100 dilution incubated for 60 minutes with heat-induced epitope
retrieval using citrate (Leica Biosystems) for 20 minutes; and anti-ki67 antibody (Abcam
#ab16667) at 1:100 dilution incubated for 30 minutes with heat-induced epitope retrieval
using citrate for 20 minutes. For all protocols, DAB (Sigma & Leica Biosystems) was
used as the chromogen, and hematoxylin (Leica Biosystems) was used as a counterstain.

Slides were digitalized using an Aperio AT2 slide scanner (Leica) ata
magnification of 20x. Digital slides were viewed in ImageScope (Aperio), and digital
slides were used to generate images of the tissues. Digital image analysis of ki67 labeling
was performed using an optimized Aperio Nuclear v9 algorithm.
Ligation-Mediated PCR

Oncogenes were transfected using retroviral vector and thus each original cell
carried a unique molecular barcode that could be used to assess clonality by identifying
the frequency of retroviral integration as described previously (De Ravin etal., 2016;
Maldarelli et al., 2014). The integration sites were cloned from 5LTR-genomic junction
using primers specific for the vector used in this study (MFGS5LTR,
S’ATGGCGTTACTTAAGCTAGCTTG 3, MFGSSLTRnest,
CAAACCTACAGGTGGGGTCTTTC 3’). Integration site junctions were mapped to
mouse genome build mm10. Frequency of each clone was calculated as the percentage

of read numbers for each integration sites out of total mapped reads.

Statistics
For most studies, statistics were performed using GraphPad Prism version 6.00

for Windows (GraphPad Software, La Jolla, CA). To compare more than two groups,
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Kruskall-Wallis analysis was performed, and the Mann-Whitney test was used to
compare two groups. Survival curve analysis was performed using the Log-rank test.
For the limiting dilution studies, extreme limiting dilution analysis was performed using
software from the Walter and Eliza Hall Institute of Medical Research, available at the

following website: http://bioinf.wehi.edu.au/software/elda/ (Hu and Smyth, 2009).

Results

Combination of TLX3 expression and mutant IL-7Ra-GOF

TLX3 drives the immunophenotype of cultured TLX3-IL-7Ra-GOF cells

Combination of human TLX3 expression and mutant IL-7Ra-GOF was achieved by
transduction of primary immature CD4-CD8- thymocytes from C57BL/6 donors with
retroviral vectors containing either human TLX3 or mutant human IL-7Ra-GOF. After
transduction, cells were cultured on the OP9-DL4 stromal cell system for 8 days with
hFLT3-L and mIL-7 then injected into sub-lethally-irradiated Ragl--mice. In the TLX3-
only and TLX3-IL-7Ra-GOF cells, GFP was included in the TLX3 plasmid; the IL-7Ra-

GOF plasmid did not include GFP. Inthe IL-7Ra-GOF-only cells, the IL-7Ra-GOF

plasmid included GFP.

Analysis of cells atthe time of injection showed that cultured cells transduced
with both the TLX3 and IL-7Ra-GOF plasmids had a moderate percentage of GFP+ cells
as compared to TLX3-only cells (Figure 19A). There were very few TLX3-only
transduced cells, suggesting that these cells did not survive and/or proliferate well in
culture. Therein, addition of IL-7Ra-GOF appeared to improve in vitro survival of TLX3-

transduced cells. In each group, almost all of the cells expressed Thy1.2, consistent with
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T-cell lineage. Within the GFP* populations, TLX3-IL-7Ra-GOF cells and TLX3-only
cells were both predominantly immature CD4-CD8-, whereas the IL-7Ra-GOF-only cells
were a mixture of predominantly CD4-CD8- and CD8:cells (Figure 19B). In the TLX3-
IL-7Ra-GOF group, GFP- cells may have contained a subset of cells that had been solely

transduced with IL-7Ra-GOF, as the immunophenotype of these cells was similar to that

of the IL-7Ra-GOF-only group with a mixture of CD4-CD8- and CD8* (Figure 19C).

TLX3-1L-7Ra-GOF combination is not sufficient to generate T-ALL

Survival analysis of recipient mice showed that mice injected with IL-7Ra-GOF-
only cells developed clinical signs necessitating euthanasia more rapidly than TLX3-IL-
7Ro-GOF mice. Mice injected with TLX3-only cells did not develop clinical disease
(Figure 20A). Sick animals showed signs of dyspnea, hunching, decreased ambulation,
and occasional skin crusting. Inthe TLX3-IL-7Ra-GOF group, one (#612) of five mice
developed an enlarged inguinal lymph node. This node slowly enlarged over the course
of several weeks, and at the time of euthanasia, the axillary lymph node had also become

enlarged. At euthanasia, both nodes were approximately 1 cm in diameter. Analysis of
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Figure 19: TLX3 expression drives the immunophenotype of transduced cells.

At the time of injection into mice, there were few successfully transduced TLX3-only
cells, as indicated by a low percentage of GFP+ cells, though cells that were transduced
expressed Thyl.2 indicating T-cell lineage. A higher percentage of cells were
successfully transduced in the IL-7Ra-GOF-only cells and the TLX3-IL-7Ra-GOF cells
(where GFP was linked to the TLX3 plasmid) (A). TLX3-IL-7Ra-GOF celis had an
immunophenotype that was more similar to TLX3-only cells than to IL-7Ra-GOF-only
cells, as both TLX3-IL-7Ra-GOF cells and TLX3-only cells were predominantly CD4-
CD8-, while IL-7Ra-GOF-only cells were a mixture of predominantly CD4-CD8- and
CD8+ cells (B). The GFP— cells in the TLX3-IL-7Ra-GOF group likely contained IL-
7Ra-GOF-only cells, as the population had a similar immunophenotype to the IL-7Ra-
GOF-only cells (C). Data are representative of one experiment. N=1
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Figure 20: The combination of TLX3 and IL7-Ra-GOF was not sufficient to cause T-
ALL. Mice injected with TLX3-IL-7Ra-GOF cells developed clinical signs necessitating
euthanasia after mice injected with IL-7Ra-GOF-only cells (A). The combination of
mutations did not cause leukocytosis (B) or splenomegaly (C) relative to the IL-7Ra-
GOF-only cells. Survival statistical analysis was performed using the Log-rank
(Mantel-Cox) test. Organ weight statistics were performed using the Mann-Whitney test
to compare TLX3-1L-7Ra-GOF mice with control groups. (p<0.05=*; p<0.005=**)
TLX3-only N=3; IL-7Ra-GOF-only N=5; TLX3-IL-7Ra-GOF N=5

tissues from each group at the time of euthanasia showed that there was not a significant
difference between TLX3-IL-7Ra-GOF mice and IL-7Ra-GOF-only mice in regards to

white blood cell counts or splenic weight (Figures 20B-C). Histologic examination of
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tissues from mice injected with TLX3-IL-7Ra-GOF cells showed infllmmatory lesions
similar to the lesions in IL-7Ra-GOF-only mice, as described in Chapter 3 (Figure 21).
These inflammatory lesions were presumably caused by the IL-7Ra-GOF-only cells that

were injected as part of the mixed TLX3-IL-7Ra-GOF cell population.

TLX3-mutIL-7Ra mice mutiL-7Ra-only mice

Liver (Higher Magnification)

Figure 21: Mice injected with TLX3-IL-7Ra-GOF cells developed an inflammatory
lesion similar to the mice injected with IL-7Ra-GOF-only cells. This was presumably
because some of the injected cells were transduced only with IL-7Ra-GOF rather than
with the combination of mutations. Associated with inflammatory infiltrates were
biliary hyperplasia (yellow arrows), periportal fibrosis (black arrows), and
hepatocellular apoptosis (red arrow). H&E staining; Scale bars = 200 ym (upper) and 60
um (lower). Data are representative of one experiment.

TLX3-IL-7Ra-GOF cells are present at low frequency in tissues
Analysis of tissues from four mice injected with TLX3-IL-7Ra-GOF cells showed

there were relatively few GFP+* cells within the thymus, bone marrow, and peripheral
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blood. Larger percentages of GFP* cells were present in the spleen of some mice, though
there was variability between animals. In the tissues examined, the majority of GFP* cells

were Thyl.2-, suggesting loss of the T-cell phenotype (Figure 22).
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Figure 22: GFP+ cells are present in low percentages in TLX3-IL-7Ra-GOF mice.

In mice that had developed clinical signs necessitating euthanasia, there were relatively
few GFP+ cells in the thymus, bone marrow, and blood of mice injected with TLX3-IL-
7Ro-GOF cells. The number of GFP+ cells in the spleen was more variable between
mice, and the GFP+ cells that were present in the spleen were not Thyl.2+, suggesting
they were not T-cells. N=4 mice.
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TLX3-1L-7Ra-GOF cells cause low-penetrance T-cell lymphoma

Histologic assessment of the lymph nodes from the single mouse that developed
lymphadenopathy (#612) showed that the normal nodal architecture was replaced by
sheets of neoplastic round cells (Figure 23A) that expressed GFP and CD3 (Figure 23B).
By flow cytometry, the majority of the GFP+ cells were Thyl1.2+ but lacked expression of

CD4 and CD8 (Figure 23C), consistent with an immature T-cell phenotype.

Combination of Hoxa overexpression and mutant IL-7Ra
Hoxa drives the immunophenotype of cultured Hoxa-IL-7Ra-GOF cells

To evaluate the combination of mutant IL-7Ra and Hoxa overexpression, cells
were cultured in a manner similar to the TLX3-IL-7Ra-GOF cells prior to injection into
Rag1l”-recipient mice. However, while TLX3-IL-7Ra-GOF cells were sourced from the
DN thymocytes of a C57BL/6J donor mouse, the Hoxa-IL-7Ra-GOF cells were sourced
from a NUP98-D13 transgenic mouse donor provided by the laboratory of Peter Aplan.
This mouse is known to have overexpression of the Hoxa gene cluster and is prone to
developing myeloproliferative disease (Lin et al., 2005). Therefore, all cells in the Hoxa-
only and Hoxa-IL-7Ra-GOF groups had overexpression of the Hoxa cluster, and this was
not linked to GFP expression. GFP was included in the IL-7Ra-GOF plasmid in both the
IL-7Ra-GOF-only and Hoxa-1L-7Ra-GOF groups. Flow cytometric analysis of the
cultured cells injected into recipient mice showed that almost all cells expressed Thy1.2,
consistent with T-cell lineage (Figure 24). In both the Hoxa-only and Hoxa-IL-7Ra-GOF

groups, cells were predominantly CD4-CD8-. The IL-7Ra-GOF-only cells were CD4-
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CD8- and CD8*, similar to the immunophenotype seen in other replications of this

transduction.
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Figure 23: One of five mice (612) injected with TLX3-IL-7Ra-GOF cells developed T-
cell lymphoma. Histology of enlarged lymph nodes showed infiltration by sheets of
monomorphic, neoplastic round cells, and there were large areas of necrosis (A). Scale
bar=500 pm (left) and 60 pm (right). Immunohistochemistry showed that neoplastic
cells demonstrated strong immunoreactivity on labeling with anti-GFP antibody and
anti-CD3 antibody (B). Flow cytometry showed that GFP+Thyl.2+ cells were CD4-
CD8- (C).
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Figure 24: Hoxa overexpression drives the immunophenotype of transduced cells.

At the time of injection into mice, most Hoxa-only cells were Thyl.2+, suggesting T-
cell lineage commitment (A), though most cells lacked CD4 or CD8 expression,
suggesting immaturity (B). These cells were derived from the NUP98-HOXD13
transgenic mouse that was engineered to overexpress the Hoxa gene cluster, so GFP was
linked with IL-7Ra-GOF expression rather than Hoxa overexpression. Cells transduced
with IL-7Ra-GOF-only showed high percentages of transduced, GFP+ cells that were
Thyl.2+ (A). Thyl.2+ cells were a mixture of predominantly CD4-CD8- and CD8+
cells (B). The immunophenotype of Hoxa-IL-7Ra-GOF cells was more similar to Hoxa-
only cells and was predominantly Thyl.2+ (A) and CD4-CD8- (B). Data are from a

single experiment. N=1 for each group.
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Hoxa-IL-7Ra-GOF combination generates full-penetrance myeloid leukemia

Mice injected with Hoxa-IL-7Ra-GOF cells developed clinical disease
necessitating euthanasia at a time-point similar to, though slightly earlier than, those
injected with IL-7Ra-GOF-only cells. Disease onset was rapid with full penetrance
(Figure 25A). Sick animals showed signs of hunching, decreased ambulation, enlarged
abdomens, and, in the IL-7Ra-GOF-only group, skin crusting. IL-7Ra-GOF-only mice
developed inflammatory lesions consistent with those described in Chapter 3, and Hoxa-
only mice did not develop disease.

Hoxa-IL-7Ra-GOF mice developed a marked leukocytosis composed of cells
morphologically consistent with neutrophils in varying stages of development. There
were many cells with band neutrophil morphology as well as earlier stages of
development (Figure 25B). Animals developed splenomegaly, lymphadenopathy, and
hepatomegaly (Figures 25C and D). Histologic examination showed infiltration of the
liver, spleen, lymph nodes, dural space, and lung with sheets of cells that were
morphologically similar to those seen in the peripheral blood, consistent with varying
stages of neutrophil maturation (Figure 26A and B). By flow cytometry, the thymus,
spleen, bone marrow, and peripheral blood contained high percentages of GFP* cells.
Most of these cells expressed the myeloid marker CD11b, consistent with the myeloid
morphology (Figure 27A&B). Few GFP* cells in the spleen, bone marrow, and peripheral
blood expressed Thyl.2, with aslightly higher percentage of Thyl.2+ cells in the thymus
(Figure 27C). Most of the Thyl.2* cells were CD4-CD8-, consistent with an immature T-
cell phenotype (Figure 27D). Immunohistochemistry showed that neoplastic cells

expressed GFP and, surprisingly, CD3 (Figure 27E). Though the expression of CD3 was
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consistent with an early T-cell precursor-like ALL, the myeloid morphology of these

cells was not consistent with this disease (Peter Aplan, personal communication).
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Figure 25: The combination of Hoxa overexpression and IL7-Ra-GOF generated
high-penetrance, rapid-onset myeloid leukemia. Mice injected with Hoxa-IL-7Ra-
GOF cells developed clinical signs necessitating euthanasia at a similar time point
as mice injected with IL-7Ra-GOF-only cells (A). The Hoxa-IL-7Ra-GOF cells
caused leukocytosis composed of cells that were morphologically consistent with
neutrophils in varying stages of maturity (B). Mice also developed enlargement of
the spleen (C) and liver (D) relative to IL-7Ra-GOF-only mice. Data are from a
single experiment. Survival statistical analysis was performed using the Log-rank
(Mantel-Cox) test. Organ weight statistics were performed using the Mann-
Whitney test to compare Hoxa-IL-7Ra-GOF mice with control groups. (Hoxa only
N=2; IL-7Ra-GOF-only N=6; Hoxa-IL-7Ra-GOF N=7)
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Figure 26: Multiple tissues were infiltrated and effaced by Hoxa-IL-7Ra-GOF cells.
Here, Hoxa-IL-7Ra-GOF cells infiltrate the liver, forming sheets of neoplastic cells that
disrupt the normal hepatic architecture (A, left panel, arrow). At higher magnification,
the cells distend hepatic sinusoids and are morphologically similar to those seenin the
peripheral blood, consistent with neutrophils in varying stages of maturation (right
panel). Similar infiltrates are seen in the lymph nodes at low (left panel) and high (right
panel) magnification (B). Data are representative of a single experiment. N=7
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Figure 27: Hoxa-1L-7Ra-GOF cells are GFP+CD11b+CD3+ cells. Flow cytometry on
selected tissues from mice injected with Hoxa-1L-7Ra-GOF cells demonstrated that a
high percentage of cells in the thymus, spleen, bone marrow, and peripheral blood were
GFP+ suggesting a high degree of infiltration of these tissues by transduced neoplastic
cells (A). The majority of these cells expressed the myeloid marker CD11b, consistent
with their morphology (B). Far fewer cells expressed the T-cell marker Thyl.2 (C), and
of these, most lack CD4 and CD8 expression, suggesting an immature stage of
development (D). Immunohistochemistry showed that most infiltrating cells expressed
GFP and the T-cell marker CD3 (E). Data are representative of a single experiment.
N=7

Hoxa-IL-7Ra-GOF cells were oligoclonal

Analysis of the DNA from spleens of mice injected with Hoxa-IL-7Ra-GOF cells
using ligation-mediated PCR to identify retroviral insertion sites demonstrated that the
cell populations were oligoclonal with few major dominant clones in each mouse. There
were three mice with a major dominant clone with a retroviral insertion in the 1rs2 gene,
and two mice with major dominant clones with a retroviral insertion in the Itgh7 gene

(Figure 28).
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Figure 28: Hoxa-IL-7Ra-GOF cell populations were oligoclonal.

Each pie chart represents a single animal, and each wedge is a unique retroviral
integration site as identified by ligation-mediated PCR on splenic DNA. In this diagram,
the gene affected by the retroviral integration is listed for the major dominant clones.
Three animals had a major dominant clone with an integration site affecting the Irs2
gene, and two animals had an integration site affecting the Itgh7 gene.

Arhgef3

Slc9a9

Discussion

Neither TLX3-IL-7Ra-GOF cells nor Hoxa-IL-7Ra-GOF met the stated project
goal of identifying a genetic combination that was sufficient to induce T-ALL. However,
both combinations yielded interesting results. In both TLX3-IL-7Ra-GOF cells and Hoxa-
IL-7Ra-GOF cells, expression of the homeobox transcription factor caused cultured
thymocytes to have an immature DN phenotype at the time of injection. This suggests
that aberrant expression of these homeobox transcription factors may block T-cell
differentiation atan early stage of development in culture. This is consistent with some

studies showing that overexpression of HOX due to juxtaposition with the TCRpS locus
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can cause maturation arrest (Cauwelier etal., 2007; Speleman et al., 2005). T-cells from
pediatric patients with TLX3 and HOXA subtypes of T-ALL also show maturation arrest
(Meijerink, 2010). In TLX3 subtypes, maturation block is caused, at least in part, to
blockade of Va-Ja rearrangement by ETS1 (Dadi etal., 2012).

TLX3-only cells did not seemto survive well in vitro, and dual transduction with
IL-7Ra-GOF appeared to improve survival rates. After injection, there were few TLX3-
IL-7Ra-GOF cells in the examined tissues of most mice, and most mice eventually
developed infllmmatory disease necessitating euthanasia. This inflammation was
presumably due to injection of a subpopulation of IL-7Ra-GOF-only cells as part of the
mixed population of transduced cells. From these experiments, it seems that combination
of TLX3 expression and IL-7Ra-GOF is inadequate to drive leukemogenesis in this
experimental system. Previous studies have shown that TLX3-transduced cells do not
survive when injected into mice (Su et al., 2006a).

However, one of the five mice injected with TLX3-IL-7Ra-GOF cells developed
T-cell lymphoma. This suggests that the presence of one or more additional genetic
lesion(s) may be sufficient to drive transformation when combined with TLX3 expression
and IL-7Ra-GOF. Neoplastic cells expressed CD3 by immunohistochemistry and Thy1.2
by flow cytometry, though cells were CD4-CD8-, suggesting an immature T-cell
phenotype. Alternatively, it is possible that cells were committed to the Yo TCR lineage
rather than the aff TCR lineage, since some cases of human TLX3 leukemia/lymphoma
express Y0 TCR (Meijerink, 2010). We did not assess the lymphoma for yd TCR

expression.
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In comparison to the TLX3-IL-7Ra-GOF cells, Hoxa-only cells seemed to survive
better in culture. This could be due to the method of inducing gene overexpression, as
Hoxa-only cells were derived from the NUP98-D13 transgenic mouse while TLX3
expression was induced by transduction with a retroviral vector (Lin et al., 2005). The
NUP98-HOXD13 transgenic has been shown to have activation of the Hoxa gene cluster,
including Hoxa7,Hoxa9, and Hoxal0, and mice consistently develop myelodysplastic
syndrome and acute leukemia over the course of up to 14 months (Choi etal., 2009; Lin
et al., 2005). Thymocytes from these animals have a partial differentiation block at the
DNZ2 to DN3 transition and may also develop into precursor T-cell lymphoblastic
leukemia/lymphoma (Choi et al., 2009). However, similar to TLX3-only cells, Hoxa-only
cells did not cause clinical disease in injected mice. This is consistent with published data
demonstrating that bone marrow cells transduced with Hoxa9 and HOXA13 do not
survive in vivo once injected into mice (Kroon et al., 1998; Su et al., 2006a).

The effects of combining Hoxa overexpression and IL-7Ra-GOF were more
striking than the TLX3-IL-7Ra-GOF combination. Every mouse injected with Hoxa-IL-
7Ro-GOF cells developed myeloid leukemia. This is may be an artefact of the
experimental conditions, as, to our knowledge, there are not cases of human myeloid
leukemia with mutations in the IL-7Ra-GOF gene. The NUP98-HOXD13 mouse is
known to develop varying stages of myeloid disorders, and it is also possible that
myeloid precursor cells were transduced as part of the culture system, since these cells
were not depleted from the thymus with the depletion strategy used, though CD11b* cells

are present at very low rates after days in culture (see Chapter 3).
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In each case of Hoxa-IL-7Ra-GOF myeloid leukemia, the resulting disease was
oligoclonal, suggesting that growth advantage may be conferred by additional genetic
lesions (either additional acquired mutations or gene activation/ suppression due to
retroviral integration). Mice were injected from the same pool of transduced cells, and
three mice shared major dominant clones with Irs2 gene retroviral integration sites while
two had integrations into the Itgh7 gene. These clones likely had proliferative advantage
prior to injection into the mice. ltgh7 encodes the integrin subunit beta 7, and it is
involved in cell adhesion and extracellular matrix signaling (Neriet al., 2011). Irs2
encodes the insulin receptor substrate 2 which is involved in signaling by insulin as well
as insulin-like growth factor 1 (Uddin etal., 1997). This is particularly interesting, as
insulin-like growth factor 1 appears to be a target of HOXA9, and Igfl signaling is
important in leukemia induced by HOXA expression (Steger etal., 2015). Given this, it
seems likely that the activation of the Irs2 gene by retroviral integration conferred
significant growth advantage to Hoxa-IL-7Ra-GOF cells.

The fact that Hoxa-IL-7Ra-GOF leukemic cells expressed CD3 was interesting.
Typically, CD3 expression is associated with T-cell lineage commitment, and cells
expressing CD3 would not be expected to co-express the myeloid marker CD11b (as was
the case in the Hoxa-IL-7Ra-GOF leukemias). However, there is a subset of ALL cases,
early T-cell precursor ALL (ETP-ALL), that is defined by shared expression of T-cell
markers and myeloid markers; this is particularly relevant because some cases of ETP -
ALL have been shown to have HOXA overexpression and IL-7Ro mutation (Zhang etal.,
2012). It is tempting to classify the Hoxa-IL-7Ra-GOF leukemias as ETP-ALL-like

lesions. Similar murine lesions have been published as ETP-ALL, but human cases of the
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disease are composed of small round cells rather than cells with distinct myeloid
morphology (Peter Aplan, personal communication) (Treanor etal., 2014). Therefore, it
seems most conservative to conclude that the combination of Hoxa expression and
mutant IL-7Ra-GOF induces a myeloid leukemia with features suggestive of ETP-ALL-
like disease. However, additional genetic lesion(s) are likely necessary to drive T-cell
lineage commitment that more closely mimics the morphology of human disease.

In conclusion, the combination of TLX3 and IL-7Ra-GOF was not sufficient to
cause T-ALL, but led to development of a T-cell lymphoma in one mouse. The
combination of Hoxa overexpression and IL-7Ra-GOF caused a full-penetrance, rapid-

onset myeloid leukemia with some features similar to ETP-ALL.
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Chapter 5: Mutant NRAS and mutant /L-7Ra-GOF are
sufficient to induce T-ALL

Introduction

Review of patient data suggested that TLX3 expression, HOXA overexpression,
and mutant NRAS were each excellent candidates for collaboration with mutant IL-7Ra in
the generation of T-ALL (Chapter 2). However, experiments showed that neither TLX3
expression nor Hoxa overexpression collaborated with mutant IL-7Ra to generate T-ALL
(Chapter 4). We continued our search for potential collaborators by investigating the
effects of combining mutant NRAS with mutant human IL-7Ra.

To review, NRAS functions as a GTPase, mediating the effects of growth factor
receptors by activating multiple intracellular signaling pathways. Mutations in RAS
proteins are common in many human cancers and enable activation of intracellular
signaling pathways without growth factor binding to receptors (Ward et al., 2012). Rates
of NRAS mutation in T-ALL are variable, with some reports as low as 4% and others as
high as 25% (Kalender Atak etal., 2012; Kawamura etal., 1999; Oshima etal., 2016;
Perentesis etal., 2004). Downs syndrome-associated ALL had higher rates of NRAS or
KRAS mutation (Nikolaev et al., 2014). RAS pathway mutations were more frequent in
high-risk, relapsed ALL where the mutations show heterogeneous clonal evolution
(Oshima et al., 2016). Such relapsed cases represent patients that might currently benefit
most from targeted therapies.

NRAS mutation seemed a possible collaborator with mutant IL-7Ra because

41.6% of T-ALL patients with mutations in N-Ras/K-Ras/NF1 pathway had concurrent
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mutations in the IL-7Ra signaling pathway (Cante-Barrett et al., 2016a). In addition,
concurrent mutations in both pathways had been identified in Philadelphia chromosome-
like BCP-ALL and in the T-ALL cell line DND41 (Atak et al., 2013; Roberts et al.,
2014). To compliment the proliferative and survival benefits conferred by mutant IL-7Ra,
mutant NRAS might be expected to enhance self-renewal (Li et al., 2013). Here we
provide evidence that a combination of gain-of-function mutations in IL-7Ra and NRAS

were sufficient to drive transformation of immature primary murine thymocytes.

Materials and Methods

Thymocyte transduction and culture

Thymocytes were harvested from 3-6 week old C57B1/6J female donor mice by
first mechanically dissociating the tissue into a single cell suspension. Cells were then
bound to CD4 and CD8 microbeads (Miltenyi) and passed through an LD column
(Miltenyi) to isolate double negative cells according to the manufacturer’s instructions.
Resulting double negative cells were cultured on OP9-DL4 bone marrow stromal cells for
1 day, then transduced twice with retroviral vectors with approximately 18 hours between
transductions. Thymocytes were transduced by spinoculation (centrifugation at 2000 rpm
for 60 minutes) with addition of 8ug/ml polybrene (Chemicon) to the transduction
solution. After transduction, thymocytes were maintained on OP9-DL4 cell culture for an
additional 7-8 days prior to injection into mice to allow for expansion of cell numbers.

Retroviruses were generated using Phoenix-Eco packaging cells (Orbigen).
Phoenix cells were cultured in DMEM containing glucose, L-glutamine, and sodium
pyruvate (Corning), with 50 ml of fetal bovine serum added to every 500 ml of DMEM.

Phoenix cells were transfected with pMIG plasmids containing wild type hiL-7Ra,
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mutant hIL-7Ra, mutant NRAS G13D (sourced from Dominic Esposito, Protein
Expression Lab, NCI), cDNAs of NRAS G13D mutant and hIL-7Ra mutant were
subcloned into pMIG vector by gateway cloning or PCR cloning methods by Wenging
Li. The hIL-7Ra mutant sequence was c.731_732insSTTGTCCCAC, based on the
mutation in subject P2 and was confirmed by sequencing previously by our laboratory
(Zenatti et al., 2011).

Transfection was performed using lipofectamine (Invitrogen) and OPTI-MEM |
reducing serum medium (Invitrogen) 48-72 hours prior to thymocyte transduction.
Phoenix cell supernatants containing retroviruses were filtered using a 0.45 pum syringe
filter (Millex) prior to transduction of thymocytes. OP9-DL4 cells were cultured
according to published guidelines used for culture of OP9-DL1 cells and were cultured in
MEM-alpha medium (Gibco). For 500 ml of media, the following additives were
included: 50 ml fetal bovine serum (GE life Sciences), 3 ml fresh (frozen to maintain
freshness) L-glutamine (Sigma), 0.5 ml 2-mercaptoethanol (Gibco), and 2.5 ml penicillin/
streptomycin (Gibco). When thymocytes were added to culture, growth was supported by
the addition of 5 ng/ml mIL-7 and 5 ng/ml hFLT-3L (Peprotech) (Holmes and Zuniga-
Pflucker, 2009).

Animal Experiments

Transduced cells were injected into sub-lethally irradiated, 6-15 week old, female
Ragl”- mice via tail vein in a concentration and volume of 5 x105 cells/ 200 W/ mouse.
Recipient mice were prophylactically treated for 3 days with SMZ antibiotics (0.08mg/ml
in drinking water) either immediately prior to irradiation (initial experiments and limiting

dilution experiments) or immediately following irradiation (serial passage experiments).
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Animals were monitored by a single, experienced technician for consistency (T.B.) and
euthanized at the onset of clinical signs. Clinical signs included hunching, dyspnea,
reduced ambulation, rough hair coat, crusted skin (in the mutant IL-7Ra-only group), or
moribund status. Peripheral blood was collected immediately prior to euthanasia.
Animals that required euthanasia for causes not related to development of experiment-
associated disease (i.e. tail caught in caging, inner ear infection, fighting-associated skin
lesions) were censored from experimental results. Technicians performing monitoring
were not blinded to experimental groups.

Leukemia serial passage experiments were performed using fresh spleen cells
from mice that were euthanized with clinical disease. Fresh spleens were mechanically
dissociated, red blood cells were lysed using ACK lysis buffer (Lonza), and the single-
cell suspensions were re-suspended in PBS at a concentration of 5 x10° cells/ 200 W/
mouse then injected immediately into sub-lethally irradiated Rag”- mice.

Limiting dilution experiments were performed by injecting serial dilutions of
mutant NRAS- mutant 7L7Re transduced thymocytes into irradiated Ragl-- mice. Each
mouse was injected with 200ul of cell suspension containing unsorted cells (5x10°,
5x104, 5x103, 5x102, or 5x10! cells, depending on the group). Animals were euthanized at
the onset of clinical signs, and presence of leukemia/lymphoma was confirmed on
necropsy by assessing mass of spleen and liver, identification of gross lesions consistent
with lymphoma, and/or diagnosis of leukocytosis by cell counting and peripheral blood
smear analysis. To calculate the number of leukemia-initiating cells in the injected cell
population, the number of live, GFP* cells injected per group was first calculated based

on flow cytometry analysis of the injected cells.
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Flow Cytometry

Thymus, spleen, and bone marrow were manually dissociated to single cell
suspensions. Red blood cell lysis was applied to these tissues as well as to peripheral
blood using ACK Lysing Buffer (Lonza). Resultant suspensions were stained with
Zombie Red live/dead fixable stain (Biolegend) for 15 minutes at room temperature.
Then, CD16/32 Fc receptor block (93) was applied at a 1:400 dilution for 10-15 minutes
(Biolegend). Cocktails of fluorochrome-conjugated antibodies were applied to cells for
15 minutes on ice, including the following antibodies: anti-Thyl.2 APC-Cy7 (30-H12),
anti-CD4 PE-C7 (GKL1.5), anti-CD8 Brilliant Violet 421 (53-6.7), anti-CD44 PerCP-
Cy5.5 (IM7), anti-CD25 Birilliant Violet 650 (PC61), anti-TCRp Alexa Fluor 700 (H57-
597), anti-CD3 Brilliant Violet 421 (17A2), anti-Ly6G Pe-Cy7 (1A8) from Biolegend;
anti-CD11b PerCP-Cy5.5(M1/70), anti-B220 APC (RA3-6B2) from BD Biosciences.
Fluorescence minus one (FMO) labeling was used for controls (Figure 2). Cells were then
fixed in stabilizing fixative (BD Biosciences) for 30 minutes. Fixative was removed, and
flow cytometric analysis was performed on an LSRIISORP cytometer with FACS DIVA
software. Data analysis was performed using FlowJo, and gating strategy is included in
the materials and methods in Chapter 2 (Tree Star, Inc.).
Histopathology, Immunohistochemistry, and Digital Slide Analysis

Tissues were fixed in 10% neutral buffered formalin and transferred to 70%
ethanol after complete fixation. Samples were trimmed, paraffin-embedded, sectioned,
and stained with hematoxylin and eosin according to standard histotechnological

procedures.
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Immunohistochemistry was performed by the Pathology/ Histotechnology
Laboratory using previously optimized protocols. Immunohistochemistry utilized anti-
GFP antibody (Abcam ab6556) at 1:1000 dilution with proteolytic digestion using
proteinase K (DAKO) incubated overnight at 4 degrees C; anti-CD3 antibody (Bio-Rad
#MCA1477) at 1:100 dilution incubated for 60 minutes with heat-induced epitope
retrieval using citrate (Leica Biosystems) for 20 minutes; and anti-ki67 antibody (Abcam
#ab16667) at 1:100 dilution incubated for 30 minutes with heat-induced epitope retrieval
using citrate for 20 minutes. For all protocols, DAB (Sigma & Leica Biosystems) was
used as the chromogen, and hematoxylin (Leica Biosystems) was used as a counterstain.
In some cases, isotype controls were performed using the same tissue as was labeled
originally, and in other cases, isotype controls were performed on standard tissues and/or
cell pellets.

Slides were digitalized using an Aperio AT2 slide scanner (Leica) ata
magnification of 20x. Digital slides were viewed in ImageScope (Aperio), and digital
slides were used to generate images of the tissues. Digital image analysis of ki67 labeling
was performed using an optimized Aperio Nuclear v9 algorithm.

Ligation-Mediated PCR

Oncogenes were transfected using retroviral vector and thus each original cell
carried a unique molecular barcode that could be used to assess clonality by identifying
the frequency of retroviral integration as described previously (De Ravin etal., 2016;
Maldarelli et al., 2014). The integration sites were cloned from 5LTR-genomic junction
using primers specific for the vector used in this study (MFGS5LTR,

5’ATGGCGTTACTTAAGCTAGCTTG 3°, MFGS5LTRnest,
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CAAACCTACAGGTGGGGTCTTTC 3’). Integration site junctions were mapped to
mouse genome build mm10. Frequency of each clone was calculated as the percentage

of read numbers for each integration sites out of total mapped reads.

Transcriptome Analysis

RNA for transcriptome analysis was isolated from cell-sorted, GFP*, transduced
and cultured thymocytes using the RNeasy Plus Mini and Micro Kit (Qiagen) with the
QIlAshredder (Qiagen) according to manufacturer’s instructions. Resulting RNA samples
were flash-frozen in liquid nitrogen.

RNA samples were sequenced using paired-end sequencing (ACGT Inc.). A
standard Illumina TruSeq protocol was used, and the read length was 150bp.
Bioinformatics analysis was performed using an in-house RNASeq pipeline, CCBR

Pipeliner (https:/github.com/CCBR/Pipeliner). The raw RNA-Seq fastq reads were

aligned to mouse genome (mm10) using STAR (v. 2.4.0h) on 2-pass mode with mouse
gencode (release 4) gtf (Dobin et al., 2013). Genes were subsequently counted using
Rsubread and further normalized using TMM (edgeR) and analyzed for gene expression
changes using limma-voom with quantile normalization (Law et al., 2014; Liao et al.,
2013). Heatmaps of gene expression and principal component analysis were generated
using Partek software. For pathway analysis, gene lists were imported into Metacore
pathway analysis tool (Thomson Reuters) to analyze gene enrichment and pathway
activation.
TCR Clonality Assessment

T-cell receptor clonality of a subset of mutNRAS-mut/Z7Ra leukemias was

performed by real time PCR to assess VDJ rearrangement using degenerate 5° V primer
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and C primers that annealed to both CB1 and Cp2. PCR products were then sequenced
using Sanger sequencing. For those samples with chromatograms indicating multiple
sequences, the PCR product was sub-cloned into a plasmid vector, introduced into
bacteria, and 10 resultant bacterial colonies were sequenced and the populations were
compared to assess degree of clonality. For samples without evidence of VDJ
recombination, DJ recombination was assessed by real time PCR. Primer sequences are

as follows (Table 2).

Primer Name | Primer Sequence

5’TCRVB TAAGCGGCCGCATGKDYTGGTAYMRRCAG
3’TCRCB CCCACCAGCTCAGCTCCACGTGG
5’TCRBDI1.1 | CTTATCTGGTGGTTTCTTCCAGC

3’TCRBJ1S4.2 | TTTACATACCCAGGACAGACAGC

3’TCRBJ1S6.1 | AGACCATGGTCATCCAACACAGGC
5’TCRBD2.2 | TGTATCACGATGTAACATTGTGG

3’TCRBJ2S4.2 | TACTGGGTGTCTTGGTTCACAGC

3’TCRBJ2S7.2 | TTGAGAGCTGTCTCCTACTATCG

5’ Mouse

Beta-actin GTGGGCCGCTCTAGGCACCAA

3’ Mouse

Beta-actin CTCTTTGATGTCACGCACGATTTC
mouse SCID

Primer 1 CTAGGCCACAGAATTGAAAGATCT
mouse SCID

Primer 2 GTAGGTGGAAATTCTAGCATCATCC

Table 2: Primers used for TCRp clonality assessment.
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Statistics

For most studies, statistics were performed using GraphPad Prism version 6.00
for Windows (GraphPad Software, La Jolla, CA). To compare more than two groups,
Kruskall-Wallis analysis was performed, and the Mann-Whitney test was used to
compare two groups. Survival curve analysis was performed using the Log-rank test.
For the limiting dilution studies, extreme limiting dilution analysis was performed using
software from the Walter and Eliza Hall Institute of Medical Research, available at the

following website: http://bioinf.wehi.edu.au/software/elda/ (Hu and Smyth, 2009).

Results

Mutant NRAS combined with mutant IL-7Ra-GOF is sufficient to generate T-cell
acute lymphoblastic leukemia

To assess collaboration between human IL-7Ra-GOF mutation and NRAS
mutation ¢.38G>A (G13D), we used the same approach as with TLX3, transducing
C57BL/6J CD4-CD8 immature thymocytes with retroviral vectors encoding the mutated
genes. Mice injected with mutNRAS-IL-7Ra-GOF cells developed clinical signs
necessitating euthanasia more rapidly than those injected with TLX3-IL-7Ra-GOF cells,
Hoxa- IL-7Ra-GOF cells or control groups (Figure 29A). MutNRAS-IL-7Ra-GOF mice
developed full-penetrance disease with splenomegaly and lymphoblastic leukocytosis
(Figures 29 B&C).

By flow cytometry, the thymus, spleen, bone marrow, and peripheral blood
contained high percentages of GFP* (mutNRAS) cells (Figure 30A). Histologically, the

spleen, liver, and lungs were infiltrated by large numbers of small, round, GFP*CD3*
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Figure 29: Mutant IL-7Ra-GOF combined with mutant NRAS was sufficient to
generate rapid-onset leukemia. Mice injected with mutNRAS-IL-7Ra-GOF cells
developed clinical signs requiring euthanasia more rapidly than control mice (A). The
spleens of mice injected with mutNRAS-IL-7Ra-GOF cells were significantly larger
than those of controls (B). mutNRAS-IL-7Ra-GOF mice developed a lymphoblastic
leukocytosis (C). Bars represent mean values. Survival statistical analysis used the
Log-rank (Mantel-Cox) test comparing all groups as well as mutNRAS-IL-7Ra-GOF to
individual controls. Other statistical comparisons used the Mann-Whitney test
comparing mutNRAS-IL-7Ra-GOF cells to individual control groups. p<0.05=%;
p<0.005=**; p<0.0005=***; p<0.0001=****_ Survival and organ weight data include
results from 1-3 independent experiments (Vector N=3; Wild type N=1, 4; mutNRAS
N=1, 8, 4; IL-7Ra-GOF N=3, 8, 5; mutNRAS-IL-7Ra-GOF N=2, 8, 5).
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Figure 30: MUtNRAS-IL-7Ra-GOF cells were GFP+CD3+ cells.
MutNRAS-IL-7Ra-GOF cells extensively infiltrated thymus, spleen, bone marrow,
peripheral blood, and liver (A&B) and were GFP+ by flow cytometry (A) and
immunohistochemistry (B). Immunohistochemistry showed cells were CD3+ (B) and
highly-proliferative based anti-ki67 immunolabeling (C). Quantifying ki67+ nuclei
using digital image analysis showed that 67-99% of nuclei were positive in splenic,
pulmonic, and hepatic leukemic infiltrates of mutNRas-IL-7Ra-GOF mice as compared
to 24% positive nuclei in the periarteriolar lymphoid sheath (PALS) of a normal
C57BL/6 mouse (D). Bars represent mean values. Scale bars =200 pm

mononuclear cells that formed sheets replacing the normal parenchyma, morphologically

consistent with neoplastic infiltrates (Figure 30B). The majority of these cells were in
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active cell cycling based on expression of ki67 (Figure 30 C&D).

MutNRAS-IL-7Ra-GOF cells were predominantly a mixed immunophe notype
with Thyl.2*CD4*CD8* or Thyl.2*CD8*TCRp* expression (Figure 31A-D), consistent
with origination from multiple clones (gating strategy and flow cytometry labeling
controls are in materials and methods). Several control mice injected with mutNRAS-only
cells developed later-onset T-cell lymphoma (Figure 32A-C). Immunophenotype of one
mutNRAS-only lymphoma was similar to that of mutNRAS-IL-7Ra-GOF leukemia
(Figure 32 D&E). Control mice injected with IL-7Ra-GOF-only cells developed
inflammatory disease as described in Chapter 3. One animal injected with GFP vector-
transduced cells developed gross lesions consistent with leukemia/lymphoma at 110 days
post-injection, and this animal was censored due to the late onset of disease, as the
disease was presumably due to retroviral activation of an oncogene or an acquired
mutation in an injected thymocyte.

While morphology suggested mutNRAS-IL-7Ra-GOF cells were neoplastic, we
attempted to verify this by performing serial passage experiments, transferring cells from
four individual donor animals through 3 consecutive groups of sub-lethally irradiated
Ragl--recipient mice. Supportive of neoplastic properties, cells from donor mice induced
full-penetrance, rapid-onset disease necessitating euthanasia in two passage attempts
(Figure 33A). A third passage attempt with frozen cells from the initiating donor gave
low-penetrance disease at the first passage but full-penetrance disease subsequently, and
a fourth attempt failed after the first passage (data not shown). While serial passage
induced disease in recipient mice, degree of splenomegaly and leukocytosis varied

between passages (Figure 33B&C). Serial passages A and B were continued through 8

117



A Representative Spleen B CD4*CDB8" cells
' ' 100

% .'- - ‘lﬁl k"
[ ]
. . ~5 - :,
T 50 e.e - Ay _ g
E‘ AN T S Ty
= . n ¥
=
0 T
& e 5 &
& & ﬁ\f
‘b§ é\;f
K
C o
cD8* cells CD8'TCRp’ cells
100 - 100 -
R M
£ L]
8 v % A = Tyv
+N v + L i
2 i:"e “u 'dl" § 504 ee . ‘
5'l v
E o, ] Aanst "'r s ¢ " ‘ :
= ooe a 1::":— v = [ "
u T T T T u T T T T
& o & o
& @*‘dﬂ £®£ & & &“dﬂ @\@";’
L]
q

Figure 31: MutNRAS-IL-7Ra-GOF cells were CD4+CD8+ and CD8+ T-cells.

Flow cytometric analysis of mutNRas-IL-7Ra-GOF cells showed predominant
populations of CD4+ CD8+ cells and CD8+ cells in the thymus, spleen, bone marrow,
and peripheral blood of affected mice (A-C). Most CD8&+ cells expressed TCRf,
suggesting maturity (D). Bars represent mean values. Flow data include values from 2
independent experiments (N=8 & 5).
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Figure 32: A few mice injected with mutNRAS-only cells developed late-onset T-cell
lymphoma. Neoplastic cells infiltrated multiple organs including liver (A), lung (B), and

meninges (C). By flow cytometry, neoplastic populations were composed of
populations of CD4+ CD8+ double positive and CD8+ single positive cells (D & E).
Histologic results are representative of 2 mice. Flow cytometry results represent 1

mouse.
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Figure 33. Splenic cells from donors injected with mutNRas-1L-7Ra-GOF cells caused
rapid-onset disease in serial recipients. Of four independent passage experiments, three
generated successful passage through three sequential groups of recipients (two shown,
N=5 recipients/group) (A). Passaged cells continued to cause splenomegaly and
variable leukocytosis (B-C). Cells from passage B continued to express human IL-7Ra.
and GFP as a marker of successful transduction with I1L-7Ra-GOF and mutNRAS,
respectively and maintained an immunophenotype similar to the original donor (D).
Bars represent mean values.

and 9 passages, respectively, to generate cell lines. The resultant cell line from serial

passage B continued to express human IL-7Ra and GFP (mutNRAS) and maintained an
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immunophenotype similar to the original donor animal (Figure 33D). This cell line would
not grow in culture, similar to patient T-ALL cells which must be passaged as xenografts
in mice. We used these cells in the following drug study.

To determine the leukemia-initiating cell frequency of mutNRAS-IL-7Ra-GOF
cells, we injected groups of mice with serial dilutions of newly transduced cells (Figure
34A). Using these results, we performed extreme limiting dilution analysis statistics and
calculated the number of leukemia-initiating cells to be approximately 1 in 614 (Figure
34B) (Hu and Smyth, 2009). Animals receiving fewer cells developed disease later than
those injected with larger numbers of cells (Figure 34C). Calculation of leukemia-
initiating cell frequency was based on the number of live, GFP* cells injected into mice,
and it did not take into account the percentage of those cells expressing human IL-7Ra
(typically ~40%). Given this, the leukemia-initiating cell frequency may actually be

higher.

MutNRAS-IL-7Ra-GOF cells are polyclonal

While mutNRAS-IL-7Ra-GOF cells appeared to be neoplastic and disease onset
was rapid, it seemed possible that additional genetic lesions could have occurred in vitro
or in vivo to drive leukemia formation. If the mutNRAS-IL-7Ra-GOF combination was
sufficient to generate leukemia absent other mutations, we expected the resulting
leukemias to be polyclonal since they would have originated from many different cells,

each of which had been transduced with the combination of mutant genes. If additional
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Figure 34. Limiting dilution demonstrated that leukemia-initiating cells were present at
an approximate ratio of 1 in 614. Mice injected with as few as 202 cells developed
leukemia/lymphoma (A). Based on these data, limiting dilution statistics indicate that
the leukemia-initiating cell frequency was approximately 1 in 614 (B). Mice injected
with fewer cells survived longer (C). Survival analysis by Log-rank (Mantel-Cox) test
p<0.0001. Data are from 1 experiment (N= 4-5 recipients/group).
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mutations were necessary to cause leukemia, we expected leukemic cells to be
oligoclonal or monoclonal, with all leukemic cells derived from those few cells where the
requisite additional mutations occurred. To assess clonality, we performed ligation-
mediated PCR to identify the retroviral integration sites within the genome. This showed
that the mutNRAS-IL-7Ra-GOF leukemias were highly polyclonal in comparison to a
mutNRAS- only lymphoma and the Hoxa- IL-7Ra-GOF leukemias which were
oligoclonal (Figure 35A and Figure 28). The mutNRAS-only cells had a major dominant
clone with an integration site in the Notch1 gene that was predicted to be an activating
insertion in the 5’ regulatory region. Whether there were additional genetic mutations in
this lymphoma is unknown. While mutNRAS-IL-7Ra-GOF cell populations were
polyclonal, assessment of the top 20 integration sites from each mouse suggested that
some animals injected with cells from the same pool of transduced cells shared major
clones, indicating differential growth of clones both in vitro and in vivo. T-cell receptor
clonality assessment showed variations in the degree of clonality between animals
(Figure 35B), and assessment of TCR clonality on samples from the limiting dilution
experiment showed overgrowth of one or a few dominant clones (data not shown). To
determine whether retroviral insertion site could be conferring growth advantage to major
clones, we assessed the genes impacted by integration. On average, 5 of the 20 top
integration sites in each animal impacted genes that were known tumor suppressors
and/or oncogenes (Bushman, 2016; Zhao etal., 2016). These data confirm that the
combination of mutant IL-7Ra and NRAS, while sufficient to induce T-ALL, canalso be
conferred growth advantage by additional genetic lesions. This is consistent with the

observation that human T-ALL cases typically have more than two mutations.
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Figure 35. MutNRAS-IL-7Ra-GOF cell populations were polyclonal, though some
clones were more dominant than others. Splenic DNA was analyzed for unique

retroviral integration sites using ligation-mediated PCR. Each circle represents the DNA
from a single spleen, and each wedge of the circle represents a unique retroviral
integration site. A single clone may have more than one integration site. Cell

populations from the mutNRas-IL-7Ra-GOF leukemias included multiple clones with
unique integration sites. In comparison, cell populations from the mutNRas-only
lymphoma were relatively oligoclonal (A). Analysis of T-cell receptor clonality of a
different subset of mutNRas-1L-7Ra-GOF leukemias showed variable clonality between
populations, with some leukemias having a major dominant clone and others having
more clonal variation (B).
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MutNRAS-IL-7Ra-GOF cell transcriptome is more similar to IL-7Ra-GOF-only cells
than mutNRAS-only cells

Continuing to investigate the effects of combining mutant NRAS and mutant IL-
7Ra, we performed transcriptome analysis on RNA isolated from cultured, transduced
thymocytes analyzed at the time-point when the cells would have typically been injected
into mice. Consistent with previous experiments, transduced genes conferred different
immunophenotypes in cultured cells. Based on flow cytometry, mutNRAS-IL-7Ra-GOF
cells and IL-7Ra-GOF-only cells were predominantly CD4-CD8- and CD8* while
mutNRAS-only cells were predominantly CD4-CD8 and CD4* (Figure 36A). Principal
component analysis showed that each group of cells clustered together, suggesting
sufficiently unique sets of genes separating each group (Figure 36B). Volcano plot
analysis showed greater numbers of genes that were significantly, differentially expressed
when comparing mutNRAS-only cells and mutNRAS-IL-7Ra-GOF cells than when
comparing IL-Ra-GOF-only cells and mutNRAS-IL-7Ra-GOF cells (Figure 36C).

Similarly, hierarchical clustering of the transcriptome showed that the overall pattern of

Figure 36: The transcriptional activity of mutNRAS-IL-7Ra-GOF cells was more similar
to the IL-7Ra-GOF cells than mutNRAS cells. Cultured mutNRAS-IL-7Ra-GOF cells and
IL-7Ra-GOF-only cells were predominantly CD4-CD8- and CD8+. MutNRAS-only
cells were predominantly CD4-CD8- and CD4+ (A). Each group of cells clustered
separately on principle component analysis (B). Volcano plots show genes that were
significantly (p<0.05) and differentially (fold change > 2) as red dots. These show
greater significant, differential gene expression when comparing mutNRAS cells with
MUtNRAS-IL-7Ra-GOF cells than when comparing IL-7Ra-GOF cells with mutNRAS-
IL-7Ra-GOF cells (C). Hierarchical clustering of gene expression similarly showed that
the transcriptome of mMutNRAS-IL-7Ra-GOF cells appeared more similar to IL-7Ra-
GOF cells than mutNRAS cells (D).
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gene expression was similar between mutNRAS-IL-7Ra-GOF cells and IL-7Ra-GOF-only
cells, while mutNRAS-only cells had a markedly different gene expression pattern (Figure
36D). This could be due, at least in part, to the similar immunophenotype between IL-
7Ro-GOF-only cells and mutNRAS-IL-7Ra-GOF cells. Within each mutation
combination group, there was marked variation between group members. If such
variability in gene expression is true for patient samples as well, this could have
implications for the development of precision medicine/ targeted therapy. To attempt to
determine whether the combination of mutant NRAS and mutant IL-7Ra-GOF led to
dysregulation of oncogenes or tumor suppressor genes, we mined the transcriptome data
using lists of known oncogenes and tumor suppressors (Bushman, 2016; Zhao et al.,
2016). Hierarchical clustering of the resultant data did not demonstrate coordinated,
differential expression of oncogenes or tumor suppressor genes that could explain why

MUtNRAS-IL-7Ra-GOF cells were leukemogenic.

Treatment of MutNRAS-IL-7Ra-GOF leukemia reduced disease progression and
prolonged survival

To see if targeted therapy would successfully treat mutNRAS-IL-7Ra-GOF
leukemia, we injected mice with the mutNRAS-IL-7Ra-GOF cell line (described in Figure
33) that had been developed by serial passage in mice. We then treated the mice with the
MEK inhibitor Trametinib to target the NRAS signaling pathway and the JAK1 inhibitor
Ruxolitinib to target the IL-7Ra signaling pathway (Cante-Barrett et al., 2016; Zenatti et
al., 2011). Dual treatment significantly reduced disease progression, leading to lowered

white blood cell counts, spleen weights, and liver weights at time-matched euthanasia
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(Figure 37A-C). Neoplastic infiltrates into the liver and lungs were significantly
decreased in treated mice analyzed at time-matched euthanasia (Figure 37D-G). Treated
mice survived significantly longer than untreated animals (Figure 37H). Drug treatments
were limited by humane considerations to a total of thirty gavages, and additional

treatments may have further improved outcomes.

Figure 37: Targeted therapy combining the JAKZY inhibitor Ruxolitinib with the MEK
inhibitor Trametinib reduced disease progression and prolonged survival. Mice were
treated with Trametinib (0.39 mg/ kg once a day) and Ruxolitinib (150 mg/kg twice a
day) by gavage for 10 days. Dual therapy significantly reduced the white blood cell
count (A), spleen weight (B), and liver weight (C) when mice were compared at time-
matched euthanasia. Histologic analysis of liver (D) and lung (E) showed reduced CD3+
leukemic infiltrates. Digital image analysis of CD3-immunolabeled slides showed
significant reductions in percent of CD3+ pixels in liver (F) and lung (G). Red dots
indicate animals whose tissues are depicted in D&E. Drug-treated mice survived longer
than vehicle-treated mice (H). Time-matched euthanasia data statistical analysis used the
Mann-Whitney test comparing the dual therapy-treated mice to controls, and survival
analysis used the Log-rank (Mantel-Cox) test. (p<0.05=%*; p<0.005=**; p<0.0005=**%*),
Data were from a single experiment. Vehicle-only N=12; Ruxolitinib-only N=9;
Trametinib-only N= 10; Dual treatment N=13.
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Discussion

Combination of mutant IL-7Ra-GOF with TLX3 expression or Hoxa
overexpression was not sufficient to induce T-ALL in our experimental system (Chapter
4). However, mutant IL-7Ra-GOF combined with mutant NRAS induced rapid-onset,
full-penetrance T-ALL. We believe this combination of mutations is sufficient to drive T-
ALL because the disease onset was rapid and fully-penetrant, the leukemia-initiating cell
frequency was relatively high, and the resultant leukemias were highly polyclonal. The
data also revealed that additional genetic lesions can confer growth advantage, as some
clones out-competed others, even over the short disease course. This may help to explain
why more than two genetic lesions are typically present in human ALL cases.

Having found that combination of mutant NRas and mutant IL-7Ra-GOF was
sufficient to generate T-ALL, we designed a drug study to examine the effects of
targeting both signaling pathways on leukemia progression and animal survival.
Targeting mutated RAS is notoriously difficult, and targeting the downstream effector
pathways Raf/MEK/ERK and PI3K/AKT/mTOR is currently more feasible (Ward etal.,
2012). The mutant IL-7Ra pathway also signals through PI3K/AKT/mTOR as well as
JAK1/STATS, and it can be targeted at multiple levels (Cramer et al., 2016; Zenatti et al.,
2011). Therefore, an optimal therapeutic approach would include blockade of the
Raf/MEK/ERK, PI3K/AKT/mTOR, and JAK1/STAT5 pathways. However, we were
limited in the number of times we could gavage animals due to humane considerations.
Therein, we treated animals for 10 days with drugs to target both MEK and
JAKZ1.Though this was not an ideal treatment protocol, dual therapy significantly reduced

disease progression and prolonged survival. It seems possible that additional blockade of
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the PIBK/AKT/mTOR pathway and longer treatment could have further improved
treatment outcomes. These data build on earlier work in patient cells that suggested MEK
and PI3K/AKT/mTOR blockade could be useful in targeting mutNRas-IL-7Ra-GOF
leukemia (Cante-Barrettet al., 2016a).

In conclusion, our data suggest that combined mutations in IL-7Ra and NRas were
sufficient to drive T-ALL formation. Treatment of the resultant leukemia by blocking
both pathways reduced leukemia progression and prolonged animal survival. For
pediatric patients with this gene signature, these experiments could help to inform the

development of targeted therapies.
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Chapter 6: Conclusions and future directions

Our laboratory has a long-term interest in the role of IL-7 signaling in T-cell
development, and the laboratory has been instrumental in determining some of the basic
mechanisms of IL-7 effects on T-cell survival and proliferation. Recently, our laboratory
and others have identified mutations in IL-7Re in a subset of pediatric T-ALL, B-ALL,
and ETP-ALL. These mutations were the driving force behind development of this
project. Studies of cell lines had shown that the mutations enabled homodimerization of
the receptor and constitutive signaling in the absence of JAK3 and y.. However, little was
known about how the mutant signaling might affect normal, immature T-cell
development. Furthermore, while the mutation in IL-7Ra was likely oncogenic, it did not
appear to be sufficient to drive leukemia formation on its own, suggesting that
collaborative genetic lesions were necessary for leukemogenesis.

Based on this, we designed a project with two specific aims in mind. The first was
to evaluate the effect of mutant IL-7Ra signaling on T-cell development and
differentiation. The second was to explore genetic mutations that may complement
mutated IL-7Ra and lead to leukemia formation. To address these specific aims, we
designed an experimental approach that relied heavily on in vivo experiments. This
yielded striking results, though it incurred higher costs in many respects than an in vitro
approach. Going forward, the experimental strategy used in this project seems best used
to assess candidate collaborations that, like those we explored, are well-founded in

patient data.
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Mutant IL-7Ra-GOF effects on T-cell development

To address our first specific aim, in vitro studies on the developmental effects of
mutant IL-7Ra-GOF signaling showed that mutant signaling induced an increased
maturation of CD8* cells from immature thymocytes. Though this was interesting, it was
not unexpected, since IL-7 signaling was already known to support CD8 differentiation
and to block CD4 differentiation (Hong etal., 2012). In vivo studies, on the other hand,
yielded novel and surprising results. Mice injected with thymocytes transduced with IL-
7Ra-GOF developed fairly rapid-onset, full-penetrance, multi-systemic inflammation
morphologically consistent with graft-versus-host disease. Animals injected with wtlL-
7Ro. transduced thymocytes did not develop disease. Inflammation was most severe in the
lungs, liver, and skin of affected animals, inflammatory infiltrates were composed of
mixed populations of transduced cells as well as non-transduced cells, and there was a
marked neutrophilic component. Flow cytometry indicated that transduced cells were
predominantly CD4* and CD8* cells. Affected mice had elevations of multiple serum
cytokines and chemokines.

Based on the literature and the morphology of the inflammation, we hypothesized
that mutant signaling was dysregulating the balance between Ty and Th17 cell
populations. However, analysis of tissues from affected animals did not support this
hypothesis. Therefore, the mechanism by which IL-7Ra-GOF cells induce inflammation
remains unknown. To our knowledge, there is not a human correlate to this condition, so
insights gained by further study of this lesion may not yield information relevant to

human health.
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Mutant IL-7Ra-GOF as a leukemogenic collaborator

Our experimental goal for our second specific aim was to identify gene(s) that
collaborated with mutant human IL-7Ra to drive T-ALL. We chose candidate
collaborators with two factors in mind: patient data and presumed collaborative role.
TLX3 expression, HOXA overexpression, and NRAS mutation were all known to occur
together with mutant IL-7Ra in patients (as reviewed in Chapter 2) (Cante-Barrettet al.,
2016a; Zenatti etal., 2011). Asto collaborative role, modeling leukemic evolution
suggests leukemogenesis requires induction of aberrant self-renewal and proliferation/
survival signaling (Tremblay and Curtis, 2014). A successful collaborator, then, would be
expected to enable self-renewal, since mutant IL-7Ra is thought to support proliferation
and survival of T-ALL cells (Li et al., 2010; Li etal., 2006). Consistent with this, TLX3
expression and HOXA overexpression have both been postulated to play a role in driving
self-renewal (Tremblay and Curtis, 2014). NRAS mutations have been shown to support
enhanced self-renewal (Li et al., 2013). Therefore, all three genes appear to be excellent
candidates for collaboration based on these criteria.

However, when mutant IL-7Ra-GOF was combined with expression of human
TLX3, only one of five mice injected developed T-cell lymphoma. This suggested that the
combination of TLX3 expression and mutant IL-7Ra-GOF required additional genetic
lesion/s to cause cancer. Combination of mutant IL-7Ra with overexpression of the Hoxa
gene cluster yielded rapid-onset, fully-penetrant myeloid leukemia. To our knowledge,
mutations in IL-7Ra have not been identified in human cases of myeloid leukemia. These
experiments suggested that the combination of mutant IL-7Ra and Hoxa gene

overexpression has a potent capacity to drive myeloid leukemia formation, but additional
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genetic lesion/s are necessary for commitment to the T-cell lineage. Taken together, our
experiments showed that neither TLX3 expression nor Hoxa gene cluster overexpression
was sufficient to drive T-ALL formation when combined with mutant IL-7Ra-GOF.
However, when we combined mutant IL-7Ra-GOF with mutant NRAS, recipient
mice developed rapid-onset, full-penetrance leukemia composed of mixed populations of
T-cells. Cells were polyclonal, consistent with our experimental model, serial passage
was successful, and the leukemia-initiating cell frequency was relatively high. Based on
this, we concluded that the combination of mutant IL-7Ra-GOF and mutant NRAS was
sufficient to drive T-ALL formation. While it was exciting to find a combination of
mutations that caused T-ALL, it was even more exciting to find that treating the two
signaling pathways in leukemic mice significantly decreased disease burden and
prolonged survival. This suggests that blocking these two signaling pathways might be

important in the development of targeted therapies for pediatric leukemia.

Candidate collaborations for future investigations

This project identified one collaborative partnership that was sufficient to induce
T-ALL and two other partnerships that may be nearly sufficient. As gene sequencing
becomes ever cheaper and easier, we will soon have a plethora of patient data to inform
future studies of genes that might collaborate with mutant IL-7Ra-GOF and its signaling
pathway members to generate leukemia. Atthis point, there remain several potential
candidate combinations that could induce T-ALL. These may be excellent candidates for
future experiments.

To begin, results from studies with TLX3 expression and Hoxa overexpression

suggested that an additional genetic lesion might be adequate to drive T-ALL formation.
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In the case of TLX3, a candidate collaborator is unknown. However, it appears that Hoxa
overexpression may be adequate to induce leukemia, just not T-cell leukemia. An ideal
candidate for T-ALL collaboration, then, would be NOTCH1 mutation, as NOTCH
signaling drives commitment to the T-cell lineage (Holmes and Zuniga-Pflucker, 2009).
NOTCH1 is mutated in over half of T-ALL patients, and 4/5 patients with mutated IL-
7Ro.in the HOXA subgroup had NOTCH1 mutations (Weng et al., 2004; Zenatti et al.,
2011).

In addition, there is ample patient data to support that mutations in epigenetic
regulators actin collaboration with mutant IL-7Ra-GOF to cause leukemia formation,
particularly PHF6 mutations (see Chapter 2). A model of clonal evolution suggests that
this combination of mutations might require at least a third mutation that induced
aberrant self-renewal to generate fulminant leukemia (Tremblay and Curtis, 2014). Of
particular interest, polycomb repressor complex 2 (PRC2) has been shown to regulate
HOXA gene expression, suggesting that loss of PRC2 combined with mutant IL-7Ra-
GOF and HOXA overexpression might yield interesting results (Nagel et al., 2010).
However, work performed in our laboratory by Gisele Rodrigues suggested that it was
quite difficult to knockdown the epigenetic regulator PHF6.

Work in our laboratory has also shown that mutant IL-7Ra-GOF transduction of
the immortalized cell line D1 leads to leukemia when injected into mice. This cell line is
known to have a mutation in the tumor suppressor p53. p53 is typically thought of as a
cell cycle regulator, though it has been shown to enable self-renewal in murine nephrons
(Lietal., 2015). It seems possible that loss of p53 might play a similar role as loss of Arf

in collaborating with mutant IL-7Ra (Treanor et al., 2014). To our knowledge, there are
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not current patient data to corroborate such a collaboration. Mutations in TP53 (the gene
that encodes p53) seemto be more prevalent in relapsed pediatric ALL where concurrent
mutations have been identified (Hof et al., 2011; Richter-Pechanska et al., 2017). This
suggests that experimental combination of mutant IL-7Ra and p53 deletion in primary
thymocytes could yield interesting results.

While there are multiple genetic lesions with data to support potential
collaboration with mutant IL-7Ra, there are other genetic lesions that patient data suggest
are not common collaborators. In one patient study, TAL1/LMO2 mutations were
mutually exclusive of IL-7R-JAK mutations (Vicente etal., 2015). Another study showed
that only 1/17 patients with IL-7Ra mutation was in the TAL1/LMO?2 subtype (Zenatti et
al., 2011) Thus, patient data suggest that a combination of mutant IL-7Ra-GOF and
TAL1/LMO2 mutation should not be first on the list of new potential collaborations to
assess.

More confounding is the question of whether or not additional mutations in the
IL-7Ra signaling pathway might collaborate with the mutant receptor to drive leukemia.
Dogma would suggest that such a combination would be redundant, and one study of
patient samples showed that mutations in the IL-7Ra signaling pathway were mutually
exclusive (Cante-Barrett etal., 2016a). However, other sets of patient data support
multiple concurrent mutations in the IL-7Ra signaling pathways in T-ALL, B-ALL, and
ETP-ALL. These include one case with concurrent IL-7Ro mutation and SH2B3 deletion
in B-ALL and fairly frequent concurrence between IL-7Ra mutation and JAK3 mutation
in T-ALL and ETP-ALL (Roberts etal., 2012; Vicente etal., 2015; Zhang et al., 2012).

Interestingly, a top retroviral integration site in one of the mutNRas-IL-7Ra-GOF
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leukemias in our study was in the JAK3 gene, suggesting that JAK3 activation conferred
additional growth advantage to this clone. While it isn’t consistent with dogma, it seems
that combination of mutant IL-7Ra-GOF and mutant JAK3 might act collaboratively. A
potential collaboration might be more likely because, while wild type IL-7Ra signals

through JAK3 activation, mutant IL-7Ra-GOF signaling is independent of JAKS.

We need to identify collaborators to improve T-ALL therapy

Parsing potential collaborations from patient and experimental data is a start. But
searching individual reports of patient data for evidence of collaborative mutations is not
enough. As technology continues to advance, it will become ever easier to identify
genetic lesions in individual ALL cases. With this will come ever-growing data sets.
These sets offer immense opportunity to identify leukemogenic collaborations using
bioinformatics approaches. To do this, many data sets need to be made available for

analysis through shared outlets such as COSMIC (http://cancer.sanger.ac.uk/cosmic) or

cBioportal (http://www.cbioportal.org/). Such sharing of data can enable efficient

identification of potential collaborative mutations. Based on these data, experimental
approaches can be used to further examine the collaboration, aswas done in this project.
We must continue to focus on understanding networks of collaborative mutations.
Once we know which combination of mutations are vital to the development of leukemia,
we can tailor treatment protocols to target these signaling pathways. Each leukemia is

unique, and perhaps someday, each patient’s treatment protocol will also be unique.
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