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INTRODUCTION

1. Diffuse intrinsic pontine gliomas

Pediatric-type diffuse high-grade gliomas (pHGG) are orphan malignancies that
represent approximately 10% of the pediatric brain cancers?, classified as grade
[lI-1V tumors by the fifth edition of the World Health Organization of tumors
affecting the CNS?2. The estimated world standardized incidence rate of pHGG for
patients aged 0-17 years is 6 per million person-years®. The median age at
presentation of these tumors is 6-7 years, independently of the gender, with a
median overall survival (OS) lower than a year from diagnosis?®. Diffuse midline
gliomas (DMG) H3 K27-altered?® are the most frequent and deadly subclass of
pHGG. Around 80% of DMG are located in the pons, receiving the name of diffuse
intrinsic pontine gliomas (DIPG). Tumors evolving in this delicate area of the brain
interfere with many nerves involved in essential body functions regarding the
coordination of motor control signals®’. Tumor cells develop diffusely and
disseminate continuously, affecting different parts of the brain, spreading from
the rostral to the frontal parts, usually without disrupting the integrity of the blood-
brain barrier (BBB)”:8. Because of the anatomic location and the infiltrative nature
of these tumors, surgical resection is not feasible, and chemotherapy treatments
have not demonstrated sufficient anticancer activity. Radiation therapy in the only
available treatment to control tumor growth, at least for a short period®. The
analysis of biopsy samples obtained from patients with DIPG contributed to
elucidate the molecular background of these tumors, characterized by a unique
recurrent mutation in genes encoding histone H3 (H3K27M)1%12. The new
knowledge on the genomic landscape of these tumors opened an era of
discoveries that will likely end up in the development of new and effective

therapies for patients.

In my PhD work, | leveraged on the preclinical pHGG models, most of them DIPG,
already established at HSJD from patients, and | established new models from
new patients. | used these preclinical tools to assess the rationale and efficacy of

several pharmacological treatments for DIPG.
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2. Genomic landscape of pHGG

Clinical researchers at the Necker hospital (Paris) were the first to demonstrate
that obtaining biopsies from pediatric CNS tumors in the midline, most of them in
the brainstem, is a safe procedure!3. Since then, tissue samples have been used
to improve the molecular knowledge on this disease, with clear implications for
the diagnosis of patients, the selection of targeted treatments and the design of

new clinical trials415,

2.1.Histone-3 driver mutations

Initial analyses on the genomic and epigenomic profile of pHGG revealed a
unique recurrent somatic gain-of-function mutation of the histone H3 genes
(HIST1H3B, HIST1H3C and H3F3A), present in approximately 80% of DIPGs.
These mutations were immediately considered as a driver and biological hallmark
of these tumors!!16:17 Histones participate in the process of DNA condensation
and undergo post-translational modifications, such as methylation, acetylation,
phosphorylation, ubiquitination and SUMOylation (alteration by the covalent
attachment of a small ubiquitin-like modifier protein to lysine residues'®). These
modifications may prompt changes in DNA function and transcription by
regulation of DNA access to the cellular transcriptional machinery, remodelling
different biological processes involving gene expression!®. The missense
alteration in the NH2-terminal tail of H3 results in a substitution of lysine (K) for
methionine (M) at position 27. In the normal stem cell development, differentiation
genes are tightly regulated by the tri-methylation in post-translational modification
sites of the H3 tail, mainly resulting in tri-methylated K27 (H3K27me3). As a
consequence of the K27M mutation, di- and tri- methylation of histone H3 at K27
(a process catalyzed by the methyltransferase EZH2, part of the PRC2 complex)
is radically reduced, resulting in the aberrant activation of genes leading to

malignancy (Figure 1)20:21,
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Figure 1. Scheme of H3K27M epigenetic modification. In H3K27M, the lysine substitution inhibits
EZH2 binding, preventing PCR2-dependent methylation and leading to aberrant gene activation.

Reproduced from referencel,

Other genetic alterations of H3 also result in the depletion of H3K27me3. The
most frequents are H3 p.Gly34Arg/Val (H3.3G34R/V) mutations, which are
harbored in approximately 30% of diffuse gliomas arising in the cerebral
hemispheres. In these gliomas, the mutated residue is adjacent to the lysine at
position 36, reducing the tri- methylation of H3K36 site and repressing the
methyltransferase SETD2/5 activity®2223,

An important publication by Alan Mackay et al. built an integrated molecular meta-
analysis of 1,000 pHGG, many of them DIPG'. The analysis grouped diffuse
gliomas into different subgroups, according to the presence or absence of H3
mutation, the anatomical location of tumor, the age at diagnosis and the OS of
patients. Tumors harboring the mutation H3.1K27M occur exclusively in the pons
of the youngest DIPG patients, with a median age of 5 years old, while H3.3K27M
tumors arise in a range of midline structures (including the thalamus, brainstem,
cerebellum and spine) in patients of a median age of 8 years. Tumors driven by
the K27M alteration are universally fatal, with a median OS of 11 and 15 month
for H3.3 and H3.1 mutants, respectively). In contrast, H3.3G34R/V mutations
(only reported for H3F3A gene) are only found in diffusely infiltrative tumors
arising in the cerebral hemispheres, predominantly in the parietal or temporal
lobes of adolescents or young adults, at a median age of 15 years old, and male
predominance. Patients with H3.3G34R/V mutations have longer survival than
those with K27M alterations, but their median OS is still limited to 18 months after

the diagnosis. Those patients with pHGG with wild type gene H3 have better
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prognosis, especially when they are infant (younger than one year old) patients.
These lesions are highly heterogeneous, with a variety of genomic and
epigenomic features, and they appear as hemispheric tumors affecting

infants/new-borns, children, adolescent and young adults (Figure 2)10.24.25,

Diffuse pediatric-type

Infant-type Diffuse midline glioma, high-grade glioma Diffuse hemispheric
hemispheric glioma H3 K27-altered H3- and IDH-wildtype glioma, H3 G34-mutant
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Figure 2. New classification of the pHGG subgroups, according to the clinicopathological and
molecular characteristics. Driver mutations in H3.3 (K27M and G34R/V), H3.1K27M and H3 WT
of tumors show different subgroups of disease, along with differences in location, age at diagnosis

and clinical outcome of patients. Reproduced from reference?4.

2.2.Copy number abnormalities in pHGG

The genome-wide analysis of pHGG/DIPG tumors identified other recurrent
genomic abnormalities and copy number imbalances (CNA) underlying these

tumors (Figure 3).

The group led by Suzie Baker at Saint Jude evaluated the frequencies of large-
scale chromosomic alterations in 43 biopsies and autopsies of DIPG?6. They
found focal gains of genes encoding receptors tyrosine kinase (RTKs) or cell-
cycle regulatory genes in 24 of 43 tumor samples, including PDGFRA (in 13 of
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43 DIPG), MET, IGF1R, ERBB4 and EGFR genes. Other focal CNA gains were
described, also affecting RTK-Ras-phosphoinositide 3-kinase pathway, such as
KRAS, AKT1, AKT3 and PIK3CA genes, and focal deletions of NF1. Focal gains
were found in regulatory components of the RB pathway including genes
encoding cyclin D1, D2 and D3 and CDK4/626,

Posterior work by Mackay et al. identified recurrent gains of chromosome 1q, the
location of the gene encoding for H3.3, which explained the usually high variant
allele fraction of H3.3K27M in these tumors?’. They also described common
large-scale alterations including loss of 17p (156 cases), which contains TP53 at
17p13.1, and gains of 9q, both alterations correlating with shorter OS of the
patients. They described as “high-level” the amplifications found at 4ql12
(containing PDGFRA/KIT/KDR genes), 2p24.3 (MYCN/ID2), 7p11.2 (EGFR),
7921.2 (CDK6) and 7qg31.2 (MET), as well as focal deletions at 9p23.3
(CDKN2A/B) and 10qg (PTEN), a negative regulator of PI3K signalling and tumor
suppressor in many human cancers?®. They observed a shorter OS in patients
diagnosed with tumors harboring these amplifications and a better prognosis in
patients with tumors with CDKN2A/B deletions?©.
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Figure 3. DNA copy-number aberrations in pHGG/DIPG. Most recurrent copy-number alterations
of 834 pHGG/DIPG tumors are shown, in order of frequency, and colours represent the

anatomical location and histone mutation. Reproduced from reference?®,

2.3.Recurrent somatic mutations in pHGGs

In addition to the histone-3 variant mutations, other recurrent mutations have
been identified in pHGG. The data obtained from a large series of tumors have
revealed the distinction between histone-dependent subgroups. Additionally,
each subgroup exhibit co-segregated somatic mutations and pathway
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dysregulations that contribute to tumor development?%2°, These distinctions may
allow for the selection of targeted therapies specific to each DIPG subgroup
(Figure 4)%,

\\Norse

Figure 4. Genetic landscape across 1000 cases of pediatric gliomas. Schematic illustration of the
multiple subgroups of low and high-grade gliomas that differ based on lesson location, age at
diagnostic and prognosis. In addition to the subgroup-driving alterations, tumor commonly

harbour associated alterations are represented. Reproduced from reference?®,

Mutations in the ATRX gene play a critical role in H3.3G34R/V-mutant
neoplasms, with genetic alterations observed in over 80% of affected individuals,
and reported to reach 100% in some clinical case series®®. ATRX and
H3.3G34R/V mutations exhibit co-segregation, with a high incidence of
concurrent TP53 mutations, observed in 88% of cases in a series of 135 patients
diagnosed with diffuse hemispheric glioma, H3.3G34-mutant3!. Recent DNA
methylation studies have shown that the H3.3G34R/V subgroup is the only
histone mutant category within pHGG to display significantly elevated methylation
at the promoter region of O-6-methylguanine-DNA methyltransferase (MGMT), a
key DNA repair enzymel®3233  This methylation pattern may be linked to
increased sensitivity to temozolomide treatment, potentially leading to improved
clinical outcomes®. In a study of 162 pHGG samples, MGMT promoter

methylation was observed in 40 cases, with 75% of H3.3G34-mutant tumors
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showing methylation, compared to only 3% of H3K27-mutant cases®®.
Additionally, around half of H3.3G34R/V tumors (in a cohort of 95) bear activating
PDGFRA mutations that display strong selection pressure at recurrence??. This
pathway signalling opens a potentially targetable route for new treatments
(Figure 4)%2,

TP53 mutations are also present in 22-40% of DIPG, co-segregating with
H3.3K27M and typically with PPM1D mutations, a more aggressive phenotype of
tumors with marked epigenetic deregulation®®. Co-occurrence of H3.3K27M and
TP53 mutations imply worse clinical outcomes compared to patients with only
one of them'®. Mutations predominantly of gain-of-function in RTKs, such as
PDGFRA and FGFR1, also occur frequently in this subset of tumors. PDGFRA
alterations prevail in tumors arising in the pons, and FGFR1 variants are

restricted to the thalamus (Figure 4)1°,

Pathania et al. developed a mouse model that recapitulated partially the
histological and molecular traits of H3.3-mutant pHGG when the mutations were
introduced within a particular developmental stage in mice®’. They observed that
H3.3K27M in combination with TP53 loss introduced in utero were sufficient to
induce tumorigenesis, although tumors appeared postnatally, after 6-8 months.
They found that the simultaneous presence of H3.3K27M and TP53 loss, along
with wild-type PDGFRA overexpression, accelerated tumor development and
enhanced invasiveness. In contrast, ATRX knockdown led to tumors that were

more localized (Figure 5)%.
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Figure 5. Diagram showing how H3.3K27M cooperates with TP53 loss and PDGFRA gain in

mouse embryonic neural progenitor cells to induce invasive pHGG. Reproduced from reference?”.

H3.1K27M-mutated DIPG tumors are confined to the pons and are characterized
at the copy-number level by gains and losses of entire chromosomal arms,
including frequent gains of 1g and chromosome 2, as well as the loss of 16q%°.
Some point mutations are also identified in this subgroup of tumors, especially
somatic mutations R206H and G328V within the activin A receptor type 1
(ACVR1), found in up to 25-30% of DIPG33°, Mackay et al. also identified an
enrichment of downstream PI3K pathway mutations, such as PIK3CA and
PIK3R1, co-segregating with H3.1K27M mutations, compared with the upstream
RTK alterations present in H3.3K27M DIPGs (Figure 4). Fortin et al.
demonstrated that the ACVR1632V mutation works in conjunction with the
Hist1h3bX?’™M driver mutation to block the differentiation of oligodendrocyte
precursor cells in genetically engineered models (GEMMs) of DIPG*. For the
development of high-grade diffuse gliomas, an additional mutation in
PIK3CAH047R was required, confirming the necessity of co-occurring alterations

for tumorigenesis (Figure 6)4°.



INTRODUCTION

neuroblast neuron

r *“ e
’ oligodendrocyte

) oligodendrocyte
neuroglial progenitor
progenitor

Acvr1G2sv

i
i ] :

Histih3prem | | :

differentiation- | 1| + Pik3ca'!o¢R

arrested cells ! } ——,

high-grade
diffuse glioma

O SMAD1/5/8
O SMAD4

e

r ACVR1
BMP type
Il receptor

é Histone H3

CD Polycomb Repressive Complex 2

differentiation arrest

ASCL1, SOX11

ID1,1D2,ID3

Figure 6. Mutant ACVR1 inhibits glial cell differentiation and promote tumor development. The
scheme shows the ACVR1¢328Y mutation, both individually and in combination with Hist1h3bX2™™,
resulting in effects on cell proliferation and differentiation. The addition of ACVR1G328V,
Hist1h3bk2™™ and PIK3CAM047R mutations in the oligodendrocyte precursor cells were required

for tumor initiation and progression. Reproduced from reference®°,
3. Blood-brain barrier

The brain is one of the most vascularized organs and presents a special type of
blood vessels characterized by the presence of a BBB, which is formed by
specialized endothelial cells with surrounding basal lamina, pericytes, astrocytes
and microglia. Together, they act as a physical and biochemical barrier to protect
the CNS from the penetration of toxins and large hydrophilic substances, also
providing essential nutrients to the brain. Recent data suggests that the pons has
a tighter BBB (“super-BBB”) compared to the cortex, further restricting the

entrance of substances to the brain*42 (Figure 7).

In DIPG, diagnostic imaging techniques suggest that the BBB is intact in the
patients at the time of the initial diagnosis*3, thus posing a significant obstacle for

drug penetration from the blood to the brain parenchyma. Drug efflux proteins
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such as the human ATP-binding cassette (ABC) transporter family, including the
P-glycoprotein (P-gp, ABCB1), the breast cancer resistance protein (BCPR,
ABCG2) and the multidrug resistance proteins (MRPs, ABCCs), limit the delivery
of chemotherapy to the CNS** (Figure 7).

Whether disrupting the BBB could be a feasible strategy to increase drug efficacy
against pHGG remains not totally clear. Approaches to do so include transient
disruption with warm 20% intracarotid mannitol, focused ultrasounds or
administration of inhibitors of drug efflux transporters. All of them presented

promising preclinical results, but their use in patients needs improvement*>-47,
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Figure 7. Representative scheme of the components in the BBB. The BBB consists of endothelial
cells at the cerebral capillary level. These endothelial cells interact with perivascular structures,
including the basal lamina, astrocytic end-feet processes, perivascular neurons, and pericytes.
Tight junctions between the endothelial cells seal the intercellular space, maintaining the BBB
integrity. The ABC efflux transporters, such as P-gp and BCRP and MRPs are expressed on the
luminal side of endothelial cells. They prevent blood compounds from accessing the brain.

Reproduced from reference*®.

4. Diagnosis and treatment of patients with DIPG

4.1. Clinical presentation

Patients diagnosed with DIPG present neurological symptomatology consistent
with the anatomic location of the tumor. Typically, symptoms appear only a month
before demanding medical assistance. Cranial nerves VI and VIl are most
commonly affected and specific to DIPG because they originate close to where

the tumor usually infiltrates. Over 50% of patients display compression or
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dysfunction of critical white matter tracks in the brainstem, resulting in cranial
nerves palsies (facial weakness and diplopia), long tract signs (motor deficits,
hyperreflexia, Babinski reflex, clonus, increased tone) and cerebellar dysfunction
(ataxia, dysmetria, dysarthria). These three frequent clinical characteristics are
referred as the “classic triad” and alert clinics of a probable diagnosis of
DIPG364950 |n less than 10% of patients, signs and symptoms of increased
intracranial pressure may be present at the time of diagnosis, due to the
obstructive hydrocephalus resulting from the expansion of the pons. This
condition is more common at further stages of the disease progression?°3¢, While
the epicentre and origin of DIPG occurs in the pons, during disease progression
cells spread to the cerebellum or even to more distant parts of the brain.

4.2.Diagnostic imaging

The diagnosis of DIPG is based on conventional magnetic resonance imaging
(MRI) findings. MRI is the preferred imaging method and it is complemented with
computed tomography (CT) in specific cases®. MRI typically includes T2 and
fluid attenuated inversion recovery (FLAIR) weighted images and T1-weighted
with and without contrast, to enhance lesion visibility by suppressing CSF signal
compared with conventional T2 imaging®’. DIPG tumors are usually centered in
the pons, often occupying at least 50% of its axial diameter and causing its
expansion, potentially encasing the basilar artery. In a normal brain MRI, white
matter appears bright (light grey/white) on a T1-weighted scan, whereas it
appears dark grey on a T2-weighted scan. In DIPG tumors, they appear
hypointense or isointense on T1l-weighted images and hyperintense on T2-
weighted images, with ill-defined margins, homogeneous enhancement, and
minimal contrast with gadolinium uptake suggesting necrosis or inflammation
20,5253 (Figure 8).

Recent studies highlight differential MRI features between H3K27M and WT
subgroups, including enhancement quality, margin thickness, non-contrast-
enhancing tumor margins, edema proportion, and cortical invasion, aiding in
glioma subgroup discrimination with implications for diagnosis, treatment

planning, and future trials®4%°.
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Figure 8. DIPG tumor imaging at the pons. MRI of the brain of a child with H3K27M-altered
glioma. The imaging demonstrated a (A) sagittal T1 hypointense and (B) axial T2 hyperintense
DIPG tumor occupying nearly half of the axial diameter. Arrows indicate the tumor. Reproduced

from reference?°,

4.3. The standard of care

Focal radiation therapy (RT) is the only treatment that improves life expectancy
for DIPGs, although its effect is only palliative. Over the past 20 years, RT at a
dose of a 54-60 Gy administered in fractions of 1.5-2 Gy over 6 weeks, usually
daily, has been the standard treatment recommendation for H3K27M diffuse
midline gliomas, controlling tumor growth for a short time of period, and

prolonging survival for up to 3 months in 70-80% of patients®°.

To enhance RT and minimize toxicity, hyperfractionated and hypofractionated
regimens have been proposed for newly DIPG diagnostics. Hyperfractionated
therapy with doses up to 72 Gy is less effective and increases radiation toxicity®®.
In contrast, hypofractionated therapy with doses of 39-45 Gy over 2.6-3 weeks is
feasible, well-tolerated, and improves quality of life, but does not improve event-
free survival or overall survival in DIPG patients®-%°. Symptomatic tumor
progression after RT is common due to the aggressive nature of the disease,

leading to the consideration of re-irradiation for additional palliative benefits®°,

Unfortunately, 3-8 months post-RT, most patients show radiological and clinical
signs of tumor progression, often leading to neo-adjuvant chemotherapy trials

with agents like temozolomide, cisplatin, carboplatin, or irinotecan. However, no
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chemotherapy agents have yet shown significant improvement in PFS or OS

compared to radiation therapy alone in patients with DIPG.
5. Biopsying DIPG

In 2007, neurosurgeons at the Hospital Necker—Enfants Malades (Paris)
performed stereotactic biopsies on 24 children, establishing it as a safe procedure
for obtaining tumor samples from the pontine region®!. By 2012, multiple reports
had been published highlighting the safety and importance of brainstem biopsies.
Then, the stereotactic biopsy was stablished as a standard practice in an effort
to enhance diagnosis of patients with DIPG'36%62, These practices represented
an improvement of basic science research in the field, including the design of
clinical trials according to the histological and molecular information of these

tumors.

5.1. Solid biopsy

The amount of tumor tissue obtained from a stereotactic biopsy is limited to 2 to
10 samples®3 of around 1 mm thickness and 10 mm length®* obtained with a side-
cutting biopsy needle®!. Biopsy fragments are then used to confirm diagnosis by
histological review, usually matching a grade 4 glioblastoma or grade 3
astrocytoma, with increased mitotic activity, microvascular proliferation and/or
necrosis®®. The typical immunohistochemistry panels include GFAP, ATRX, p53,
neurofilament, ki67, H3K27M, H3K27me3, IDH R132H and BRAF V600E (rare in
DIPG, but with available targeted therapies®®). For a deeper characterization,
histologic findings are complemented with molecular testing. Next-generation
sequencing and DNA microarrays are usually used to molecularly confirm the
presence or absence of H3 mutation and identify the isoform affected, relevant

for patient prognosis.

Performing repeated surgical biopsies in the pons is not recommended, which is
a barrier for the assessment of responses to therapy. Developing sensitive liquid

biopsy techniques could make such goal feasible.
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5.2.Liquid biopsy

Liquid biopsy is a sensitive and minimally invasive tool to analyse the molecular
profiling of tumors, enabling precision oncology approaches®’. The isolation of
tumor-derived products in the body fluids of patients with cancer provides
information of the whole intratumoral heterogeneity state, prognosis, minimal
residual disease and actionable mutations at the moment of sample collection.
Sample may be collected from different biofluids, mostly from blood (serum and
plasma), and also saliva, urine, and CSF. Several tumor derivatives can be
isolated from the sources, such as circulating tumor cells (CTCs), extracellular
vesicles (EVs), cell-free DNA (cfDNA) and micro-RNA (miRNA)8. The cfDNA
found in all biofluids includes the circulating tumor DNA (ctDNA) fraction, which
refers to extracellular DNA fragments specifically derived from cancer cells, often
having only 50-150 base pairs®. Droplet digital PCR (ddPCR) has emerged as
one of the most sensitive and cost-effective methodologies for the detection and
absolute quantification of the genomic aberrations present in the ctDNA at low
allelic frequencies, compared to less sensitive techniques such as Sanger
sequencing, quantitative PCR and next generation sequencing platforms”7%,
The ctDNA isolated from plasma is already being used in the clinics for disease
monitoring of extracranial adult cancers, including melanoma, ovarian, lung,
breast and colorectal cancer’?. For patients with glioblastoma multiforme, ctDNA
guantification obtained from the CSF may also be used as a biomarker. For brain
cancers, blood may not be a suitable source since ctDNA from brain cancers are
unfrequently detected in plasma®’. In contrast, ctDNA derived from CNS
malignancies is more abundantly present in the CSF®’. Once this technique is
completely set up, it might represent a true breakthrough for brainstem tumors,
for which only limited tissue is available and multiple sampling is not feasible
(Figure 9).
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Figure 9. Scheme of the mechanisms for CTCs, ctDNA, and EVs secretion in diffuse midline

gliomas, lymphomas and medulloblastomas. Reproduced from reference’s.

The groups led by Liwei Zhang and Chris Jones in The National Clinical Research
Center for Neurological Disease of China and The Institute of Cancer Research
in UK have developed and validated a clinically relevant and minimally invasive
liquid biopsy platform suitable for the detection and quantification of molecular
profiling mutations associated with DIPG, especially in H3F3A, HIST1H3B/C,
ACVR1, IDH1, PPM1D, TP53, ATRX, PIK3CA and BRAF’475, Pan et al. applied
deep sequencing to the ctDNA isolated from CSF, and analyzed matching tumor
and blood DNA from 57 patients with brainstem gliomas, including DIPG">. They
observed that ctDNA accurately detected tumor-specific alterations found in the
primary tumor tissue. In 17% of cases, CSF ctDNA had mutations that were
undetectable in the tissue specimen. These results may be due to the sampling
bias inherent in traditional biopsy or tumor heterogeneity, highlighting an
additional potential benefit of CSF ctDNA over primary tumor DNA7°. Stallard et
al. reported that the concentration of H3.3K27M is two-fold higher in the CSF from
the lateral ventricles, compared to the concentration in CSF samples from a
lumbar puncture, probably due to the location of tumor adjacent to a CSF

reservoir’s,

The main goal of the liquid biopsy in DIPG is obtaining biological material at
different time points as a clinical approach for measuring longitudinal surveillance

of disease and treatment response. To assess this issue, Panditharatna et al.
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analysed the expression of H3.3K27M in CSF and plasma samples of DIPG
patients’’. They collected serial samples longitudinally through an on-going
clinical trial and observed an increase in ctDNA released to CSF in patients who
exhibited tumor spread. However, these findings were not replicated in ctDNA
from plasma, suggesting a high integrity at the BBB which would preclude access
of the ctDNA to the blood, as advanced by Pan et al. in 20207°. Surprisingly,
subsequent analyses detected ctDNA in the plasma after RT, indicating either the
potential role of radiation for a temporary disruption of the BBB, or a transiently
higher concentration of ctDNA due to RT damaging the tumor producing
alterations in tumor architecture, or both’’. These studies thus may provide
suitable methods for assessing tumor response to treatment’’. Recently, a study
reported the serial collection of CSF and blood in patients with DIPG treated with
ONC201 in a phase-l trial (NCT03416530) demonstrated the potential use of
ctDNA tracking as a supplemental tool for radiographic monitoring. They
observed patterns of change in H3K27M levels over time, showing “spikes”
preceding progression in many cases in plasma and in CSF. Also, in individual
cases, they observed an early reduction in H3K27M levels, predicting long-term
clinical response to ONC201, and it did not increase in cases of later-defined
pseudo-progression’® (Figure 10).
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Figure 10. Two cases from the clinical trial monitored by MRI and H3K27M quantification in
CctDNA of plasma serial samples. A) Pseudo-progression of tumor measure by MRI is not reflected
in H3K27M reduction. B) Samples from a 23-age male. When tumor increase in volume, also of

H3K27M in plasma was increased. Reproduced from reference’®.
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In my PhD thesis, | attempted to set up a method for serial collection and analysis
of CSF samples from mice with intracranial DIPG via the cisterna magna, utilizing
the highly sensitive ddPCR technique to detect human histone-3 in the ctDNA of

the mice.
6. Preclinical models of DIPG

DIPG and pHGG in general are distinct diseases from adult glioblastoma®!, and
thus faithful experimental models are necessary to understand their unique
pathophysiology and to test therapeutic strategies. Focused efforts to obtain
tumor tissue for research at the time of autopsy and, more recently, biopsy, have
helped establish in vitro and in vivo disease models derived directly from patient

material, to test and validate novel treatments.

6.1.In vitro models

DIPG research faced serious limitations due to the lack of preclinical tools until
Michelle Monje et al. at the Stanford University Medical Center established the
first pediatric DIPG in vitro cell culture and in vivo xenograft mouse models using
the tumor tissue derived from the autopsy of a patient, in which the pontine
histopathology was similar to that of DIPG”°. Following this research, a few other
groups developed primary human DIPG cell lines from tumor samples collected
during diagnostic biopsies®®®, and an orthotopic mouse model using these cells

were successfully developed®?.

Although biopsy tissue represents a smaller sample than autopsy tissue, these
models may better predict therapeutic response rates in patients, as the cells

have not been previously treated??.

In this PhD project, | used several primary cell cultures derived from DIPG
patients and | developed new in vitro cultures, with the intention to expand the
preclinical pHGG/DIPG platform of the HSJD laboratory.

6.2.In vivo models

DMG does not occur spontaneously in mice and the development of xenografts
plays a crucial role to study the disease and test preclinical therapies in vivo. Prior

to 2011, to model DIPG we used glioma cell lines implanted into the pons of
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immunodeficient mice, with the assumption that the general properties of such
gliomas were likely shared in the orthotopic location of the pediatric
counterparts®84, There are also reports of murine gliomas induced using
carcinogens and transplanted into the mouse brainstem, to induce allografts to
serve as DIPG models®. Significant advances in the field of mouse xenografts
were achieved when Monje et al. successfully implanted cultured cells obtained
from a DIPG autopsy into immunodeficient mice into the fourth ventricle of mice’®.
The model was the first to be engrafted in mice, although by that time the driver
mutations of the sample were not totally known’®. Soon thereafter, the
implementation of stereotactic biopsies for DIPG diagnosis allowed for further
development of preclinical models®. Our laboratory developed DIPG models
from such biopsies. Our most important preclinical model is a DIPG established
from the autopsy of a pediatric patient with DIPG who survived less than one
month after diagnosis. The original patient tumor was sequenced in®’ (coded
HSJD DIPGO007), and holds the mutations H3.3-K27M and ACVR1-R206H. This
xenograft is HSJD-DIPG-007 (DIPG-007). These cells engraft consistently in the
brainstem and cerebellum of NOD.SCID and athymic nude mice. Several
preclinical studies have used this xenograft 42:4587-103 'which has been distributed
to more than 60 international laboratories.

The second important xenograft at our institution is HSJD-GBM-001 (GBM-001).
We established GBM-001 at SJD hospital Barcelona from the biopsy of a cortical
tumor of a pediatric 10-year-old patient obtained at the diagnosis of disease. This
tumor conserves wild type H3 and has the mutation p.G245S in the gene TP53.
GBM-001 cells engraft consistently in the brain of NOD.SCID and athymic nude
mice. Several publications have used this xenograft 89104105 which we have
distributed to around 30 international laboratories. This tumor also engrafts in s.c.

location (data from SJD laboratory).

A systematic study on the establishment of DIPG models was published by
Plessier et al*®. They compared two methods to stablish preclinical models of
DIPG, which they called direct (patient-derived) or indirect (cell-derived)
xenografting. In the direct model, biopsies were dissociated and directly injected
in the thalamus or pons of mice to allow the amplification of the tumor cell pool in

vivo. In the cell-derived model, biopsies were dissociated, cultured in vitro,
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transduced with luciferase, and then, after several passages required for
biobanking, they were injected in the pons of mice and tumor growth was followed
up by luminescence (Figure 11). They observed that the success rate for both
engrafting methods was similar, around 60% for the direct method, and around
55% for the indirect one*3. A second experience in the development of patient-
derived xenografts of DIPG suggested that engraftment was more successful
when DIPG samples were directly implanted in mice (68%), rather than after
culturing (41%)106,
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Figure 11. Direct and indirect models developed to study DIPG in vivo. For cancer cell expansion,
tumors biopsied may be injected directly in the brainstem of mice (PDOX) or cultured and then,

inoculated in the pons of mice (CDOX). Reproduced form reference?3.

Xenograft models are not sufficient to address the key question of the cell of origin
of DMG. In this regard, GEMMs come with the advantage of arising in the natural
microenvironment in immune-proficient animals. The first attempts transfected

highly recurrent genetic alterations of DIPG in the brainstem cells of mice, using
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the RCAS-Tva system. Transfected aberrations were PDGF signalling
overexpression, p53 loss and the H3.3K27M mutation. Under specific
combinations, mice developed diffuse gliomas in the brainstem, with similar
PDGF signalling overexpression, p53 loss and the H3.3 K27M mutation, with high
molecular and biological fidelity compared to pediatric DIPG tumors®7-110 |n a
different approach, which we could describe as a combination of GEMM and
xenograft, human embryonic stem cells were differentiated to a neuronal
progenitor lineage and co-transduced with constitutively active PDGFRA, TP53
and H3.3K27M in vitro for murine implantation!!t. Mice developed tumors in the

brainstem.

Despite being excellent research models, GEMMs come with the disadvantage
of lacking part of the heterogeneity observed in patient tumor samples. As an
advantage compared to xenografts, they conserve the immune environment. The
tumor microenvironment found in DIPG tumors includes low infiltration by immune
cells such as Treg, CD4 T cells, NK cells, B cells, monocytes, and eosinophils'*?,
Actually, this microenvironment differs significantly from that of the adult
glioblastomas, because DIPG shows less infiltration of immune cells!®3,
Humanized mouse models may reproduce a more authentic human tumor
immune environment, enhancing the potential for accurate drug response
prediction in clinical trials and facilitating the discovery of effective therapeutic
strategies. As an example, a humanized mouse model, NSG-SGM3-BLT,
incorporating NOD-SCID IL2rgnull SCF/GM-CSF/IL3 strain engrafted with human
thymus, liver, and hematopoietic stem cells, was utilized to create an orthotopic
DIPG model by injecting SF8628, an H3.3K27M mutant cell, into the pons!!4
(Figure 12).
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Figure 12. Scheme to humanization of an immunodeficient mice prior to orthotopic intracranial
inoculation of DIPG cells, establishing humanized models for DIPG. Reproduced from

referencells,

While significant advances have been made in genetic modelling of DIPG in mice,
further models are required to better mirror the human disease concerning new
molecules, signalling pathways, and epigenetic factors involved in DIPG
tumorigenesis. This advancement is crucial for progressing toward precision
medicine, improving treatment effectiveness, and potentially enhancing

outcomes for children afflicted by these tumors.

In this PhD work, | refined the methodology for the systematic use of orthotopic
intracranial pHGG xenografts, and | attempted to establish additional models. All
these xenografts closely recapitulate the original tumor growth patterns observed

in patients.
7. Emerging molecularly targeted therapies

As mentioned above, the pHGG subclasses of DMG and diffuse hemispheric
gliomas have histone mutations driving their malignant behavior, but these
aberrations are still not actionable with treatments. Patients with pHGG have
been treated in clinical trials with RTK inhibitors such as erlotinib, vandetanib or
dasatinib, but these medicines did not show sufficient activity, alone or in

combination with RT. Because the BBB permeability is a primary challenge for
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therapies, this section will evaluate targeted agents as promising alternatives that

may effectively penetrate the BBB for the treatment of these tumors.

7.1.0NC201

ONC201 (7-benzyl-4-(2-methylbenzyl)-1,2,6,7,8,9- hexahydroimidazo [1,2-
a]pyrido [3,4-e]pyrimidin- 5(1H)-one), is a small molecule of a novel class of anti-
cancer compounds called imipridone. In vitro, ONC201 selectively blocks cancer
cell growth and induces apoptosis in glioblastoma, breast, lung, colorectal and
endometrial cancers, among others!®, ONC201 was identified as an apoptotic
inducer by tumor necrosis factor (TNF)-related apoptosis inducing ligand
(TRAIL). ONC201 reportedly acts on the Akt/Erk system, dopamine receptors
D2/3 (DRD2/3), and the serine protease “caseynolitic protease P (ClpP)"116-119
(Figure 13).
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Figure 13. Summary of the initial mechanism of action proposed for ONC201. It shows the
interactions with the selective targets molecules of ONC201, in the cytoplasm and mitochondria

of a cancer cell. Scheme obtained from Chimerix website.

ONC201 is being evaluated in phase II-1l clinical trials for different tumor types,
including adult glioblastoma (NCT04629209, NCT04854044)'%0, In the first
preclinical studies, researchers demonstrated the therapeutic potential of the
imipridone compounds to induce TRAIL-mediated apoptosis in pHGG, resulting

in a significant reduction of tumor growth and increased survival in orthotopic
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xenograftst?1-123, Subsequently, initial clinical experience with  ONC201 in
patients diagnosed with H3K27M-mutant DIPG was positive, showing significant
clinical improvement in one patient!?4. After this case, two phase Il clinical trials
in recurrent H3K27M-mutant diffuse midline glioma with single agent ONC201
were initiated (NCT03295396; NCT02525692). Recently, Jackson et al. tested
the combination of ONC201 with the potent brain-penetrant paxalisib (PI3K/Akt
inhibitor) for the treatment of H3K27M DIPG in a preclinical study??®. This study
provided preliminary clinical evidence for the commencement of the phase Il
clinical trial, in participants with DMG (NCT05009992).

The most important study on the mechanism of action of ONC201 in DMG is the
one performed at the University of Michigan'?6. Previous studies noted that,
unlike IDH1-mutant gliomas, which convert a-ketoglutarate (a-KG) to 2-
hydroxyglutarate (2HG) to inhibit histone lysine demethylases and sustain
histone lysine methylation, H3K27M-mutant cells utilize a-KG to maintain low
H3K27me3 levels!?’. Interestingly, the study led by Carl Koschmann revealed
that treatment of H3K27M cells with ONC201 elevated a-KG, due to metabolic
disruptions. Using metabolic tracing, they confirmed an increase in the glutamine
metabolism in ONC201-treated cells compared to control, producing a-KG and
leading to its conversion to 2HG*?6, The final result of this process is an increase
in the trimethylation at K27, which would interfere with the normal malignant
expansion of DIPG cells'?6. They confirmed the potential of 2HG metabolite as a
biomarker for ONC201 response by detecting it in the CSF of patients treated
with this drug in the ONC201-014 clinical trial. They reported a positive correlation
between an increase of 2HG in CSF and a decrease in radiographic tumor

volume detected by MRI*26,

In part of this PhD work, | aimed to replicate the reported preclinical activity of
ONC201 in the HSJD DIPG xenogratfts.

7.2. Targeting the PI3K/Akt/mTOR pathway in pHGG/DIPG

In the integrated molecular meta-analysis of 1000 pHGG/DIPG, Mackay et al.
detected tumors harboring genetic alterations in at least one of the considered
“key biological processes” in 297 of 326 (91.1%) tumor cases!®. These key

processes included well-recognized pathways such as DNA repair (largely driven
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by TP53 mutations and activating truncating alterations in PPM1D), and
heterozygous mutations in a diverse set of genes including those involved in
homologous recombination. The study investigated in depth alterations in the
components of the RTK-PI3K-MAPK axis through either amplifications of RTKs,
activating mutations in PI3K, or loss of PTEN (either through deletion or promoter
methylation). These alterations were present in more than 60% of the pHGG?.
Activating mutations or amplifications in the PI3K/Akt pathway are shared by
approximately 40% of DIPG. Co-segregating with H3.3G34R/V, the predominant
mutation at the RTK level was PDGFRA. Besides, H3K27M cases were enriched
for PIBK/mTOR alterations, predominantly in PIK3CA (catalytic protein subunit)
and PIK3R1 (regulatory protein subunit) genes. H3 WT cases had the highest
frequency of MAPK alterations, mainly in BRAF V600E° (Figure 14).
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Figure 14. Graphic representation of the somatic alterations in nine commonly targeted pathways
in 326 pHGG. Samples are in columns with pathways identified in the rows. Reproduced from

referencel,

7.2.1. The PI3K/Akt/mTOR pathway

The PI3K/Akt pathway plays a crucial role in various cellular processes and is
aberrantly activated in cancers, contributing to the occurrence and progression
of tumors. It controls hallmarks of cancer, including cell survival, metastasis,

angiogenesis and inflammatory factor recruitmentt28-131,

The axis of PI3K signalling in cancer begins with the engagement of soluble
factors by tyrosine kinase receptors (RTKs) such as PDGFR, MET, EGFR, and
IGF-1R, promoting the receptor activation. PI3K is then recruited to plasma
membrane-anchored receptors by binding its regulatory subunit (p85), resulting
in a conformational change in the catalytic domain of PI3K (p110). Total activated

PISK phosphorylates the third carbon of the phosphatidylinositol-(4,5)-
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bisphosphate (PIP2) and converts it to phosphatidylinositol-(3,4,5)-triphosphate
(PIP3), which activates the 3-phosphoinositide-dependent protein kinase 1
(PDK1). PIPs recruits the nodal kinase Akt (also known as protein kinase B, PKB)
by direct interaction with its pleckstrin homology (PH) domain?8-131 At the
membrane, activated PDK1 phosphorylates Akt on Thr308 (necessary and
sufficient for Akt activation). However, maximal activation requires additional
phosphorylation at Ser473 by mTORC2%%2133, Once Akt is fully activated, it
triggers a complex cascade of signals that regulate cell growth, proliferation,
survival, and migration. The lipid phosphatase, PTEN, provides instructions as
tumor suppressor by catalyzing the degradation of PIP3 in PIP2. This
dephosphorylation results in inhibition of the Akt signaling pathway and its

consequent inactivation!34 (Figure 15).

Taken these data together, members of PI3K/Akt pathway are altered in a large
number of pHGG/DIPG tumors, leading the over-activation of Akt!®. Key
components of the pathway, PIK3CA and Akt, are actionable with drugs. In this
PhD thesis, | have delineated the mutations and copy number variations
associated with the PI3K/Akt pathway observed in our pHGG models, along with
the upregulation of RNA and the phosphorylation status of the key proteins within
this pathway.
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Figure 15. Scheme of the RTK-RAS-PI3K pathway. Soluble growth factors interact with RTKs,
triggering PI3K activation, which converts PIP2 to PIP3z through phosphorylation. Akt associates
with PIPs to modulate cell survival, while PTEN dephosphorylates PIPs, thereby inhibiting Akt
signalling. Furthermore, growth factor and RTK interactions also influence cell proliferation and

survival by activating Ras in the MAPK pathway. Reproduced from referencel®.

7.2.2. Akt inhibitors: ipatasertib

Ipatasertib (GDC-0068) is an orally bioavailable and highly selective ATP-
competitive pan-Akt inhibitor, currently tested in clinical trials for the treatment of
several cancers (NCT04650581, NCT06400251, NCT04931342). Its design and
chemical optimization was achieved using X-ray structural studies with inhibitors
forming complexes with Aktl and protein kinase A (PKA)3®. Mechanistically,
ipatasertib binds to the ATP pocket of Akt, stabilizing the phosphorylated Akt

(phospho Akt or pAkt) in a conformation in which the phosphorylated residues
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are inaccessible to phosphatases. As a consequence there is dose-dependent
accumulation of pAkt, which due to ipatasertib at the ATP pocket becomes
inactive, despite presenting higher phosphorylation. As a result, the expression
of its downstream targets, such as pS6, pRAS40, pEBP1 and pmTOR is
downregulated (Figure 16). Preclinical data reported for a broad range of cancer
types, including prostate, breast, ovarian, colorectal, and non-small-cell lung
cancers have shown that ipatasertib induced tumor growth delay or regression in
Akt-activated tumor cells and xenograft models'®’. Tumors with PTEN protein
loss, or with genetic mutations in PTEN and PIK3CA show enhanced sensitivity

to ipatasertib, compared to wild type tumors137-139,

S
/2

Survival Proliferation Metabolism Growth

Figure 16. Scheme representing the mechanism of action of ipatasertib, a process that inhibits
the Akt activity and downregulates the subsequent signalling pathways in tumor cells, blocking

survival, proliferation and migration. Reproduced from Genentech website.

The first-in-human phase | study demonstrated the tolerability of ipatasertib as a
monotherapy, with maximum tolerated dosage (MTD) of 600 mg once daily for
21 days continuously followed by 7 days off for adult patients, with diarrhea,
nausea, fatigue, and rash as adverse events of treatment!38. Ipatasertib efficacy
is currently being evaluated in clinical trials, alone or in combination with
conventional chemotherapy or other target therapies in different adult cancers,
including glioblastoma (NCT05554380 and NCT03673787, among others). A

phase Il trial using ipatasertib combined with paclitaxel as first-line therapy for
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triple-negative breast cancer demonstrated an increase in the event free survival
in patients treated with the combination, compared to patients treated with
placebo plus paclitaxel*#°. At present, a Spanish phase Ib multicentre study is
recruiting patients with unresectable locally advanced or metastatic HER2-
positive breast cancer with tumors harboring PIK3CA mutations, to evaluate the
safety and clinical activity of the combination of ipatasertib, trastuzumab and
pertuzumab (antibodies against HER2) (NCT04253561).

Published data on the activity of ipatasertib in pediatric oncologic patients are
limited to the case of a 12-year-old girl with an epithelioid neoplasm harboring a
novel fusion between the LAMTOR1 and Aktl genes!*l. Treatment resulted in
significant tumor regression after 4 weeks. Unfortunately, imaging repeated
following 10 weeks of therapy shown tumor progression event!4l. Currently, a
phase Il clinical trial for participants aged 12 to 17, and also adults, with
metastatic or advanced Akt1/2/3-mutant positive solid tumors is active. The study
was designed to evaluate the safety and efficacy of targeted therapies or
immunotherapy as single agents or in combinations, depending on patient
oncogenotype (NCT04589845).

Despite several studies carrying out the efficacy of ipatasertib, very little is known
about its pharmacokinetic profile and distribution into the brain, for either adults
or pediatric patients. In this PhD thesis, | investigated the biodistribution of the
drug in murine plasma and brain tissues, as well as its therapeutic efficacy in

orthotopic DIPG models.

7.2.3. PI3K inhibitors: inavolisib

Because PIK3CA is one of the most frequently mutated oncogenes, small
molecule inhibitors targeting the PI3K signalling pathway have been developed.
The class | isoform PI3Ka is the protein encoded by PIK3CA and it is most
commonly associated with solid tumors, via gene amplification or activating
mutations. Up to 70% of breast cancers present molecular aberrations of the
PIBK/Akt/mTOR pathway, with recurrent mutations in PI3KCA in more than one
third of early breast cancers!4?143, Hence, several PI3K inhibitors have been
designed and tested in preclinical studies, most of them showing anticancer

effect!**. Several phase Ib-Il clinical trials are assessing the efficacy of these
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drugs in patients'*. Due to their activity against brain metastases of breast
cancer, some of them have been investigated for adult GBM. Alpelisib (BYL719)
has shown anti-neoplastic effects against glioblastoma cells in vitrol46. Similar
findings have been reported for pictilisib (GDC-0941), including its ability to
penetrate the BBB in preclinical models4’. Other PI3K inhibitors have achieved
phase Il clinical trials, such as buparlisib (BKM-120) or paxalisib (GDC-0084)
alone or in combination with other targeted drugs (NCT01349660,
NCT03522298, among others). Due to their favorable CNS distribution profiles,
some of them have been assayed in patients with pHGG/DIPG. In a first-in-
human phase |, paxalisib showed sufficient CNS penetration and stabilized
disease in 40% of patients with DIPG recruited for the trial'48,

Inavolisib (GDC-0077) is an orally bioavailable and potent inhibitor of the catalytic
alpha isoform of PIK3CA (PI3Ka) and has been FDA-approved for the treatment
of metastatic PIK3CA-mutant breast cancer. Inavolisib exerts its activity by
binding to the ATP binding site of PI3K, inhibiting the phosphorylation of PIP2to
PIPs. Biochemically, inavolisib is around 300-fold more selective for PI3Ka than
for other class | PI3K isoforms (3, 6, and y) and around 200-fold more selective
than for other PIK-related kinases!4®152, Inavolisib also induces the proteosome-
mediated degradation of the oncogenic mutant PI3K-p110a protein (Figure 17).
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Figure 17. Scheme representing the mechanism of action of inavolisib. A) The PI3K pathway
dysregulated caused by mutations in the genes coding for pathway enzymes, including PI3K. B)
Inavolisib selectively inhibits mutant PI3Ka, resulting in reduction of pathway activity. Inavolisib
binds to the ATP-binding site of PI3Ka, thereby blocking phosphorylation of PIP2 to PIP3 and

preventing downstream signalling. Reproduced from the Genentech website.

Inavolisib-treated breast cancer PIK3CA-mutant xenografts showed a reduction
of the PI3K pathway downstream proteins pAkt, pS6 and pPRAS40, decreased
cell proliferation and increased apoptosis'®l. Several clinical trials evaluate
inavolisib in patients with PIK3CA mutated breast tumors, alone or in combination
with other therapies (NCT05646862, NCT05306041, and NCT05894239, among
others). A phase lll trial of inavolisib or placebo with palbociclib and fulvestrant in
patients with PIK3CA-mutated, Hormone Receptor+ / HER2- locally
advanced/metastatic breast cancer is finished with promising results
(NCT04191499). In pediatric patients, a phase 1l clinical trial is open for different
PIK3CA mutant-positive tumors (NCT04589845).

In this PhD dissertation, | examined the pharmacokinetics of inavolisib in the
plasma and cerebral tissues of mice, along with its anticancer properties in in vitro

and in vivo preclinical models of DIPG harboring (or not) PIK3CA mutations.
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7.3. Cross-talk with the RAS/MEK/Erk pathway

PI3K/Akt is probably the most interconnected cellular signaling pathway, with
points of cross-regulation with all major signal transduction pathways, both in
normal and transforming conditions®®3, Initially, RAS-Erk and PISK-mTOR were
conceptualized as separate signaling pathways responding to distinct stimuli.
However, early experiments suggested that they might interact and mutually
influence each other to coordinate downstream functions>4. The extent of this
interplay and its importance in cancer treatment strategies are increasingly

apparent.

A high number of cross-talk, feedback, and feed-forward loops link the
PISK/Akt/mTOR and MAPKI/Erk signaling pathways to support mechanisms of
cell survival, proliferation, metabolism and motility. The RAS protein, a linker
molecule between the MAPK and PI3K pathways, is known to activate RAF by
initiating the MAPK cascade, while simultaneously recruiting the p110 catalytic
subunit of PI3K to the plasma membrane, leading to the activation of Akt
signalling!®® (Figure 18). This activation could potentially promote resistance
mechanisms against therapies focused on a single pathway. Diverse
compensatory responses have been observed as tumors adapt to chemotherapy.
For instance, when MAPK signalling is targeted and suppressed, Akt appears to

be activated more robustly156:157,
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Figure 18. A schematic representation of the different signalling pathways activated by RAS

protein, including MAPK/Erk and PI3K/Akt pathways. Reproduced from referencel%8,

The simultaneous inhibition of both pathways by combining MEK with
PISK/Akt/mTOR inhibitors has shown promising results in xenografts and
GEMM?®*°, The selection of specific inhibitors targeting RTKs, Raf or MEK, PI3K
or mTOR, or dual PI3BK-mTOR inhibitors, should be tailored to each cancer
subtype depending on the identified activation of RAS-MAPK and PI3K-mTOR
signalling pathways. Therefore, identifying the unique signalling profile in each
patient will be crucial for advancing personalized treatment strategies in the

futurel®,

Trametinib, an FDA and EMA-approved MEK1 and MEK2 inhibitor, in
combination with dabrafenib for BRAFV600EK mytation-positive cancer, has shown
promise in low-grade gliomas in pediatric patients®®. Combining PI3K and
MEK/ERK pathway inhibitors has shown efficacy in DIPG models61-163,

Perifosine and trametinib together induced significant apoptosis and cell cycle
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arrest in DIPG cultures'®?, Ongoing trials like PNOCO021 are exploring
combinations of trametinib with everolimus in pediatric and young adult patients
with recurrent gliomas, highlighting the potential of dual pathway targeting in
treating these tumors (NCT04485559).

In my PhD thesis, | investigated the status of the RAS/MEK/Erk signalling
pathway in our primary models of pHGG. Building on this rationale and previous
in vitro findings from our group, | also evaluated the anticancer activity, toxicity,

and survival impact of trametinib in DIPG xenografts.
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HYPOTHESIS AND AIMS

This thesis aims to contribute to the field of therapy development in pHGG. These
deadly cancers infiltrate structures such as the brainstem, cerebellum, thalamus
and spinal cord, rendering surgery unfeasible. All pharmacological approaches
for patients with pHGG have failed in clinical trials, partly because the BBB
remains intact, impeding CNS drug distribution, and partly because we have not
evaluated the right medicines. The RTK-PI3K-MAPK axis is altered in more than
60% of the pHGG. Activating mutations and amplifications of the PI3K/Akt
pathway are shared by 40% of DIPG. These tumorigenic alterations are likely
actionable with novel small molecule medicines, provided that such medicines
cross the BBB.

In this thesis work, | hypothesized that the inhibition of the PI3K/Akt pathway is a
therapeutic strategy for human pHGG xenografts in mice bearing mutations in the

gene PIK3CA. To address my hypothesis, the main objectives of my thesis were:

To establish preclinical pHGG models covering most of the subclasses of the
disease, and to compare the methods of paraffin tissue analysis, liquid biopsy
of CSF and mouse weight monitoring to assess tumor burden in mice with
orthotopic pHGG xenografts. | will develop ddPCR methods to quantify allele
frequencies of human genes H3F3A K27M, H3F3A G34R and ACVR1 R206H
in mouse samples. | will use the developed methods to evaluate the preclinical
activity of potential therapeutic candidates, including ACVR1 inhibitors,
ONC201, trametinib and taselisib in DIPG xenografts.

To characterize the PIBK/Akt/mTOR pathway in preclinical pPHGG models and
in patients diagnosed with DIPG. In preclinical models, | will use next
generation sequencing (NGS) technology to detect the alterations in the
PI3K/Akt pathway. | will measure RNA and protein expression related to the
activation of the pathway. In samples from patients diagnosed with pHGG, |
will analyse markers of the pathway using immunoassays.

To test the efficacy and CNS drug distribution of the PI3K/Akt pathway
inhibitors ipatasertib and inavolisib in pHGG xenografts. | will evaluate the
pharmacodynamic profile of both candidate drugs in DIPG models in vitro. |
will measure their preclinical efficacy, selectivity for the tumor and distribution
in the blood, CSF and brain in mice bearing DIPG intracranial xenografts with

conserved BBB.
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MATERIALS AND METHODS

1. Next generation sequencing (NGS)

We analyzed the recurrent genomic alterations of pHGG through whole exosome
sequencing using the next generation sequencing (NGS) technology, developed
at Macrogen, Inc. We prepared the samples (primary pHGG cultures), by
extracting DNA using the Gentra Peregen kit (Qiagen, Hilden, Germany). The
sequencing was performed at Macrogen (Seoul, South Korea) and we analyzed
the results. The Twist NGS Target Enrichment workflow was solution-based
system utilizing ultra-long 120 mer biotinylated cDNA baits — to capture regions
of interest, enriching them out of NGS genomic fragment library. Target
Enrichment and Sequencing A genomic DNA (gDNA) library was prepared from
50 ng of input gDNA using the Twist Library Preparation EF Kit 2.0 (96 samples,
PN 104207) with full-length combinatorial dual index TruSeqg-compatible Y-
adapters (Illumina) according to the Twist Bioscience Library Protocol. Macrogen
used 50 ng of each gDNA diluted with EB Buffer and sheared to a target peak
size of 200 bp with the fragmentation enzyme. Fragmentation was followed by
end-repair and the addition of ‘A’ tail. Twist UDI index adapters were then ligated

to the fragments.

After assessing the efficiency of ligation, the adapter-ligated product was PCR
amplified. For exome capture, each hybridization reaction required 1500 ng of
indexed libraries, made by pooling equal amounts from 8 individual libraries, and
mixed with Hybridization mix, Twist Human Core Exome probe, RefSeq probe,
Blocker solution, and Universal Blocker, Hybridization Enhancer according to the
Twist library preparation protocol. The final purified PCR product was quantified
by qPCR according to the gPCR Quantification Protocol Guide (KAPA Library
Quantification kits for lllumina Sequencing platforms).

Then, Macrogen sequenced samples using the NovaSegX platform (lllumina,
San Diego, USA). Based on the BAM file, variant genotyping for each sample
was performed with Haplotype Caller of GATK. They also filtered variants with
VariantFiltration of GATK Tool for hard-filtering variant calls based on certain
criteria. Filtered variants were annotated with SnpEff and filtered with dbSNP and

SNPs from the 1000 genome project.
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The calculation method for the copy humber value was based on the log2. Thus,
we defined the range as follows: log2 < -1.1: 0 (DEL); log2 <-0.25: 1 (LOSS); 0.2
< log2 < 0.7: 3 (GAIN); log2 = 0.7: 4 (AMP). To analyze the single nucleotide
variants (SNVs), we filtered the raw variants excluding synonymous variants, and
those variants detected elsewhere apart from exonic regions. We used the
Integrative Genomics Viewer (IGV) Variants to visualize them to discard potential
artifacts. The remaining variants were manually filtered using databases including

Franklin (https://franklin.genoox.com/clinical-db), Varsome

(https://ivarsome.com/), and ClinVar (http://www.ncbi.nim.nih.gov/clinvar). We
classified the variants according to the AMP/ASCO/CAP Standards and
Guidelines for Somatic Variant Interpretation and Reporting*54.

2. Establishment of DIPG primary cell cultures

To establish new primary cultures from pHGG samples, we acquired fresh tissue
samples from surgical biopsies and post-mortem examinations of patients at
Hospital Sant Joan de Deu (HSJD, Barcelona, Spain). These patients were
diagnosed based on clinical symptoms, MRI scans and presence of H3 K27M
alteration by immunohistochemistry and molecular approaches. Collection of
patient material was conducted with informed consent and approved by the
institutional review board. Newly established cell cultures were designated HSJD-
DIPG or HSJD-DMG (due to the new nomenclature of the disease) followed by

sequential numbers, each corresponding to a different patient.

Tumor samples underwent dissociation in a buffer containing DNase | and
collagenase type IV at 37°C for 15 minutes. The resulting tumor cells were
isolated by centrifugation and cultured in stem cell media, consisting of
Dulbecco’s Modified Eagle Medium: Nutrient Mixture F12, Neurobasal-A
Medium, HEPES buffer solution 1 M, MEM sodium pyruvate solution 100 nM,
MEM non-essential amino acids solution 10 mM, Glutamax-l supplement and
antibiotic-antimycotic, all from Life Technologies. The media was supplemented
with B-27 supplement from Life Technologies, 20 ng/mL recombinant human-
EGF, 20 ng/mL recombinant human-FGF, 20 ng/mL recombinant human-PDGF-
AA and 20 ng/mL recombinant human PDGF-BB from Peprotech (Waltham, MA,
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MATERIALS AND METHODS

USA), and 2 ug/mL heparin from Sigma Aldrich (Saint Louis, MI, USA). The
cultures were incubated at 37°C, 5% CO2 and 95% humidity.

As quality control, we genotyped our cell models for 10 human-specific short

tandem repeat (STR) markers fingerprinting tumor cells and patients blood DNA.

For clarity purposes, we abbreviated cell identifications in the thesis by omitting
the institutional code HSJD.

3. Immunofluorescence

For the immunofluorescence (IF) studies, we used frozen tumorspheres,
formalin-fixed, paraffin-embedded (FFPE) biopsies/necropsies and Geltrex-
embedded blood-brain barrier endothelial cells hCMEC/D3.

To detect the expression of stem cell markers and histone 3 proteins alterations
in cancer cells, we used frozen down tumorspheres in culture using medium to
ensure optimal cutting temperature (OCT, Sakura Finetek, Torrance, CA, USA).
We sectioned the frozen blocks including the tumorspheres using a cryostat
(HM525NX, Epredia, Kalamazoo, MI, USA) and fixed them in silane-coating pre-
treated slides (Starfrost, Lowestoft, UK) with 4% paraformaldehyde (PFA) for 1 h
at 4 °C. We blocked the samples with 1% bovine serum albumin (BSA) and
permeabilized the cells with 0.1% Triton X-100 solution (all Sigma) for improving
the penetration of the antibody during 45 min at 4 °C. Then, we incubated the

slides overnight, at 4 °C, in the presence of primary antibodies (Table 1).

For phospho-Akt immunolabelling in post-mortem human samples with DIPG, we
used FFPE specimens. Sections (6 um-thick) were prepared and subjected to
sodium citrate (pH 6) heat-mediated antigen retrieval. Plasma membrane
labelling with wheat germ agglutinin (WGA, W11261, Invitrogen) was performed
to ensure specific Akt marking within the cells. Subsequently, samples were
blocked using Novolink Polymer Protein Block (RE7200-CE, Leica Biosystems,
Newcastle, UK) reagent for 45 minutes at room temperature (RT) in a humid
chamber. Following blocking, slides were incubated overnight at 4 °C with primary
antibody (Table 1).
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For angiogenesis studies, we performed IF of the endothelial marker CD31 in
hCMEC/D3 cells embedded in Geltrex, treated as described in the section “In
vitro capillary-like tubule formation assay”. We used 8-well glass chamber slides
and treated them with conditioned media for 18 h. Then, we fixed the gels with
80% methanol and 20% DMSO for 30 min at RT. We rehydrated with 50%
methanol and 50% PBS for 1 h at RT. Finally, we added 20% methanol and 80%
PBS followed by a permeabilization process with 0.1% Tween 20-PBS at RT for
1 h. We next processed the samples with blocking solution (10% FBS, 5% BSA
in PBS) for 2-4 h. We washed with 0.1% Tween 20-TBS (TBS-T) for 1 h and
added the primary antibody rabbit anti-human-CD31 diluted in blocking solution
at 4 °C overnight (Table 1).

Table 1. Primary antibodies used in the IF assays. Table provides detailed information relative to

the dilution, source and the reference of each antibody.

Antibody Working dilution | Source Reference Company

Glial fibrilary acidic ) Diagnostic

protein (GFAP) 1:200 Rabbit RPo14 Biosystems
Nestin 1:500 Rabbit ABD69 Millipore
H3.3 K27me3 1:1000 Mouse 07-449 Millipore
H3.3 K27M 1:1000 Rabbit | 31-1175-00 Revmab
H3.3 G34R 1:200 Rabbit | 31-1120-00 Revmab

Phospho-Akt (Serd73) 1:50 Rabbit #9271S Cell Signaling

CD31 1:200 Rabbit Ab32457 Abcam

In all the studies, the following day we washed the preparations with PBS and
added the secondary antibody goat anti-rabbit-Alexa-488 (A11008, 1:1000,
Invitrogen, Waltham, MA, USA) or anti-rabbit-Alexa-594 (A21207, 1:1000,
Invitrogen), for 1 h at RT. We counterstained cell nuclei with DAPI and mounted
the samples with Vectashield mounting medium (Vectorlabs, Newark, CA, USA).
We obtained images using the Leica THUNDER Imager Live cell and 3D Assay

software.
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4. Immunohistochemistry (IHC)

We sectioned (6 um-thick) FFPE blocks of human and mouse brains for
immunostaining analysis and stained with hematoxylin and eosin (H&E). Sodium
citrate (pH 6) heat-mediated antigen retrieval was performed before the
incubation with antibodies (Table 2). Primary antibodies were diluted into Leica
antibody diluent and incubated for 1 h at RT. We used the anti-human nuclear
antigen to stain human nuclei in mouse xenografts. Novocastra Novolink polymer
detection systems kit (Leica Biosystems RE-7150) was used for the staining. We
performed automatic staining using Leica Bond-MAX autostainer (Leica
Biosystems). We quantified the images using Image J software (NIH, Bethesda,
MD, USA).

Table 2. Primary antibodies used for IHC assays. Table provides detailed information relative to

the dilution and the reference of each antibody.

Antibody Working dilution Reference Company
Human nuclear antigen 1:200 MAB4383 Sigma
H3.3 K27me3 1:500 31-1062-00 Revmab
H3.3 K27M 1:500 31-1175-00 Revmab
H3.3 G34R 1:50 31-1120-00 Revmab
Phospho-S6 (Ser240/244) 1:2000 #5364S Cell Signaling

5. Immunoblotting analysis

To perform the western blot assay of histones, we used a histone extraction kit
(OP-0006-100, Epigentek, Farmingdale, NY, USA) to lyse samples and extract
the histones. We separated histone lysates (1 pg) in 15% polyacrylamide gels,
transferred them to nitrocellulose membranes and blocked them with tris-buffered
saline containing 5% BSA. Then, we incubated them overnight at 4 °C with
primary antibodies (Table 3). Human Histone 3 (H3) served as the housekeeping

gene to loading control.
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Table 3. Primary antibodies used for histone protein analysis by western blot assay. Table

provides detailed information relative to dilution, source and reference of each antibody.

: Working
Antibody - Source Reference Company
dilution
H3.3 K27me3 1:1000 Mouse 07-449 Millipore
H3 1:2000 Rabbit #4499 Cell Signaling
H3.3 K27M 1:1500 Rabbit 31-1175-00 Revmab
H3.3 G34R 1:1000 Rabbit 31-1120-00 Revmab

For the studies related to the analysis of cytoplasmic proteins, we lysed samples
using lysis buffer containing Tris-HCI pH 7.4, NaCl 5M, 1% triton 100X, EDTA

0.5M, ortovanadate, NaF, sodium pyrophosphate (all Sigma), and free-protease

inhibitor (Roche Diagnosis, Burgess Hill, UK). We quantified proteins with

Bradford Protein Assay (Sigma). A range of 40-70 ng of proteins was loaded on

10-15% polyacrylamide gel for electrophoresis. The gel-separated proteins were

transferred to nitrocellulose membranes. They were incubated overnight at 4 °C

with primary antibody (

Table 4). Human GAPDH served as the housekeeping gene to normalization and

guantification.
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Table 4. Primary antibodies used for cytoplasmic protein analysis by western blot assay. Table

provides detailed information relative to the dilution, source and the reference of each antibody.

) Working
Antibody - Source Reference Company
dilution
Akt 1:1000 Rabbit #9272 Cell Signaling
Phospho-Akt (Ser473) 1:1000 Rabbit #9271 Cell Signaling
PRAS40 1:1000 Rabbit #2691 Cell Signaling
Phospho-PRAS40
1:1000 Rabbit #13175 Cell Signaling
(Thr246)
S6 Kinase 1:1000 Rabbit #2217S Cell Signaling
Phospho-S6 (Ser240/244) 1:750 Rabbit #5364 Cell Signaling
Cleaved Caspase-3 1:500 Rabbit #9664 Cell Signaling
Cleaved Caspase-7 1:500 Rabbit #8438 Cell Signaling
Cleaved PARP 1:1000 Rabbit #9541 Cell Signaling
GAPDH 1:50000 Mouse #97166 Cell Signaling

Next day, for both histone and cytoplasmic proteins, we incubated the
membranes with the secondary antibody (926-32211 and 926-68070, LI-COR)
for 1 h at RT. Fluorescence signal was detected in Odissey CLx Imagin Systems

(LI-COR, Biosciences). Images obtained were quantified using Image J software.
6. Pre-amplification PCR

To maximize the detection of mutated DNA sequences in mouse samples (Table
5) we performed a pre-amplification reaction. We used a commercial master mix
(Q5 hot start high-fidelity, New England Biolabs, Ipswich, MA, USA), with 50 nM
of forward and reverse primers. Primer sequences for H3F3A gene were those

published for use in human liquid biopsies'®®. We set the thermocycler (A24811,
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Applied Biosystems, Foster City, CA, USA) at 98 °C for 3 min, followed by 12
thermal cycles (98 °C for 10 s, 67 °C for 3 min, 72 °C for 30 s) and an extension
at 72 °C for 2 min. We stored the PCR products diluted 1:5 with Tris EDTA buffer
pH 8.0 (Sigma) to inactivate the Q5 polymerase'®®. As positive control, we used

1 ng of gDNA from DIPG-007 cells. We used sterile water as blank.

Table 5. Samples used in pre-amplification studies. Table provides detailed information relative

to the ctDNA source and amount employed for the studies.

Material ctDNA source ctDNA loaded (nQ) Type of Experiment

LOD and linearity of
DIPG cells gDNA 2.26 ddPCR technique after
pre-amplification PCR

DIPG cells Supernatant 20 Tumor burden in vitro

Pre-amplification PCR
Mouse CSF 2to4 standardization and

tumor burden in vivo

Pre-amplification PCR
Mouse Plasma 2to 4 o
standardization

To perform the ddPCR reactions, we loaded 10 pL of pre-amplified ctDNA, in

duplicates.
7. Quantification of human DNA by droplet digital PCR (ddPCR)

We used digital droplet polymerase chain reactions (ddPCR) to quantify mutated
sequences in the gDNA of cancer cell pellets and mouse tissues, and in the
circulating tumor DNA (ctDNA) of cell culture supernatants, mouse CSF and
plasma. For the amplification of H3F3A K27M and G34R, we used a commercially
available assay (dHsaMDV2510510 and dHsaMDS2512308 respectively, Bio-
Rad, Hercules, CA, USA), and the thermocycler protocol of the manufacturer. For

ACVR1 R206H, the sequence-specific primers and fluorescent locked nucleic
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acid probes for amplification were from Applied Biosystem, previously reported

by Carvalho et al'®’,

Following the amplifications, we used a digital droplet reader (QX200, Bio-Rad)
to count droplets for wild type (VIC/HEX-tagged) and mutant (FAM-tagged)
alleles. We stablished the threshold of positivity using the pHGG cell line DIPG-
007, which carries the mutations H3F3A K27M and ACVR1 R206H. We used

non-template (blank) control sample to detect false positive droplets.

Before using the techniques in our experiments, we calculated their sensitivity.
To establish the lower limit of detection (LOD), we performed three independent
(inter-assay) calibration experiments using gDNA obtained from DIPG-007 cells.
In each experiment, we quantified the amount (ng) of H3F3A and ACVRL in serial
DNA dilutions in triplicates (intra-assay). The maximum amount of DNA loaded in
the ddPCR was 20.4 ng and 2.26 ng for pre-amplified studies. We defined the
LOD as the lowest DNA amount (ng) per reaction detected with at least three
positive droplets in all the triplicates in the three independent calibration

experiments, for both wild type (WT) and mutated alleles of each gene.

To evaluate the linearity of the technique, we considered acceptable linearity
when the slope for both analyzed genes was statistically different from zero and
R2>0.9.

In our studies, we represented ddPCR data as the total amount (ng) of human
H3F3A (K27M and WT alleles). To calculate the ng obtained from the ddPCR

results, we followed the next rules:

- H3F3A K27M (ng): ConcMut_original x Vreaction x 1 haploid genome
- H3F3AWT (ng): ConcWT _original x Vreaction x 1 haploid genome
- H3F3A total (ng): H3F3A K27M (ng) + H3F3A WT (ng),

being ConcMut_original the concentration of K27M allele of the gene obtained
from ddPCR reaction, in copies/ul; ConcWT_original the concentration of WT
allele of the gene obtained from ddPCR reaction, in copies/ul; Vreaction the
volume used for the reaction mix; and the mass of 1 haploid genome was set at
0.003 ng“.
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8. Real time quantitative polymerase chain reaction (RT-qPCR)

This assay aimed to examine the expression of various genes in DIPG cells or
tissues, as well as in normal brain tissue. Samples (cells or tissues) were lysed
and homogenized using TRIzol Reagent (Thermo Fisher), and RNA was
extracted following the standard protocol. The RNA was then reverse-transcribed

using Superscript 1l reverse transcriptase (Thermo Fisher).

The quantitative RT-gPCR was performed using Syber Green gPCR Master Mix
on an Applied Biosystems QuantStudio 6 Flex instrument. Each reaction
contained 1 ug of RNA, and the expression levels of the genes were measured
in triplicate (Table 6). Human GAPDH served as the housekeeping gene, and

differential expression was determined using the delta Ct method.

Table 6. cDNA primers used for gPCR assay. Table provides detailed information relative to the

gene, primers sequences and the reference of each.

Gene Primer Fw (5’ > 3’) Primer Rv (3’ > 5’) Suprplie
PIK3CA EAGTAACAGACTATCTAGAGA AGAAAATCTTTCTCCTGCTC Sigma
PIK3R1 | AAGAAGACTTGAAGAAGCAG TCAACCACATCAAGTATTGG Sigma

AKT1 AAGTACTCTTTCCAGACCC TTCTCCAGCTTGAGGTC Sigma

AKT2 CACCATGAATGAGGTGAATAC | CTACGGAGGAAGTTGTTTAAG Sigma

AKT3 TTCTTCTCTGGAGTAAACTGG | TTGCTGACATTTTTCAGGTG Sigma

EGFR TTGCTGACATTTTTCAGGTG CAGCCACCTCCTGGATGGTCT Sigma
FGFR1 | AGGAACTTTTCAAGCTGC CATCATGTACAGCTCGTTG Sigma

PDGFRa | TCAAGTTCCTTCATCCATTC CATCCACTCAATATCAGGAAG Sigma
GAPDH | ATGGAAATCCCATCACCATCT | CGCCCCACTTGATTTTGG IDT
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For the purpose of analyzing many genes at the same time, we used the
TagMan™ Array Human PI3K Signaling (Applied Biosystems) to analyse gene
expression associated with the PI3K signalling pathway in our cell models. This
array facilitates the evaluation of multiple genes involved in the PI3K pathway

simultaneously, enabling high-throughput and reproducible results.
9. Drug activity assays

We characterized the cytotoxicity of the drugs in vitro with the compound [3-(4,
5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium] or MTS assay (Promega, Fitchburg, WI, USA). In general, we plated
3000 cells/well on 96-well plates and incubated at 37°C under 5% CO:2 for 24 h.
Then, we added the drugs to each well in concentrations ranging typically
0.000001 to 100 uM (1:10 serial dilutions) in sextuplicates, and incubated
between 3 days (72 h) to 6 days. The MTS compound was metabolized by
proliferating cells. The absorbance was measured at 490 nm on a Multimode
Plate Reader Infinite M nano (Tecan) for cell activity quantification.

The viability of the cells in each well was determined by normalizing absorbance
values to those of cells untreated (or treated with vehicle control), following
background subtraction. The half maximal inhibitory concentration, ICso, was
calculated using a log (inhibitor) vs. response curve, with a variable slope (four-
parameter) model. All analyses were performed using Prism 9 software
(GraphPad).

10.Colony formation assay

We performed this assay to study the ability of a single cell to grow into a colony,
in the presence or absence of ipatasertib and inavolisib inhibitors. To perform the
study, we followed the procedure standardized previously by Zhang, L., et al'8,
Briefly, we plated five thousand cells/well on 6-well plates coated with 2.5%
matrigel and incubated at 37 °C under 5% CO:2 overnight. Next day, we treated
the cells with either vehicle or five concentrations of ipatasertib or inavolisib (0.1,
0.5,1,5and 10 uM or 0.01, 0.05, 0.1, 0.5 and 1 uM, respectively) for 48 h. At the
end of treatment, we replaced the medium with fresh TSM, and cells were

incubated for 10 days. Then, we fixed the cells with 4% PFA for 30 min we stained
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them with Coomassie stain. The experiments were repeated three times. We

quantified the colonies using iBright Software Analysis.
11.In vitro capillary-like tubule formation assay

Because the PI3K/Akt pathway promotes the angiogenesis, we performed an
assay with human brain endothelial hCMEC/D3 cells to evaluate the
antiangiogenic ability of its inhibitors. Briefly, we coated 24-well plates with 100
uL matrigel and we plated 5.5 x 10* cells per well. We treated the cells at different

conditions, according to the following schedule:

o Group 1: endothelial medium, as negative control

o Group 2: TSM medium, as negative control

o Group 3: supernatant (SN) obtained from DIPG-007 cells, to ensure the
presence of DIPG secretome as positive control

o Group 4: DIPG-007 SN with inavolisib 1 pM

o Group 5: DIPG-007 SN with inavolisib 10 pM

o Group 6: DIPG-007 SN with ipatasertib 1 uM

o Group 7: DIPG-007 SN with ipatasertib 10 uM

Cells were incubated at 37 °C under 5% COz for 24 h. Then, we quantified the
formation of a capillary-like network by digital image analysis using Image J

software angiogenesis analyser pluging. We repeated the assay four times.
12.Flow cytometry analysis

We used a flow cytometry assay (NovoCyte flow cytometry system, ACEA
Biosciences, San Diego, CA, US) to measure cell apoptosis. Briefly, after
treatment with different concentrations of inavolisib (0.01, 0.1 and 1 uM) for 24 h,
we collected DIPG-007 cells (1 x 10) and fixed them with ethanol 70% overnight
at -20°C. Then, we washed the cells with PBS and incubated with PBS containing
1% FBS and 1% BSA for 30 min on ice. Next, we incubated cells with anti-cleaved
PARP antibody (1:400, #5625S, Cell Signaling) for 20 min at 4°C, and with
secondary antibody (Anti-rabbit-Alexa 488, 1:500, ab150077 Abcam) for 20 min
at 4°C in the dark. We analysed the percentage of apoptotic cells using the

NovoExpress software (ACEA Biosciences).
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13.Animal models

We established xenografts by orthotopic injection in athymic nude mice (Envigo,
Barcelona, Spain)®®. We performed animal experimentation according to the
Institutional and European guidelines (EU Directive 2010/63/EU) and with the
approval of the local animal care and use committee (Comité Etico de
Experimentacion Animal at Universidad de Barcelona, protocol 135/11). Briefly,
on the day before the inoculation in mice, we disaggregated the tumorspheres,
counted cells, and cultured them overnight. The next morning, we isolated the
growing spheres by mild centrifugation and kept the pellets in 1.5 mL tubes on
ice. We inoculated nude mice in the fourth ventricle with a dispersion of 5 x 10°
cells in 5 pL matrigel (BD Biosciences, San Diego, CA, USA). For this procedure,
mice were anesthetized with a mixture of 100 mg/kg ketamine and 10 mg/kg
xylazine, intraperitoneal, and immobilized in a stereotaxic apparatus (Stoelting,
Wood Dale, IL), in direct contact with a heating pad to maintain body temperature.
We loaded the cells in a 50 pL glass syringe (1705 RN Rheodyne, Hamilton,
Bonaduz, Switzerland) with a 22 G dull needle, and injected them through a burr
hole in the skull, performed with a drill (Microtorque Il, Harvard Apparatus,
Cambridge, MA, USA)®. After recovery, we weighed the mice weekly throughout
the study time. Mice achieved experimental endpoint at the time of 20% body
weight loss due to tumor progression (using the maximum weight as a reference).
We sacrificed the mice by decapitation and fixed the brains for 24 h in formalin

(4% paraformaldehyde, Sigma), until processing in paraffin for further studies.
14.Collection of CSF from mice

We extracted the CSF from the cisterna magna of the mice. In brief, we
anesthetized the mice, secured them in a stereotaxic apparatus, and obtained
the CSF (2-10 pL) using a flame-sharpened glass microcapillary (P0549, Sigma).
Subsequently, we stored the samples at -80 °C until analysis.

We evaluated the feasibility of collecting serial CSF samples to assess cancer
cell DNA as a marker of tumor progression in vivo. We used five DIPG-007-
inoculated mice, from each of which we obtained 2-3 serial CSF samples. After

each procedure for CSF sampling, we sutured the skin and injected

50



MATERIALS AND METHODS

subcutaneously 1 mL of 0.9% NaCl to prevent de-hydration, as previously
described!®®. We monitored animal weight three times per week. After CSF
collection at the last scheduled time point, we sacrificed the mice and processed
the brains for histopathology. We analyzed CSF and brain samples as in the

previous experiments, using pre-amplification for the CSF.
15.Preclinical efficacy studies in mice

For the studies in xenografts, we injected DIPG-007 cells (5 x 10° cells in 5 pL
matrigel) into the pons of athymic mice as described above. In general, after
completing the treatments, we monitored the animals until the endpoint. We then
built the survival curves with the data obtained. At the endpoint, we collected
brains of selected animals for quality control purposes (to ensure animals died of
diffuse infiltrative DIPG).

15.1. M4K2009 and M4K2163

| evaluated the anti-tumor activity of two small molecule inhibitors of ALK2
(ACVR1), M4K2009 and M4K2163 that target the intracellular kinase activity of
the ALK2 protein70.171,

For M4K2009, DIPG-007 (ACVR1 mutant) tumor-bearing mice were distributed
in four groups for the efficacy analysis and we treated once daily, 5 days-on and
2 days-off (oral administration), starting day 32 post-tumor inoculation, according

to the following regimens:

o Group 1: vehicle controls (0.5% Tween20 + 0.25% carboxymethylcellulose
(CMC)),n=13

o Group 2: 100 mg/kg M4K2009 for two 2-week cycles, with a 1-week break
between cycles, n = 12

o Group 3: 50 mg/kg M4K2009 for two 2-week cycles, with a 1-week break
between cycles, n = 13

o Group 4: 100 mg/kg M4K2009 for three 2-week cycles, with a 1-week
break between cycles.

For M4K2163, DIPG-007 tumor-bearing mice were also distributed in four groups
for the efficacy analysis and we treated once daily, 5 days-on and 2 days-off (oral
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administration), starting day 36 after tumor inoculation, according to the following

schedule:

o Group 1: vehicle-treated control (0.5% Tween20 + 0.25% CMC) , n =13
o Group 2: 100 mg/kg M4K2163 for 4 weeks, n =13

o Group 3: 50 mg/kg M4K2163 for 4 weeks, n =12

o Group 4: 100 mg/kg M4K2163 for 8 weeks, n =10

15.2. Trametinib

We conducted an in vivo efficacy study using DIPG-007 tumor-bearing mice to
test trametinib, given its high sensitivity in this cell model in vitro (data from Dr.

Nagore G. Olaciregui).

DIPG-007 tumor-bearing mice were distributed in two groups for the efficacy
analysis and were treated during four weeks, five times per week (5 days-on and
2 days-off), starting day 46 after tumor inoculation, according to the following

regimen:

o Group 1: Control group, received vehicle (10% DMSO/40% PEG300/50%
PBS),n=13

o Group 2: 1 mg/kg trametinib for 4 weeks, oral administration, n = 13

15.3. ONC201

As mentioned in the Introduction, ONC201 appeared in the scientific literature
around 2013, identified as small molecule compound with potential anti-cancer
properties. Since then, research on ONC201 has progressed, leading to
preclinical and clinical studies in DIPG tumors. When clinical trials emerged for
patients diagnosed with DIPG, we performed a preclinical study to evaluate the
efficacy of the drug in DIPG-007 tumor-bearing mice.

DIPG-007 tumor-bearing mice were distributed in two groups for the efficacy
analysis and were treated during four weeks, once weekly, according to the

following regimen:

o Group 1: vehicle-treated controls (20:80 DMSO/PBS), n =5
o Group 2: 100 mg/kg ONC201 for 4 weeks, intraperitoneal administration,
starting day 32 after tumor inoculation, n = 5
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15.4. Taselisib

The decision to test taselisib in the DIPG-007 xenograft model was based on the

genetic profile of this cell model.

For the experiment, DIPG-007 tumor-bearing mice were distributed in two groups
for the efficacy analysis and were treated during four weeks, 5 days-on and 2

days-off, starting treatments at day 31, according to the following regimen:

o Group 1: vehicle-treated controls (0.25% CMC - 0.5% Tween20), n =15

o Group 2: 11.25 mg/kg taselisib for 4 weeks, oral administration, n = 15

15.5. Inavolisib

Because taselisib showed significant toxicity in our studies using DIPG
xenografts, we opted to evaluate another PI3K inhibitor, inavolisib, which has

shown reduced toxicity in preclinical studies involving breast cancer®,

For inavolisib, DIPG-007 tumor-bearing athymic nude mice were stratified in two
groups for the survival study and were treated once daily (oral administration, 5
days-on 2 days-off) for 2 cycles of 2 weeks-on 1 week-off, starting treatments at

day 32, according to the following schedule:

o Group 1: control group, received no treatment (only vehicle 0.25% CMC -
0.5% Tween20), n =5
o Group 2: inavolisib 50 mg/kg for 20 days, n =5

These mice were monitored until the endpoint and we obtained the survival

curves.

Next, we performed a study to address the pharmacodynamics of inavolisib.
DIPG-007 tumor-bearing athymic nude mice were stratified in two groups, and
were treated once daily (oral administration), starting treatments at day 23,

according to the following schedule:

o Group 1: control group, received no treatment (only vehicle), n =5

o Group 2: inavolisib 50 mg/kg for 14 days, n =5
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The last day of treatment, 2 h after last dose, we collected CSF and brains from
treated and control mice to analyse tumor burden. We processed brains in PFA
4% and stored CSF at -80°C for tumor burden studies.

15.6. Ipatasertib

For ipatasertib, DIPG-007 tumor-bearing nod.scid mice were distributed in three
groups for the efficacy analysis and were treated once daily (oral administration,
5 days-on 2 days-off), starting treatments at day 32, according to the following

schedule:

o Group 1: control group, received no treatment, n = 16
o Group 2: ipatasertib 25 mg/kg for 25 days, n = 16
o Group 3: ipatasertib 100 mg/kg for 25 days, n =11

From groups 1 and 2, we sacrificed 5 mice 2 h after the last dose of treatment,
and we collected brains to evaluate tumor burden. We included the remaining

alive mice in the survival study.
16.Pharmacokinetics

16.1. Inavolisib

To study the CNS and plasma biodistribution profile of ipatasertib, we treated 30
non-tumor three-week-old female athymic nude mice (Envigo, Barcelona, Spain)
with a single dose of 50 mg/kg inavolisib by oral gavage. We took blood, brain
and CSF samples at 0.25, 0.5, 1, 2, 6, 12, 18, and 24 h post-dose of 3-4 mice for
each time point. We collected blood samples (approximately 800 uL) from each
animal by terminal cardiac puncture into tubes containing heparin as an
anticoagulant and centrifuged at 1500—-2000 g to isolate plasma. The analysis of
the accumulation data of inavolisib was carried out by liquid chromatography-
tandem mass spectrometry (LC-MS/MS) by our collaborator, Dr. Nora Unceta at

the Department of Analytical Chemistry, Universidad del Pais Vasco, Spain.

16.2. Ipatasertib

To study the CNS and plasma biodistribution profile of ipatasertib, we treated 24
non-tumor three-week-old female athymic nude mice (Envigo) with a single dose

of 100 mg/kg ipatasertib by oral gavage. We took blood and brain samples in
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triplicate at 0.25, 0.5, 1, 2, 6, 12, 18, and 24 h post-dose. We collected blood
samples (approximately 800 pL) from each animal by terminal cardiac puncture
into tubes containing heparin as an anticoagulant and centrifuged at 1500—-2000
g to isolate plasma. We analysed the accumulation data of ipatasertib by LC-
MS/MS at the laboratories of our collaborator Jordan Gongalves at Oncodesign

(formerly Bertin Pharma) in Orleans, France.
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pHGG PRECLINICAL MODELS

Methods to follow up disease of pHGG xenografts and application to studies of

drug activity.

1. Primary pHGG cultures and xenografts

In my PhD project | have handled (either established or maintained, and
characterized) 15 primary pHGG cultures derived from 15 patients at Hospital
SJD (Table 7). Thirteen of them were from biopsies at diagnosis and two from
post-mortem samples. The overall success rate for establishing cultures from
autopsies was 10.5% (2/19) and from biopsies was 22% (13/59). The mutation
H3F3A K27M appeared in the majority (13/15) of the established cell models, the
mutation H3F3A G34R appeared in one line, and one was H3 wild type pHGG
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Table 7. Patient-derived pHGG models stablished at HSJD Barcelona.

pHGG PRECLINICAL MODELS

. Age at Current
ey | peel | sex | aimgnosis | Jmer | wamutaron | ACYEL || PTSS | passage | CUure | xenogran
(years) number
DIPG-007 | Necropsy M 10 Pons H3F3A K27M R206H wild type 166 Spheroids Yes
DIPG-008 Biopsy M 7 Pons H3F3A K27M wild type | wild type 15 Spheroids No
DIPG-011 Biopsy F 3 Pons H3F3A K27M wild type | wild type 76 Spheroids No
DIPG-012 Biopsy M 10 Pons H3F3A K27M wild type R273C 51 Spheroids No
DIPG-013 Biopsy F 6 Pons H3F3A K27M wild type R248Q 54 Spheroids No
DIPG-014 Biopsy F 8 Pons H3F3A K27M wild type | wild type 48 Spheroids No
DIPG-017 Biopsy M 9 Pons H3F3A K27M wild type R158P 47 Spheroids No
DIPG-018 Biopsy F 3 Pons HIST1H3B K27M R258G wild type 7 Adherent Not tested
DIPG-019 Biopsy M 6 Pons H3F3A K27M wild type | wild type 23 Spheroids No
DIPG-021 Biopsy F 6 Pons H3F3A K27M wild type C135Y 28 Adherent No
DMG-003 Biopsy F 6 Pons H3F3A K27M wild type R248Q 5 Spheroids Yes
DMG-005 Necropsy F 7 Medulla H3F3A K27M wild type R273C 12 Spheroids Yes
DMG-007 Biopsy F 6 Pons H3F3A K27M wild type | wild type 5 Spheroids Not tested
DMG-008 Biopsy F 7 Pons H3F3A K27M wild type | wild type 2 Spheroids Not tested
GBM-001 Biopsy F 11 frorlig;(t)be wild type wild type G245S 74 Spheroids Yes
GBM-002 Biopsy M 15 hemli_segLere H3F3A G34R wild type | wild type 43 Adherent Yes
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In this PhD work, we characterized 12 of the established cultures using whole
exome sequencing. The most relevant findings of the analysis are represented in
Figure 19. Results on H3 mutations confirmed those reported through clinical
diagnosis work for each patient at our institution (HSJD) and previously published
results on some of the cultures, such as DIPG-007, with the activating mutation
in ACVR1 R206H'"2 (Figure 19).

We addressed whether the established HSJD cells had co-occurrence of histone-
3 driver mutations with alterations in cell cycle regulatory genes, such as TP53
or PPM1D. This event has been well documented!’3. We found that eight of the
cell models had TP53 mutations, resulting in protein inactivation. The
H3.3K27M/TP53-mutant genotype is associated with a poorer prognosis of the
patients, as evidenced by reduced tumor responsiveness to irradiation and earlier
recurrence post-radiotherapy!’3. We observed that the majority of the cells which
did not harbor TP53 alterations, such as DIPG-007, DIPG-008 and DIPG-014,
presented a gain-of-function mutation in PPM1D. This mutation modulates the
TP53-mediated cell-cycle checkpoint, thereby conferring a p53-deficient

phenotype in the absence of TP53 mutations!’4.

We expected to find mutations or alterations in genes within the PI3K/Akt/mTOR
pathway, including PIK3CA or PTEN, which can enhance and accelerate tumor
growth but are not strictly necessary for tumor initiation%175, We found one model
with PIK3CA missense mutation and one with PTEN mutation.

In the only cell model with wild-type H3, GBM-001, we observed the absence of
IDH1/2 mutations, along with copy number gains in MYC and MYCN, matching
well with H3-wildtype and IDH-wildtype pHGG subgroup of diffuse pediatric-type
high-grade gliomas?.

In the only cell model with H3 G34R mutation, GBM-002, there was also an ATRX
nonsense mutation, producing a loss of ATRX expression'’, which is the
characteristic phenotypic profile of this entity described in the 5th CNS WHO
classification for these subgroup of pediatric gliomas?. This mutation results in

the loss of ATRX protein expression due to the nonsense-mediated mRNA decay
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pathway, which facilitates the swift breakdown of mMRNAs that contain premature

stop codons?!’’.

Genomic alterations in the PDGFRA receptor were restricted to the cells

established from two tumors located in the cerebral hemispheres, GBM-001 and

GBM-002. This alteration is more common in hemispheric cancers than in the

brainstem and is typically associated with older patient age!’®.
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Figure 19. Whole-exome sequencing of HSJD pHGG cultures. An Oncoprint visualizes an

integrated annotation of single-nucleotide variants and DNA copy-number alterations in patient-
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derived models of pHGG (n = 12). In the representation, samples are displayed in columns, and
genes are listed in rows. The passage number represents the passage we have currently
managed to reach in the laboratory. Clinicopathological and molecular annotations are illustrated

with bars as indicated in the accompanying key.

Most cultures grew as spheroids and expressed the cancer stem cell marker
nestin and the astrocytic marker GFAP (Figure 20A). Immunostaining of histone
mutations H3.3 K27M and H3.3 G34R corresponded to the genetic phenotype of
the models and histone trimethylation in K27 was absent in the H3 K27M mutants
(Figure 20A). We confirmed the results using immunoblotting (Figure 20B).

We established four xenografts that grow diffusely in the mouse brain and are
lethal for the mice (Figure 20C). According to the molecular classification of
pHGG, two of them, DIPG-007 and DMG-005, are DMG H3 K27-altered; one,
GBM-001 is a diffuse pediatric-type high-grade glioma H3-wildtype and IDH-wild
type; and the last, GBM-002, is a diffuse hemispheric glioma H3 G34-mutant.
Tumors grow infiltrating the brainstem of mice, with 100% take rate. The median
survival of is 90 days for DIPG-007 (median of 5 experiments, range 76-116 days,
n = 49), 51 days for DMG-005 (3 experiments, 42-84 days, n = 15), 32 days for
GBM-001 (2 experiments, 29-35 days, n = 15) and 233 days for GBM-002 (one
experiment, 166-282 days, n = 8) (Figure 20C).
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Figure 20. Characterization of pHGG cultures and xenografts. (A) Immunofluorescence of GFAP
(red), nestin (green), H3.3 K27M (color), H3.3 G34R (color) in DIPG-007, GBM-001, GBM-002
and DMG-005 tumorspheres (x40 magnification, scale bar = 50 um). (B) Immunoblotting of the
mutant proteins H3.3 K27M and H3.3 G34R, trimethylated H3K27M (H3K27me3) and H3 as
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loading control in pHGG cultures. (C) Representative Kaplan Meier curves of DIPG-007, GBM-
001, GBM-002 and DMG-005 orthotopic xenografts in mice, and representative FFPE slides

showing staining of human cells (human nuclei, brown) at endpoint.

We confirmed histone H3.3 K27me3 and histone H3 mutation status by
immunohistochemistry in the brain tumor xenografts and in the corresponding

patient biopsies (Figure 21).

DIPG-007 DMG-005 GBM-001 GBM-002

Xenograft ~ Necropsy Xenograft ~ Necropsy Xenograft Biopsy Xenograft Biopsy

H-E §
H3K27me3 -
H3K27M ;

H3G34R

Figure 21. Histological characterization of orthotopic patient-derived pHGG xenograft models and
matching patient biopsies. Hematoxylin and eosin, H3.3 K27me3, H3.3 K27M and H3.3 G43R

staining are shown (images at magnification 20x).

After establishing the preclinical pHGG models, our main purpose was to
compare the methods of paraffin tissue analysis, liquid biopsy (CSF) and mouse
weight monitoring to assess tumor burden in mice with orthotopic pHGG

xenografts. These goals are addressed in the next sections of this chapter.

2. Limits of detection of H3F3A and ACVR1 DNA sequences and analysis
of pHGG models.

We developed a ddPCR method to quantify copies of the genes H3F3A and
ACVR1 in cell-tumor DNA (ctDNA) and genomic DNA derived from pHGG cell
models. Using gDNA from DIPG-007 cells, we established that the limit of
detection of the ddPCR assays for H3F3A (K27M and WT) and ACVR1 (R206H
and WT) sequences were 32.6 and 81.5 pg of DNA per reaction, respectively.
Using gDNA from GBM-002 cells, we found that the LOD of the ddPCR assay for
H3F3A G34R was 40.8 pg of DNA. Inter-assay R? coefficients were above 0.97
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for the assays of H3F3A (K27M and G34R-mutant and WT) and ACVR1 (R206H-
mutant and WT) (Figure 22A). All the slopes were different from zero (P <
0.0001). We did not detect false positives in any of the analyzed blank samples.
All pHGG models in culture released ctDNA to the supernatant, corresponding to
29.8% (6.4% — 58.4%) of the gDNA (median and range of six cell models). At a
density of 1 x 10° cells/mL in culture medium, we detected H3F3A and ACVR1
WT alleles in the ctDNA and gDNA of all cells (Figure 22B).

For H3F3A K27M mutant models, the mutant-to-WT allele ratio was in the range
1-3 (Figure 22B). DIPG-007 and DIPG-011 exhibited a mutant-to-WT allele ratio
of 2 and 3, respectively, suggesting that a subset of tumor cells exhibited
heterozygous mutation of the oncogene, as a result of the copy number
alterations associated with the mutant allele, known as mutant allele specific
imbalance (MASI)17%:180, The H3F3A K27M mutant allele was not present in GBM-
001 and GBM-002 cell lines (Figure 22B). We detected the H3F3A G34R and
the ACVR1 R206H alleles exclusively in the cells bearing these mutations
(Figure 22C, D). The proportion of ACVR1 R206H in DIPG-007 was below 1, as

expected, because this is a subclonal heterozygous mutation8,

In a first experiment in four mice bearing intracranial DIPG-007 tumors at
endpoint, we detected H3F3A K27M and ACVR1 copies in all brain formalin-fixed
paraffin-embedded (FFPE) sections (Figure 22E, F). CSF samples were slightly
positive for H3F3A K27M and ACVR1 copies in three and two samples,
respectively (Figure 22E, F). All plasma samples were negative for both
sequences (Figure 22E, F). In GBM-002 tumors at endpoint, we detected human
H3F3A G34R sequences in 100% (4/4) of tumor-bearing brains (Figure 22G).
We did not detect human sequences in brain, CSF and plasma obtained from
non-tumor mice (Figure 22E, F, G). Overall, data suggested that the specificity
of the ddPCR techniques was appropriate, with no positives in the control
samples. However, the sensitivity was not sufficient to detect DNA copies in part

of the CSF samples and all plasma samples.
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Figure 22. Linearity of the ddPCR techniques and quantification of wild type (WT) and mutant
alleles of H3F3A and ACVRL1 genes in pHGG. (A) Amount (ng) of DNA of H3F3A K27M and WT
alleles (DIPG-007 cells), H3F3A G34R and WT alleles (GBM-002), and ACVR1 R206H and WT
alleles (DIPG-007) in serial dilutions of genomic DNA. Genomic DNA input was 20.4 ng in dilution
1. Dots and error bars are inter-assay means and SD of the three independent calibration
experiments. Lines are regression curves following a simple linear regression model. (B)
Proportion of H3F3A K27M and WT alleles in pHGG models. (C) Proportion of H3F3A G34R and
WT alleles in pHGG models. (D) Proportion of ACVR1 R206H and WT alleles in pHGG models.
(E) Representative plots of H3F3A K27M ddPCR droplets in brain, CSF, and plasma obtained
from one control mouse without tumor (Control) and one tumor-bearing mouse (DIPG-007) at
endpoint. (F) Representative plots of ACVR1 R206H ddPCR droplets in brain, CSF, and plasma
obtained from one control mouse without tumor (Control) and one tumor-bearing mouse (DIPG-
007) at endpoint. (G) Representative plots of H3F3A G34R ddPCR droplets in brain obtained from
two control mouse without tumor (Control) and two tumor-bearing mouse (GBM-002) at endpoint.

N.d.: not detectable.
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3. Development of ddPCR assays with pre-amplification PCR.

To improve the sensitivity of the assays in the limited volume of 5 puL of CSF
collected from the mouse cisterna magna, we developed a pre-amplification PCR
for H3F3A. Pre-amplification with up to 15 cycles enabled the detection of H3F3A
in the CSF of DIPG-007-bearing mice, while there was no amplification in control
non-tumor samples (Figure 23A, B). Pre-amplified plasma from DIPG mice at
endpoint remained negative for ddPCR analyses (Figure 23B). From these
results, we concluded that 12 cycles of pre-amplification PCR provided an optimal
number of positive droplets for H3F3A, avoiding saturation of the reaction. The
ddPCR technique for pre-amplified gDNA (DIPG-007), at an initial input of 2.3 ng
and further diluted until 0.001 pg, was linear, with inter-assay R? coefficients
above 0.92 for K27M-mutant and WT H3F3A alleles (Figure 23C). Slopes for all
sequences were different from zero (P < 0.0001). Preamplification increased the
sensitivity of the technique by 200 times, achieving a limit of detection (LOD) for
H3F3A of 0.145 pg of DNA per ddPCR reaction. Without preamplification, loading
2-10 ng of ctDNA (the maximum volume feasible) allowed the detection of 0.10
ng of human H3F3A in mouse CSF (equivalent to a concentration of 1.68
copies/uL). After 12 cycles of preamplification, loading 4 ng of ctDNA resulted in
a detection of 13.42 ng (equivalent to 213 copies/pL).

For DIPG-007 cells in culture, we compared the amount of H3F3A detected in the
supernatant following a preamplification PCR step or without it, using 20 ng
ctDNA from supernatants. Only when using the preamplification step, the amount
of H3F3A detected in the supernatant increased steadily during a period of seven
days and correlated with the count of viable cells (Figure 23D). These results

demonstrated the relevance to preamplify the ctDNA before the ddPCR analysis.
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Figure 23. Optimization of the preamplification PCR for CSF samples. (A) Representative plots
of H3F3A K27M droplets generated by ddPCR of CSF samples subjected to no preamplification
(top panels) or preamplification of 9, 12 and 15 cycles of PCR, obtained from four DIPG-007-
bearing mice at endpoint (DIPG) and four non-tumor (Control) mice. Additional negative controls
(Blank) are sterile water. (B) ddPCR quantification of H3F3A DNA (ng) obtained with 0-15
amplification cycles of CSF and plasma from 10 DIPG-007 xenografts at endpoint and seven non-
tumor (Control) mice. Additional negative controls (Blank) are sterile water. Each dot of the groups
DIPG and Control in the graph is data from one mouse. (C) Amounts (ng) of DNA of H3F3A K27M
and WT alleles in serial dilutions of preamplified gDNA of DIPG-007. Preamplified DNA input was
2.26 ng in dilution 1. Dots are inter-assay means and SD of the three independent calibration
experiments. Lines are regression curves following a simple linear regression model. (D)
Quantification of H3F3A in DIPG-007 cell culture supernatant (SN) during one week. At each time,
we counted viable cells, preamplified the ctDNA, and quantified H3F3A (ng) with (W) or without
(WO) preamplification. The diagram represents the workflow of the study. Dots are mean and

errors of two replicates.
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4. H3F3A ddPCR of pre-amplified CSF samples to evaluate DIPG

progression in mice.

First, we evaluated the progression of the diffuse infiltrative DIPG-007 in the brain
of 30 nude mice by immunohistochemistry, sacrificing 4-5 mice at each time point
(Figure 24). Cancer cells inoculated in the fourth ventricle invaded the
surrounding parenchyma between days 15 and 30 after inoculation (Figure 25A).
Tumor burden increased progressively until endpoint, in which cells invaded
extensively areas of the brainstem, cerebellum, midbrain and thalamus (Figure
24, Figure 25A).

15 days 30 days 45 days

Body weight loss
Tumor burden

e ,
L el g y P
3 & /

60 days 70 days 80 days

Figure 24. Panoramic vision of tumor progression in mice bearing HSJD-DIPG-007 cells at
different time points. Immunochemistry for anti-human nuclear antigen (brown dots in the
pictures) of a representative tumors at 15, 30, 45, 60, 70 and 80 days after cell inoculation of the

hole brain (x1.25 magnification, scale bar = 1.6 mm).

Body weight loss with mild neurological symptoms (ataxia) appeared between
days 45 and 60 (Figure 25B). At the end of the study (day 80), the remaining
mice achieved endpoint (>20% weight loss). No mouse experienced severe

neurological symptoms.

To address the correlation of H3F3A (detected by ddPCR) and disease
progression, we quantified the amount of H3F3A gDNA and human cells in FFPE
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sections of the mouse brains. We found that H3F3A counts increased steadily
from the first sampling point at day 15 until the last at day 80 (Figure 25C). The
count of human nuclear-positive cells infiltrating the brainstem increased steadily
from the second sampling point at day 30, until day 80 (Figure 25C). In the CSF
samples, H3F3A ctDNA was detectable from day 15, remained at the same level

until day 60, and increased from there until endpoint (Figure 25C).

There was a significant correlation between the count of human nuclear-positive
cells in the tissue slide and the amount of H3F3A gDNA detected using ddPCR
(Figure 25D). In contrast, the amount of H3F3A ctDNA extracted from CSF
samples did not correlate neither with the number of infiltrating human cancer
cells nor with the amount of human H3F3A gDNA in FFPE slides (Figure 25E).
At the time of sacrifice, weight loss (main sign of disease progression in the DIPG-
007 xenograft) of the 30 animals correlated well with the number of human
nuclear-positive cells infiltrating the brain, with the amount of H3F3A gDNA
extracted from FFPE slides, and with the amount of H3F3A ctDNA extracted from
CSF samples (Figure 25F).

Overall, these results demonstrate that the ddPCR technique applied to the
analysis of ctDNA in the liquid biopsy (CSF) detects progressive disease only
after animals start symptoms (weight loss), which occurs around day 60 after
tumor inoculation in DIPG-007-bearing mice. In contrast, both the ddPCR
technique applied to the analysis of tumor gDNA and the count of human nuclei-
positive cells are more accurate methods to measure the degree of the disease

progression, independently of the disease symptoms.
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Figure 25. Analysis of DIPG-007 xenograft progression through human cell infiltration, body
weight loss and H3F3A DNA (ng) in brain parenchyma and CSF samples. (A) Immunostaining of
human cells (anti-human nuclear antigen, in brown) at the inoculation site (fourth ventricle) and
at a main infiltration site (cerebellum) at time points 15-80 days after cell inoculation. Photos are
from representative cases. Scale bar = 100 pm. (B) Scatter plot of mouse weight loss along time

after the inoculation of DIPG-007 cells. Each dot represents data from one mouse and lines are
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means. (C) Amount-time curves of (i) H3F3A gDNA (ng) in mouse brain FFPE slides, (i) H3F3A
ctDNA (ng) in pre-amplified CSF and (iii) human cell count in mouse brain FFPE slides. Data
connected by lines are the median and the interquartile range of 3-5 samples. (D) Correlation
between H3F3A gDNA (ng) and the human cell count in mouse brain FFPE slides. Dots are paired
data from individual animals. The Spearman correlation coefficient, r, and the P value are
displayed in the graph. (E) Correlation between H3F3A ctDNA (ng) in pre-amplified CSF and
either (i) the human cell count in mouse brain FFPE slides, or (ii)) H3F3A gDNA (ng) in mouse
brain FFPE slides. Dots are paired data from individual animals. (F) Correlation between weight
loss at the time of tissue sampling and (i) the human cell count in mouse brain FFPE slides, (ii)
H3F3A gDNA (ng) in mouse brain FFPE slides, or (iii) H3F3A ctDNA (ng) in pre-amplified CSF.

5. Serial liquid biopsy of CSF in mice.

Time points for serial CSF collection in five animals ranged from 15 to 80 days
and are represented in Figure 26A. All animals survived the procedures, with no
neurological symptoms after puncturing the cisterna magna. H3F3A ctDNA
counts increased in the CSF after day 60 (Figure 26B). All animals lost weight
from day 60 (Figure 26C). At the endpoint, cancer cells invaded the brain
parenchyma profusely, with no cells in the ventricular system (Figure 26D).
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Figure 26. Serial sampling and analysis of the CSF of DIPG-007 xenografts. (A) Diagram of the
CSF sampling times (days) of the five animals included in the study. (B) Changes (%) of the
individual mouse body weight, relative to the individual maximum weight (100%). (C) H3F3A
ctDNA ddPCR analysis of pre-amplified CSF samples. Results from individual animals are
connected with lines. (D) Immunostaining of human cells (anti-human nuclear antigen) in the
inoculation site (fourth ventricle) and in a main infiltration site (cerebellum) at the time of mouse
sacrifice. Scale bar = 100 um.

6. Selected examples of the application of the developed pHGG models in
preclinical studies of drug activity.

During my PhD studies, we used the developed pHGG models to perform
important in vivo studies to evaluate treatment activity. Briefly, we injected DIPG-
007 cells in the fourth ventricle of athymic nude or NOD-SCID mice, and started

treatments, usually at the maximum tolerable doses, around one month later. We
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followed up mouse weight to assess treatment toxicity and/or disease symptoms,
and euthanized all mice upon reaching 20% weight loss, defined as endpoint.
Statistical analyses were conducted using GraphPad Prism 9 software.

I will present examples for treatments using ACVRL1 inhibitors, trametinib,
ONC201 and taselisib. For all the selected animal studies, we followed up
disease using the body weight follow-up method, which we demonstrate
correlative to the tumor burden using ddPCR analysis and/or staining of human

cells infiltrating the brain.

6.1.New ACVR1 inhibitors: M4K2009 and M4K2163

As mentioned in the introduction section, about 20% of DIPG bear mutations in
ACVR1 (ALK2), an activator of the TGF[3 pathway, and thus is a potential target
for therapeutic intervention. Smil et al. adopted an open science approach to
develop a series of potent, selective, orally bioavailable, and brain-penetrant
ALK2 inhibitors based on the lead compound LDN-2141177°, In the frame of a
collaboration agreement with M4K, | evaluated two small molecule inhibitors of
ALK2, M4K2009 and M4K2163 that target the intracellular kinase activity of the
ALK2 proteint70171,

First, | evaluated the activity of M4K2009. To evaluate the cytotoxic activity in
vitro, | plated 500 cells/well and measured cell viability 6 days after starting drug
exposure at concentrations ranging of 0.039 to 10 uM. The assay revealed
antiproliferative activity of the treatment, with a calculated ICso of 0.81 uM (Figure
27A). A human brain endothelial cell line (h\CMEC/D3) was not sensitive to the
drug (Figure 27A).

These in vitro results, together with the favorable CNS distribution profile of
M4K2009'7°, encouraged us to assess drug activity in vivo. First, we evaluated
M4K2009 in 48 mice, divided in four groups. The survival of treated groups was
88-90 days, not significantly different compared to the control group (82 days)
(Figure 27B). By monitoring the body weight loss during the study, we evaluated
the tumor growth and drug toxicity. We detected toxicity in all groups treated with
the drug, with more pronounced effects in the groups at 100 mg/kg dosage (up

to 10% body weight loss) (Figure 27C). Animals treated with the vehicle were
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administered one week later, at which point we began to observe weight loss,
likely due to the inherent toxicity of the vehicle itself. By the end of the treatment,
the animals did not regain weight, which could indicate the high toxicity of the

vehicle used for drug administration (Figure 27C).

At the endpoint, all animals had fill infiltration of cancer cells in their brains (Figure
27D). This finding confirms that exceeding a 20% body weight loss in mice is a

reliable indicator of significant tumor progression.
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Figure 27. Preclinical results activity of M4K2009 in DIPG-007 model. (A) In vitro cytotoxicity of
M4K2009 against DIPG-007 and hCMEC/D3 cells. Dots represent the mean and SD of 6
replicates. (B) Kaplan Meier curves showing M4K2009 activity in DIPG-007 bearing mice compare
to controls. (C) Body weight variation of mice treated with M4K2009 compared to controls. (D)
Immunochemistry for anti-human nuclear antigen tumors at the endpoint of the study (x1.25 and
x10 Magnification).

We evaluated a second anti-ACVR1 candidate M4K2163, that demonstrated a
similar 1Cso in DIPG-007 cells in vitro (0.60 uM) after 6 day treatment (Figure
28A).

After completion of the treatments, 10-12 animals of each group were left
untreated until endpoint, followed by body weight monitoring. The survival of
treated groups (groups 2 and 3, median survival 94 days) was not significantly
different compared to the control group (group 1, median survival 92 days).
Animals belonging to group 4, treated with 100 mg/kg M4K2163 during 8 weeks,
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demonstrated an increase in survival compared to animals treated with vehicle
(92 versus 121 days, p = 0.0142) (Figure 28B). The vehicle administered was
toxic, resulting in weight loss in the animals during treatment, regardless of the

treatment group (Figure 28C).

Again, at the endpoint, immunohistochemical staining with anti-human nuclear

antigen revealed high tumor cellularity in all brains (Figure 28D).

A B Cc .
150 100 T —— L g i A
— B x - 100 mg/kg
£ 100 g t B = o= 50 mghy
S g ] ioo -10+ +— 100 mg/kg+
= c =
SR o 1 (OURRRARRRRUR.), ) S 2 501 =
R = g
& > -20- L8]
e e g w3
101 100 101 o o
M4K2163 (uM) ol 0 1 M1 gl DR 0000 0
- DIPG-007 = hCMEC/D3 £ 5 1M 18 M0 40 60 80 100 120 140
Days since intracranial injection Days since intracranial injection
D
'7‘, L/
— i
|

Figure 28. Preclinical results activity of M4K2163 in DIPG-007 model. (A) In vitro cytotoxicity of
M4K2163 against DIPG-007 and hCMEC/D3 cells. Dots represent the mean and SD of 6
replicates. (B) Kaplan Meier curves showing M4K2163 activity in DIPG-007 bearing mice compare
to controls. (C) Body weight variation of mice treated with M4K2163 compared to controls. (D)
Immunochemistry for anti-human nuclear antigen tumors at the endpoint of the study (x1.25 and

x10 Magnification).

6.2. Trametinib

Alterations in the MAPK pathway are commonly found in childhood cancers,
particularly brain tumors, and especially low- and high-grade gliomas, including
non-brainstem pHGG, with described alterations in FGFR1, NF1, BRAFV600E,
NTRK2'™ and MET, and DIPG, with described alterations in PIK3R1 and NF1.
These alterations represent an unexplored option in a tumor type desperately
needing novel treatment strategies. Trametinib is a highly specific and potent
MEK1/2 inhibitor that binds to the allosteric pocket of MEK. Specifically, these
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alterations involve multiple nodes of the MAPK signalling pathway and include
PIK3R1N%64D " NF11824S — and BRAF®49V, These results suggest a possible
rationale for the use of trametinib in DIPG, as investigated in the phase Il clinical
trial TRAM-01 (NCT03363217), which explored the use of trametinib in pediatric
gliomas harboring MAPK alterations/activation'®®, Subsequently, various clinical
trials are emerging that combine trametinib with other inhibitors, such as
everolimus, for the treatment of low and high-grade gliomas (NCT04485559).

Considering this rationale and the previous in vitro results obtained in our group,
we analysed the efficacy of trametinib in DIPG-007 tumor-bearing mice. We
evaluated trametinib in 26 mice, divided in two groups. The median survival of
the treated group (117 days) was not significantly different compared to the
control group (120 days) (Figure 29A). Thus, trametinib did not have activity in
this xenograft model. By monitoring body weight loss throughout the study, we
observed a slight reduction in animal weight in both groups, likely indicative of
the toxicity associated with the vehicle used for drug administration (Figure 29B).
At the endpoint, we assessed tumor cellularity in the murine brains via
immunohistochemical staining with an anti-human nuclear antigen. Consistent
with the evolution of the body weight loss, a high number of tumor cells were

detected across all groups (Figure 29C).
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Figure 29. Preclinical results activity of trametinib in DIPG-007 model. (A) Kaplan Meier curves
showing trametinib activity in DIPG-007 bearing mice compare to controls. (B) Body weight
variation of mice treated with trametinib compared to controls. (C) Immunochemistry for anti-

human nuclear antigen tumors at the endpoint of the study (x1.25 and x10 Magnification).

6.3.ONC201

ONC201, a small molecule compound exhibiting potential anti-neoplastic activity,
has been investigated in clinical trials involving pediatric and young adult patients
diagnosed with H3 K27M-mutant DIPG. These studies have demonstrated that
ONC201 is well-tolerated in this patient population (NCT03416530). Thus, we
analysed the efficacy of ONC201 in DIPG-007 tumor-bearing mice.

We evaluated ONC201 in 10 mice, divided in two groups. The median survival of
the treated group (70 days) was not significantly different compared to the control
group (76 days) (Figure 30A). By monitoring body weight loss throughout the
study, we observed a slight reduction in animal weight in both groups, likely
indicative of the high toxicity associated with the vehicle used for drug
administration, although it was more pronounced in the ONC201 treated group,
indicating the drug toxicity (Figure 30B). At the endpoint, we assessed tumor

cellularity in the murine brains via immunohistochemical staining with an anti-
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human nuclear antigen. Consistent with the appearance of body weight loss, a

high number of tumor cells were detected across all groups (Figure 30C).

A B
100 T T PO TP PP PPPPRPRRR

@ )

© &

g T -10-

g g

2 50+ L =

‘g 2 -20-

S |=— venice S| = venice

o8 o/ ONC201 100 mg/kg § Nk ONC201 100 mg/kg
0 30 60 90 30 45 60 75 90
Days since intracranial injection Time (days) from cells inoculation

" : AT
YA = s
.-'." AR S =

K

‘r‘!?f‘ .
%

Figure 30. Preclinical results activity of ONC201 in DIPG-007 model. (A) Kaplan Meier curves
showing ONC201 activity in DIPG-007 bearing mice compare to controls. (B) Body weight
variation of mice treated with ONC201 compared to controls. (C) Immunochemistry for anti-human

nuclear antigen tumors at the endpoint of the study (x1.25 and x10 Magnification).

In this study, we did not obtain the expected results. We chose the intraperitoneal
route for administration, as previous preclinical studies had shown positive
outcomes using this route!!?, although none of them used DIPG-007 xenografts.
In the clinical practice, this drug is administered orally and appears to be yielding
promising results in clinical trials with patients diagnosed with DIPG*82, We do not
believe the administration route caused the lack of activity, which probably was

more related to the inherent aggressive behavior of the DIPG-007 xenogratft.

6.4. Taselisib

Taselisib, as a potent PI3K inhibitor that specifically targets the B isoform,
demonstrates enhanced efficacy against tumors with mutations in the PI3K
pathway!83. This prompted me to assess its anti-tumor effects in DIPG-007 tumor-
bearing mice, known to harbor the PI3K mutation H1047R.
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For in vitro studies, we plated 3000 cells/well and we measured the cell viability
72 h after the drug was placed in contact with the cells at concentrations ranging
10 to 100 uM. We performed the assay with DIPG-007, DIPG-014, DIPG-021
and DMG-005 cell models. We observed promising efficacy of the compound
against models with the PI3K mutation DIPG-007, achieving an ICso of 0.01 uM.
DIPG-014 also displayed sensitivity to taselisib, though to a lesser extent,
whereas DIPG-021 and DMG-005 exhibited pronounced resistance to the drug
(Figure 31A). The brain endothelial cell line hCMEC/D3 was affected by taselisib
only at concentrations higher than 1 uM (Figure 31A). These in vitro results

supported the subsequent in vivo experiments.

In a study in 30 mice, we observed a survival benefit of 12 days in the treated
animals, being median survivals 83 and 94.5 days for the control and treatment
groups, respectively (p = 0.0337) (Figure 31B). The drug was poorly tolerated by
the mice, as evidenced by an initial weight loss of approximately 10% from their
maximum weight at the beginning of treatment (Figure 31C). All animals died of

tumors (Figure 31D).
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Figure 31. Preclinical results activity of taselisib in DIPG-007 model. (A) In vitro cytotoxicity of
taselisib against DIPG-007 and hCMEC/D3 cells. Dots represent the mean and SD of 6 replicates.
(B) Kaplan Meier curves showing taselisib activity in DIPG-007 bearing mice compare to controls.
(C) Body weight variation of mice treated with taselisib compared to controls. (D)
Immunochemistry for anti-human nuclear antigen tumors at the endpoint of the study (x1.25 and

x10 Magnification).

Despite promising results, we did not pursue further investigation with this drug
against DIPG, due to reported toxicity in clinical trials for various cancers of adult

patients!84,
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Characterization the PI3K/Akt/mTOR pathway in preclinical pHGG models and in
patients with DIPG.

1. Dysregulation of PI3K/Akt pathway in pHGG/DIPG cell models.

Because alterations in the RTK-PI3K-MAPK pathway are shared by more than
60% patients with pHGG1°, we aimed to find them in 12 preclinical pHGG models
established and available in our laboratory. Following the analysis of the whole
exome sequencing data, we found abnormalities in genes associated with the
RTK-PI3K pathway among all pHGG lines (Figure 32).

Among the genes encoding for the receptors of the pathway, we identified
amplifications of epidermal growth factor receptor (EGFR) in six cases (50%),
insulin-like growth factor 1 receptor (IGF1R) in five cases (42%), and platelet-
derived growth factor receptor alpha (PDGFRA) in one case (8%). Of note,
PDGFRA was mutated in the two models derived from hemispheric tumors.

One or more subunits of PI3K were altered in 10 models, with notable alterations
in the p110a catalytic subunit PIK3CA (in which we allocate the PIK3CA-mutant
model DIPG-007), the p110B catalytic subunit PIK3C2B, and the regulatory
subunit PIK3R1, which was uniquely gained in GBM-002.

The PI3K activity inhibitor PTEN presented a nonsense mutation in one line,
GBM-002 (Figure 32).

We included in the analysis alterations of the MAPK/ERK pathway, because MEK
signalling is frequently co-activated as a resistance mechanism when the PI3K
pathway is inhibited with medicines!®315, providing the rationale for double
therapies against MAPK/ERK and PI3K/Akt162186_|n our panel, we found BRAF
amplified in 12% samples and gained in 42%, MAP2K1 (encoding MEK) gained
in 25%, and MAPK3 (encoding ERK) gained in 12 %, with one line, DMG-005,
having alterations in the three mentioned genes (Figure 32).
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Figure 32. Whole-exome sequencing of the PI3K/Akt and MAPK/ERK pathway-related genes on
12 lines of pHGG. The Oncoprint visualizes the single-nucleotide variants and DNA copy-number
alterations found in patient-derived models of pHGG (n = 12). In the representation, samples are
displayed in columns, and genes in rows. Clinicopathological and molecular annotations are

illustrated with bars as indicated in the accompanying key.

To investigate the effect of the detected DNA alterations in the expression of
genes related to PI3K/Akt pathway, we analyzed RNA and protein expression in
the pHGG models.

At the RTK level, we detected increased expression of EGFR in most (8 of 12)
pHGG models, in contrast to insulin-like growth factor 1 receptor IGF1R (1
overexpressed of 12) or KIT (0 of 12) (Figure 33A). Of note, two lines (DIPG-008
and DIPG-021), without increased expression of EGFR had PDGFRA
overexpressed instead (Figure 33A, B). Two lines, DIPG-017 and GBM-002,
showed overexpression of both EGFR and PDGFRA (Figure 33A, B).
Additionally, KRAS overexpression in four pHGG highlights its frequent
hyperactivation in DIPG, which could be driven by mechanisms such as recurrent
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growth factor activation, mutations in RTKs, and the genetic inactivation of RAS-

regulatory proteins like NF11%187 (Figure 33A).

Regarding PI3K-related genes, regulatory subunitisoforms PIK3R1, PIK3R2, and
PIK3R4 showed higher expression levels, compared to catalytic subunit isoforms
such as PIK3CB or PIK3CD (Figure 33A).

Concerning the tumor suppressor PTEN, which negatively regulates the PI3K/Akt
signalling pathway®8, it was found overexpressed in 50% of the samples,
coinciding with observed downregulation of genes associated with the PI3K/Akt

pathway (Figure 33A).

There was low basal expression of the AKT1 isoform across all pHGG (Figure
33A). This finding was anticipated, because different AKT isoforms exhibit
preferential tissue expression patterns, with AKT3 being particularly abundant in
brain tissue'®, as corroborated in our results (Figure 33B). Additionally,
RPS6KB1, direct target of AKT, exhibited elevated expression levels in those
samples bearing increased expression of PIK3 subunits and lack of PTEN
expression, such as DIPG-007, DIPG-011, DIPG-014, and DIPG-017 (Figure 33
A).

Regarding the RAS/RAF/MEK/Erk pathway, which represents a primary
compensatory mechanism for the PI3K/Akt pathway, we exclusively observed an
upregulation of RAF1 in DIPG-007 cells. Additionally, in DIPG-011, DIPG-017,
and DMG-005, only MAPK14 and MAPKS, both belonging to the MEK pathway
kinases, showed elevated expression levels. In the former two models, this
observation may suggest the relevance of the MEK pathway alongside the PI3K
pathway. In the case of DMG-005, it appears that the MEK pathway may play a
more pivotal role in its survival and proliferation, compared to the PI3K pathway,
potentially due to overxpressed PTEN inhibiting the PI3K/Akt pathway (Figure
33A).

Subsequently, we examined the activation of the PI3K/Akt signalling pathway
using Western blot (Figure 33C). We found that some cells, such as DIPG-008
and GBM-001, were more dependent on PDGFRa, compared to EGFR or IGF-
1RB, as previously suggested by the RNA analysis. We observed
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phosphorylation of Akt at Ser473 in all the cultures (Figure 33C). The lowest
levels of Akt activation belonged to DIPG-019 and DIPG-021, likely due to the
low activity of PDGFRa, which is a primary RTK activator of PI3K/Akt pathway in
pHGG (Figure 33C). PRAS40 protein, a direct effector of Akt, showed high
expression in those cells with the highest levels of activated pAkt. Similarly
phosphorylated S6 kinase was expressed by all the cultures, being DIPG-007
and DMG-005 the ones with highest expression (Figure 33C).

With regard to the MAPK pathway, ERK1/2 was substantially phosphorylated in
DIPG-013, DIPG-017 and DIPG-021. At least in the last model, Erk
phosphorylation may indicate the strong dependency on the MAPK pathway
signalling (Figure 33C).

The distinct activation levels of pAkt found in the immunoblotting analysis were
further demonstrated in DIPG-017 (high activation) and DIPG-021 (low activation)
via immunofluorescence, revealing elevated and diminished protein activation

(i.e., Akt phosphorylation), respectively (Figure 33D).
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Figure 33. Analysis of the RTK-PI3K-MAPK axis in pHGG cell models. (A) RNA expression of
genes related to RTK, PI3K/Akt and MEK/Erk pathway, normalized to RNA from a healthy brain

(commercial RNA), included in the TagMan™ Array Human PI3K Signaling. X indicates no
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amplification of the gene. (B) RNA expression levels of PDGFRA, AKT2 and AKT3 genes not
included in the array, related to GAPDH housekeeping, and normalized to RNA from a healthy
brain. X indicates no amplification of the gene. (C) Expression of proteins involved in the RTK,
PI3K/Akt and MEK/Erk nodes in 11 pHGG models in culture. (D) Immunofluorescence of
phospho-Akt (green) in DIPG-017 (high expression) and DIPG-021 (low expression), staining the
cytoplasmic membrane with WGA (red) and the nucleus with DAPI (blue). Scale bar = 50 um.

2. Imbalance in the PI3K/Akt pathway in DIPG patients.

To verify the clinical relevance of our previous analyses, we performed similar

studies in samples derived from necropsies and biopsies of patients with pHGG.

First, we obtained five samples from autopsies, all frozen, and assessed the
expression of eight genes associated with the PI3K/Akt pathway: EGFR,
PDGFRA, FGFR1, PIK3CA, PIK3R1, AKT1, AKT2, and AKT3. All tumors
exhibited significantly elevated PDGFRA expression compared to healthy brain
tissue. EGFR was overexpressed in three cases, and FGFR1 was overexpressed
in one. PIK3CA and PIK3R1 were consistently overexpressed across most
cases. One or more of the AKT subunits were also overexpressed in all but one
of these tumors, with AKT3 showing the highest level of expression, similar to our
results for pHGG models (Figure 34A).

At the protein level, we assessed pathway activation by immunoblotting in two
specific phosphorylation sites, namely serine-473 of Akt (pAkt) and threonine-246
of PRAS40 (pPRAS40), the readout of Akt activity. We detected pathway
activation in three out of five necropsies (60%), a proportion consistent with the
published datal® (Figure 34B). Two samples exhibited pronounced Akt and
PRAS40 activation, while in a third sample the activation was restricted to Akt
(Figure 34B).

We also identified the activation of the PI3K/Akt pathway in paraffin samples
obtained from recent patient biopsies performed at HSJD. These samples had
routine pathological anatomy immunostaining analyses available for H3K27M
and H3K27me3, being all positive for the mutant protein, and negative for the
trimethylation of K27 (Figure 34C). Immunostaining for serine-240/244 of S6
kinase (pS6) was the chosen indicator for PISK/Akt pathway activation, because

it is a downstream effector of the mTORC1 pathway, which is influenced by the
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PI3K/Akt signalling cascade'®®. The analysis was performed by our colleagues at
the Laboratory of Molecular Oncology, led by Dr. Cinzia Lavarino. An expert
pathologist revealed active pathway signalling in five biopsies (71%), with tumor
cell positivity of pS6 ranging between 80% and 40% (Figure 34C).
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Figure 34. PI3K/Akt signalling in DIPG. (A) Expression of selected genes related to the PI3K/Akt
pathway in pHGG autopsy samples, normalized to the mean of one RNA obtained from a healthy
brain (commercial sample) and one RNA from the necropsy of a healthy pediatric brain. (B)
Western blot analysis of proteins related to the PI3K/Akt signaling pathway in the same autopsy
samples used for RNA analysis. (C) Immunohistochemistry analysis of H3K27me3, H3K27M and
phospho-S6 kinase in DIPG biopsy samples (x40 Magnification).
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Targeting the PI3K/Akt/mTOR pathway in DIPG.

1. Anticancer and antiangiogenic activity of the PI3K/Akt inhibitors.

We studied and compared the anticancer activity of one PI3K inhibitor, inavolisib
(GDCO0077) and one AKT inhibitor, ipatasertib (GDCO0068), as single therapeutic
agents, in DMG models, most of them obtained from tumors in the brainstem
(DIPG).

First, we observed that ipatasertib and inavolisib inhibited the proliferation of all
the DIPG models included in the activity panel (Figure 35A). The ICso values
were in the range 0.01-10 uM range for both inhibitors, being the mean ICsp 0.6
UM for inavolisib and 4.2 uM for (Table 8). In agreement with the mechanism of
action of inavolisib as PI3K inhibitor, we found that the PIK3CA H1047R-mutant
DIPG-007 was the most sensitive to inavolisib (ICso = 0.01 uM), and also to
ipatasertib (ICso = 1 pM), compared to all the other PIK3CA wild-type models
(Table 8). To assess the therapeutic window of the treatments, we also treated
the human brain endothelial cell line hCMEC/D3, which showed a marked lack of
sensitivity to both drugs, compared to DIPG cells (Figure 35A) (Table 8). Overall,
these data suggested that inavolisib and ipatasertib could become promising
therapeutic approaches for DIPG, especially when PI3K is mutated, and provided
they have favorable biopharmaceutic and pharmacokinetic properties, which we

will address later in this PhD work.

To investigate the impact of PI3K/AKT on the clonogenic capacity of DIPG cells,
we measured the number of colonies formed after treatment. Compared to the
control, ipatasertib treatment did not affect colony formation significantly (Figure
35B) (Table 9). In contrast, inavolisib treatment, even at low concentrations of
0.1 uM, showed a potent effect on reducing colony formation (Figure 35B) (Table
9).

To investigate whether these drugs could inhibit the formation of the vasculature
in DIPG, we designed an angiogenesis study in hCMEC/D3 cells treated with
each inhibitor. We quantified the total length (mm) and the number of newly
formed vascular junctions in cells treated at concentrations of inavolisib and

ipatasertib of 1 and 10 uM, respectively, which are sub-cytotoxic for h\CMEC/D3
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cells. From the work of my laboratory mate Merceé Baulenas, we know that the
supernatant of DIPG cells favors the formation of complex vascular structures by
hCMEC/D3 cells (Figure 35C). Thus, we used this supernatant to stimulate
vessel formation and to assess the antiangiogenic function of the evaluated
agents. We found that the endothelial cells cultured in non-enriched media
formed few and short vascular structures, compared to abundant, long and more
complex structures when they were exposed to the proangiogenic DIPG
supernatant (Figure 35C). Under similar proangiogenic conditions, such complex
structures were almost completely inhibited by inavolisib at 1 uM, and partially
inhibited by ipatasertib at 10 uM (Figure 35C). We confirmed the results by
staining CD31 (endothelial marker) in hCMEC/D3 cells (Figure 35C).
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Figure 35. In vitro anticancer and antiangiogenic activity of PI3K/Akt pathway inhibitors inavolisib

and ipatasertib. (A) Antiproliferative activity in 9 DIPG models and the brain endothelial cell line
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hCMEC/D3. Dots are the mean of 3-6 replicates and curves were built using Graphpad Prism 9.
(C) Colony formation assay of ipatasertib and inavolisib in DIPG-007 cells, after 48 h treatment.
Graphics represent the percentage of colonies, with reference to the control condition. (D)
Angiogenesis inhibition assay with ipatasertib (IPA) and inavolisib (INA) using hCMEC/D3 cells,
after 24 h treatment. Images obtained directly from the hCMEC/D3 culture and the
immunofluorescence of CD31 (x20 Magnification). Graphics represent the mean + SD of the total
length (mm) and the number of junctions formed between endothelial cells. Data were compared

to the positive control condition in the presence of DIPG-007 supernatant (SN).

Table 8. Cytotoxic activity of ipatasertib and inavolisib in preclinical models of DIPG and
hCMEC/D3 cell line. The concentrations of the drug required to cause a reduction of 50% in cell

proliferation, 1IC50, were calculated using Graphpad Prism version 9.

DIPG Ipatasertib IC;, (uM) Inavolisib IC;, (UM)

model (95% ClI) (95% CI)
DIPG-007 1.03 (0.68-1.77) 0.01 (0.01-0.02)
DIPG-008 9.09 (5.19-61.83) 0.35 (very wide)
DIPG-011 2.05(1.35-3.33) 0.15 (0.08-0.33)
DIPG-012 568.6 (very wide) 0.14 (0.03-9.06)
DIPG-014 4.12 (1.60-50.13) 0.16 (0.08-0.40)
DIPG-017  ~ 11.21 (very wide) 5.62 (1.14-706)
DIPG-019 3.04 (1.17-23.30) 0.30 (0.11-2.36)
DIPG-021 77.30 (very wide) 62.82 (very wide)
DMG-005 280 (very wide) 1.53 (0.35-73.17)
hCMEC/D3 No cytotoxicity No cytotoxicity

Table 9. Colony formation assay after 48 h of treatment with ipatasertib or inavolisib in DIPG-007
cells. The values represent the percentage of colony quantification + standard deviation,

compared to the untreated controls.

Ipatasertib (uM) % Colonies * SD Inavolisib (uM) % Colonies * SD
0.1 91.13 £ 3.52 0.01 94.35+19.79
0.5 89.87 +3.78 0.05 75.43 + 17.47
1 101.54 + 15.04 0.1 71.74 £ 18.72
5 92.86 + 20.46 0.5 52.28 + 16.02
10 86.26 + 16.57 1 41.52 +6.53
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2. Inhibition of the PI3K/Akt pathway and induction of apoptosis with

inavolisib.

We addressed the inhibition of the downstream PI3K/Akt cascades using the
most potent of the assayed drugs, inavolisib. We evaluated the phosphorylation
of surrogate proteins of the PI3K/Akt pathway by an immunoblotting assay.
Phosphorylation of Akt at S473 (pAkt) was used as readout for Akt activity, and
phosphorylation of PRAS40 (pPRAS40) and S6 (pS6) ribosomal protein were
used as surrogate readouts for mTOR activity. We selected for the assay the
models DIPG-007 (PIK3CA-mutant), DIPG-014 and DIPG-021, all of them with
constitutive phosphorylation of PRAS40 and S6 ribosomal protein in basal
condition. Inavolisib potently inhibited the Akt/mTOR pathway in a dose-
dependent manner in DIPG-007 and DIPG-014, with DIPG-007 cells being
particularly sensitive the drug, even at 0.04 uM (Figure 36A). In contrast, DIPG-
021 cells were resistant to inavolisib at concentrations below 1 uM (Figure 36A).
We attributed these results to the PIK3CA mutational state which is likely a
biomarker for inavolisib response in DIPG. As described in Chapter 5 of this
thesis, the DIPG-021 model exhibits high basal levels of Erk phosphorylation,
coupled with low Akt activation. This suggest a strong reliance on MAPK pathway
signalling in this cell model, rather than on the PI3K pathway, rendering it less

sensitive to inavolisib.

Next, we assessed whether inavolisib induced cell apoptosis. Caspase-3/7 were
cleaved after inavolisib treatment, particularly after times of incubation of at least
48 h, and at concentrations of at least 1 uM (Figure 36B). The poly (ADP-ribose)
polymerase protein (PARP), a useful hallmark of cell death, was also cleaved
following inavolisib treatment (Figure 36B). We confirmed the immunoblotting
results on cleaved PARP using flow cytometry. Inavolisib treatment for 24 h
increased the apoptosis rate of DIPG-007 cells in a dose-dependent manner
(Figure 36C).
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Figure 36. PI3K/Akt pathway inhibition and apoptotic response to inavolisib in vitro. (A)
Pharmacologic effects on downstream signalling in response to inavolisib in DIPG-007, DIPG-
014 and DIPG-021 cells by Western Blot. GAPDH was the loading control, used to normalize the
protein expression levels of Akt, pAkt, PRAS40, pPRAS40, S6 Kinase and pS6. The relative ratio
(represented in percentage) of pAkt/Akt, pPPRAS40/PRAS40 and pS6/S6K was calculated for
each DIPG model. (B) Inavolisib induced the activation of apoptotic-related proteins in DIPG-007
cells. After treatment with inavolisib (0, 0.01, 1 and 5 uM) for 24, 48 and 72 h, Western Blot assay
were performed against cleaved caspase-3, cleaved caspase-7 and cleaved PARP. GAPDH was
used as a loading control. (C) Inavolisib induced dose-dependent apoptosis in DIPG-007 cells.
Cells were treated with inavolisib (0, 0.01, 0.1 and 1 yM) for 24 h and stained with cleaved PARP.
The apoptosis induced by inavolisib was quantified. The percentage of apoptotic cells is shown

in the bar graph. The data are represented as mean + SD of four biologic replicates.

3. Inavolisib crosses the BBB and increases the overall survival of an

orthotopic DIPG model.

We investigated the biopharmaceutical profiles of inavolisib and ipatasertib in
terms of CNS penetration and in vivo anticancer activity in mice bearing
intracraneal DIPG-007 xenografts. For the efficacy study, animals received daily
oral ipatasertib (25 or 100 mg/kg) or daily oral inavolisib (50 mg/kg). For
inavolisib, we observed transient toxicity induced by treatments (10% body

weight loss during the initial days of treatment) (Figure 37A). Two cycles of
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inavolisib, for a total of 10 days in the first cycle and 10 days in the second cycle,
prolonged the median survival of DIPG-007 xenografts to 85 days, significantly
higher compared to control mice, which survived 75 days (P = 0.0072) (Figure
37B). Inavolisib concentrations in plasma achieved a maximum of 12.9 + 0.56
UM after a single 50 mg/kg dose, and they were detectable for 24 h in the low
micromolar range (Figure 37C). In the brain, inavolisib achieved a maximum
concentration of 0.70 £ 0.12 yM at 0.5 h, and persisted above 0.01 uM until 18 h
post-administration (Figure 37C). Because the ICso value of inavolisib for DIPG-
007 cells in vitro is 0.01 pM, these pharmacokinetic data are considered favorable
and they would explain that mice receiving the drug survived longer than the

control mice.

For ipatasertib, we observed transient toxicity only at the high dosage level
(Figure 37D). Despite the administration of long treatments to the mice, for a total
of 25 days, the treatment did not achieve therapeutic benefit in the xenografts,
regardless of the dose (Figure 37E). Ipatasertib concentrations in plasma
achieved a maximum of 13.1 £ 12.5 uM after a single 100 mg/kg dose, and they
stayed in the range 3.59 - 2.19 pM between 2 h and 24 h (Figure 37F). In the
brain, ipatasertib achieved a maximum concentration of 1.05 + 0.93 uM at 0.5 h,
and persisted in the range 0.87- 0.42 uM until 24 h post-administration (Figure
37F). Because the ICso value of ipatasertib for DIPG-007 cells in vitro is 1 uM,
these pharmacokinetic data, even at a non-clinically feasible dose (these mice
received 100 mg/kg, while 25 mg/kg is the recommended dose for mice), are
considered not favorable and they would explain that mice receiving the drug did

not survive longer than the control mice.
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Figure 37. In vivo survival and pharmacokinetics of inavolisib and ipatasertib. (A) Body weight
variation of mice treated with inavolisib, compared to controls. (B) Survival curves for mice treated
with 50 mg/kg inavolisib, compared to vehicle-treated controls. (C) Plasma and brain
concentrations of inavolisib up to 24 h post-administration of a single dose of 50 mg/kg in healthy
mice. The discontinuous line show the ICso threshold of inavolisib for DIPG-007. A different
symbol shape indicates values below the detection limit of the technique. (D) Body weight
variation of mice treated with ipatasertib, compared to controls. (E) Survival curves for mice
treated with 25 or 100 mg/kg ipatasertib, compared to vehicle-treated controls. (F) Plasma and
brain concentrations of ipatasertib until 24 h posterior to a single dose of 100 mg/kg in healthy
mice. The discontinuous line show the ICso threshold of ipatasertib for DIPG-007.

4. PI3K inhibition with inavolisib promotes tumor growth arrest in vivo.

Having characterized the CNS distribution kinetics of inavolisib and ipatasertib,
we next investigated their pharmacodynamics in orthotopic DIPG xenografts. We
treated 16 mice with daily oral dosages of 25 mg/kg ipatasertib, and 5 mice with
50 mg/kg inavolisib, and sacrificed them 2 h after the last dose of treatments. To
evaluate tumor burden and histology in treated tumor-bearing brains, compared
to controls, we performed an IHC staining of human nuclei. We found no
differences in the tumor load after ipatasertib treatment, compared to controls,
but the animals treated with inavolisib had less infiltration of cancer cells in the
brain parenchyma (Figure 38A). Using the ddPCR technique developed in this
PhD thesis, we processed paraffin slides and found that DIPG cells counts were
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lower in the inavolisib-treated tumors, as quantified by the number of human
H3F3A copies in the sample (Figure 38A, B).

Next, we aimed to assess response to inavolisib in liquid biopsies. First, we
performed a study in DIPG cells in culture, exposed to inavolisib, and we found
an increase in H3F3A quantification in the supernatants following treatment,
which we explained as a phenomenon related to cell death due to the treatment
efficacy (Figure 38C). Considering these results in vitro, we isolated the ctDNA
from the CSF of eight tumor-bearing mice, four of them treated with 50 mg/kg
inavolisib, and four with vehicle, for 14 days. In agreement with the in vitro assay,
we observed that the amount (ng) of human H3F3A gene present in the CSF
obtained from the mice treated with inavolisib was significantly higher than the
amount in those CSF obtained from animals treated with vehicle (P = 0.0159)
(Figure 38D). Thus, the ddPCR technique in the CSF might be useful to detect
apoptotic processes occurring in mice following successful anti-DIPG treatments.
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Figure 38. Efficacy of ipatasertib and inavolisib in DIPG-007 xenografts. (A) Representative
immunostainings of human nuclei in animals of the efficacy study (x5 magnification, scale bar =
400 um, scale bar 1.25x = 1.6 mm). (B) Quantification of the human H3F3A gene (ng) in paraffin
slides from DIPG-007 tumor-bearing mice obtained during treatment with inavolisib and
ipatasertib, compared to untreated mice. (C) H3F3A (ng) quantification (per viable cell) in the
CctDNA isolated from the supernatant of DIPG-007 cell cultures, with or without exposure to 1 uM
inavolisib. Dots in the graphics represent the mean + SEM of two replicates. Sidak's multiple
comparisons test. (D) Assessment of the response to inavolisib in the CSF of DIPG xenografts
obtained during treatment. Graphics show the droplets for the alleles H3F3A K27M (blue) and
H3F3A WT (green) from four representative samples. The box plot represents all data obtained
by ddPCR.
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DISCUSSION

This thesis contains two main parts. The aim of the first part was to improve the
assessment of preclinical treatment efficacy in pHGG. To do so, | refined
preclinical models and methods, such as a ddPCR technique to detect human
DNA in pHGG xenografts established in mice. | took advantage of primary pHGG
models, most of them DIPG, already established at the HSJD laboratory from
biopsies and autopsies of patients, and | processed new patient samples to
establish new models. We applied successfully the new preclinical tools to
measure the efficacy of several pharmacological treatments in DIPG, and we
detected the potential therapeutic activity of some of them in vivo. In the second
part, | focused on the hypothesis that the PI3K/Akt pathway is actionable in pHGG
with newly developed small molecules that we obtained through collaborative
agreements with the company Roche. We performed a whole research program
to characterize this pathway in pHGG and to test the drugs, identifying one PI3K

inhibitor as a potential candidate for clinical use.

The ultimate goal of my PhD thesis was to provide consistent evidence to decide
on whether the new preclinical findings are translatable into clinical applications
for the treatment of patients with DMG (Figure 39).
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Figure 39. Graphical abstract. Workflow established during this PhD project.
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1. DIPG disease symptoms positively correlated with human histone-3 in

pHGG xenografts.

In the first part of the thesis, | developed preclinical methods to characterize and
quantify tumor burden in xenografts of the pHGG subclasses DMG H3 K27-
altered (DIPG-007 and DMG-005), diffuse hemispheric glioma H3 G34-mutant
(GBM-002) and diffuse pediatric-type high-grade glioma H3-wildtype and IDH-
wildtype (GBM-001). These xenografts are 100% lethal to immunodeficient mice,
but methods to follow up disease progression and measure treatment efficacy
need refinement. In my study, | established and compared two methods to
quantify objectively the tumor burden in the xenografts, namely the body weight
loss method and the preamplified - droplet digital PCR method that quantifies

human ctDNA in paraffin brain tumor samples and in fresh CSF.

In our work with xenografts, we wanted to avoid the manipulation of the cancer
cell genome through the insertion of tracer reporter genes encoding for
fluorescent proteins and/or luciferase. This technique allows the continuous
follow-up of the intracraneal tumor burden through imaging®®t, but it may
introduce a range of stressors and disruptions that negatively impact the viability
of primary cultures92193, Also, significant issues may arise due to the variability
in the plasmid copy number introduced to the cells, resulting in a heterogeneous
cell population with different levels of luciferase expression!®*. Bioluminiscence
imaging (BLI) techniques are used for monitoring tumor growth and treatment
efficacy in preclinical studies*38419-19% There exists an excellent correlation
between the amount of BLI signal detected and the tumor volume, especially
during the early stages of the disease. However, at extremes, when the BLI signal
is very low or the tumor is very large, the correlation is slighter'®. In intracranial
studies, it has been observed that if the mouse has hydrocephalus or intracranial
hemorrhage, BLI signal values increase exponentially, while MRI evaluation
indicates the absence of visible tumors'®®. Also, necrotic and hypoxic regions
within tumors may distort BLI signals by displaying little to no bioluminescence
due to the absence of viable??, |uciferase-expressing cells, thus underestimating
tumor size??l. Other imaging modalities, such us positron emission tomography
(PET) and magnetic resonance imaging (MRI) are not sufficiently sensitive for the
comprehensive longitudinal monitoring of infiltrative pHGG xenografts. These
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techniques are primarily effective only at the terminal stage of the disease,
coinciding with the disruption of the blood-brain barrier (BBB)8*+95:202,
Furthermore, mice need to be under anesthesia for extended periods, and these
techniques generally assess indirect indicators of tumor pathology, like focal

edema, which may not depict the tumor size and boundaries!®.

In previous studies, we followed up pHGG engraftment through the evaluation of
animal weight loss, which was accompanied by slight motor symptoms such as
mild ataxia, slightly altered balance, and head nodding, due to the infiltration of
the brainstem and cerebellum?88167.203204 |n the DIPG-007 xenograft, motor
symptoms and weight loss appear late (around 60 days) after tumor inoculation
and are sufficient to evaluate the effect of treatments on mouse survival?®>. Our
experience using this method is consistent with a previous report by Hart et al.,
which standardized the DIPG xenograft mouse model using DIPG-007 cells for
preclinical research?%, However, these methods fall short to detect changes in
tumor burden during the period in which animals receive treatment, usually
comprising day 30 to day 508°4167 |n addition, some treatments induce
moderate weight loss due to toxicity, which can lead to erroneous interpretation
of the disease stage®297-211 To address this, in previous studies we quantified
tumor burden and pharmacodynamic parameters in FFPE tissues obtained from
a limited number of mice that were sacrificed after the completion of their
treatments®-94, This method, however, had the limitations of being terminal (i.e.,
mice need to be euthanized) and tumor burden analysis was only two-
dimensional in tissue slides, which led us to propose the current work on the CSF
liquid biopsy followed by ddPCR of the mutant H3 DNA. CSF is a well-established
liguid biopsy source for DIPG diagnosis’’?12215 In adult and pediatric patients
with diffuse gliomas, ddPCR quantification of ctDNA copies in the CSF is feasible
without preamplification for the mutant versions of genes IDH1, IDH2, TERT,
TP53, PIK3CA, H3F3A, ACVR1 and ATRX"475216,

In our study, ddPCR detection of H3F3A copies in the mouse CSF was not
possible without a DNA preamplification step, likely due to the small volume that
could be collected, around 5 pL of sample. The preamplification approach was
applied to enhance the detection of mutations in the blood ctDNA from patients

with esophageal adenocarcinomas'®®. The technique detected as low as 0.05%
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of mutant fraction for three targets genes of esophageal adenocarcinoma, such
as SMAD4, TP53, and KRAS, compared with non-preamplified samples, where
mutations were not detectable?!’. The fact that, in our hands, H3F3A copies were
below the limit of detection in the mouse blood could be explained by the effect
of the BBB at the tumor site, which might be a primary obstacle for ctDNA
detection in plasma®”.75218219 The presence of DNases in blood could also

contribute to an insufficient detection220-222,

Our preclinical results in mice using ddPCR detection of H3F3A copies in the
CSF intended to replicate the clinical experience. For instance, Panditharatna et
al. used the DNA preamplification technique to detect low VAF somatic mutations
of H3 (K27M, G34R), ACVR1 (G328V, R206H), and PPM1D (E525X), among
other genes, in the CSF and plasma of patients with DMG’’. H3K27M ctDNA was
identified in 87% (20 out of 23 subjects) of CSF samples and 90% (18 out of 20
subjects) of plasma samples from patients, but at lower levels’’. Also, Li et al.
optimized the ctDNA preamplification for their ddPCR-based technique for H3
K27M, using matched DMG tissue and liquid biopsy specimens®®. They
observed more mutant droplets and greater VAF values with preamplified
specimens compare to not-preamplified ones, with no change in test
specificity®®. This observation aligns with our study, in which an increase in the
number of droplets detected in CSF samples was noted following
preamplification, compared to samples without preamplification. In plasma
samples, despite the use of preamplification PCR, we were unable to detect
droplets, contrary to the findings of Panditharatna et al. This discrepancy is likely
due to the smaller volume of plasma obtained from mice compared to the larger
volumes collected from patients. On the other hand, the results of the ctDNA
guantification in our in vitro assay are in agreement with the study performed by
Stallard et al., in which the increase of bioluminescent DIPG-007 cells correlated
with the gain of K27M copies in the cell supernatant due to cell proliferation. In
the Stallard study, a cytotoxic treatment (8 Gy irradiation) increased abruptly the
amount of mutant ctDNA in the media’®. Similar findings have been reported in
subcutaneous lung cancer xenograft models, where ctDNA levels were

monitored during radiotherapy and found to increase following 6 Gy treatment?23,
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Currently, there is limited research related to the study of ctDNA in preclinical
models. The few studies available have primarily focused on extracranial tumors,
using serial samples of plasma as the main source of ctDNA??4225 and no similar
studies have been reported for intracranial xenografts previously, neither
collecting serial samples of CSF for the analysis of ctDNA, as | did in my PhD
work. It is interesting to note that some of these studies have correlated ctDNA
concentration with tumor size in mice??>2%¢, Wei et al. detected through ddPCR
that the counts of EGFR T790M and KRAS Q61H mutations in plasma-derived
ctDNA increased proportionally with the tumor weight of H1975 and H460
subcutaneous xenografts of lung cancer.??®> They found that when the tumor
weight was below 400 mg, the detection of these mutations in plasma was
relatively low (mostly negative), whereas when the tumor exceeded 1500 mg,
they could detect up to 8280 mutated copies/mL?%°, These data suggest that
tumor volume is crucial for this analysis. These findings align with ours, as the
technique shows high sensitivity even for preclinical assays. As a limitation of our
method, the detection of human H3F3A derived from ctDNA in the CSF cannot
be detected until the tumor is more advanced, although this value can be
correlated with mouse weight loss, which is equivalent to tumor weight for

extracranial tumors.

In summary, due to limitations occurring during the last stages of tumor growth in
the mouse brain, most studies still use the parameter of animal body weight loss
as an endpoint for evaluating animal welfare deterioration and determining the
point at which the animal should be sacrificed®889.198205211,227.228 - Qur current
study has validated that the body weight loss parameter correlated well with the
real tumor burden in the management of DIPG preclinical studies, therefore
validating in vivo experiments performed in this thesis. In this regard, studies with
DIPG xenografts included in the Chapter 4 of this thesis, in which we evaluated
ACVRL1 inhibitors, trametinib, ONC201 or taselisib, led to important strategic
decisions to continue or cease the clinical development of drugs and to either

recommend or not investigational treatments for application at our institution.
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2. The PI3K/Akt pathway is dysregulated in pHGG/DIPG.

The phosphoinositide 3-kinase (PI13K)/ protein kinase B (Akt) pathway is crucial
in various cancers, regulating cell survival, metastasis, metabolism,
angiogenesis, and inflammatory factor recruitment in the tumor environment. This
signalling cascade operates immediately downstream of various upregulated and
mutant growth factor receptors in the cellular membrane that transmit oncogenic
signals??® and can become abnormally activated through various mechanisms,
including genomic alterations such as mutations in PIK3CA, PTEN, Akt, TSC1,
and mTOR?230, One of the primary objectives of my PhD work was to characterize
the PI3K/Akt/mTOR signalling activation in our pHGG/DIPG models.

Our interest to test inhibitors for the PI3K/Akt pathway is substantiated by several
studies. In the context of DIPG, Duchatel et al. utilized a CRISPR/Cas9 loss-of-
function screen to identify a significant genetic dependency on the PIK3CA and
MTOR genes for maintaining cell growth and proliferation in vitro, emphasizing in
the therapeutic potential of the PIK3CA inhibitor, paxalisib?t. Recently, Fortin et
al. utilized transgenic mouse models to elucidate the role of PIK3CA gain-of-
function mutations in tumorigenesis. Their study demonstrated that concurrent
mutations in Histlh3b, ACVR1, and PIK3CA were necessary to induce high-
grade diffuse gliomas in mice, underscoring the cooperative nature of these
genetic alterations in glioma development*. These findings confirmed the

potential of targeting proteins within this pathway for therapeutic interventions.

In pHGG, aside from histone mutations, the most prevalent molecular alterations
involve the overexpression of receptor tyrosine kinase (RTK) family members. In
this regard, our results showing most RTK are altered in our samples, consistent
with previous findings. PDGFRA has been identified as the most commonly
altered RTK in DIPG, significantly impacting patient prognosis, as its
amplification is associated with reduced overall survival compared to patients
lacking this alteration'’8, Mackay et al. also reported EGFR amplifications in 4%
and MET amplifications in 2% of 834 pHGG cases?!’. IGF1R mutations were
observed in a very small proportion of cases, alongside focal amplifications of the
IGF1IR genel®?, These RTK aberrations are associated with increased

expression and lead to dysregulation of these signalling receptors, triggering
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downstream signalling cascades through activation of the PI3K/Akt or MEK/Erk

pathways?31.

Using gene expression analyses, we found differences in the expression of
catalytic (p110) versus regulatory subunit (p85), encoding by PIK3R1 and
PIK3R2, being the regulatory subunit the most significantly altered across our
models, compared to healthy brain control, in contrast to the catalytic subunit,
which shows more stable and less variable expression, independent on the
harboring alterations. Actually, regulation of the PI3K activity depends on the p85-
to-p110 ratio. According with our results, in many cells it has been found that p85
levels exceed p110 levels?®2. This excess may lead to competition between free
p85 monomers and the p85-p110 complex for binding to insulin receptor
substrates (IRS) protein, which acts as an adaptor for PI3K to the RTK, reducing
PI3K activity. Various p85 binding partners, such as bromodomain 7 (BRD7), play
a role in regulating PI3K activity. BRD7 binds to p85 and sequesters it in the
nucleus, reducing the interaction of free p85 with IRS and thus improving PI3K
signalling by the p85-p110 complex union, as described in liver cells, although it
produces contrary effect in HeLa cells?32. We did not address these events in this
PhD work. Regarding the brain development, it is regulated in part by trophic
factors, such as insulin-like growth factor-1, making neuronal cell survival
dependent on PI3K/Akt signalling. This pathway is thus essential for a proper
brain size and function during embryogenesis, emphasizing the reliance of early
neuronal stem cells on PI3K signalling for brainstem formation. This dependence
also underlines the role of a dysregulated PI3K pathway in promoting the
malignant growth seen in DIPG?!L, In DIPG, bromodomain proteins have been
extensively studied. Research has shown that the loss of genomic H3K27me3 is
associated with an increase in H3K27ac, a modification recognized by BRD
proteins?33. This recognition promotes the recruitment of RNA polymerase Il and
enhances transcriptional activity. Both of these mechanisms may play a role in

tumorigenesis in DIPG.

PTEN, a negative regulator of the PI3K/Akt pathway, prevents the
phosphorylation of PIP2 to PIP3, thereby inhibiting the recruitment and activation
of PI3K at the cell membrane. PTEN functions as a tumor suppressor in tumor
cells and exhibits higher activity compared to normal tissue, where cellular
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metabolism is lower?34, The inactivation of PTEN via chromosomal deletion at
10g or oxidative inactivation at the active cysteine site Cysl124, through the
formation of a disulfide bond with the adjacent cysteine residue Cys71, has been
identified as an early event in DIPG?%235, Our results revealed PTEN
overexpression in five of our models (DIPG-008, DIPG-012, DIPG-013, DIPG-
021, and DMG-005), that might imply an active and functional role in inhibiting
PI3K activation and preventing the overexpression of downstream genes, despite
the gene harboring no aberrations. Other cell lines, GBM-002, displayed a
nonsense mutation in PTEN, which generates a premature stop codon,
displaying a truncated protein?3. As described for the TP53 gene, it is possible
that mMRNA overexpression occurs when a gene harbors a nonsense mutation,
as part of a compensatory response. Although nonsense mutations generally
trigger the Nonsense-Mediated Decay (NMD) mechanism to degrade the
defective mRNA, in some cases, the cell may evade this mechanism and
increase transcription of the mutated gene to compensate the loss of the
functional protein?3’. In other models, such as DIPG-007, DIPG-011, or DIPG-
014, PTEN expression is either loss or significantly reduced compared to healthy
brain tissue. Both of these phenomena may result in the hyperactivation of the
PI3K/Akt pathway!8, Extensive in vitro and in vivo data suggest that targeting
PTEN activity could offer therapeutic benefits?3®. However, at the translational
level, no clinical trials are currently focused on drugs specifically targeting the
loss of the PTEN tumor suppressor. Nevertheless, many trials are investigating
the efficacy of PI3K and mTOR inhibitors using PTEN deficiency or loss of
expression as a predictive biomarker, suggesting these treatments could be more
effective in cases with such genomic alterations (NCT06360588, NCT04439188,
and NCT02449538). Considering this, some patients with PTEN-deficient DIPG
may potentially benefit from these drugs, which are currently being studied for

other tumor types, including pediatric osteosarcoma (NCT04690725).

The Ras/MEK/ERK and PI3K/Ak/mTOR pathways were initially viewed as
distinct linear signalling cascades triggered by separate stimuli. However, early
studies suggested potential interactions between these pathways, with evidence
of mutual regulation and coordination of downstream functions*>*. The MEK/Erk

pathway, along with PI3K/Akt, drive cell proliferation by promoting the cell cycle
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and gene expression required for growth?3°, Compensatory signalling interactions
between the PI3K/Akt and MEK/Erk pathways are well-documented in adult
cancers'®?240 including glioblastomas?*?4?, and have also been under
investigation in DIPG tumors for several years'2163 wherein inhibition of one
pathway leads to the activation of the other, thereby maintaining cell survival and
proliferation62243, This compensatory mechanism is crucial for understanding the
resistance to targeted therapies and the complexity of signalling networks in
DIPG163244 'Wu et al. demonstrated that dual inhibition of PI3K/Akt and MEK/Erk
pathways with perifosine and trametinib resulted in more significant suppression
of tumor growth in DIPG cells, compared to targeting either pathway alone'®?,
Additionally, Chang et al. investigated the combination of a PI3K inhibitor with
trametinib and found that this treatment suppressed the malignant growth of
DIPG cells both in vitro and in vivo, leading to prolonged survival'®3, However,
they observed considerable systemic toxicity, including weight loss and food
avoidance, when the drugs were administered systemically. This aligns with
clinical findings, which indicate that dose-limiting toxicities are common for these
agents and may be exacerbated when used in combination®3, We observed that
in the DMG-005 cell model, the MEK/Erk pathway appeared to be overactivated
while PTEN suppressed PI3K activation. This effect was not observed in other
models showing PTEN overexpression, possibly due to the limited analysis of
MEK/Erk pathway genes or the greater relevance of other pathways, such as
AMPK, Wnt/B-catenin, NF-kB, or JAK/STAT, for the survival and proliferation of

these models24°.

To evaluate the activation status of the PI3K/Akt pathway in our DIPG cell
models, we used the phosphorylation of Akt, a direct readout of PI3K activity, as
a reliable indicator of pathway activation?#¢. Consistent with our expectations,
DIPG cell models that exhibited upregulation of PI3K-related genes also
demonstrated increased Akt activation. Interestingly, DIPG-008 showed an
overexpression of PTEN, while pAkt, pPPRAS40, pS6 and also pErk remained
lower than in other models. This finding is in agreement with the described
function of PTEN to inhibit pathway signalling?*’. A similar effect was observed in
DIPG-021, in which PI3K-related downstream pathway proteins were less active,

while phosphorylated Erk was increased. This suggests that the MEK/Erk
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signalling pathway plays a crucial role in the survival and proliferation in DIPG-
021, despite the activity of the PI3K/Akt pathway. Additionally, DIPG-013
exhibited hyperactivation of Akt related genes and also Erk, despite
downregulation of PIK3 and MEK-related genes and PTEN overexpression (as a
compensatory mechanism to counteract the excessive activation of Akt) at the
RNA level and no alterations harbored at DNA level. This observation may be
attributed to the feedback loops generated between these two pathways, which
are investigated in DIPG, wherein MEK has the potential to activate both Erk and

Akt, along with downstream effectors?+?,

In tissue samples from patients with DIPG, we observed overexpression of
EGFR, PDGFRA, and FGFR1, suggesting that targeting RTKs could be a suitable
therapeutic approach for pHGG tumors. Several clinical trials are active or
recruiting patients to test tyrosine kinase inhibitors, typically by co-targeting
multiple RTKs to prevent drug resistance mechanisms. A phase 1/2 clinical trial
IS now recruiting patients with pediatric solid tumors, including CNS tumors
harboring PDGFRA and/or KIT mutations (non-synonymous point mutations,
insertions, and deletions) or amplifications, to test avapritinio (NCT04773782).
Additionally, a phase 1 study is active to test EGFR806-specific CAR T cells as
locoregional immunotherapy for EGFR-positive recurrent or refractory pediatric
CNS tumors (NCT03638167). These developments highlight the potential of
RTKs as a target for pHGG tumor therapy. The clinical trials for patients with
pHGG are currently active, focusing on targeting PISK/mTOR pathway activation,
typically in combination with other drugs such as ribociclib, a CDK4/6 cell cycle
inhibitor (NCT05843253). Additionally, paxalisib (GDC-0084), a selective PI3K
inhibitor, has been tested in clinical trials for pediatric patients with newly
diagnosed DIPG or DMG (NCT03696355). These data suggest the importance
of targeting the PI3K/Akt/mTOR pathway in patients diagnosed with pHGG where

this signalling pathway is overactivated.

To summarize, our findings confirm that the PI3K/Akt/mTOR pathway plays a key
role in pHGG tumorigenesis, providing a potentially actionable target, and also in
resistance mechanisms, in which the RAF/MEK/Erk signalling pathway could be

involved.
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3. Inavolisib demonstrates potent preclinical efficacy and robust CNS
distribution in DIPG xenografts with intact BBB.

The safety and efficacy of the PI3K/Akt pathway inhibitors ipatasertib and
inavolisib has been proven in preclinical cancer models and clinical trials with
encouraging results138151.248-250  Eor my PhD studies, we used a preclinical
platform of DIPG cell models and an animal model for biodistribution and survival
studies. We demonstrated that both ipatasertib and inavolisib mono-therapies
selectively inhibited cell growth in a dose and model-dependent manner in vitro.
Treatment with ipatasertib did not increase the overall survival of the mice in vivo,
while inavolisib significantly inhibited tumor burden and prolonged survival in a
DIPG orthotopic model.

Numerous studies suggested that cancer cell lines with PTEN loss and amplified
or mutant PIK3CA are more likely to respond to ipatasertib'37.138  Similar
investigations have been reported for inavolisib, which selectively inhibits
proliferation of PIK3CA-mutant breast cancer cell lines to a greater extent,
compared to PIK3CA wild-type cells?®t. DIPG-007 harbors a mutation in PIK3CA
gene, encoding p-His1l047Arg (also known as H1047R) which induces a
substitution of the amino acid histidine at position 1047 with the amino acid
arginine in the C-terminal portion of the kinase domain of the PIK3CA p110a
protein?°1-253, This hotspot mutation induces an oncogenic transformation through
increasing the lipid kinase activity of p110a and a gain of function of PI3K?%4, As
described for other tumors, the presence of the mutation in DIPG-007 conferred
cell sensitivity to ipatasertib and inavolisib. Our findings in DIPG-007 are
consistent with a high degree of inhibition of molecular downstream targets of

PI3K as demonstrated in western blots, in a dose and model-dependent manner.

Several drugs targeting the PI3K/Akt signaling are being developed and tested in
clinical trials due to the constitutive activation of the pathway signaling in many
pediatric brain tumors2°®. Unfortunately, identifying the right targets is not enough
to predict drug activity in brain diseases, especially in the case of several CNS
neoplasms in which the BBB remains intact?*6. To have activity, it is mandatory
that a proper concentration of drug reaches the tumor cells and resides the

adequate time in its site of action. Currently, thePI3K signaling pathway inhibitor
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ipatasertib is in phase-Il/II clinical trials for adult breast cancer (NCT04177108)
and inavolisib has been recently approved by the FDA for the treatment of
metastatic PIK3CA-mutated breast cancer, but neither of them has been tested
in clinical trials in children with pediatric tumors, and their biodistribution through
the CNS remains unknown. In our orthotopic intracranial xenograft model,
inavolisib reached the brain at concentrations sufficient to decrease the tumor
burden in treated animals, while ipatasertib was clearly unable to cross the BBB
sufficiently to produce tumor inhibition. We performed the in vivo studies using a
daily oral dosage, rather than considering a local administration route such as
direct intracranial drug injection via convection-enhanced delivery (CED),
because drugs administered by CED must be water-soluble at physiological pH
for effective brain delivery?®’. We also consider that local administration routes

are not clinically feasible for drugs needing daily administration.

In the last decade, liquid biopsy raised as a useful and up-to-date method to
monitor cancer malignancies, especially for brain tumors, due to the stereotactic
or open biopsies carry an uncertain risk-benefit for the feasible surgical
complications. Furthermore, neurosurgical biopsies provide limited amounts of
tumor tissue, which cannot represent its own heterogeneity for an accurate
pathologic and molecular diagnoses?3. Isolated ctDNA present in the CSF is
used as a potential tool to detect genomic alterations, providing information about
tumor heterogeneity and treatment responses by tumor burden quantification.
There are several technologies to detect the ctDNA molecules, and among them
ddPCR is emerging as an effective instrument to quantify somatic mutations
present in CNS tumors?%8. Previous in vitro studies have demonstrated that
H3F3A K27M mutation present in DIPG cells may be detected in the ctDNA
released into the cells supernatant due to cell proliferation, simulating ctDNA
release into the CSF, by ddPCR7. Also, ctDNA abruptly increases on the media
when cells are treated with radiotherapy (standard of care in DIPG) due to cell
death’®. Using the ddPCR method developed in the first part of the thesis, we
detected an increase of ctDNA release into the CSF in animals treated with
inavolisib during 14 days, suggesting that ctDNA levels in the CSF could rise

following successful treatments in patients with brain tumors. The ctDNA could
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thus be used as biomarker for drug response in DIPG preclinical and clinical

studies. This finding should be addressed in prospective clinical trials.

In this third part of the thesis, | emphasize that our positive preclinical data for
inavolisib could have therapeutic implications in patients with pHGG carrying
PIK3CA mutations, which should be addressed in prospective trials. Of note, the
fact that DIPG shows substantial intratumoral clonal heterogeneity!’® highlights
the importance of developing combination therapies to improve patient outcomes.
Moving forward, it will be crucial to investigate potential resistance mechanisms
that may arise in tumor cells treated with inavolisib, or others. Thus, new
therapeutic approaches should foresee that monotherapy will likely not be
sufficient to control disease, and treatment combination strategies should be

considered early in future clinical trials.
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CONCLUSIONS

In this thesis, | contributed to expand and improve the preclinical models and
methods to assess the efficacy of new therapies for DIPG, and | described the
potential of the PI3K/Akt pathway as a therapeutic approach for DIPG harboring
mutations in PIK3CA gene. The main conclusions are:

1. My work, added to previous work at HSJD, established and characterized
15 preclinical pHGG models covering three of the subclasses of the
disease. The genetic profiles of these models match with the expected
recurrent genomic alterations in genes such as H3F3A, TP53, PPM1D,
ACVR1, ATRX, or PIK3CA. Four of such pHGG models are robust
xenografts of the subclasses DMG H3 K27-altered (DIPG-007 and DMG-
005), diffuse hemispheric glioma H3 G34-mutant (GBM-002) and diffuse
pediatric-type high-grade glioma H3-wildtype and IDH-wildtype (GBM-
001). These xenografts are 100% lethal to immunodeficient mice.

2. | developed sensitive and specific ddPCR methods to quantify allele
frequencies of human genes H3F3A K27M, H3F3A G34R and ACVR1
R206H in the ctDNA present in samples (FFPE slides and CSF) obtained
from mice with pHGG.

3. The preamplification PCR is a feasible and necessary technique to allow
for the detection of human H3F3A by ddPCR in small samples of 5 uL of
CSF of mice with DIPG, increasing the sensitivity of the technique by 200
times, without losing specificity.

4. Collecting serial samples of CSF via the cisterna magna of mice with DIPG
is a feasible technique. However, this liquid biopsy detects progressive
disease only after animals start symptoms (weight loss), i.e., around day
60 after tumor inoculation in DIPG-007-bearing mice.

5. In mouse brain FFPE samples, both the ddPCR technique applied to the
analysis of tumor gDNA and the count of human nuclei-positive cells are
accurate methods to measure the degree of the disease progression,
independently of the disease symptoms.

6. In DIPG-007 xenografts, the body weight loss parameter correlates very
well with the real amount of tumor (tumor burden) in the mouse brain,

calculated by IHC (human nuclei) or ddPCR. Thus, the body weight loss
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method is an accurate method to follow up terminal disease and assess
treatment efficacy in the xenograft DIPG-007.

Using the body weight loss method, we successfully evaluated the
preclinical activity of potential therapeutic candidates, including ACVR1
inhibitors, ONC201, trametinib and taselisib in DIPG-007 xenografts.
Using whole exome sequencing data, we found abnormalities in genes
associated with the RTK-PI3K-MAPK axis among all the preclinical pHGG
lines. Data from a limited number of patient samples (5 autopsies and 7
biopsies) confirmed the activation of the PI3SK/Akt/mTOR pathway in at
least 60% of the tumors.

Inavolisib, a PI3K inhibitor, and ipatasertib, an Akt inhibitor, demonstrated
antiproliferative activity, in the low micromolar range, against DIPG
models, being the PIK3CA-mutant model, DIPG-007, the most sensitive to
both drugs.

Inavolisib inhibited vessel formation in the human brain endothelial cell line
hCMEC/D3.

11.Inavolisib (50 mg/kg, oral, in mice) crosses the BBB and persists in the

brain for more than 20 h at concentrations higher than 0.01 pM, the ICso
of DIPG-007 cells. In contrast, ipatasertib (100 mg/kg, oral, in mice), does
not reach the necessary active concentration of at least 1 uM in the mouse

brain.

12.Inavolisib increased significantly the survival of DIPG-007 bearing mice,

likely due to its favorable CNS distribution profile. Ipatasertib did not

increase the lifespan of these mice.

13. DIPG-007 bearing mice receiving inavolisib had significantly higher levels

of human ctDNA in the CSF than control mice, suggesting that the ddPCR
method in the mouse CSF could help detect the anticancer activity of

candidate drugs.
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