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Abstract of Dissertation

Identification and Characterization of Tumor Specific Antigens in Pediatric Diffuse
Midline Gliomas

Diffuse intrinsic pontine gliomas (DIPGs) are deadly tumors comprising 10-15%
of all childhood central nervous system (CNS) cancers. Standard treatment consists of
focal radiation which results in only transient response. Given the increasing promise of
immunotherapy, there have been ongoing genomic and proteomic efforts to identify

robust, tumor specific antigens to serve as immunotherapy targets.

Here, we explore Wilms’ tumor protein (WT1) as a tumor associated antigen in
DIPG and potential oncogenic role of WT1 in tumorigenesis and progression of this
intractable disease. DIPGs have recently been classified into genomic subtypes based on
histone variants with the lysine to methionine mutation on position 27 of histone tails
(K27M). Intriguingly, WT1 expression was found to be highly correlated with
oncohistone variants and was specifically associated with oncohistone H3.3. WT1
expression was absent in all adjacent normal tissues, increasing its potential as a suitable
immunotherapeutic target. Our in-vitro and in-vivo investigation on the effects of WT1
overexpression in human DIPG cells and murine models generated from orthotopic
injections of these cells suggested WT1 as an oncogene in DIPGs. Our data are the first
indication of WT1 association with DIPGs with specific upregulation in those harboring
oncohistone H3.3 and demonstrating an oncogenic role in DIPGs. Our results have the
potential to accelerate the discovery of novel therapeutic interventions for children

diagnosed with DIPG.
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Chapter 1: Introduction

1.1 Introduction

Pediatric central nervous system (CNS) tumors represent the most common solid
tumors is children and constitutes the largest cause of pediatric cancer deaths[1].
Pediatric CNS tumors can arise in all parts of the CNS and can be graded based on the
aggressiveness of the tumors. Advancements in surgical and adjuvant therapy have
improved the survival rates of pediatric patients with low-grade gliomas (LGGs) but
pediatric patients with high-grade gliomas (HGGs), which make up 20% of all pediatric
brain tumors, still have poor prognosis with a 5-year survival of less than 20%[2].
Children with HGGs in the anatomical midline of the CNS have dismal survival with
diffuse intrinsic pontine glioma (DIPG), where the tumor forms in the pons of the
brainstem, having particularly devastating prognosis with medial survival of 9-12 months

after diagnosis[3].

The anatomical location of diffuse midline gliomas (DMGs) makes it virtually
impossible to resect the tumors. In addition, historically, DIPGs were rarely biopsied due
to sensitive location of the tumors and questions regarding the invasiveness of the biopsy
procedures in the brainstem. This has resulted in the poor understanding of the biology of
DMGs leading to poor prognosis of the children diagnosed with DMGs. However, there
has been a recent increase of knowledge in molecular basis of DMGs, including DIPGs,
due to efforts to obtain fresh tumor specimens through autopsies and biopsies by many
institutions[4]. Recent studies have shown the safety of surgical biopsies and are being

incorporated in ongoing clinical trials[5, 6]. These efforts have led to characterization of



pediatric HGGs, along with DIPGs, showing a distinct molecular basis compared to adult

gliomas.

One breakthrough discovery was the detection of recurrent mutations in histones
H3F34 (K27M and G34R/V) and HISTIH3B (K27M)[7]. This has allowed DIPGs to be
classified into three main genomic subgroups based on histone variant mutations: H3.3
(H3F3A4, representing >70% of all DIPGs), H3.1 (HISTIH3B/C, representing 20% of all
DIPGs), and H3 wildtype (H3WT)[8-10]. K27M mutations occur in tumors in midline
locations whereas G34R/V and IDH mutations occur most commonly in tumors in
supratentorial regions of the brain[11]. K27M mutant tumors affect younger children (age
ranging from 5 to 23), whereas G34R/V and IDH mutant tumors affect younger adults
(age ranging from 9 to 42 for G34R/V and 13 to 71 for IDH)[12-15]. The mentioned
mutations of the histone genes and IDH gene leads to changes in the epigenetic landscape
of the cells. K27M mutations occurring in H3F3A4 and HISTIH3B/C inhibits the
methyltransferase activity of PRC2 complex, leading to decreased levels of histone
methylation, specifically H3K27, and DNA methylation, accompanied by increased level
of histone acetylation. G34R/V mutation occurring in H3F34 has also been shown to
inhibit H3K36 trimethylation[16, 17]. IDH1 R132H mutation has been shown to increase
the level of DNA methylation by inhibitory actions of 2-hydroxyglutarate (2-HG) on

DNA hydroxylases and histone lysine demethylases[18].

Drugs targeting epigenetic modifiers have been gaining interest as potential
therapies for patients with DMGs to revert the mentioned epigenetic alterations in the
tumors. Because H3K27 hypomethylation is one of the hallmarks of DMG, drugs to

restore H3K27 methylation level have been considered. An inhibitor of H3K27



demethylase JIMJD3, GSKJ4 has shown to inhibit DIPG cell growth in-vitro and in-
vivo[19, 20]. Another hallmark of DMG is increased level of histone acetylation.
Interestingly, a drug which increases histone acetylation level has been identified to have
potent anti-tumor activity against DIPG cells. A non-selective pan-histone deacetylase
(HDAC) inhibitor, Panobinostat, has been shown to increase histone acetylation as well
as H3K27 methylation, reduce the expression of oncogenes such as MK167 and CCND1
and inhibit the growth of DIPG cells in-vitro[21]. However, given the importance of
histone methylation and acetylation in normal physiology, extensive studies must be done
to ensure these drugs that target the epigenetic modifiers have minimal off-target effects.
In addition, as it is the case for GSKJ4, drugs that can target mutation- or site-specific
epigenetic modifications can limit such off-target effects. Another challenge associated
with the use of HDAC inhibitors is difficulties to achieve effective concentrations in the
CNS, as many HDAC inhibitors have poor blood-brain barrier (BBB) permeability due to
the presence of polar hydroxamic acid or amino group[22]. As a result, extensive testing
must be done to establish a systemic administration that provides sufficient penetration of

BBB with an acceptable toxicity profile.

Despite these recent developments in pediatric HGG biology, DMGs remain one
of the deadliest pediatric cancers. Particularly, DIPGs are not amenable to meaningful
surgical resection due to the inoperable location and infiltrative nature of the tumor cells,
leading to poor prognosis. Chemotherapy has thus far shown little evidence of benefit in
patients and radiation therapy provides only a temporary clinical stabilization[23, 24].
Clearly, a new treatment approach for children diagnosed with DIPG is necessary as

conventional treatments have failed despite many years of clinical studies.



Immunotherapy is an emerging technique for many CNS tumors. Historically,
CNS has been thought to be immune-privileged site in which immune response is greatly
decreased. Now, it is widely accepted that there are effective immune responses, such as
up-regulation of human leukocyte antigen (HLA) in the brain and both naive and active T
cells can cross blood brain barrier (BBB)[25-27]. As conventional treatments have yet to
show significant increase in survival of children diagnosed with HGGs, and because now
the CNS is no longer thought to be absent of immune responses, immunotherapy in
pediatric HGGs has been gaining much attention. However, before immunotherapy is
praised as the treatment for children with HGGs, an important aspect of these tumors
remains to be studied. Identification and characterization proteins that are highly and
specifically expressed in pediatric HGGs is the first step in development of effective
immunotherapy. Therefore chapter 2 of this dissertation pertains to profiling of pediatric
high-grade gliomas against known tumor specific proteins to identify a robust tumor
specific antigen with a potential as an immunotherapeutic target. This will help future
studies to develop an immunotherapy using the protein to target tumor cells that express

this antigen while sparing the healthy adjacent cells.

As discussed, DIPGs can be categorized based on recurrent mutations in H3F3A4
and HISTIH3B/C and wildtype histone H3[7-10]. It is important to characterize the
candidate tumor specific antigen in different molecular subtypes of this tumor to
personalize the immunotherapy based on mutational status and to maximize its
effectiveness. Therefore, investigating the biological role of the candidate protein in these
tumor cells will help understand potential tumorigenic mechanism of the protein beyond

its role as a tumor specific antigen. As such, in chapter 3, we aim to show the effects of



protein overexpression using DIPG tumor cells and DIPG murine models generated by

stereotaxic injection of these cells.

Mutations in /DH genes are also found in subset of pediatric HGGs, although not
as frequently as in pediatric LGGs. However, it is shown that methylation of K27 is also
disrupted by increased levels of the onco-metabolite produced by mutated IDH1 and
IDH2[18, 28]. This elucidates potential mechanism of which, mutations in /DH and
mutations in histone H3 genes (K27M) can lead to pediatric HGGs even though these
mutations are mutually exclusive. A point mutation in IDH1 (R132H) also has been
shown to be a potential immunotherapeutic target, leading to production of IDH1 R132H
specific CD4" T cells, antibody production and control of tumor cells in murine glioma
models[29]. In chapter 4 of this dissertation, we show our investigation of IDH1 R132H
in two pediatric HGG patients from a single family. Our study provides the first evidence
of somatic chimeric expression of this mutation in pediatric HGGs, elucidating the need
to increase the awareness of early low-level mutations that can potentially contribute to

tumor development.
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1.2 Introduction to Immunotherapy in DIPG

Pediatric CNS tumors are the leading cause of cancer mortality in
children. Within pediatric brain cancers, diffuse intrinsic pontine glioma (DIPG) has one
of the highest mortality rates with median overall survival of only 9-12 months[3]. Due to
the diffuse involvement of the pons, DIPG cannot be surgically resected and bypassing
the BBB presents a significant obstacle for many therapeutic agents. Radiation is the only
therapy recognized to increase survival and that by meager 3 months[30, 31]. In the past
40 years, multiple chemotherapy combinations and targeted therapies have been trialed
with virtually no significant increase in survival[32].

Given the minimal clinical improvements of chemotherapy and targeted small
molecule therapy, much excitement has built for immunotherapy in DIPG. This
enthusiasm is bolstered by the ability of immune cells to permeate the BBB, making
immunotherapy a particularly viable option for CNS tumors. Currently, there are various
approaches to immunotherapy including peptide vaccines, dendritic vaccines, adoptive
cell therapy, oncolytic virus, and immune checkpoint inhibitors. This chapter will focus
on the status of therapeutic vaccine and adoptive cell immunotherapy clinical and
preclinical trials in DIPG and discuss the challenges of applying immunotherapy to

childhood CNS tumors.



1.3 Peptide Vaccines

Tumor specific peptides are being explored as a cancer vaccine to elicit host
immune response. Administered tumor specific peptides are phagocytosed by antigen
presenting cells (APCs), which activates immune response specific to the peptide
antigen. The advantages of peptide vaccines are many including the ease of synthesis,
low cost, and safety as shown in multiple trials including trials in brain tumors[33, 34]. In
DIPG, there has been one published clinical study using peptide vaccines. This trial
investigated glioma associated antigens (GAAs): EphA2, interleukin-13 receptor alpha 2
(IL13RA2), and survivin as a mixture[35]. A total of 26 newly diagnosed children were
enrolled with 20 DIPG patients. The median overall survival in the DIPG group was 12.7
months with progressive disease in 2, partial response in 1, and stable disease in 17
patients. The best response was in the non-brainstem HGG patients with 2 achieving
complete response. The treatment was overall well tolerated with 5 patients developing
symptomatic pseudoprogression all responding to steroids. 21 patients were tested for
anti-GAA immune response with 13 patients showing positive immune responses. Given
the safety profile and response to treatment in subset of patients, this trial is an
encouraging start for the peptide vaccine approach in DIPG.

Currently there are two ongoing clinical trials for peptide vaccines in DIPG. First
is the PNOC-007 (NCT02960230) study targeting a key driver mutation,
H3.3K27M. This mutation represents 70% of DIPG tumors and is also found to be
conserved in metastatic lesions, making this protein a prime target for peptide
vaccine[36]. Since the mutation is tumor-specific, adverse effect should be

minimal. Preclinical study supporting this trial showed the immunogenicity of peptide



encompassing the H3.3K27M mutation and the induction of cytotoxic T lymphocyte
(CTL) response. Second clinical trial utilizes a peptide vaccine to target Wilms’ Tumor
protein (WT1) (NCT02750891). Preliminary data published from this study reported
enrollment of 11 patients with relapsed or progressive DIPG and showed no dose limiting
toxicity. The median overall survival from start of therapy was 5 months.

Tumor specific peptide used in cancer vaccines can be produced synthetically,
eliminating the need for tumor tissue, making this approach less invasive. Tumor specific
peptide can also be used in other immunotherapy approaches such as dendritic vaccines
and adoptive cellular therapy. Given the versatility of synthetic tumor specific peptides,

their use and development will continue to be a large part of immunotherapy.

1.4 Dendritic Cell Vaccines

Dendritic Cell Vaccine (DCV) has also been gaining interest in immunotherapy in
pediatric HGGs. Dendritic cells are APCs that allow the activation of endogenous
immune response. Loading of antigens into dendritic cells is accomplished by three
different methods; tumor/tumor cells lysates, tumor specific antigens, and tumor
mRNA[37]. The most common method used to arm dendritic cells is through tumor
lysate or tumor cells. Tumor antigens are loaded into dendritic cells ex-vivo and
administered as cellular vaccine. In 2018 data from a phase 1b DIPG clinical trial
(NCT02840123) employing allogenic DIPG cell line lysate to load the dendritic cells
become available[38]. In this study, 9 patients were enrolled and did not show any
CTCAE grade 3 or higher adverse events. Immunologic response was seen in 8 of 9

patients.



An on-going phase I trial (NCT03396575) is utilizing tumor RNA to activate
APC:s. In this study, total tumor RNA acquired by upfront biopsy of the tumor from
DIPG patients is used to activate the dendritic cells. The study will use dendritic cell
vaccine in conjunction with radiation therapy, temozolomide and adoptive cellular
therapy using activated T-lymphocytes produced with total tumor RNA.

The low cost to generate synthetic tumor specific peptides and the ongoing
progress towards acceptance of DIPG upfront biopsies has spurred immunotherapy trials
by providing a source for tumor specific antigens. Additionally, as progress is made in
understanding the biology of DIPG, specific antigens for DIPG, such as the H3.3K27M

peptide, may also be used to arm dendritic cells for cellular vaccine development.

1.5 Adoptive Cell Therapy

Adoptive Cell Therapy (ACT) is based on the ex-vivo growth of lymphocytes that
naturally display anti-tumor activity or are genetically engineered to do so. Following the
expansion of lymphocytes to sufficient number, they are selected for specific tumor
recognition and are transfused into the patient where they attack tumor antigen bearing
cells. ACT encompasses increasingly diverse approaches with various immune cells
which are allogenic or autologous. Common approaches include tumor infiltrating
lymphocytes, tumor antigen associated T-cells (TAA-T), T-cell receptor (TCR)
engineered T-cells and chimeric antigen receptor (CAR) T-cells[39].

Currently, there are two clinical trials in DIPG using CAR T-cells (NCT04185038
and NCT04099797). The trials are utilizing B7-H3 and GD2 specific CAR T-cells,

respectively. Preclinical CAR T-cells specific to these two antigens showed promising

10



results in solid tumors, including brain tumors, where it showed effective anti-tumor
effects in xenograft tumor mouse models. However, the preclinical CAR T-cell study
utilizing GD2 as a tumor specific antigen also showed some concerning results[40]. First,
there was a small population of GD2 negative DIPG cells which were detected in the
brain after CAR T-cell treatment. Presumably, given enough time, these GD2 negative
cells will proliferate, resulting in relapse. This indicates possible selection for antigen
negative cells or antigen loss. Given this finding, CAR T-cell therapy in DIPG may
require multiple targets for success. The second finding of interest is the development of
inflammation and edema with resulting hydrocephalus causing death in a subgroup of
CAR-T cell treated mice. Given the limited space in the brainstem, inflammation and
edema resulting from immune response is a significant concern in DIPG immunotherapy.
This result is especially concerning given the fact that the mice used in this study were
immunocompromised to allow for engraftment of human tumor. Inflammation and

cytokine release syndrome will be an important consideration in DIPG.

1.6 Immunobiology of DIPG and Challenges

When considering immunotherapy, understanding the tumor immune environment
is crucial to determining treatment potential and efficacy. In DIPG, the immune status
seems to be quiescent. DIPG primary tissue immunohistochemistry (IHC) showed low
expression of overall immune cells (CD45+ cells) and low expression of T cells (CD3+)
showing low immune infiltration into the tumor[41]. Macrophages are important APCs in
the brain and their level (CD68+ and CD163+) was high in DIPG. When the

macrophages were isolated and analyzed using RNA-seq, there was significantly lower

11



expression of inflammatory factors when compared to macrophages from GBM[42].
Additionally, the DIPG tumor cells also had lower expression of cytokines and
chemokines compared to GBM. Another study showed no difference in the levels of
macrophages or T-cells in DIPG tumor samples compared to normal brain controls[43].
This study also looked at immune modulating factors such as programmed death-ligand
(PD-L1) and transforming growth factor 1 (TGF- 1), which were also similar to
healthy brain. This fact should be considered carefully since many immunotherapy
approaches require CTL activation and infiltration for therapeutic effect.

Use of steroids is a mainstay treatment in pediatric HGG, including DIPG, to
control edema associated with the tumor[44]. Given the potent lympholytic and immune
modulatory effects of steroids, efficacy of immunotherapy can be blunted by the use of
steroids[45]. Therefore, effective weaning protocol for steroids and precise timing of
initiation of immunotherapy is crucial for the success of immunotherapy approaches. In
DIPG, managing edema without steroids is particularly difficult given that surgical
debulking is not an option compared to other supratentorial tumors where surgical
resection allows for space where edema from inflammation related to immunotherapy can
be better accommodated. In DIPG, the intervention of choice is radiation therapy to
which most patients (70% to 80%) will have response[32]. Although the time to DIPG
progression is short (median of 6 months), there is a window where the patient will be
typically weaned off steroids and immunotherapy may have a therapeutic effect.

The other challenge associated with edema is pseudoprogression. Progressive
disease in pediatric HGG, including DIPG, is assessed using MRI. However, edema

from inflammation (psuedoprogression) cannot be differentiated from tumor progression

12



using MRI[46]. This poses a dilemma for immunotherapy since treatment will lead to
immune response resulting in inflammation and edema. Therefore, deciding to continue
with treatment or terminating treatment based on MRI is a challenge and other methods
are being explored to address some of the difficulties with determining progression in
gliomas[47]. Liquid biopsy using biofluids is one to monitor disease progression can
assist traditional monitoring with MRI[48]. The use of circulating tumor DNA to monitor
disease progression has been used in other cancers. Such new methods may aid in

determining immunotherapy trial efficacy and should be considered in trial design.

1.7 Wilms’ Tumor Protein (WT1) as a Potential Immunotherapeutic Target

The vital task of identifying and validating potentially immunotherapeutic targets
in DIPG still requires attention. As discussed, there have been clinical trials investigating
the effectiveness of immunotherapies targeting various antigens in DIPG with some
promising preliminary results, which encourages us to continue the search for robust
targets. The ideal immunotherapeutic targets are tumor-specific antigens that are solely
expressed by tumor cells. Antigens that are expressed by both tumor and healthy tissues
are likely to cause off-target toxicities in patients. Therefore, the specificity of the
antigens to the tumor is important in defining immunotherapeutic targets. Tumor-specific
antigens should also induce a systemic response against tumors. Immune cells recognize
the tumor-specific antigens on the cell surface or the antigen peptides on major
histocompatibility complex (MHC) class I molecules of the cells. This leads to immune
response by immune cells such as natural killer (NK) cells and cytotoxic T lymphocytes
(CTLs) against the tumor. As such, immunogenicity of the antigens is also a crucial

aspect of identifying immunotherapeutic targets. Moreover, the role of the antigen in
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oncogenicity is also relevant. Targeting antigens, which if lost, results in decreased
ability of the cancer cells to survive or proliferate, is beneficial because only antigen-
negative variants will remain after the immunologic pressure by the immune cells[49].

In this dissertation, we investigated the expressions of a number of antigens in a
large cohort of pediatric CNS tumor specimens to narrow down on the most robust
tumor-specific antigen. Antigens investigated include melanoma-associated antigen 3
(MAGEA3), survivin and WT1. As such, preliminary investigation revealed WT1 as the
most promising DIPG tumor-specific antigen.

WT1 was first discovered as a tumor suppressor found to be mutated in
nephroblastoma called Wilms’ tumor[50]. WT1 is normally expressed in developing
genitourinary tract, heart, spleen and adrenal glands and is important for development of
these organs[51]. WT1 encodes zinc finger protein which functions as transcription
factors and is suspected to also be involved in post-transcriptional processing of
mRNA[52]. It is hypothesized that WT1 may have pro- or anti- differentiation functions
during human development depending on tissue, which provides possible explanation for
how this protein may behave as a tumor suppressor in some cancers but an oncoprotein in
others.

At least 36 distinct isoforms exist by combination of alternative splicing events,
alternative start codons and RNA editing in WT1 gene[53]. However, the most studied
isoforms are the exon 5 and KTS variants[52, 54]. Exon 5 encodes 17 amino acids
between Pro/Glu-rich N-terminus and zinc finger domain of the protein. Alternative
splicing within exon 9 results in KTS variants which results in either inclusion of

omission of three amino acids lysine, threonine and serine. The functions of the
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alternatively spiced protein variants are still not clear. However, exon 5 contains protein-
protein interaction domain which allows interaction of WT1 with prostate apoptosis
response factor 4 (Par 4)[55]. The ratio between WT1 with KTS and without KTS seems
constant in all cell types. Imbalance in the ratio of WT1 with KTS and without KTS leads
to Frasier syndrome in humans[56]. It is speculated that exon 5 has a modulatory role on
WTT function, whereas WT1 without KTS functions as transcriptional regulator and
WTT1 with KTS has a role in RNA processing.

Recently, WT1 has received more attention for its oncogenic properties as its
levels have been shown to be high in hematological malignancies and other solid tumors,
including brain tumors[57-60]. Currently, there is an on-going phase I and II clinical trial
utilizing WT1 peptides or WT1-mRNA loaded dendritic cells in glioblastoma patients,
including children diagnosed with DIPG. Based on these evidences in literatures and our
preliminary data investigating the expression of WT1 in pediatric brain tumor specimens,
we focused on identifying and validating WTT1 as a potential pediatric DMG-specific

antigen.
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1.8 Dissertation outline

Pediatric HGG is an aggressive cancer of the CNS with few patients surviving
five years post-diagnosis[1]. Specifically, DIPG, is particularly devastating with medial
survival of 9-12 months after diagnosis[3]. Despite recent developments in the
knowledge in biology of pediatric HGG, including DIPG, precise molecular mechanisms
contributing to tumorigenesis remains unclear and is considered one of the deadliest
cancers in children. This is mainly due to the inoperable location of the tumor and
infiltrative nature of the tumor cells. Although chemotherapy with both novel and orphan
therapeutics are tested continuously and radiation therapy is a form of treatment that
provide temporary relief of symptoms, these treatments have yet to be considered
effective[30, 31]. It is imperative that a new treatment approach be pursued for children
diagnosed with DIPG.

Advancements in cancer research and immunology has allowed a movement
towards seeking treatments that utilizes the body’s immune system to fight types of
cancers that do not respond well to conventional treatments. Historically, CNS had been
thought to be an immune-privileged site but now it is widely believed that CNS can show
effective immune responses[25-27]. To take full advantage of this movement towards
immunotherapy in pediatric HGG, tumor specific antigens must first be identified and
characterized.

To do this we investigated the expressions of commonly present tumor specific
antigens, which have been studied previously in other types of cancers, in a large cohort

of pediatric HGG specimens obtained through autopsies and biopsies. We also

16



investigated the effects of overexpression of one particularly attractive tumor specific

antigen in DIPG primary cell line to better understand its potential tumorigenic role.
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We hypothesize that among the pool of previously studied tumor specific antigens of
other cancers, there exists a robust tumor specific antigen in pediatric HGG, including
DIPG which can be utilized as a tumor target for immunotherapy and that this tumor
specific antigen is also contributing to tumorigenesis of pediatric HGG.

To address this hypothesis, we conducted the following aims:

Aim 1. To identify and characterize potential immunotherapeutic target in pediatric
HGG.

We aimed to identify a tumor specific antigen in pediatric HGG with the potential of
being developed into an immunotherapy target. Our approach consisted of collection of
autopsied brains and biopsied tumor specimens from children with HGG. We conducted
molecular (n=9) and histological analyses (n=42) to identify an antigen that is
specifically expressed in the tumors but absent in healthy pediatric brains and adjacent
healthy regions of children with HGG. We also conducted analyses on our RNA
sequencing data (n=125) and publicly available large genomic data to identify and
validate an antigen.

Aim2. To investigate the role of the candidate target in pediatric HGG
tumorigenesis and progression using primary cells and murine models of pediatric
HGG, particularly DIPG.

Our rational is that the tumor specific antigen discovered in pediatric HGG will have a
role in tumorigenesis and progression of the tumor. We used human DIPG primary cells
derived from autopsies brain of a child with DIPG to overexpress an antigen to

investigate its effects on proliferation in-vivo. We also stereotactically injected these cells
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into the pons of mice (n=18) to study the effects of the antigen in overall survival of the

generated murine models.

19



Chapter 2: Identification and Validation of Wilms’ Tumor Protein (WT1) as a

Potential Tumor Specific Antigen in Diffuse Intrinsic Pontine Glioma (DIPG)
2.1 Rationale

Despite continued research to discover effective therapeutic agents for children

with DIPG, it still remains one of the deadliest tumors in pediatrics[1-3]. Radiation
therapy has shown to increase survival only by 3 months and multiple chemotherapy
combinations have failed to show significant increase in survival[30-32]. Given the
minimal improvements in DIPG survival, newer treatment methods should be sought
after. Indeed, there has been an increase in research investigating the various
immunotherapeutic approaches for DIPG[36, 40, 61]. To fully embrace the movement
towards finding the effective immunotherapy we have shown that DIPGs exhibit unique
protein expression patterns, which may provide attractive targets for immunotherapy|8-
10]. DIPG protein profiling is an important step in identifying potential antigens that can
be used to target the tumor cells. However, it is also imperative to validate such antigens
in a large cohort of tumor specimens and healthy pediatric brain tissues to ensure that the
antigens are tumor specific. To do this, we have performed immunohistochemical
analysis on 9 postmortem pediatric CNS tumor specimens, including DIPGs, using
antibodies against three common tumor specific antigens, melanoma-associated antigen 3
(MAGEA3), survivin and Wilms’ Tumor protein (WT1). Based on this preliminary
investigation, we determined that WT1 is the most robust antigen. We performed
molecular analysis on 9 DIPG postmortem brains and histological analysis on 41
pediatric CNS tumor specimens, including pons, thalamus, cervical spine, hypothalamus,

posterior fossa and third ventricle to validate the expression of WT1.
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2.2 Methods
Biological Specimens

Brain specimens (tumor and adjacent normal brain tissue) from children with
CNS tumors were obtained at autopsy in accordance with Children’s National Health
System’s Institutional Review Board approval (IRB #1339). Non-midline glioma
specimens were obtained at biopsy and/or at autopsy.
Whole-Exome Sequencing and digital droplet Polymerase Chain Reaction (dPCR)

Genomic DNA was extracted from frozen tissue core punches using the Gentra
Puregene DNA extraction kit (Qiagen, Germantown, MD). Digital PCR was performed
using the RainDrop Digital PCR system (RainDance Technologies, Inc., Billerica, MA).
For 50-uL dPCR reactions, 12 pL of pre-amplified DNA in TE buffer, 1 x TagMan
Genotyping Master Mix (Life Technologies, Carlsbad, CA), 0.2 uM target probes
(H3F3A wildtype-HEX, HIST1H3B wildtype-HEX and mutant-FAM), 0.9 uM of
forward and reverse primers and 1x hydrofluorinated droplet stabilizer (RainDance
Technologies, Inc., Billerica, MA) were added. Tumor tissue DNA and water-only
reactions were included as the positive and negative controls, respectively. Emulsions
were prepared on the RainDrop Source instrument to produce approximately eight
million droplets per 50-uL reaction. Emulsions were then placed on ABI 2720 Thermal
Cycler (Applied Biosystems, Waltham, MA) to amplify the targets using initial activation
of 95°C for 10 minutes, followed by 45 cycles of 95°C for 30 seconds and 58°C for 2
minutes, and in activation of 98°C for 10 minutes. The reactions were then placed on the
RainDrop Sense instrument for signal detection.

Immunohistochemistry
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Mouse monoclonal anti-WT1 (6F-H2, Abcam, Cambridge, MA), rabbit
polyclonal anti-histone H3K27M and rabbit monoclonal anti-tri-methyl-histone H3
(H3K27me3) (C36B11, Cell Signaling Technology, Danvers, MA) were diluted in Bond
primary antibody diluent (#AR9352 Leica Biosystems, Buffalo Grove, IL) to
concentrations of 1:15, 1:200, and 1:400, respectively. The Bond polymer refined
detection kit (Leica Biosystems, Buffalo Grove, IL) was used for secondary detection.
Immunohistochemistry (IHC) was performed on formalin-fixed paraffin-embedded
(FFPE) slides (5 um). FFPE slides were deparaffinized and antigen retrieval completed
by heat-induced epitope retrieval in citrate buffer (pH=6.0) for WT1 and in tris-EDTA
buffer (pH=8.0) for H3K27M and H3K27me3. Immunostaining was performed by 3,3’-
diaminobenzidine (DAB) detection in the Leica BOND-MAX automated stainer (Leica
Biosystems, Buffalo Grove, IL). FFPE slides were probed by hematoxylin and eosin
(H&E) and WTI.

WT1 immunoreactivity scoring

For THC scoring, a neuropathologist blinded to diagnosis and histone mutation
status reviewed H&E stained slides of tumor and adjacent normal tissue to assign tumor
grades and confirm absence of infiltrating tumor cells in the control tissue. None of the
adjacent normal regions showed hypercellularity or tumor infiltration. The WT1 score
was assigned to each slide and categorized into the bin values as previously described
(19). WTI1 expression varied from 0-4 with 0 representing expression only at the
endothelial cell level; 1 representing <1% of total number of cells expressing WT1; 2

representing 1-19% of total number of cells expressing WT1; 3 representing 20-50% of

22



total number of cells expressing WT1; 4 representing >50% of total number of cells
expressing WT1.
Western blot assays

Frozen tissue samples and cultured cells were lysed in 2% sodium dodecyl sulfate
(SDS) containing radioimmunoprecipitation assay (RIPA) buffer (ThermoFisher,
Waltham, MA) with a miniature handheld homogenizer (Kimble Chase, Vineland, NJ).
Protein concentration was measured with the Pierce bicinochoninic acid assay (BCA)
protein assay kit (ThermoFisher, Waltham, MA). Protein lysates of each patient and cell
were loaded into 4-12% Bis-Tris protein gels (Invitrogen, Waltham, MA) in triplicates
and protein electrophoresis performed at 100V for 90 minutes. K562 cell lysates were
used as a positive control in each gel. Protein bands were transferred to nitrocellulose
membranes with 250 mA current for 120 minutes. After the transfer, the membrane was
blocked with 5% Blotting-grade blocker (Bio-Rad, Hercules, CA) for 1 hour. The
membrane was incubated with anti-WT1 primary antibody diluted in 5% blocker (1:200)
overnight at 4°C and Horseradish Peroxidase (HRP) conjugated secondary antibody
(1:5000) was used to incubate the membrane for 1 hour at room temperature. After
washing in PBST, the membrane was incubated for 1 minute with chemiluminescence
substrate (PerkinElmer, Waltham, MA) and the bands were detected using ChemiDoc
Touch Imaging System (Rio-Rad, Hercules, CA). Rabbit monoclonal anti-
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (14C10, Cell Signaling
Technology, Danvers, MA) was used at concentration of 1:1000. The WT1 bands were
normalized with GAPDH bands.

Immunofluorescence
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Immunofluorescent staining was performed on FFPE slides. FFPE slides were
deparaffinized and antigen retrieval completed by boiling in citrate buffer (pH=6.0) for
20 minutes. The tissues were then permeabilized in 0.3% Triton X-100 for 15 minutes.
Blocking was performed for 1 hour in 5% goat serum. The tissues were incubated with
anti-WT1 primary antibody and anti-histone H3 K27M mutant primary antibody
overnight at 4°C then incubated with fluorescent tagged secondary antibodies for 1 hour
at room temperature. After washing in PBS, the tissues were briefly stained with 4°,6-
Diamidino-2-phenylindole (DAPI) and imaged with laser scanning confocal microscope
(Zeiss, Oberkochen, MA). DIPG cells and K562 cells were collected (500,000 cells each)
and adhered to glass slides by centrifuging the cells in Cytospin funnels at 500 rpm for 5
minutes. To ensure strong adherence, 5 ul of 20% BSA was added to the cells before
centrifugation. After the centrifugation, the cells were stained and imaged as described
above.

Gene Expression Omnibus

The gene expression profile of pediatric high-grade glioma specimens (n=139)
and pediatric non-CNS tumor specimens (n=13) from datasets available on the Gene
Expression Omnibus (Accession numbers: GSE34824, GSE50161, GSE19578,
GSE36245) (4, 18, 20, 21) were used to produce an unsupervised hierarchical clustering
map using Applied Biosystems Transcriptome Analysis Console (TAC) Software version
4.0.1. Gene expression values of WTT1 in pediatric high-grade glioma specimens from
datasets available on the Gene Expression Omnibus (Accession numbers: GSE50161,
n=34 and GSE50021, n=32) (17, 18) and from our previously published dataset (n=8) (6)

were normalized to gene expression values of a housekeeping gene, hypoxanthine
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phosphoribosyltransferase 1 (HPRT1). This normalized WT1 gene expression values
were compared to WT1 gene expression values of pediatric healthy brain specimens
(Accession numbers: GSE50161, n=13 and GSE50021 n=9).
Real-time quantitative reverse transcription PCR

Total RNA of frozen tissue samples and cultured cells were extracted by
homogenizing the samples in 1ml of Trizol and 200 pl of chloroform with a mini
handheld homogenizer. The samples were centrifuged at 8000 rpm for 15 minutes. An
equal volume of 70% ethanol was mixed with the supernatants and used to isolate RNA
according to Arcturus PicoPure RNA Isolation Kit (Applied Biosystems, Foster City,
CA). The RNA was quantified using NanoDrop 2000 Spectrophotometer
(ThermoScientific, Waltham, MA). 2mg of RNA was reverse transcribed using the High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA). 400ng
and 200ng of cDNA from the tissues and cells were used, respectively. TagMan Gene
Expression Assay for WT1 (Assay ID Hs01103751 m1, ThermoFisher, Waltham, MA)
and for HPRT1 (Assay ID Hs02800695 m1, ThermoFisher, Waltham, MA) was used to
perform real-time quantitative polymerase chain reaction (QRT-PCR) on QuantStudio 7
Flex Real-Time PCR System (Applied Biosystems, Foster City, CA) was used. The Ct
values of WT1 were normalized with Ct values of housekeeping gene, HPRT].
Statistical methods

Normality of all the data present in this study was assessed using the D’ Agostino-
Pearson omnibus normality test and visual inspection of histograms. Non-parametric tests
were used to describe any outcome determined to be non-normally distributed. WT1

protein intensity was compared between paired tumor and normal samples using a non-
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parametric Wilcoxon sign rank test. WT1 gene expression between pediatric
glioblastomas (GBMs) and DIPGs and healthy brain samples was compared using a non-
parametric Mann-Whitney U test. WT1 immunoreactivity score differences between
mutation subgroups was assessed by Fisher’s exact test. The error bars on the WT1
mRNA expression in tumors and H3.3K27M mutation subgroup samples are calculated
with standard errors of the means. The level for significance was set at 0.05 and Prism

was used for all analyses.
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2.3 Results
Description of pediatric CNS tumor cohort

We investigated specimens from a total of 41 pediatric patients diagnosed with
CNS tumors (Table 1), 20 adjacent healthy brain specimens and one healthy control
brain specimen. The median age of our patient cohort was 8.9 years old (range, 1 to 24
years old) and the tumor locations included: pons (n=23), thalamus (n=6), and others
(hypothalamus, posterior fossa, 3™ ventricle, intramedullary cervical spine, n=12).

Initial histochemical analysis of 9 pediatric CNS tumor specimens using 9
pediatric CNS tumor specimens shows that WT1 expression was the most robust amongst
the three candidate proteins (MAGEA3, survivin and WT1) as it was specifically
expressed in all tumor specimens tested while no detectable expression was observed in
healthy brain specimens. MAGEA3 showed reactivity across the board in all specimens
tested, including healthy control. Survivin expression was low in all samples and was
thus deemed likely less attractive as an immunotherapeutic target for the cancer cohort

tested (Figure 2.1).
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Age
PID | Mutation | Tumor Location Sample Histological Dx WHO Wl Gender at Dx
Types grade Score (yrs)
13 H3.3 Pons FFPE, Frozen DIPG v 4 M 19.7
56 H3.3 Pons FFPE, Frozen | DIPG 1\% 4 7.5
80 | N/A Thalamus, posterior | pppp Glioblastoma v 4 M 9.4
fossa, pons
32 N/A Thalamus, midbrain, FFPE Pilocytic v 4 F 15.9
3rd ventricle astrocytoma
88 N/A Cerebellum FFPE Glioblastoma v 4 M 12.9
76 N/A Pons FFPE DIPG 1T 4 M 1.2
93 | NA Temporal FFPE Low-grade 1 4 M 14.3
astrocytoma
92 | NA Cerebellum FFPE Pilocytic I 4 M 16.8
astrocytoma
45 N/A Pons FFPE DIPG v 3 F 9
16 N/A Pons FFPE DIPG v 3 M 19
28 H3.3 Pons FFPE, Frozen DIPG v 3 M 4
60 H3.3 Pons FFPE, Frozen | DIPG 1\% 3 M 6
Right lateral
77 H3.3 ventricle, corpus FFPE Glioblastoma v 3 F 18
callosum
94 N/A Frontal FFPE Glioblastoma v 3 M 24
81 | N/A Thalamus, 3rd FFPE Anaplastic i 3 F 10.4
ventricle astrocytoma
46 N/A Pons FFPE DIPG 11 3 F 1
47 N/A Pons FFPE DIPG 1T 3 M 20
89 | N/A Brainstem FFPE Low-grade 1 3 M 14
astrocytoma
26 H3.3 Pons FFPE, Frozen | DIPG 1\% 2 F 9.8
29 H3.3 Pons FFPE, Frozen | DIPG 1\% 2 M 8.9
63 H3.1 Pons FFPE, Frozen DIPG v 2 F 33
40 N/A Pons FFPE DIPG v 2 F 7
7 H3.3 Pons FFPE DIPG v 2 F 5
57 H3.3 Pons FFPE, Frozen DIPG v 2 M 6
84 | NA Brainstem FFPE Low-grade mm 2 F 8.9
astrocytoma
48 N/A Pons FFPE DIPG 11 2 M 17
25 H3.3 Pons FFPE DIPG v 2 F 9
79 | NA Thalamus FEPE Low-grade 10 2 M 15.8
astrocytoma
83 | NA Thalamus FFPE Pilocytic I 2 M 7
astrocytoma
86 | N/A Hypothalamus FFPE Pilocytic I 2 F 32
astrocytoma
90 | N/A Hypothalamus FFPE Pilocytic I 2 F 48
astrocytoma
27 H3.1 Pons FFPE DIPG v 1 M 5.5
51 H3.3 Pons FFPE DIPG v 1 F 7
62 H3.1 Pons FFPE DIPG 1\% 1 F 5.3
35 N/A Int_ramedullary c- FFPE Anaplastic m 1 M 53
Spine astrocytoma
14 H3.1 Pons FFPE DIPG v 1 M 6
87 | NA Brainstem FEPE Low-grade 10 1 F 13.8
astrocytoma
59 Wild-type | Pons FFPE DIPG 1T 2 M 9.3
91 | N/A Posterior fossa FFPE Pilocytic I 1 F 5.4
astrocytoma
78 | NA Thalamus FFPE Pilocytic 1 1 F 6
astrocytoma
66 H3.3 Pons Frozen DIPG v N/A M 8

Table 1 Demographical data of pediatric CNS tumor specimens used.
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H3.3 H3.1 H33 Unknown

Healthy DIPG DIPG DIPG DIPG DIPG DIPG Thalamic  Thalamic IPA LGG LGG HGG
Control 13 28 ” 78 89

Figure 2.1 Preliminary histochemical analysis of postmortem pediatric CNS tumor
specimens. Immunohistochemistry (IHC) showed WT1 and not MAGEA3, or Survivin
to be overexpressed in pediatric CNS cancers compared to healthy pediatric brain. WT1
expression is specific to the tumor tissues whereas MAGEA3 expression is prominent in
both tumor tissues and healthy brain, making it unsuitable as CNS tumor specific antigen
for potential immunotherapy. Survivin immunoreactivity was minimal in tumor tissues
and healthy brain. (Scale Bar = 50pm)
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WT1 expression in pediatric high-grade glioma

We first analyzed publicly available gene expression data generated from 139
pediatric GBMs and compared to gene expression data obtained from 13 pediatric non-
cancer brain specimens to assess the differential gene expression pattern in pediatric CNS
cancers compared to pediatric healthy brain (Figure 2.2)[12, 15, 62, 63]. Then, WT1
expression specific comparative analysis was performed using the publicly available
datasets (Accession numbers: GSE50161 and GSE50021)[62, 64]. This analysis indicated
a significant upregulation (2.9 fold, p=0.023) of WT1 mRNA expression in GBM
specimens, including DIPG, (n=74) compared to healthy control specimens (n=22)
(Figure 2.3A). Given that WT1 showed significantly higher expression in the tumors in
the publicly available gene expression data, we performed qRT-PCR using cDNA from
fresh frozen DIPG specimens, which confirmed the significantly higher expression (5.1
fold) of WT1 in tumor specimens (n=5) compared to adjacent healthy brain samples
(n=5) (Figure 2.3B). In addition, we performed western blot using protein extracts from
DIPG subjects (n=9) with available frozen tumor and adjacent normal tissue. Consistent
with gene expression analysis, western blot analysis also showed significant
overexpression (7.4 fold, p <0.0001) of WT1 in DIPG specimens compared to adjacent

normal samples (Figure 2.3C).
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8.25

1.5

Figure 2.2 Hierarchical clustering map of pediatric GBMs and pediatric healthy
brains gene expression profiles. Gene expression profiles of 139 pediatric GBM (blue
bar at the top of the map) and 13 pediatric healthy brains (red bar at the top of the map)
(Accession numbers: GSE34824, GSE50161, GSE19578, GSE36245) from publicly
available datasets (gene expression omnibus) was used to produce an unsupervised
hierarchical clustering map.
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Figure 2.3 Analysis of WT1 gene and protein expression in pediatric GBMs,
including DIPGs. (A) Analysis of publicly available gene expression data of a large
cohort of pediatric GBMs showed significantly higher WT1 expression in pediatric GBM
specimens compared to pediatric healthy brain specimens. (B) Real-time quantitative
reverse transcription PCR using DIPG specimens validated WT1 overexpression in tumor
specimens compared to adjacent healthy specimens (n=5). (C) WT1 overexpression in
DIPG tumor tissues was validated by western blot assays using DIPG whole brain
specimens (n=9).
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WT1 expression is associated with the mutation status of oncohistone H3

To assess WT1 expression level and pattern in a large cohort of pediatric diffuse
midline glioma patients, we expanded our investigation to a cohort of 38 tumor
specimens and 20 adjacent healthy specimens from 38 subjects diagnosed with diffuse
midline glioma (Figure 2.4) and probed for WT1 expression by IHC. This portion of the
study also included 3 non-midline glioma patient specimens. H&E staining was
performed on tumor and adjacent healthy specimens and analyzed by a neuropathologist
to indicate tumor grades for DIPGs (4 WHO grade 11, 3 WHO grade III, 15 WHO grade
IV) and non-DIPG midline gliomas (5 WHO grade I, 4 WHO grade 11, 2 WHO grade 111,
4 WHO grade IV) (Figure 2.4 ‘Tumor Grade’ and Figure 2.5 ‘H&E’). Using
antibodies against H3K27M, we probed for mutant histones and found that 94.6% (35/37)
of subjects harbored the H3K27M mutation (Figure 2.5 ‘K27M”). WT1 immunostaining
was performed and histological stains were graded by a neuropathologist who was
blinded to both diagnosis and histone mutation status (Figure 2.5 ‘WT1’). A close
inspection of histological staining revealed that differential expression of WT1 correlated
with oncohistone mutation status (Figure 2.6A). Specifically, for WT1 expression, 91%
(10/11) of the H3.3 specimens scored greater than or equal to 2, while none of the H3.1
specimens scored greater than 2. The distribution of WT1 immunoreactivity score was
significantly different between H3.3 and H3.1 subtypes (Fisher’s exact test, p=0.017)
(Figure 2.6B). We validated this finding by performing qRT-PCR using fresh frozen
H3.3K27M DIPG tumor specimen (n=3) and H3.1K27M tumor specimens (n=2). Our

data showed higher expression (5.3 fold) in the H3.3-mutant samples (Figure 2.6C).
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Figure 2.4 Demographic and clinical distribution of patients used for the study. Formalin fixed paraffin embedded (FFPE)
specimens from a large cohort of pediatric CNS tumors (n=41) were used in this study to examine the expression of WT1 in the
tumors. The specimens are ordered based on the anatomical locations of the tumor. The tumor grade of each specimen is represented
by the orange shades. The driver and partner mutations were established using dPCR or WES. The specimens were checked for H3
mutation status by IHC only (n=20; dark green boxes) or by either dPCR or WES (n=16).
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Figure 2.5 Immunohistochemistry analysis of a large cohort of pediatric diffuse midline glioma. Immunohistochemistry with
anti-WT1 antibody using 22 DIPG specimens, 21 DIPG patient adjacent healthy brain specimens and 15 non-DIPG diffuse midline
glioma specimens showed strong WT1 immunoreactivity in tumor specimens compared to adjacent healthy brain specimens. WT1
immunoreactivity score was assigned to each tumor specimens by a blinded neuropathologist. (Scale Bar = 50um)
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Figure 2.6 Immunohistochemistry analysis of DIPG specimens of distinct
oncohistone mutations. (A) A representative H&E and WT1 staining images of DIPG
tumor specimens with H3.3K27M mutation and H3.1K27M mutation. (Scale Bar =
50um) (B) Examining WT1 immunoreactivity scores of all tumor specimens stained
revealed that WT1 scores are associated with hsitone H3 mutation status. The distribution
of the scores was significantly different between H3.3 and H3.1 subtypes (Fisher’s exact
test, p-value=0.017). (C) Real-time quantitative reverse transcription PCR using
H3.3K27M DIPG tumor specimens (n=3) and H3.1K27M DIPG tumor specimens (n=2)
showed higher expression of WT1 in H3.3 subtypes.
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WT1 expression is specific to DIPG tumor cells with cytosolic localization

WT1 is known to be expressed in the endothelial cells of tumor vasculature[65].
In order to show that the differential expression of WT1 seen in the dinstinct subtypes of
DIPG was due to WT1 expression in the tumor cells and not in the tumor vasculatures,
we performed western blot assays and immunofluorescent (IF) assays using human DIPG
primary cells. Western blot assays (n=6, 1 H3 wildtype, 2 H3.1K27M and 3 H3.3K27M)
(Figure 2.7A) were performed using human DIPG primary cells.This analysis showed
significantly higher level of WT1 in DIPG tumor cells compared to healthy brain tissue
(HBT) specimens from pediatric patients without CNS disease (3.63 fold, p=0.047)
(Figure 2.7B). When we interrogated WT1 expression level in different subtypes of
human DIPG primary cells, H3.3K27M subtype human DIPG cells showed higher WT1
expression compared to H3.1K27M cells, H3 wildtype cells and healthy brain tissue
(2.83 fold, 2.86 fold and 5.37 fold, respectively) (Figure 2.7C). This is a trend which
supports our findings by immunohistochemistry and qRT-PCR using DIPG tumor
specimens. When we performed IF using human DIPG primary cells (n=2, H3.3K27M),
human chronic myelogenous leukemia K562 cells were included in the analysis as
positive control because there are known to express high levels of WT1 protein. The IF
analysis showed WT1 present in the cells but localized to the cytosol in both human
DIPG primary cells tested (Figure 2.8). This finding was surprising given the fact that
WTT1 is known to be a nuclear protein[52]. In addition, a previous study had shown that
WT1 expression was restricted to endothelial cells in healthy brain and astrogliosis[60].
This pattern of WT1 expression was also seen in our healthy pons specimen of a pediatric

patient without CNS disease and adjacent healthy brain specimens, serving as a control to
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confirm that WT1 detection by the antibody was specific (Figure 2.9A). Healthy
pediatric kidney specimens were also used to confirm our antibody specificity, which

showed nuclear staining in the podocytes with the anti-WT1 antibody (Figure 2.9B).
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Figure 2.7 WT1 protein expression analysis using human DIPG primary cells. (A)
Western blot analysis of human DIPG primary cells of distinct oncohistone subtypes. (B)
Quantification of western blot analysis showed significantly higher expression of WT1 in
DIPG tumor cells (n=6) compared to brain tissue lysates from healthy brain. (C) WT1
protein expression levels were higher in DIPG tumor cells harboring H3.3K27M
compared to those with H3.1K27M and wildtype histone H3 and healthy brain.
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Figure 2.8 Immuno staining of human DIPG primary cells and control tissues with
anti-WT1 antibody. (A) IF staining of K562 cells and DIPG tumor cells using anti-WT]1
antibody showed cytosolic localization of WT1 in DIPG tumor cells, compared to nuclear
localization seen in K562 cells. (Scale Bar = 30um) (B) IHC staining of adjacent healthy
brain tissue of a DIPG patient showed the same anti-WT1 antibody reacting only to
endothelial cells of the vasculatures. (C) IHC staining of pediatric kidney specimen

showed nuclear staining of podocytes with the same anti-WT1 antibody. (Scale Bars =
50pum)
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2.4 Summary

Immunotherapy is emerging as a promising treatment modality for targeting CNS
cancers that have been previously incurable. While the immunotherapeutic approach has
proven promising for other childhood cancers including leukemia[66, 67], pediatric
diffuse midline gliomas have not yet benefited from this approach, at least partially due
to the lack of validated tumor-specific antigens. For pediatric diffuse midline gliomas,
including DIPGs, the lack of biological specimen for molecular studies including antigen
identification has been particularly limiting. Despite the recent surge in collection of
biopsy and autopsy specimen as well as an increase in molecular studies (genome,
epigenome, transcriptome and proteome) of these cancers, there is still a lack of progress
in identification of robust immunogenic markers. However, as indicated by our findings,
WTT is a robust tumor specific antigen in DIPG with the potential to be developed into
an immunogenic target for various immunotherapies. Our observation of low WT1
expression in adjacent healthy brain regions of children with diffuse tumor of the midline
further strengthens WT1 as a potential immunotherapeutic target. Phase I clinical trial
using WT1 peptide vaccine therapy in adult glioblastoma has proven safety of such
therapy and have shown cellular and humoral immune responses in the patients. Our
observation that WT1 expression is highly associated with H3.3K27M subtypes of DIPG
may be the result of the variation in the global methylation status of DIPG subtypes.

To our surprise, WT1 expression in DIPG tumor tissues and cells were mostly
restricted to the cytoplasm. WT1 is known to have a transcription regulatory function in
many different tissue types and we expected its expression to be localized, mainly, in the

nucleus. Interestingly, previous studies have shown cytolic expression of WT1 in various
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cancers[59, 68]. WT1 had been found to shuttle between the nucleus and cytoplasm and
in association with actively translating polysomes[69]. Our finding, as well as the
previous studies, suggests the possibility of WT1’s role other than transcription factor, in
cancer. Existence of WT1 isoforms that are restricted to the cytoplasm of cells is also
another possibility.

Our immunohistochemical and molecular analysis of DIPG specimens show that
WT1, which has been closely associated with prognosis in other solid cancers, is also
highly expressed in one particular molecular phenotype of DIPG, H3.3K27M, and may
serve as a strong immunotherapeutic target. Our study, together with the safety and
efficacy demonstrated in WT1-based peptide vaccine clinical trial in GBM, advocates for
further examination of WT1 as a potential immunotherapeutic target in children with

DIPG.
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Chapter 3: The Role of Wilms’ Tumor Protein in Diffuse Intrinsic Pontine Glioma

3.1 Rationale
There is continued debate on whether WT1 is an oncogene mainly because WT1

was initially discovered as a tumor suppressor in Wilms’ tumor, a pediatric kidney
cancer. Although many recent studies have shown wild type, full length WT1 in
leukemia, breast cancer, ovarian cancer, lung cancer and even in glioblastomas, the
historical labeling of WTT1 as a tumor suppressor seems difficult to change[70-73]. It is
also interesting to note that even in Wilms’ tumors, mutations of WT1 are seen mainly in
sporadic cases at a low frequency of approximately 15%[74]. Our study of
characterization of WTT1 as a tumor specific antigen in DIPGs, highlighted in Chapter 2
of this dissertation, is one of the first to describe WTT1 as a potential oncogene in pediatric
brain tumors. There are several studies suggesting the same in adult brain tumors but the
true facet of WT1 is still elusive. This is largely because research has focused on
illustrating the expressions of WT1 in tumors with limited understanding of biological
role of WT1 in tumorigenesis and progression. We know that it is just as important to
understand the biology of WT1 in the context of other types of tumors that have, only
recently, been associated with WT1. To elucidate the potential role of WT1 in diffuse
intrinsic pontine glioma, in this chapter, we investigated in-vitro and in-vivo effects of
WT1 overexpression on tumor cell proliferation and survival of DIPG orthotopic murine

models.
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3.2 Methods
In-vitro treatment with Bortezomib

Cells were seeded and cultured in 96-well plates 12 hours prior to treatment with
Bortezomib. Cells were treated with 0.01nM, 0.05nM, 0.2nM, 1.0nM, 5.0nM, 10nM and
20nM of Bortezomib solubilized in dimethyl sulfoxide (DMSO) ensuring that the final
concentration of DMSO did not exceed 0.1% in final volume. Half volume of culture
medium was replaced with fresh media to ensure the cells were replenished with
appropriate growth medium. The cells were maintained at 5% CO2 at 37°C for 48 hours.
After 48 hours of treatment, viability was assed using CellTiter-Glo 3D Cell Viability
Assay (Promega, Madison, WI)
Real-time quantitative reverse transcription PCR

Cells were treated with 1.68nM of Bortezomib in 6-well plates for 24 hours. After
24 hours of treatment, cells were collected and total RNA was extracted according to
Arcturus PicoPure RNA Isolation Kit (Applied Biosystems, Foster City, CA). RNA was
reverse transcribed with the High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA) and 250ng of cDNA was use. TagMan Gene Expression
Assay for WT1 (Assay ID Hs01103751 m1, ThermoFisher, Waltham, MA) and for
HPRTI (Assay ID Hs02800695 m1, ThermoFisher, Waltham, MA) was used to perform
real-time qPT-PCR on QuantStudio 7 Flex (Applied Biosystems, Foster City, CA).
Construction of WT1 lentiviral vector and production of lentivirus.

Cloning of WT1 sequences into lentiviral vector, pPCDH-EF1a-MCS-BGH-PGK-
GFP-T2A-Puro vector, (Systems Biosciences, Palo Alto, CA) was performed by

GeneScript. Plasmids for third generation lentiviral packaging system (pMDLg/pRRE,
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pRSV-REV, pMD2.G) were purchased from Addgene. HEK293FT cells plated to 80%
confluency in T75 cell culture flasks were co-transfected with 10ug of pPCDH-WT1
vectors and packaging plaids in the presence of X-tremeGene HP transfection reagent
(60ul) (Roche, Basel, Switzerland). Sug of pMDLg/pRRE, 2.5ug of pRSV-Rev and
2.5pg of pMD2.G was used for packaging plasmids. After overnight incubation, medium
was replaced with fresh medium. Virus containing supernatant was collected after 24
hours and fresh medium was added. The supernatant was collected again after 24 hours.
The virus was tittered using QuickTiter Lentivirus Titer Kit (Cell Biolabs, San Diego,
CA).
Lentiviral transduction of human DIPG cells

HSJD-DIPG-007 cells were seeded into 6-well plates and maintained for 24 hours
to 48 hours under normal growth conditions. Medium was replaced with 2ml of fresh
medium containing Sug/ml of polybrene and pCDH-WTT1 vectors were added to cells at
MOI of 4. The 6-well plates were centrifuged at 800 x g for 1 hour at 32°C. After
centrifugation, virus containing medium was disposed. 3ml of fresh medium is added to
the wells and the cells were cultured in normal growth conditions for three days. After
three days, cells were pelleted and medium was removed. Cells were replenished with
medium containing puromycin (1.0pg/ml) for selection. After selection, the cells were
maintained at 0.2ug/ml maintenance dose of puromycin.
Immunofluorescence

Cells were collected and adhered to glass slides by centrifuging the cells in
Cytospin funnels at 500 rpm for 5 minutes. To ensure strong adherence, 5 ul of 20% BSA

was added to the cells before centrifugation. Immunofluorescent staining was performed
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on cells adhered to the slides. Cells were permeabilized in 0.3% Triton X-100 for 20
minutes. Blocking was performed for 1 hour in 5% goat serum. The cells were incubated
with anti-WT1 primary antibody (6F-H2, Abcam, Cambridge, MA) overnight at 4°C then
incubated with fluorescent tagged secondary antibodies for 1 hour at room temperature.
After washing in PBS, the cells were briefly stained with 4°,6-Diamidino-2-phenylindole
(DAPI) and imaged with laser scanning confocal microscope (Zeiss, Oberkochen, MA).
Western blot assays

Cells were lysed in 2% sodium dodecyl sulfate (SDS) containing
radioimmunoprecipitation assay (RIPA) buffer (ThermoFisher, Waltham, MA) with a
miniature handheld homogenizer (Kimble Chase, Vineland, NJ). Protein lysates were
loaded into 4-12% Bis-Tris protein gels (Invitrogen, Waltham, MA) in triplicates and
protein electrophoresis performed at 100V for 90 minutes. Protein bands were transferred
to nitrocellulose membranes with 250 mA current for 120 minutes. After the transfer, the
membrane was blocked with 5% Blotting-grade blocker (Bio-Rad, Hercules, CA) for 1
hour. The membrane was incubated with anti-WT1 primary antibody diluted in 5%
blocker (1:200) overnight at 4°C and Horseradish Peroxidase (HRP) conjugated
secondary antibody (1:5000) was used to incubate the membrane for 1 hour at room
temperature. After washing in PBST, the membrane was incubated for 1 minute with
chemiluminescence substrate (PerkinElmer, Waltham, MA) and the bands were detected
using ChemiDoc Touch Imaging System (Rio-Rad, Hercules, CA). Rabbit monoclonal
anti- Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (14C10, Cell Signaling
Technology, Danvers, MA) was used at concentration of 1:1000. The WT1 bands were

normalized with GAPDH bands.
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Flow cytometry analysis

Cells were collected and washed with cold PBS. Cell were resuspended in FACS
buffer and 1ul of 7-aminoactinomycin D (BioLegend, San Diego, CA) was added. The
cells were incubated on ice for 30 minutes. Data was acquired using CytoFLEX
cytometer (Beckman Coulter, Indianapolis, IN) and analyzed using FlowJo Flow
Cytometry software (FlowJo LLC, Ashland, OR).
5-bromo-2’-deoxyuridine proliferation assay

Cells were cultured in 6-well plates in normal growth condition 24 hours prior to
staining. Culture medium was replaced with culture medium containing 10uM of BrdU.
Cells were incubated for 4 hours at 37°C. After incubation, cells were washed with PBS
three times. Cell were adhered to glass slides as described above. Cells were fixed with
4% formaldehyde for 20 minutes. Cells were permeabilized with 0.3% Triton X-100 for
30 minutes after fixing and washing with PBS. Cells were incubated in 1N HCI for 10
minutes on ice, followed by incubation for 10 minutes at room temperature in 2N HCI.
After washing the cells with PBS, cells were incubated in anti-BrdU primary antibody
(Bu20a, Cell signaling technology, Danvers, MA) at 1:1000 at 4°C overnight. Secondary
antibody incubation was performed for 1 hour at room temperature and cells were imaged
using Olympus BX63 Fluorescence Microscope.
Generation of DIPG orthotopic murine models

All mice work was performed in accordance with CNHS-IACUC approved
protocol #30425. Nonobese diabetic/severe combined immunodeficiency (NOD SCID)
gamma mice (5 weeks at the time of injection, n=12) were used for orthotopic injection

of human DIPG cells. Mice were anaesthetized using isoflurane and moved to
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stereotactic frame with 26-gauge needle gas tight Hamilton syringe. Smm incision was
made on the head to expose the skull. A total of 400,000 HSJD-DIPG-007 cells in 4ul
were injected into pons thought a burr hole made at 2mm posterior to A-suture, Imm
lateral to midline. The injection was 3mm deep. Skin incision was closed after the
injection and mice were treated for pain with Buprenex (0.1mg/kg).
Ex-vivo imaging of mice brains

After preclinical endpoint (80% of original weight) had been reached, the mice
were euthanized by CO2 asphyxiation and the brain was harvested. Tumor presence was
confirmed by ex-vivo imaging for green fluorescent protein (GFP) using IVIS Lumina III
imaging system. After imaging with IVIS system, the brains were cut along sagittal
plane and fixed in formalin and embedded in paraffin for histological analysis.

Immunohistochemical analysis was performed as discussed above.
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3.3 Results
Bortezomib effectively decreases WT1 gene expression in human primary DIPG cell

lines

To understand the potential oncogenic role of WT1 in DIPGs, we first examined
the effectiveness of an FDA approved proteasome inhibitor called Bortezomib in killing
human DIPG cells and decreasing WT1 gene expression. Bortezomib was the drug of our
choice because it had previously been shown to decrease WT1 gene expression levels in
acute megakaryoblastic leukemia and acute myeloid leukemia cell lines[75]. We first
treated three human DIPG cell lines (each cell line with H3.3K27M, H3.1K27M or H3
wildtype) with Bortezomib of concentrations ranging between 0.01nM and 20nM to
evaluate the half maximal inhibitory concentration (ICso). After 48 hours of treatment of
the cells, luminescent cytotoxicity assay was performed to measure the relative number
of dead cells in each group. Bortezomib effectively killed DIPG cells with ICso of
1.15nM for H3.3K27M (Figure 3.1A), 2.08nM for H3.1K27M (Figure 3.1B) and
1.81nM for H3 wildtype (Figure 3.1C). The average ICso was 1.68nM for three DIPG
cell lines tested. The same three human DIPG cell lines were treated with 1.68nM of
Bortezomib for 24 hours and the remaining viable cells were collected for RNA
extraction to investigate the effectiveness of Bortezomib in reducing WT1 gene
expression by qRT-PCR. Relative to non-treated DIPG cells, the treatment with 1.68nM
of Bortezomib for 24 hours reduced WT1 gene expression to 0.27 in H3.3K27M, 0.28 in
H3.1K27M and 0.36 in H3 wild-type DIPG cells (Figure 3.1D). The average reduction

of WT1 gene expression in all three human DIPG cell lines was 0.31 (3.2-fold decrease).

49



(A) (B) ©
= 1.5<107 T~ 1.5107 T~ 1.5<107-
8 8 5
= 1CS0=1.1470M = IC50=2.076nM = 1€50=1.808nM
K} » ]
@ 1.0<1074 @ 1.0<107 2 1.0<107-
o o (v]
o @ o
0 0 0
) ) 3
> 50<10% > 5.0x10% > 50x10%
o o o]
] ] o
L 0 L
E o E 0 E o r r y ' v ,
3 L] L Ll L) L] L] 3 L T T T L 1 :l
= 12 -1 -10 9 8 -7 £ = 12 -1 -10 9 38 -7 £ = <12 -1 10 9 8 -7 -6
Bortezomib Concentration Log (M) Bortezomib Concentration Log (M) Bortezomib Concentration Log (M)
D)
0.6+

Relative WT1 Gene Expression
(2-8act)

H3.3K27M H3.1K27M H3 wild-type
DIPG Cells DIPG Cells DIPG Cells

Figure 3.1 Treatment of human DIPG cells with Bortezomib. (A,B,C) Three human DIPG cell lines developed from patient tumors
were treated with 0.01nM, 0.05nM, 0.2nM, 1.0nM, 5.0nM, 10nM and 20nM for 48 hours to calculate the IC* for each cell line. The
average 1C°° was 1.68nM. (D) Treatment of the three human DIPG cell lines with 1.67nM of Bortezomib for 24 hours effectively
decreased WT1 gene expression compared to non-treated human DIPG cell lines (average of 3.2-fold decrease).
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WT1 transcript variant F is the most common variant expressed in pediatric diffuse
midline gliomas

WT1 can exist in at least 36 distinct isoforms by alternative splicing, alternative
start codons and RNA editing, as mentioned earlier. To understand the composition of
WTT isoforms that exist in pediatric diffuse midline gliomas, including DIPGs, we
investigated the RNA sequencing results of 125 pediatric diffuse midline glioma patient
samples that our laboratory and collaborators have previously generated. Of the 125
patient specimens investigated, 60 patient tumor specimens showed no WT1 expression
and 65 patient tumor specimens showed WT1 expression at RNA level (Figure 3.2A).
When we investigate transcript variants in the 65 patient tumor specimens with WT1
expression, there were 12 distinct WT1 transcript variants in 90 variant calls (Figure
3.2B). The 53 variant calls that were separated into Other Transcripts category consisted
of 7 WT1 transcript variants, many of which were non-protein coding transcripts. When
we investigated the four major WT1 isoform producing transcript variants (WT1
isoforms A, D, E and F), 76% of the variant calls where WT1 isoform F producing
transcripts, meaning that WT1 isoform F coding transcript was the most abundant WT1
transcript variant in the cohort examined (Figure 3.2C).

As noted in Chapter 2, WT1 protein expressions were localized to the cytoplasm
of DIPG tumor cells. To investigate the possibility of the different WT1 isoforms
contributing to such spatial pattern of WT1 protein expression, we used nuclear
localization signal (NLS) and nuclear export signal (NES) prediction tools to measure the
signal scores of WT1 isoform F compared to WT1 isoform D, which is considered to be

the canonical form of WT1[76, 77]. The NLS scores of canonical WT1 and isoform F
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amino acid sequences did not show any difference. However, NES prediction of isoform
F amino showed amino acid sequence from 282 to 286 with NES scores above the

prediction tool’s threshold, meaning that the region is expected to participate in a nuclear
export of the protein (Figure 3.3A). This was not seen with NES prediction of canonical

WT1 (Figure 3.3B).
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Figure 3.2 Analysis of RNA sequencing results of 125 pediatric diffuse midline
glioma patient specimens. (A) 65 pediatric diffuse midline glioma patient tumor
specimens showed WT1 expression at RNA level. (B) 65 tumor specimens with WT1
expression showed 12 distinct WT1 transcript variants, with 90 variant calls in total. 53
of the variant calls were classified as Other Transcripts with many being non-protein
coding. (C) Of the four major WT1 isoform producing transcripts, transcript variant F
was the most abundant transcript in the cohort.

53



0&) HetHMES 1.1 Predicted HES signals in Sequence

1 1 1 1 1 1 1 1

2 Threshold ———
HH
HHMM

HES Score

Score

@ P! - =Ty I'_I I
T T T T T T T T

5] =1 1@ 158 2aa 258 288 258 488
Sequence Position

(B) HetHMES 1.1% Predicted HES signals in Sequence

1 1 1 1 1

2 Threshold ——
HH
HMM

HES Score

Score

i 2

8 T =T T T T
5] =1 1688 1568 cea £25ae
Sequence Position

Figure 3.3 Nuclear export signal prediction of canonical WT1 and WT1 isoform F
amino acid sequences. (A) NES score prediction of canonical WT1 amino acid sequence
did not show any residue with scores exceeding the threshold. (B) NES score prediction
of WT1 isoform F amino acid sequence showed amino acids at position 282 to 286 have
scores higher than the threshold, meaning that these residues participate in nuclear export
of this protein.
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Overexpression of WT1 isoform F in human DIPG cells increases proliferation rate
compared to canonical WT1

To investigate the effects of WT1 isoform F overexpression in DIPGs in-vitro, we
utilized the third-generation lentiviral expression system to transduce a DIPG cell line
(HSJD-DIPG-007) with canonical WT1 and WT1 isoform F sequences. HSJD-DIPG-007
cells without transduction and HSJD-DIPG-007 cells transduced with transfer vector
(pCDH-EF1a-MCS-BGH-PGK-GFP-T2A-Puro) without WT1 canonical or isoform F
cDNA were used as controls for the study. Successful transduction of the DIPG cell line
was confirmed by visualization of green fluorescent protein (GFP) as a reporter molecule
for gene expression (Figure 3.4A). Immunofluorescent staining of the control cells
(HSJDO007 untransduced and HSJD007 backbone) and cells transduced with canonical
WT1 (HSJD007-D) and WT1 isoform F (HSJID007-F) was performed to confirm the base
line expression of WT1 in control cells and overexpression of WT1 in HSJD007-D and
HSJDO007-F (Figure 3.4B). Canonical WT1 (WT1-D) expression levels and WT1
isoform F (WT1-F) expression levels in control cells and transduced cells were validated
at protein level by western blot analysis (Figure 3.5A). WT1-D protein level in
HSJDO007-D cells were significantly higher compared to HSJD007 untransduced cells and
HSJDO007-F cells (Tukey’s multiple comparisons test, adjusted p-value<0.0001, both)
(Figure 3.5B). WT1-F protein level in HSJDO007-F cells were significantly higher
compared to HSJD007 untransduced cells and HSJID007-D cells (Tukey’s multiple
comparisons test, adjusted p-value=0.0394 and 0.0403, respectively) (Figure 3.5C).
Together, these results showed successful transduction of the cells and overexpression of

WTT1 protein isoforms in appropriate experimental groups.
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After the confirmation of transduction and overexpression, we investigated the
proliferation rate differences between the in-vitro groups. Equal number of cells (100,000
cells) from all four groups (HSJD0O07 untransduced, HSJD007 backbone, HSJD007-D
and HSJDO007-F) were seeded and number of live cells were measured after 48 hours and
72 hours by 7-amino-actinomycin D (7-AAD) staining and flow cytometry. After 72
hours, HSJD0O7-F cells had proliferated to an average of 190,833 cells, compared to
average of 117,163 for HSJD007 untransduced and 103,398 cells for HSJD007 backbone
(Figure 3.6A). The differences in proliferation between HSJD-F cells and HSJD007
untransduced and HSJD007 backbone were statistically significant (p-value=0.0092 and
0.0022, respectively). This finding was validated with 5-bromo-2’-deoxyuridine (BrdU)
assay in the same in-vitro groups (Figure 3.6B). HSJD007-F cells showed significantly
higher BrdU incorporation compared to HSJD007 untransduced and HSJD007 backbone

(p-value=0.0019 and 0.0004) (Figure 3.6C).
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Figure 3.4 Live cell imaging and immunofluorescence staining of HSJD-DIPG-007 transduced cells. (A) GFP expressions in the
transduced tumor cells were visualized throughout the study to ensure untransduced population of cells did not overwhelm the culture.
(B) Basal level of WT1 in control tumor cells and successful overexpression of WT1 in transduced cells was visualized by
immunofluorescence staining of the cells with anti-WT1 antibody.
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Figure 3.5 Validation of WT1 overexpression in HSJD-DIPG-007 transduced cells.
(A) Expressions of different isoforms of WT1 was confirmed by western blot assay.
Canonical WT1 (449aa) is visualized as bands with molecular weight of 55kDa and WT1
isoform F (288aa) is visualized as bands with a lower molecular weight of 33kDa. (B)
Overexpression of canonical WT1 and (C) WT1 isoform F is confirmed as each group
was showing distinct bands of correct molecular weights.
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Figure 3.6 Proliferation assays of HSJD-DIPG-007 transduced cells. (A) Live-dead
cell analysis with flow cytometer using 7-AAD stain showed significantly higher number
of cells at 72 hours after seeding in HSJD007-F cells compared to HSJD007
untransduced and HSJD007 backbone cells (p-value=0.0092 and 0.022, respectively).
(B,C) Higher proliferation of HSJD007-F cells was confirmed by BrdU incorparation
assay, which showed HSJDO007-F cells with significantly higher percentage of cell that
have incorporated BrdU compared to HSJD007 untransduced and HSJD007 backbone
cells. Together, these results indicate WT1 isoform F results in faster proliferation rate of
the tumor cells.
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DIPG murine models injected with cells engineered to overexpress WT1 have

shorter survival

To investigate the role of WT1 in tumor formation and survival in DIPG
orthotopic murine models, we injected 400,000 cells from each group (HSJD007
backbone, HSJD007-D and HSJD007-F) into the pons of 6 mice per group. The weights
of the mice were measured every week until preclinical endpoint (reach 80% of original
weight) (Figure 3.7A). The mice were euthanized when they reached the preclinical
endpoint and a survival curve was generated for each group (Figure 3.7B). The median
survival of HSJD007 backbone, HSJD007-D and HSJDO007-F groups were 86 days, 62
days and 50 days, respectively. The median survival of HSJIDO07-F group was
significantly shorter than HSJD007 backbone group (Mantel-Cox Test p-value=0.0002).
Whole brain extraction was performed on the mice after preclinical endpoint and GFP
expressing tumors were imaged using an in-vivo imaging system (Figure 3.8A,B). The
ex-vivo imaging of the brains showed GFP expressing tumors in the right pons of the
mice, indicating a successful generation of DIPG orthotopic murine models. We also
performed immunohistochemistry (H&E and Ki67) on sagittal brain slices of the groups
to evaluate the cellularity of the tumors and to show proliferative and diffuse nature of

the tumors (Figure 3.9).
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Figure 3.7 Generation of DIPG orthotopic murine models using HDJD-DIPG-007
transduced cells. (A) Mice injected with HSJD007 backbone, HSJD007-D and
HSJDO0O07-F cells were closely observed for any sign of discomfort and abnormal weight
loss after the injection. The weights of the mice were recorded every week to predict
when preclinical endpoint would be for each mouse. (B) At preclinical endpoint, mice
were euthanized, and a survival curve was generated. The median survival of HSJD0O7-F
was shortest and this difference was statistically significant compared to HSJD007
backbone (Mantel-Cox Test p-value=0.0002).
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Figure 3.8 Ex-vivo imaging of DIPG orthotopic murine models. (A) After the mice
were euthanized, brains were harvested and photographed grossly to examine for obvious
tumor formations that may be visible on or near the surfaces. Tumor cells were injected
deep in the pons and no visible lesions were present on the surfaces of the brains. (B) The
brains were imaged using IVIS system and this showed tumor formation in the right pons
of brains with some brains showing non-specific fluorescence in the olfactory bulbs
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Figure 3.9 Immunohistochemistry of DIPG orthotopic murine models. After IVIS
imaging, the brains sectioned along the sagittal midline and fixed in formalin and
embedded in paraffin. 10pum sections were cuts from the generated FFPE and stained
with H&E and Ki67. (A) Healthy mouse brain (B) HSJD007 backbone (C) HSJD007-D
(D) HSJD007-F. HSJD007-D and HSJDOO7-F show the high hypercellularity by H&E
and strong Ki67 staining.
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3.4 Summary

Our results provide the first insight on WT1 isoform population in diffuse
intrinsic pontine glioma and may explain multiple characteristics of WT1 encountered in
previous studies. WT1 had been shown to localize in the cytoplasm of tumor cells in
stomach, prostate, biliary and urinary systems, osteosarcomas, malignant melanomas and
glioblastomas[59]. Our discovery of WT1 transcript variant F as the most abundant
variant and the differential nuclear exit signal score between protein sequences of the
canonical WT1 transcript and the transcript variant F may explain this unique pattern of
localization seen in various cancers.

More importantly, our results indicate oncogenic role of WT1, especially WT1
isoform F, in DIPGs. The fact that overexpression of WT1 increased proliferation rate of
the tumor cells compared to control tumor cells and this increase was greater in tumor
cells overexpressing the particular isoform compared to canonical form of the protein
indicates that WT1 is an oncogene and many isoforms of WT1 may have differential
effects on tumorigenesis or tumor proliferation than previously had been noted.
Investigation of WTT1 isoforms in other types of cancers may also lead to discovery of
WTT1 expressions in cancers in which WT1 had been otherwise missed or underestimated.

Our in-vivo study of generating DIPG orthotopic murine models by injecting
human DIPG cells transduced to overexpress canonical WT1 and WTT1 isoform F further
clarifies the oncogenic effects of WT1. Survival differences seen between the groups and
immunohistochemical analysis of the tumors indicate that WT1 isoform F expressing
tumors are more aggressive tumors compared to tumor cells expressing WT1 low levels

and those expressing the canonical protein. In summary, we have shown that WT1 is an
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oncogene in DIPGs, with WT1 isoform F resulting in worst prognosis and more

aggressive tumors in our DIPG murine model.
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Chapter 4: Characterization of Isocitrate Dehydrogenase 1 (IDH1) Mutant
Pediatric High-grade Gliomas
4.1 Rationale
Mutations in /DH genes had been thought to occur exclusively in adult
gliomas|[78]. However, in recent years, it became clearer that mutations in /DH genes do
occur in a subset of pediatric HGGs. Although the occurrence of /DH mutation in
pediatric HGGs is not as frequent as in pediatric LGGs, the fact that this mutation is
mutually exclusive with the common histone H3 K27M mutation in pediatric HGGs in
worth noting[79]. It emphasizes the importance of understanding /DH mutation in the
subset of pediatric HGGs, because the patients with this mutation will likely be excluded
from potential immunotherapies targeting common mutations such as H3 K27M. The
IDHI ¢.395 G>A (IDH1 R132H) is the most frequent /DH mutations. Studies suggest
that /DH mutations are an early clonal event in anaplastic astrocytoma development and
IDH1 R132H has been shown to be a potential immunotherapeutic target in glioma
models[29, 80, 81]. These evidences demand an investigation to assess the patterns of
IDH1 R132H expression and its levels in the tumors and non-neoplastic biospecimens of
pediatric HGG patients. To do this, we performed extensive histological and molecular

analyses on specimens from two AY A siblings diagnosed with anaplastic astrocytoma.
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4.2 Methods
Biological Specimens

Postmortem whole brain, resected tumor specimens, whole blood, cheek swabs of
patients and whole blood, cheek swabs of family members and healthy-donor teeth were
collected in accordance with Children’s National Health System’s Institutional Review
Board approval (IRB #1339 and #6778).
Immunohistochemistry

Immunohistochemistry (IHC) was performed on formalin-fixed paraffin-
embedded (FFPE) slides (5pum). FFPE slides were deparaffinized and antigen retrieval
completed by heat induced epitope retrieval in citrate buffer (pH = 6.0) for 20 minutes.
The tissues were then permeabilized in 0.3% Triton X-100 for 15minutes. Blocking was
performed for 1 hour in 5% goat serum followed by incubation with anti- IDHR!32H
primary antibody (1:200, Dianova, Hamburg, Germany) overnight at 4°C. On the next
day, the tissues were washed in phosphate buffered saline (PBS) and incubated with
biotin-labeled secondary antibody (1:200, Vector Laboratories, Burlingame, CA). After
quenching of endogenous peroxidase with quenching solution (0.3% hydrogen peroxide
in methanol) for 30 minutes, the tissues were incubated in Avidin Biotin Complex (ABC)
solution (Vector Laboratories, Burlingame, CA) for 30 minutes. Immunostaining was
performed with 3,3’-diaminobenzidine (DAB) solution (Cell Signaling Technology,
Danvers, MA) and countered stained with hematoxylin.
Immunofluorescent staining

Immunofluorescent staining was performed on FFPE slides. FFPE slides were

deparaffinized, and antigen retrieval and blocking were completed as above. The tissues
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were incubated with anti- IDHR'32! primary antibody (1:200, Dianova, Hamburg,
Germany) and anti-Doublecortin primary antibody (1:500, Abcam, Cambridge, MA)
overnight at 4°C , then incubated with fluorescent tagged secondary antibodies (1:500,
Invitrogen, Carlsbad, CA) for 1 hour at room temperature. After washing in PBS, the
tissues were briefly stained with 4’,6-Diamidino-2-phenylindole (DAPI) and imaged with
laser scanning confocal microscope (Zeiss, Jena Germany).
Processing of teeth

A porcelain mortar and pestle was pre-chilled on dry ice. The sample was placed
in the chilled mortar and liquid nitrogen was poured over the tooth, enough to submerge
the sample. Liquid nitrogen was evaporated before grinding the sample with the pestle.
The sample was slowly ground with the pestle in circular motion until fine powder
formed. Alternatively, fragmented teeth were placed in pre-filled bead tubes for hard
tissue grinding (Omni International, Kennesaw, GA) and homogenized with FastPrep-24
bead beating system (MP Biomedicals, Santa Ana, CA). The sample was transferred to a
15 ml conical tube with 10 ml of 1.0 mM ethylenediaminetetraacetic acid (EDTA),
pH=8.0. The sample was de-calcified for 24 hours on a tube rotator at 4 °C. After 24
hours of agitation, the sample was centrifuged at 2000 x g for 15 minutes. The old EDTA
was removed and the sample was re-suspended with fresh EDTA. De-calcification was
repeated for 5 days. After 5 days of de-calcification in EDTA, the sample was washed
with 50ml of sterile deionized water to remove ions. The sample was centrifuged at 2000
x g for 15 minutes and supernatant was removed. Washing procedure was repeated three
times.

Toothbrush Preparation for DNA isolation
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The toothbrush head was cut using a heated scalpel and placed in a 15ml conical
tube with Tris base solution from ORAcollect DNA collection kit (DNA Genotek Inc,
Ottawa, ON). The conical tube containing the sample was gently rocked for 30 minutes to
wash the bristles. The Tris base solution was removed from the conical tube and used to
extract DNA using the QIAamp DNA Mini-Kit (Qiagen, Mississauga, ON).

DNA isolation

Genomic DNA (gDNA) from the samples were extracted with the QIAamp DNA
Mini-Kit (QIAGEN, Mississauga, ON), according to manufacturer’s
recommendations. DNA concentrations were quantified using the Qubit 2.0 Fluorometer
(Life Technologies, Carlsbad, CA).

Digital Polymerase Chain Reaction (ddPCR)

Pre-amplification of DNA was performed in 35-uL reactions using 2 ng of
gDNA, 1 x Q5 Hot Start High-Fidelity Master Mix (New England Biolabs, Ipswich, MA)
and 50 nM of forward and reverse primers for IDHI[5’-GCTTGTGAGTGGATGG-3’
(forward) and 5’-CATGCAAAATCACATTATTGC-3’ (reverse)] and H3F3A[5’-
GTACAAAGCAGACTGCCCGCAAAT-3’ (forward) and 5°-
GTGGATACATACAAGAGAGACTTTGTCCC-3’ (reverse)]. Pre-amplification was
performed using ABI 2720 Thermal Cycler (Applied Biosystems, Waltham, MA) using
98 °C initial denaturation of 3 minutes, followed by nine cycles of 98 °C for 10 seconds,
60 °C (IDH1) or 58 °C (H3F3A) for 3 minutes, 72 °C for 30 seconds, and a final 72 °C
extension for 2 minutes. The pre-amplified DNA was diluted 1 to 5 with TE buffer.
ddPCR was performed using RainDrop Digital PCR system (RainDance Technologies,

Billerica, MA). For 50-uL ddPCR reactions, 12 pL of pre-amplified DNA in TE buffer, 1
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x TagMan Genotyping Master Mix (Life Technologies, Carlsbad, CA), 0.2 uM target
probes for IDHI[STET/AGG+TC+GT+CA/ZEN/+TGCT/31ABKFQ (wildtype) and
56FAM/AGG+TC+AT+CA/ZEN/+TGCT/3IABKFQ (mutant)] and
H3F3A[SHEX/CA+C+T+C+T+T+GC/3IABKFQ (wildtype) and
56FAM/CA+CT+C+A+T+GCG/31ABKFQ (mutant)], 0.9 uM of forward and reverse
primers and 1 x hydrofluorinated droplet stabilizer (RainDance Technologies, Billerica,
MA) were added. Tumor tissue DNA and water-only reactions were included as positive-
control and negative-control, respectively. Emulsions were prepared on RainDrop Source
instrument to produce approximately eight million droplets per 50-uL reaction.
Emulsions were then placed on ABI 2720 Thermal Cycler (Applied Biosystems,
Waltham, MA) to amplify the targets using initial activation of 95 °C for 10 minutes,
followed by 45 cycles of 95 °C for 30 seconds and 60 °C (IDH1) or 58 °C (H3F34) for 2
minutes, and in activation of 98 °C for 10 minutes. The reactions were then placed on

RainDrop Sense instrument for signal detection.
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4.3 Results
Clinical presentation of siblings with IDH1 R132H mutant astrocytoma

We investigated the specimens from two siblings diagnosed with anaplastic
astrocytoma. Male sibling (Sibling A) was diagnosed with Grade III/IV astrocytoma in
the left temporal lobe at 14 years of age (Figure 4.1A). Treatment for his tumor included
radiation therapy, chemotherapy (Temozolamide + metronomic chemotherapy). Despite
therapy, his tumor continued to progress, and he passed away five years after diagnosis.
Female sibling (Sibling B) was diagnosed with Grade II/III astrocytoma in the right
temporal lobe at age of 25.(Figure 4.1B). She was initially treated with surgery alone. At
recurrence, one year after diagnosis, pathology revealed a more aggressive Grade III/IV
astrocytoma. She had surgery followed by radiation and chemotherapy (Temozolamide +
metronomic therapy). She developed additional tumors in the pons and spinal cord, and
she passed away just over two years following her diagnosis. Biospecimens were not
available for postmortem analysis for sibling B.

The tumors of sibling A and B were noted to have IDHR!32H

mutant protein
expression on IHC. To assess the allelic frequency of the mutation, DNA was obtained
from frozen tumors and analyzed by ddPCR. Analysis showed mutation allelic
frequencies of 47.8% (for sibling A) and 63.1% (sibling B) indicating the heterozygous
status of IDH1 R132H (Figure 4.2A,B). Given similarities in tumor pathology and their
presentation, a cancer predisposition syndrome was strongly suspected. Sibling B was
evaluated in cancer genetics clinic at Children’s National where three generation pedigree

was obtained and did not suggest a specific familial cancer predisposition syndrome on

the maternal or paternal side of the family (Figure 4.3).
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Sibling A

(B)

Sibling B

Figure 4.1 Magnetic resonance imaging (MRI) of sibling A and B. T2 and T1 contrast
MRI showed a left temporal mass in sibling A. T2 and T2 contrast MRI showed a right
temporal mass in sibling B. Sibling A was 15 years old and Sibling B was 25 years old at
diagnosis.
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Figure 4.2 Digital droplet PCR analysis of the tumor DNA from two siblings. To
confirm pathology report of IDH1 R132H mutant tumors of the siblings, ddPCR was
performed using the tumor DNA. In each ddPCR plots, cluster in the top left corner
represents wild-type copies of IDHI gene and cluster in the bottom right corner
represents mutant copies of /DH1. (A)Sibling A’s tumor showed mutation allelic
frequency of 47.8%. (B) Sibling B’s tumor showed mutation allelic frequency of 63.1%.

Mutation allelic frequencies were calculated by three replicate runs of ddPCR using
tumor DNA from siblings’ tumors.
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Figure 4.3 Pedigree of the family. Survey of three generations in the family did not
reveal a specific familial cancer predisposition syndrome on the maternal or paternal side
of the family. Clinical whole exome trio sequencing of blood DNA from sibling B and
her parents was performed. A maternally inherited PTCH?2 variant of unclear significance
was identified, but no pathogenic mutations pertaining to inherited glioma predisposition
were detected.
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Detection of IDH1 R132H in sibling A whole brain at postmortem

To further investigate potential genetic similarities between the two siblings,
which could explain the occurrence of clinically identical tumors in the siblings, DNA
was extracted from both tumors to be assessed by whole exome sequencing (WES).
Sibling A did not have whole blood, cheek swab, or skin DNA to use as a normal control,
hence the only available source of germline DNA was the unaffected postmortem brain
tissue. Recognizing the diffuse nature of these tumors, both IHC and ddPCR for the IDH
R132H mutation were performed on non-neoplastic brain regions (as indicated by MRI),
including right pons, frontal, parietal and occipital lobes. IHC and ddPCR indicated the
presence of IDH R132H mutation in all the tested regions (Figure 4.4). IDHI R132H was
seen in only small number of the cells in these regions indicating the mosaic expressions
of mutant IDH1. IDH1 R132H positive cells had morphology consistent with glia cells in
the tumor, but in the other regions of the brain, such as the pons and the frontal lobe, the
IDH1 R132H positive cells primarily showed features that resembled neurons (Figure 4.5
IDH1 R132H panels). Because the patient’s tumor cells showed p53 protein expression
by IHC, THC for p53 was performed on all the other regions of the brain, to determine if
the IDH R132H mutant cells are infiltrating tumor cells. All the regions tested were
negative for p53 except the frontal lobe, where rare p53-positive glia cells were identified
(Figure 4.5 TP53 panels, arrowhead). Inmunofluorescent staining revealed co-
localization of IDH R132H mutation and DCX, an immature neuron marker, in the pons
(Figure 4.6A,B,C,D) confirming that IDH R132H positive cells are indeed young
neurons and not infiltrating tumor cells. This pattern of IDHR!**" and DCX co-

localization was not seen in sibling A’s tumor (Figure 4.6E,F,G,H).
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Figure 4.4 IDH1 R132H mutation allelic frequency in non-neoplastic regions of
sibling A postmortem brain. ddPCR was performed using the DNA extracted from
these regions of the whole brain of sibling A. The regions that were confirmed to be non-
neoplastic by MRI and histological analysis by a pathologist showed IDH1 R132H
positivity with indicated mutation allelic frequencies.
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Figure 4.5 Immunohistochemical analysis of postmortem brain of Sibling A. H&E
and THC images of the tumor and non-neoplastic regions of the brain (pons and frontal
lobe). IHC with anti-IDH1 R132H antibody showed presences of IDH R132H mutant
cells in the tumor and other non-neoplastic regions of the brain. However, IDH1 R132H
positive cells in the non-neoplastic regions of the brain display cellular morphology of
neurons. [HC with anti-P53 antibody confirmed that there are no infiltrating tumor cells
in other regions of the brain. (Scale bar = 50um)
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Figure 4.6 Immunofluorescent staining of the pons and the tumor of sibling A.
Immunofluorescent staining of the pons showed co-localization of IDH R132H and DCX
(arrowheads in subpanel D). Similar pattern of co-localization of IDH R132H and DCX
was absent in the tumor (arrows in subpanel H’). (Scale bar = 30um)
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Presence of IDH1 R132H in other biospecimens of the siblings A

Suspecting that sibling A has a unique presence of IDH R132H mutant cells,
alternative specimens that would provide germline DNA were requested from the family.
Sibling A’s toothbrush (last used 4 years prior to analysis) and primary deciduous teeth
were obtained. The toothbrush was processed in a Tris base solution prior to DNA
extraction. DNA from deciduous teeth was extracted by pulverization with liquid
nitrogen. DNA from deciduous teeth was quantified and showed a linear relationship
between the tooth weight and the amount of DNA isolated. In order to assess the
feasibility of detecting single nucleotide variation in DNA isolated from the teeth and
toothbrush, ddPCR using probes for wild-type histone H3F34 was performed. The
H3F34 histone DNA was detected in both the teeth and toothbrush DNA (Figure 4.7).
As expected, there were significantly fewer DNA copies in the toothbrush than in the
teeth samples.

DNA isolated from the teeth and the toothbrush of sibling A was analyzed for the
IDH1R132H mutation via ddPCR. The toothbrush DNA did not contain any IDH1R132H
mutant copies, which was likely affected by the very low amount of DNA (Figure 4.8B).
The teeth DNA showed IDH1 R132H copies at average mutant allelic frequency (MAF)
0f 0.18% (Figure 4.8A). DNA extracted from teeth donated by 7 healthy individuals was
analyzed as negative control to validate the findings. As expected, IDH1 R132H mutant
copies were not detected, validating the detection of an IDH1 R132H mutation by ddPCR
in the deciduous teeth DNA of sibling A. This finding, along with the IDH1 R132H
mutations in all regions of the brain, indicated a unique pattern of IDH1 R132H, similar

to that of somatic mosaicism, in sibling A.
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Figure 4.7 ddPCR analysis of DNA isolated from teeth and toothbrush. DNA
extracted from sibling A’s teeth (A) and toothbrush (B) was amplifiable in PCR reactions
and wild-type copies of H3F34 were detectable in ddPCR, confirming the feasibility of
detecting single nucleotide variations in the DNA. The DNA extracted from the
toothbrush, however, resulted in smaller cluster of detectable copies compared to teeth,
most likely due to higher fragmentation of DNA from the toothbrush.
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Figure 4.8 Detection of IDH1 R132H in teeth and toothbrush of sibling A. (A)
ddPCR analysis of the teeth showed average MAF of 0.18% and (B) no mutant copies of
IDH1 in the toothbrush. The absence of IDH1 R132H copy in the toothbrush is
accompanies by low copies of wild-type IDH1, suggesting that the quality and amount of
DNA extracted from the toothbrush was low compared to DNA extracted from the teeth.
MAF of 0.18% in germline DNA, along with the MAFs in various parts of non-
neoplastic brain, suggested possible mosaicism of IDHI R132H in Sibling A.
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Detection of IDH1 R132H in tumor biopsies and other biospecimens in sibling B

Sibling B was diagnosed with an astrocytoma of the right temporal lobe. During
the course of her treatment, sibling B had two biopsies of a suspicious region in the left
frontal cortex that showed reactive gliosis (biopsy 1) and hyperplasia (biopsy 2) (Figure
4.9A,B, H&E), but no obvious tumor. Both biopsy specimens were noted to be IDH1
R132H negative by IHC (Figure 4.9A,B, IDH1 R132H) . DNA was extracted from the
biopsy specimens to perform ddPCR for IDH1 R132H. IDH1 R132H was detected with
an MAF of (0.60%) and (1.08%) for biopsy 1 and 2 respectively (Figure 4.9C,D). This
supports that sibling A also had a low level of IDH R132H mosaicism in non-neoplastic
brain regions.

To test whether sibling B exhibited a similar pattern of somatic mosaicism as
sibling A, DNA isolated from cheek swabs and whole blood DNA was examined.
Interestingly, the cheek swab and whole blood of sibling B revealed IDH R132H mutant
copies at an average MAF of 0.07% and 0.13%, respectively, indicating a similar mosaic
pattern to that observed in the other germline biospecimens of sibling A. To further
confirm this finding, DNA from deciduous teeth of sibling A, and DNA from a cheek
swab of sibling B were analyzed by next generation sequencing (NGS). This data
confirmed the ddPCR findings, where IDH R132H mutant copies were present at very
low levels (MAF of 0.29%, and 0.01% for teeth of sibling A and cheek swab of sibling B,
respectively) (Figure 4.10). These results confirmed that sibling B also displayed mosaic
pattern of IDH1 R132H. Cheek swab DNA from two additional patients diagnosed with
IDH R132H positive tumors were analyzed for IDH1 R132H as controls, and the cheek

swab samples from these two patients were negative for IDH R132H by ddPCR analysis
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(Figure 4.11). These findings suggest that this is a case of IDH R132H somatic
mosaicism in two siblings, predisposing them to the development of /DH-mutant glial

tumors.
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Figure 4.9 Immunohistochemistry and ddPCR analysis of frontal lobe biopsies of
sibling B. (A) The first biopsy of frontal lobe showed reactive gliosis (H&E). IHC
analysis of the biopsy with anti-IDH1 R132H antibody showed absence of IDHI1 mutant
cells. (B) The second biopsy of the front lobe showed hyperplasia (H&E) and IDH1
R132H IHC showed absence of IDH1 mutant cells. (C) MAFs of IDH1 R132H in the
first biopsy was 0.60% and (D) 1.08% in the second biopsy, which suggests that sibling
B’s brain also display similar mosaic pattern of IDH1 R132H as sibling A’s brain.
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Figure 4.10 NGS results of DNA extracted from the teeth of sibling A and the cheek swab of sibling B.
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Figure 4.11 ddPCR analysis of DNA extracted from cheek swabs of two patients diagnosed with IDH1 R132H positive tumors
showing absence of IDh1 R132H.
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4.4 Summary

Heterozygous mutations in /DH] gene are common alterations in adolescents and
young adults (age ranging between 15 to 39 years), particularly in grade II diffuse
astrocytomas, anaplastic astrocytomas, secondary glioblastomas and
oligodendrogliomas[82, 83]. Although these mutations are not as frequent in pediatric
high-grade gliomas as low-grade gliomas, all common mutations that occur in pediatric
high-grade gliomas must be considered as potential biomarkers for diagnosis and
therapeutic targets. IDH1 R132H is the most common /DH [ mutations in gliomas and
mutations in /DHI gene result in the production of 2-HG from alpha-ketoglutarate. It has
been shown that high levels of 2-HG in cells promote histone methylation and block
differentiation of progenitor cells, creating an environment that encourages the
accumulation of additional mutations resulting in unchecked cellular proliferation[84]. In
addition, increased levels of this onco-metabolite produced by mutant IDH1 can disrupt
K27 methylation, which could explain how mutations in /DH gene can lead to pediatric
HGGs, when IDH1 and K27M mutations are mutually exclusive[18, 29]. In this study,
we have validated the high expression of IDH1 R132H in two adolescent and young adult
high-grade glioma patients through histological and molecular analyses, supporting the
notion that IDHI1 mutations do occur in these patients and can be considered a potential
therapeutic target. More importantly, we have revealed a special case of somatic
mosaicism of IDH1 R132H in two siblings, predisposing them to developing high-grade
gliomas. This case highlights an important concept in cancer predisposition and cancer

development by providing direct evidence that low level IDH132H mosaicism, even in
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patients without classic Ollier or Maffucci syndrome, can predispose them to glioma

formation.
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Chapter S: Discussion

Given the failure of over four decades of clinical trials to improve outcomes for
children with diffuse midline glioma and DIPG, there is a dire need to develop new
therapeutic regimens for effective treatment of these malignancies. In the past,
histological similarities between pediatric high-grade gliomas and adult high-grade
gliomas has resulted in reliance on chemotherapeutic agents used to treat adult patients.
However, multiple clinical trials have proven that such approach to treat children
diagnosed with diffuse midline glioma is ineffective. Currently, radiation therapy is the
only therapeutic modality that has been proven to increase survival of the patients
diagnosed with DIPG[30-32, 85]. However, the symptomatic improvements from
radiation therapy is only transient and the improvement in survival is not significant.

Immunotherapy is emerging as a promising method for treating CNS cancers that
have been previously incurable. Other childhood cancers including leukemia[66, 67]
have seen promising results from immunotherapeutic approaches and the field of
pediatric brain tumor is also gaining more insight from preclinical studies and clinical
trials investigating the use of various immunotherapies[36, 40, 61]. With the recent
increase in availability of biopsy and autopsy specimens, molecular subtyping of these
tumors (e.g. oncohistone H3.3 and H3.1) have become possible[15, 86]. Similarly, our
observation that WT1 expression is highly associated with H3.3K27M subtypes of DIPG
highlights the fact that such tumor-specific biomarkers are identified only where a
relatively large cohort of specimens are available for molecular studies. To identify
additional novel antigens that can be targeted for various immunotherapeutic approaches

continued accessibility of the specimens is crucial.
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Chapter 2 details our study in validating WT1 expression in DIPG and
characterizing the expression in the context of histone H3 mutation subtypes of the
disease. Others have previously shown expression of WT1 in many types of cancers but
our finding is the first to show its expression in a large cohort of pediatric midline
gliomas, including DIPG and, more importantly, the differential expression based on
oncohistone variants. When we limited the analysis of WT1 gene expression using large
publicly available datasets to DIPG versus pediatric normal brain, instead of all pediatric
glioblastoma versus pediatric normal brain, WT1 gene expression in DIPG compared to
pediatric normal brain became non-significant. Such observation can be explained by the
recent trend in genomics and proteomics stating that previous beliefs that there is always
a strong correlation between transcriptome and protein are no longer valid[87, 88]. More
importantly, our finding of WT1 differential expression in DIPGs based on oncohistone
variants highlights the importance of study cohort size. As seen with WT1 expression
levels in DIPGs, loosely grouping malignancies based on tumor locations, instead of
grouping them based on oncohistone variants, can result in missing subtype-specific
antigens, hindering the discovery of novel antigens.

Our previous work indicated that H3K27M mutations in DIPGs are the initial
mutations to occur but that this is not sufficient for tumor formation. These tumors have
obligate partner mutations, which always co-occurred together with H3K27M. [89].
Interestingly, a study which examined the effects of W71 gene knockdown in
glioblastoma cell lines showed an upregulation of apoptosis-related genes such as
MAP3KS5, PIK3CA and TP53 [90]. This suggests that increased levels of WT1 in

pediatric midline gliomas can lead to downregulation of 7P53. Our finding of WT1
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overexpression in H3.3K27M mutant DIPGs and our previous finding of co-occurrence
of H3.3K27M and 7P53 mutations seem relevant. These findings suggest that WT1
overexpression potentially leads to 7P53 underexpression, in conjunction with expression
of mutant p53, causing a negative synergistic effect on prognosis of these patients.

There have been multiple diseases, such as Denys-Drash syndrome and Frasier
syndrome, associated with germline WT1 mutation[91, 92]. WT1 has at least 36 putative
isoforms that result from alternative splicing or coding by alternative start sites, but four
major isoforms are those involving exon 5 and three amino acids, KTS. An analysis of
the available genomic data of our sample cohort, as well as the publicly available datasets
on pediatric high-grade gliomas on PedcBioportal showed infrequent genomic alterations
associated with WT1 gene[93-95]. Only 5 out of 1738 adult and pediatric GBM samples
exhibited amplification, and 1 sample had W71 gene deletion. This observation suggests
that WT1 upregulation is most likely a result of the global epigenetic changes or by
tumor activated pathways such as cellular mitotic pathways rather than sequence
mutations.

Development of promising targeted therapies, including immunotherapy, for
DIPGs and other pediatric midline gliomas depends on identification of tumor associated
antigens that are specific to these malignancies. Our data presented in Chapter 2 indicate
that WT1 is present in DIPG and closely associated with one particular molecular
phenotype of DIPG. Phase I and II clinical trials have shown that WT1 peptide vaccine
therapy in adult glioblastomas is safe and capable of inducing cellular and humoral
immune responses [96-98]. Hence, our findings to confirm the expression of WT1 in

DIPG will help advance the development of WT1 peptide-based immunotherapies for
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children diagnosed with DIPG and provide a strong foundation in identifying more
DIPG-specific antigens.

Chapter 3 highlights our efforts understand the potential role of WT1 in DIPG.
Our investigation on the effects of Bortezomib on human DIPG cells rooted from a
previous study which demonstrated significant inhibitions of W71 gene expression in
leukemia cell lines when treated with Bortezomib[75]. Interestingly, nuclear factor-kappa
B (NF-kB) binding site has been reported in W71 promotor region, and NF-kB activation
is a frequent event in many tumors, including glioblastoma[99, 100]. Bortezomib, a
proteasome inhibitor, has been shown to inhibit NF-kB activity by inhibition of [xkBa
degradation by proteasomes[101]. Therefore our results showing the decrease in W71
gene expression in human DIPG cells, when treated with Bortezomib, confirms that WT1
expression seen in DIPG is not an artifact but WT1 may be involved in an oncogenic
pathway leading to tumorigenesis and/or progression of DIPG. Moreover, the fact that
Bortezomib effectively killed human DIPG cells in nanomolar concentrations is
particularly encouraging to consider Bortezomib and other proteasome inhibitors as
potential drugs of use in children diagnosed with DIPG. Indeed Bortezomib has been
shown to chemosensitize human glioblastoma cells and increase glioblastoma murine
model survival[102]. In another study, intracranial delivery of Bortezomib in
glioblastoma murine models increased survival significantly[103]. In conjunction with
these studies, our results suggest Bortezomib as a potential drug for DIPG treatment.

Our analysis of RNA sequencing data of a large cohort of pediatric midline
glioma patients showing prevalence of WT1 transcript variant F and the differential

nuclear exit signal score between this variant and the canonical form of the protein
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provides an explanation for cytosolic localization of WT1 seen in our study and others.
To date, the functions of different isoforms of WT1remain obscured, especially in
locations other than gonadogenital tissues. However, a previous study demonstrated an
imbalance of four major isoforms of WT1 in acute myeloid leukemia patients, where
three isoforms, including WT1 isoform F, were expressed at higher levels compared to
the canonical WT1[104]. Another study showed a predominant expression of WT1
transcript variant F in Wilms’ tumor tissues compared to adjacent healthy kidney tissues
in patients[105]. Our results showing WT1 transcript variant F as the most abundant
variant of WT1 in pediatric diffuse midline gliomas, with these previous study results,
suggest WT1 transcript variant F may have a role in tumorigenesis of various types of
malignancies.

Our investigation of effects of WT1 isoform F overexpression in human DIPG
cells and in murine models generated from orthotopic injections further validates
oncogenic role of WT1, particularly that of WT1 isoform F in DIPGs. Cancer vaccines
using peptides specific to WT1 have been trial in pediatric hematological and solid
tumors, including brain tumors but immune response to vaccination has been variable[98,
106-108]. Peptide vaccine therapies utilizing the peptides specific to WT1 isoform F or
adoptive cell therapies, in which cytotoxic lymphocytes are stimulated by WT1 isoform F
peptides may increase the immune response and also make the treatment more precise to
spare the adjacent healthy tissues. Further studies are required to validate the prevalence
of WT1 isoform F and to understand the exact function of this isoform in these
malignancies. This will help to develop more precise therapeutic strategies targeting

WTI.
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Chapter 4 details our investigation of a case of two siblings diagnosed with high-
grade glioma harboring IDH1 R132H mutation. Although first described in adult
glioblastoma patients, IDHI1 mutations, IDH1 R132H being most common, do occur in
adolescent patients. Interestingly, IDH1 mutations occur mutually exclusively with
common H3K27M mutation in pediatric high-grade gliomas[79]. This highlights the
importance of exploring IDH1 R132H in pediatric high-grade gliomas as therapies
targeting the most common mutations such as H3K27M will not benefit the patients
harboring IDH1 R132H. Indeed, IDH1R132H has been investigated as a potential
immunotherapeutic target in glioma murine models[29]. More importantly, our study
provides a novel insight on IDH1 R132H mosaicism, that even in patients without classic
Ollier or Maffucci syndrome, low level IDH1 R132H mosaicism can predispose to
glioma formation. Somatic mosaicism occurs when a small number of cells in an embryo
acquires a mutation that is not corrected through DNA repair mechanisms and is
therefore allowed to persist, creating two distinct populations of cells [109]. The
phenotypic effect of mosaic mutations is dependent on when the mutation occurs during
development, with early mutations affecting a larger number of cells than late mutations.
In the siblings, the IDH1 R132H mutation was present in cells obtained from more than
one tissue including blood, cheek cells, healthy brain tissue, and teeth. This evidence,
along with the early onset of tumor formation in both patients, strongly suggests that the
IDH1 R132H mutation occurred during embryonic development and only the brain glia
cells, which acquired additional somatic mutations formed a tumor.

Without highly sensitive methods such as ddPCR used to detect the low level

mosaicism, the mosaic IDH1 R132H mutant cells likely would have been missed in the
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siblings. Thus, it is very likely that somatic mosaicism of IDH1 R132H and other
mutations is more common than previously recognized. Increased awareness of early
somatic mosaic mutations contributing to malignancies in children and continued
development of sensitive methods of detection will improve our understanding of
tumorigenesis and ultimately, the outcome of the patients.

Our understanding of pediatric malignancies has improved as a result of
continued accessibility of specimens and recent advancements in technology. The field of
pediatric high-grade gliomas also have seen advancements in biology of these tumors.
However, clinical outcome of these children still remains to be improved. Instead of
relying on data generated from adult gliomas, scientific advancements achieved in recent
years through research of pediatric high-grade glioma patients need to be applied in
designing therapeutic approaches. Our studies have the potential to bring new sight to the
field for discovery of novel approaches in treating children diagnosed with high-grade

glioma.
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