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Abstract

The Inhibitor of Apoptosis (IAP) proteins promote cell survival and are at the nexus of multiple
inflammatory pathways. Smac mimetic compounds (SMCs) are small molecule drugs that inhibit
the IAPs, sensitize cancer cells to TNFa-induced cell death, and alter NF-kB signaling to provide
immunostimulation. SMCs are currently under evaluation as therapeutic agents against a wide
array of cancers. We have previously shown that SMC combination with immunotherapies
durably cures up to 40% of syngeneic, orthotopic murine glioblastoma (GBM) models. GBM is
the commonest and deadliest primary brain tumor, with near uniformly fatal prognoses and no
significant changes to standard of care in decades. Given key roles of IAPs in gliomagenesis and
GBM therapy resistance, optimizing SMC-based therapies for GBM has significant potential for
improving outcomes for this fatal cancer. Here, I aimed to identify and exploit resistance
mechanisms to SMC-based immunotherapies for GBM. I show that GBM cells sensitive to
SMC-mediated cell death remain sensitive under a diverse array of microenvironmental
conditions. I further show that the central nervous system location limits primary immune
responses against GBM, and that the tumor-associated macrophage (TAM) population represents
a significant source of potential death ligands for GBM eradication. I elucidate a key role for
astrocytes and TGFf in GBM and TAM resistance to SMC treatment and show increasing dose
of SMC and TGFp blockade significantly improve efficacy of SMC-based immunotherapies.
Further evaluating precise timing, delivery methods and other immunosuppressive targets for
blockade will establish SMCs as potent immunostimulants promoting anti-GBM immunity.
Collectively, SMCs can potently remodel the GBM microenvironment and provide significant
immunostimulation allowing for enhancement of anti-GBM immunotherapies, thereby producing

substantial survival benefit for this highly resistant and fatal cancer.
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1.0 Introduction
1.1 Cell Death, Inhibitor of Apoptosis Proteins and Smac Mimetic Compounds
1.1.1 Inhibitor of Apoptosis Proteins

The inhibitor of apoptosis (IAP) proteins represent a class of eight anti-apoptotic proteins
defined by the presence of 1-3 baculovirus IAP repeat (BIR) domains at the N-terminus'. Aside
from vital roles in cell survival, the IAPs are essential for proper immune function and are
ubiquitously expressed in immune cells and lymphoid organs®*“. Deficiency or aberrant
functioning of the IAPs is associated with numerous clinical presentations, most notably cancer.
X-linked IAP (XIAP; BIRC4) deficiency presents with excess immune cell death in response to
numerous stimuli resulting in immunodeficiency, with further impaired pattern recognition
signaling contributing to heightened sensitivity to infection and frequent severe inflammatory
bowel disease and splenomegaly>®. Cellular IAP 1 and 2 (cIAP1/2; BIRC2/3) directly interact
with and ubiquitinate receptor interacting protein kinase 1 (RIPK1) downstream of tumor
necrosis factor receptor 1 (TNFR1) signaling, and thus also have vital roles in immune cell
survival and proper functioning. Dysfunctional RIPK1 signaling is associated with increased
susceptibility to infection, lymphopenia, and autoinflammatory diseases including TNFR-
associated periodic syndrome’s®. The IAPs are therefore crucial to proper cell survival and

immunity.

Some mammalian IAP family members also possess a really interesting new gene (RING) E3
ubiquitin ligase at the C-terminal. The actions of these two domains allow the IAPs, most
notably cIAP1/2 and XIAP, to suppress apoptosis via direct caspase inhibition (via BIR domains
and linker regions) and signal transduction through survival pathways (RING E3 ubiquitin ligase
activity)’. Among said pathways, induction of nuclear factor —kappa beta (NF-kB) by tumour

necrosis factor alpha (TNF-a) binding to its cognate receptor (TNFR1) requires the interaction of



cIAP1/2 with the NF-xB adaptor protein TNF receptor associated factor 2 (TRAF2) %! A series
of ubiquitination steps'>!* leads to the downstream activation of both mitogen activated protein
kinase (MAPK) and NF-«xB, with consequent upregulation of anti-apoptotic proteins (including
Bad, Bax, BCL-2, Bid, cellular FADD-like IL-1B-converting enzyme inhibitory protein (c-FLIP),

survivin, cIAP1/2 and XIAP'#) and TNF-a for positive feedback”!>:!®.

XIAP is the most potent caspase inhibitor, capable of directly inhibiting Caspase-3, Caspase-7
(BIR2 domain and linker region) and Caspase-9 (BIR3 domain) at neoepitopes formed upon
procaspase cleavage into activated caspases!’ . Second mitochondria-derived activator of
caspases (Smac), released from the mitochondria during apoptosis, directly binds the BIR2 and
BIR3 domains of XIAP and cIAP1/2 via an alanine-valine-proline-isoleucine (AVPI) tetrapeptide
at its N-terminus®®?!, In the case of XIAP, Smac binding at BIR3 directly interferes with its
capacity to bind caspase-9, while also causing steric interference preventing caspase-3 and
caspase-7 binding?>?*. Smac binding to cIAP1/2 allosterically promotes autoubiquitination via

RING E3 ubiquitin ligase activity, with consequent proteasomal degradation®*,

Survivin (BIRCS), another IAP family member, is also activated by NF-xB (and STAT3). While
survivin has no enzymatic activity, it has key roles in mitosis and survival via actions as an
adaptor protein. Its anti-apoptotic functions are through its binding to XIAP, wherein it can

enhance caspase interactions, stabilize and enhance the actions of cIAP1/225-26

, prevent Apafl
release, and sequester Smac?’. Survivin is also involved in the trafficking of the chromosomal

passenger complex to centromeres during mitosis, a crucial step ensuring proper chromosomal

alignment prior to segregation?®.



1.1.2 Mitochondrial apoptotic cascade

The intrinsic apoptotic pathway (Figure 1) is initiated by cytotoxic stimuli and results in
mitochondrial outer membrane permeabilization (MOMP). This permeabilization is effected by
the monomeric BCL-2 family proteins Bax and Bak. Upon exposure to an apoptotic signal, Bax
translocates to the mitochondria; Bak is constitutively inserted in the mitochondrial outer
membrane. Activation exposes their BH3 domain, which binds hydrophobic grooves in other
Bax or Bak monomers. Subsequent oligomerization results in the formation of a pore in the outer
mitochondrial membrane®”!. This allows for release of cytochrome C, Smac, Htra serine
peptidase 2 (Htra2), endonuclease G, and apoptosis-inducing factor (AIF) into the cytosol*>>?,
Htra2 acts similar to Smac in its IAP inhibitory capabilities, and at high concentrations is able to
induce a serine protease-dependent cell death that does not engage caspases*. XIAP-associated
factor 1 (XAF1) interacts with XIAP to prevent its caspase inhibitory functions, seemingly

13%. As a result of these actions, the inhibitory effect of the

without need for an activation signa
IAPs is removed and apoptosis can proceed. For most cells, release of cytochrome C (and Smac)
represents the point at which the apoptotic cascade becomes irreversible*®*’. Cytosolic apoptotic
protease activating factor-1 (Apaf-1) is then activated via cytochrome C binding to its C-terminal
WD-40 repeats, and seven Apaf-1/cytochrome C complexes oligomerize through caspase
recruitment domain (CARD) and nucleotide-binding and oligomerization domain (NOD)
conjugation to form the apoptosome®*#!. The CARD domains of seven procaspase-9 zymogen
monomers bind the CARD domains of the apoptosome*’, resulting in cleavage and activation of
caspase-9. This activated complex in turn cleaves and activates the effector caspases-3 and -
742,43

, which subsequently cleave their targets (most notably poly-ADP ribose polymerase;

PARP, enzymes critically involved in DNA repair)***> and effect apoptosis.



Regulation of MOMP is achieved through expression of other pro- and anti-apoptotic BCL-2
family members. Anti-apoptotic members, which include BCL-2, BCL-xL, BCL-w, and MCL-1,

can bind and sequester Bax and Bak*®*’

, preventing MOMP. Pro-apoptotic BH3-only proteins
(Bim, Bid, Puma, Bad, Noxa, Bmf, Blk, and Hrk) can bind and inactivate these anti-apoptotic
proteins and, in the case of Bid, Bim and Puma, directly bind and activate Bax and Bak**™!,
Genetic knockout of anti-apoptotic BCL-2 proteins has revealed that Bax and Bak spontaneously

activate and oligomerize, with the outer mitochondrial membrane itself sufficient to trigger

Bax/Bak activation; BCL-2 family members prevent this tendency2.



Growth Factor Hypoxia
Withdrawal

Figure 1: Intrinsic apoptotic pathway. DNA damaging agents including chemotherapy and
radiation induce expression of pro-apoptotic BH3-only proteins, exceeding the balance with anti-
apoptotic BCL-2 family proteins and permitting Bax and Bak oligomerization in the
mitochondrial outer membrane. This outer membrane is consequently permeabilized, allowing
release of pro-apoptotic factors including Apaf-1 and cytochrome C, which form the apoptosome
with Caspase-9 and cleave downstream effector Caspases-3 and -7. Smac release from the
mitochondria inhibits XIAP, a crucial step in permitting apoptosis. Figure was generated in
BioRender.



1.1.3 Death receptor apoptotic cascade and necroptosis

The extrinsic apoptotic pathway (Figure 2) is initiated by engagement of TNFR superfamily
death receptors. Such receptors include Fas, TNF-related apoptosis inducing ligand receptor 1/2
(TRAILR1/2, also referred to as Death Receptor 4/5 (DR4/5) respectively), and, if cIAP1/2 are
absent or inhibited, TNFR1. These receptors are characterized by cytoplasmic death domains
(DD). Fas trimerizes upon FasL binding, resulting in the recruitment of the adaptor protein Fas-
associated protein with death domain (FADD), binding to Fas via its own DD. FADD in turn
recruits procaspase-8 through death effector domain (DED) interactions, forming the death
inducing signaling complex (DISC). The multiple procaspase-8s recruited to the DISC then
undergo two autocatalytic cleavages, setting off the caspase cascade and consequently
apoptosis®> 7. Caspase-8 can also cleave Bid to truncated Bid (tBid), allowing for further
Bax/Bak activation and concurrent initiation of the mitochondrial apoptosis pathway>®.
TRAILR1/2 (DR4/5) engagement similarly results in apoptosis through receptor trimerization,
DISC formation, and caspase cascade initiation®, although cancer cells appear most susceptible

to TRAIL-induced cell death®.

Under homeostatic conditions, TNF-a binding to TNFR1 recruits the adaptor protein TNFR1-
associated death domain (TRADD) via DD interactions, as well as RIPK1°!. TRADD
subsequently recruits TRAF2/3%, which recruits and interacts with cIAP1/2 BIR1 domains®.
cIAP1/2 then act as E3 ubiquitin ligases to K63 polyubiquitinate RIPK 1%, forming the RIPK 1
signalsome and serving as a scaffold for the formation of further signaling complexes. Linear
ubiquitin chain assembly complex (LUBAC), an E3 ubiquitin ligase that generates Metl (M1)
ubiquitin chains to stabilize the signalsome, is then recruited®. A TGF-beta activated kinase 1

(TAK1) binding protein 2/3 (TAB2/3)-TAK1 complex binds to the K63 ubiquitin chains on



RIPK 1 via their zinc finger domains®®. The TAK1-TAB2/3 complex phosphorylates and activates
inhibitor of kappa beta (IxkB) kinase (IKK) complex, which in turn tags IkBa for proteasomal
degradation. IkBa sequesters pS0-p65 (NF-kB) in the cytoplasm, and its degradation allows for

66,67

NF-«B to translocate to the nucleus and promote expression of target genes*™"’, including the

aforementioned survival factors.

A key component informing [AP-targeted cancer immunotherapies is that the presence or
absence of cIAP1/2 determines whether TNFR1 signaling is a cell survival or cell death signal.
In the absence of RIPK1 ubiquitination by cIAP1/2, TRADD interacts with FADD through their
DDs, and FADD recruits and activates procaspase-8, forming the death inducing complex 2
(DIC2) and effecting downstream apoptosis®®. The presence/absence or inhibitory status of
Caspase-8 determines the mode of cell death, as Caspase-8 protease activity can cleave RIPK1,
RIPK3, and cyclindromatosis (CYLD), preventing the formation of the necrosome®®’!.
Inhibition or absence of caspase-8 upon death receptor engagement can result in a form of
regulated necrosis called necroptosis’2. Without Caspase-8, CYLD deubiquitinates RIPK 1, which
then recruits and interacts with RIPK3 via their RIP homotypic interaction motifs. Activated
RIPK3 (which can trigger necroptosis by itself when overexpressed’*) phosphorylates mixed
lineage kinase domain-like pseudokinase (MLKL), which results in exposure of a 4-helix bundle
at the N-terminus. This RIPK1-RIPK3-MLKL complex is the necrosome. Activated MLKL
oligomerizes, interacts with phosphatidylinositol phosphates at the plasma membrane, and
creates membrane pores leading to substantial ion flux, release of inflammatory damage

associated molecular patterns (DAMPs), and necrotic cell death”7°,

Aside from cIAP1/2 action as a switch between cell survival and cell death in TNF-a signaling,

regulation of the extrinsic apoptotic pathway is primarily achieved through the actions of cFLIP



and XIAP. The two major cFLIP isoforms, long and short (cFLIPL and cFLIPs) contain two N-
terminal DEDs and structurally resemble caspase-8. Both isoforms bind FADD through DED
interactions and prevent caspase-8 DIC2 or DISC recruitment and activation, thereby inhibiting
apoptosis. cFLIPL cleavage products activate cell survival (Akt, INK, Wnt, NF-kB) and
proliferation pathways through its C-terminal caspase-like domain, which allows for TRAF2 and
RIPK1 binding’”~”°. Upregulation of cFLIP represents a major strategy used by cancer cells to
resist TRAIL-induced apoptosis. The direct caspase-inhibitory effects of XIAP also determine
whether extrinsic apoptosis is type 1 or type 2. Type 1 cells die through the caspase cascade
initiated by procaspase-8 processing and activation, while type 2 cells require the further
cleavage of Bid to tBid by caspase-8 and engagement of the mitochondrial apoptotic pathway.
This is due to altered ratios between effector caspases and XIAP, with cells possessing high
XIAP showing compensatory increases upon exposure to death ligands, requiring mitochondrial

smac release and IAP inhibition to effect apoptosis®®8!.
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Figure 2: Death receptor apoptotic pathway. A) Engagement of TNFR superfamily death
receptors (DR4/5, Fas, TNFR1) by their ligands (TRAIL, FasL, TNFa) leads to FADD
recruitment. FADD in turn recruits multiple procaspase-8s, forming the DISC. Procaspase-8
cleavage to activated Caspase-8 leads to cleavage and activation of Caspases-3 and -7, effecting
apoptosis, and Bid cleavage to tBid, engaging the mitochondrial pathway. cFLIP binding FADD
inhibits subsequent procaspase-8 binding and DISC or DIC2 formation. B) In TNFR1 signaling,
TRADD and RIPKI are initially recruited following TNFa binding. TRAF2/3 is subsequently
recruited, and in turn recruits cIAP1/2 which ubiquitinate RIPK1. This ubiquitinated RIPK1
represents a scaffold for downstream signaling to activate IKK to degrade IxBa, permitting NF-
kB activation. In the absence of cIAP1/2, lack of RIPK1 ubiquitination results in TRADD
recruitment of FADD and formation of the DIC2. Engagement of death receptors in the absence
of Caspase-8 results in RIPK1-RIPK3-MLKL dependent necroptosis. C) TNF superfamily
members (ex. 4-1BB, OX40) binding their cognate receptors can initiate the ‘Classical’ or
‘Alternative’ NF-«xB signaling pathway, wherein cIAP1/2 ubiquitination of NF-kB inducing
kinase (NIK) leads to its degradation and signaling via p65 (RelA)-mediated ‘Classical’ NF-kB.
Loss of cIAP1/2 via Smac or SMC binding frees NIK to permit signaling through Alternative’
NF-kB mediated by RelB. Figure was generated in BioRender.
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1.1.4 SMCs as cancer therapeutics

Smac mimetic compounds (SMCs) were developed to mimic the IAP binding AVPI tetrapeptide
of endogenous Smac to suppress the ability of XIAP to block caspase activity. SMCs have since
been found to have the highest affinity for cIAP1/2, with treatment resulting in altered NF-xB
signaling towards NIK-mediated ‘Alternative’ NF-«B (Figure ii) and consequent
immunomodulation, sensitizing a diverse array of cancer cells to inflammatory cytokine-induced
cell death!>#%° LCL161, a monomeric SMC used in all experiments herein, has an ICso of
35nM and 0,4nM for XIAP and cIAP1, respectively’!. Given the extensive roles of both classical

and alternative NF-xB in immunity®*®>

and the vital roles of the IAPs in that signaling, it is
unsurprising the SMCs have significant inflammatory effects and impact multiple steps of the
cancer immunity cycle (Figure iii). These include: induction of TNFa and IFNy expression by
macrophages; induction of inflammatory macrophage phenotypes and type I interferon signaling;
CD40 agonism and increased macrophage and dendritic cell (DC) phagocytosis; increased T-cell
co-stimulatory signaling; reduced regulatory T-cell (Treg) differentiation and programmed death-
1 (PD-1) expression; and induction of chemokine expression improving immune cell
trafficking”®. Given these substantial pro-inflammatory effects and the ability to sensitize cancer
cells to apoptosis through many signaling molecules used by immune cells (TRAIL, FasL,
TNFa), SMCs have demonstrated potent anti-cancer properties and have produced promising
preclinical results in a variety of different cancer models. SMCs are only effective as single
agents for cancers producing high levels of TNFa. Combination with innate immune stimuli

inducing significant pro-inflammatory cytokine expression within the TME allows for substantial

SMC-mediated killing even in the absence of tumor-derived TNFa’’. There are therefore
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numerous clinical trials underway exploring different SMC formulations and immunotherapeutic

combinations for treatment of diverse solid and liquid tumors®®.

In a GBM context, SMC targeting of XIAP and cIAP1/2 sensitizes GBM cells to temozolomide
(TMZ) and radiotherapy®®'%. Aside from canonical SMC targets XIAP and cIAP1/2, targeting
survivin (BIRCS) using YM155 results in significant reduction in U87 and U251 human GBM
cell viability, proliferation and migration and sensitizes to further radiation-induced DNA
damage in vitro and, following direct intratumoral (IT) injection, significantly enhances mouse

survival in vivo in combination with RT'%4,

1.2 Overview of Glioblastoma Multiforme

1.2.1 Incidence, prognosis, current treatment regimens

GBM is the most common and lethal tumor of glial origin. It is seen in greatest proportions in

patients 50-80 years old, with no significant differences in occurrence between lobes of the

105 106,107

brain”. GBM incidence rates are increasing , with few known risk factors and a median
overall survival of 16-21 months, making it one of the deadliest malignancies. This prognosis has
shown minimal improvements in decades despite significant research effort in understanding its
biological underpinnings, substantial clinical trials of novel therapeutics, and the highest

treatment cost per-patient of any cancer in the United States!"-!1°,

Current treatment for GBM (colloquially referred to as the Stupp Protocol) consists of maximal
surgical resection, followed by RT (total 60 Gy) with concurrent TMZ chemotherapy (75 mg/m?
per day for entire RT course), then adjuvant TMZ treatments (150 to 200mg/m? across two 28-
day cycles)!'!!. TMZ is an oral DNA methylating agent that readily crosses the blood-brain

barrier (BBB) and is intracellularly converted into its active form to methylate nucleobases,
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especially guanine residues''?

. Methylation of guanine damages DNA, interferes with replication
and activates cell death processes if not repaired. Repair depends on pre-existing amount,
synthesis rate and activation status of methylguanine DNA methyltransferase (MGMT), which
directly removes O%-methylguanine lesions via transfer to an active site cysteine residue,
permanently inactivating that MGMT polypeptide. Thus, subsequent lesions require further
synthesis of new MGMT, creating a vulnerability wherein repair capacity can be overwhelmed.
Other main TMZ lesions (N*-methyladenine and N”-methylguanine) are removed by base
excision repair mechanisms!!>!!#, Interestingly, smaller slow-growing tumors respond poorer
than larger fast growing ones, with lower median survival''>, MGMT levels are low in brain

relative to breast tumors''*, and MGMT promoter methylation is a common feature of GBM,

with methylated tumors responding significantly better to TMZ treatments than unmethylated!!®.
1.2.2 Disease Subtypes

World Health Organization (WHO) classifications based on histological, morphological and
genetic features classified GBM into isocitrate dehydrogenase (IDH) wildtype (IDHY") or IDH-
mutant (IDHM") subtypes, based on mutation status of IDH1 or IDH2. The IDHYT group is
significantly more commonly diagnosed and tends to have low levels of MGMT promoter
methylation, epidermal growth factor receptor (EGFR) amplification (associated with
chromosome 7 gains), PTEN mutations (associated with chromosome 10 loss), as well as
CDKN2A/B, PDGFRAI, NFI and tp53 mutations. IDHM" GBM are also associated with tp53
mutations and chromosome 10 and CDKN2A4/B losses, with nearly all bearing MGMT promoter

methylations, significantly earlier age of onset and longer median overall survival'’.

Verhaak et al.''® identified four GBM subtypes based on gene expression profiles in the Cancer

Genome Atlas Network: Classical, associated with EGFR amplifications and EGFRVIII
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mutations, CDKN2A deletions and lack of tp53, NF1, PDGFRA or IDHI mutations;
Mesenchymal, associated with deletion of NF/, PTEN mutations, and high NF-«xB, TNF
superfamily, CD44, and MERTK expression; Proneural, associated with PDGFRA amplification,
IDHI point mutations, frequent tp53 mutations, and high oligodendrocyte development gene
program expression; and Neural, with high similarity to normal brain and expression of neuron
markers SLC12A45, GABRAI, SYTI, and NEFL. Consistent with substantial disease
heterogeneity, a single tumor can possess characteristics of several subtypes. Among these,
treatment shows enhanced survival in classical and mesenchymal, with little to no efficacy in

neural and proneural''8.

1.2.3 Disease Heterogeneity and Glioma Stem Cell Concept

GBMs are characterized by substantial inter- and intratumoral heterogeneity. Within a tumor,
heterogeneity exists spatially between hypoxic and inflammatory regions; transformed versions
of oligodendrocyte progenitor cells (OPCs), radial glia, and neural progenitor cells (NPCs/NSCs)
coexist along reactivity gradients depending on regional differences in metabolic and
inflammatory molecules''®!?°. Despite this intra- and intertumoral heterogeneity, the combined
deregulation of receptor tyrosine kinase (RTK)-Ras-PI3k, p53 and retinoblastoma (Rb) pathways
are seen in nearly all GBMs, and are considered potential core requirements for GBM
pathogenesis!?!. TMZ treatment selects for mismatch repair deficient hypermutated clones

121

resistant to further therapy'~'. NF-«B is also constitutively active in many gliomas, downstream

122 Consistent with a

of which are numerous stemness, pro-survival and inflammatory genes
central role for this pathway in many aspects of GBM biology, blocking TRAF3IP2, an upstream

regulator of NF-«kB, significantly reduces GBM proliferation, sphere forming capacity, tumor
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size, angiogenesis, matrix metalloproteinase (MMP) expression and consequently invasive

capacity, and expression of inflammatory cytokines (including TNF-a)!'?>.

Amplification of RTKs (EGFR and PDGFR, chief among them), coupled with constitutive PI3K-
AKT signaling resulting from PTEN inactivation and mutations in PIK3CA and PIK3R1,
overcome normal mitogenic controls and contribute to substantial apoptotic resistance!?!1%4,
EGFR amplification occurs in nearly half of all GBMs!2>26 and deletion of exons 2-7 coding
for the EGF binding site (EGFRVIII) confer constitutive activation even in the absence of ligand
binding'?’. This mutation occurs in nearly 25% of GBMs!?3, with some figures as high as
50%!?°. PI3K-Akt signaling is consequently increased'*°, with increases in anti-apoptotic BCL-2

131,132

family member expression and proliferation , contributing to enhanced survival and

treatment resistance!>*!**, Impact on median overall survival is not clear and may differ based on

128135 "although high EGFR expression tends to correlate with poorer prognosis'*®. Tyrosine

age
kinase inhibitors are relatively ineffective for GBM given numerous RTKs are amplified and the

BBB limits access of both chemical inhibitors and blocking antibodies!’.

GBM stem cells (GSCs) are thought to represent the proliferative cell of origin of the tumor,
retaining tumor initiation capacity and coexisting with more differentiated GBM cells'¥1%°,
Cellular hierarchies of GSCs, intermediate progenitors and more differentiated, lineage restricted
GBM cells exist within a tumor. More differentiated cells can dedifferentiate to a GSC based on
treatment, with TMZ selecting for GSCs, or due to microenvironment pressures. As such,
different anatomical regions within the same tumor can be classed as different subtypes'*.
Indeed, several distinct subtypes have been identified based on unique gene expression profiles.

Tumors resulting from proneural and mesenchymal GSCs differ in tumor growth rate, DNA

repair capacity, metabolism and extent of angiogenesis and necrosis. Within a single tumor,
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proneural and mesenchymal GSCs can coexist and treatment allows for interconversion between
subtypes'#!. Proneural and mesenchymal GSCs have different tumorigenicities, proliferation
rates, invasive patterns, histologic features and survival times'#!142. GSCs within a tumor exist
along a gradient of transcriptional states akin to those seen in normal neurodevelopment and in
neuroinflammatory wound responses'**. GSCs can also switch between glycolytic and oxidative
metabolic mechanisms depending on microenvironmental constraints, allowing GSCs to survive
in most compartments within a tumor'*. Patient-to-patient heterogeneity also exists in responses
of GSCs to hypoxic and inflammatory stimuli'*’. CD44 has key roles in GSC self-renewal and
consequent poor prognosis'*®, and along with CD133 represent the canonical GSC markers.
Individual patient derived GSC lines show unique proportions of CD44 and CD133-expressing
subpopulations. Treatment increases CD44+ and double positive GSC proportions'#?, with
aldehyde dehydrogenase 1A3 (ALDH1A3)-induced NF-kB signaling driving much of this

>147

‘proneural to mesenchymal transition’'*’ and consequent increases in invasiveness and treatment

resistance'*3.

Cues that would normally differentiate NSCs do not terminally differentiate GSCs, with partially
differentiated progeny uniquely able to dedifferentiate back to the GSC state as a result of
substantial changes to the GSC DNA methylation landscape'*’. Further, GSC-derived hyaluronic
acid (HA) acts in autocrine and paracrine fashions following exposure to differentiation cues,
signaling through upregulated TLR4 to activate NF-xB and promoting proliferation and evasion
of senescence or terminal differentiation'>’. In the normal CNS, HA is involved in NSC self-
renewal and maturation. In GBM, high HA (and its receptor CD44) is associated with increased
proliferation and invasiveness through PI3K-Akt and Ras/MAPK increases in MMP-2 and -9

expression, allowing for HA to signal for its own degradation in order to facilitate migration
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through ECM 3!, Jagged1-Notch-NF-kB signaling is substantial in GSCs, with high Jagged1

expression correlating with poor prognosis and increased GSC invasiveness'>2.

153

GSCs have key roles in GBM invasion, angiogenesis and recurrence . Within a tumor they

occur in highly proliferative, hypoxic, cell dense areas of necrosis near the core of the

154,155

tumor , and are major resistance factors for chemoradiotherapy'*® due to higher expression

of drug efflux transporters and MGMT, XIAP, cIAP1/2 and survivin relative to their more

154157 "as well as high Notch signaling and quiescence'*®. GSCs inhabit

differentiated counterparts
protective niches that maintain their stemness properties, wherein they coexist with immune,
CNS and blood vessel cells primarily around hypoxic and necrotic regions, with bidirectional
signaling between cell types maintaining GSC stemness. GSCs remain in their niches due to
CD44-osteopontin and CXCR4-SDF-1a signaling, and disruption of these interactions causes
differentiation and induces sensitivity to chemoradiotherapy'°®!>. GSCs migrate towards areas
of hypoxia and necrosis, even when experimentally injected into normal contralateral
hemisphere'*®. Tumor vasculature is often structurally and functionally abnormal. In part this is
due to GSCs in perivascular niches differentiating into pericytes in the presence of TGFp, both
within tumor and in peritumoral brain. These pericytes have abnormal morphology and function
but allow for increased tumor vessel supply at the cost of BBB maintenance!®. In the absence of
interactions with more differentiated GBM cells, tumor forming potential and proliferation of
GSCs are significantly reduced. This is likely due to BDNF, as differentiated cells express
significant BDNF and GSCs express high levels of the BDNF receptor TrkB. BDNF signaling

through PI3k-Akt induces GSC secretion of VGF, acting in paracrine and autocrine fashions to

enhance differentiated cell survival and promote GSC self-renewal and stemness'®!.
1.2.4 Cell death in GBM
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High, unregulated PI3K-Akt signaling results in significant alterations to mitochondrial apoptotic
cascade members. Apaf-1 and procaspase-9 are expressed at significantly lower levels in GBM
relative to HeLa cells. TMZ-sensitive GBM cell lines show significantly higher expression of
procaspase-3 compared to TMZ-resistant cells. High procaspase-3 levels were associated with
longer progression-free survival times; Apaf-1, Smac or XIAP showed no such correlation'®?.
While expression of Apaf-1 and procaspase-9 may be low, they are expressed, and GBM cells
should therefore still be sensitive to strong enough apoptotic triggers. The pro-apoptotic BH3-
only protein Bad is phosphorylated and inactivated by Akt'®, freeing BCL-2 and BCL-XL to
inhibit further apoptotic signaling. Procaspase-9 is also phosphorylated and inhibited by Akt. In
many cancers, overactivation of Akt results in resistance to numerous apoptotic stimuli'®*,
Reintroduction of PTEN via adenoassociated virus application results in reduced viability and

proliferation in several human GBM lines!'®

. High NF-«kB activation via Akt phosphorylation of
IKKa results in transcription of multiple anti-apoptotic genes, including BCL-2 family members,
clAP1/2, XIAP and survivin. Inhibition of Akt via induction of PTEN expression or chemical
inhibition of PI3K results in significant decreases in NF-kB activity!*+166-168 Qveractivated
Notch signaling is a common feature of GBMs, and crosstalk with the Akt pathway further
promotes apoptosis resistance'®!”°, EGFRVIII overexpression correlates with increased
expression of anti-apoptotic BCL-2 family members!”!, which are overexpressed in GBMs

173

relative to normal brain!”? and especially high in GSCs!”®, which also show high levels of

174

survivin'’*. Conversely, Bax levels are significantly reduced, consistent with p53 mutations'’.

175,176 and

Interestingly, almost all human GBM cell lines express the full extrinsic apoptotic
necroptotic machinery'”’. High caspase-8 expression was associated with worse survival.

Sublethal actions of caspase-8 contributed to tumour growth, angiogenesis, and cytokine
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secretion via alterations to NF-kB signaling and nuclear localization. Further roles of caspase-8
have been found in migration and metastasis through enhancing the activity of Calpain'’®. TNF-a
acts as a growth factor for GBM cells; TNF-a neutralization or gene inhibition substantially
reduces U251 GBM proliferation!”. TNFR1 is highly expressed in GBM relative to low grade
gliomas and healthy brain tissue!®" and represents the major mechanism of NF-«B activation in
GBM along with Akt'®!. Almost half of the commonly used human GBM cell lines are sensitive
to TNF-a-induced cell death following cIAP1/2 blockade using SMCs””!82; cFLIP represents the
major mechanism of in vitro resistance in the remaining lines. While cFLIP is relatively
homogeneously expressed among human GBM lines, differential effects of SMCs on INK-ITCH
induced cFLIP degradation account for variation in sensitivity!’®. Inhibition of TNF, JNK and/or

ERK signaling sensitizes GBM cells to EGFR inhibition, both in vitro and in vivo'®>!84,

Most human GBM cell lines are resistant to TRAIL-induced apoptosis, with DR5 (but minimal
DR4) expression!”, yet both at substantially higher levels than seen in astrocytes!8>!86,
Expression of DRS5 has been found to correlate with survival but not glioma grade'®’. U87 human
GBM cells respond to SMC and TRAIL cotherapy in vivo'®®. Arsenic trioxide increases DRS
expression and sensitizes GBM cells to TRAIL without affecting cFLIP or Akt!®; other agents
acting to similarly increase DR4/5 also sensitize GBM cells to TRAIL!?. Reduced NF-xB
signaling and consequent cFLIP reductions enhance TRAIL-induced apoptosis'®'. Radiation
induces soluble TRAIL expression and secretion by U87 GBM cells, as well as modest increases
in DR5'%2, U87 and U251 GBM cells are sensitive to irradiation and/or TRAIL-induced, caspase-
8-mediated apoptosis. Isolated GSCs from these cell lines are significantly more resistant to

either and express significantly lower levels of DRS and caspase-8!3. Combination TRAIL and

compound C (an AMPK inhibitor) significantly reduced U87 and U138 GBM cell BCL-2, XIAP
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and cFLIP levels and increased BAX expression, with consequent increases in cleaved caspase-3
and PARP. In vivo, combined SMC and compound C treatment severely hindered tumour
growth!®®. cFLIP is cleaved to its active form in TRAIL resistant GBM cell lines but not in

sensitive ones'®.
1.2.5 IAPsin GBM

XIAP and survivin have been extensively studied for their roles in GBM biology and treatment
resistance. Both proteins are expressed at significantly higher levels in GBM than normal
astrocytes'®, although XIAP at lower levels compared to bulk brain tissue!*®. XIAP knockdown
in multiple GBM cell lines sensitizes them to resveratrol, vincristine and doxorubicin-induced
cell death'”’, illustrating a crucial role of XIAP in GBM chemoresistance and that despite
significant inhibition the intrinsic apoptotic cascade remains functional and targetable. Similar
experiments using ShRNA knockdowns of survivin in GBM cell lines demonstrate increased
apoptosis and reduced proliferation characterized by mitotic catastrophe!®®. Survivin also plays
roles in GBM resistance to RT!” and high expression is associated with a more aggressive
phenotype?®. YM155, a small molecule survivin inhibitor, substantially reduces viability of U87
and U251 human GBM cells, impairs homologous recombination, reverses epithelial to
mesenchymal transition (and consequently reduces migration), reduces STAT3 activation, and
potently sensitizes to radiation’’' 2%, Survivin inhibition synergizes with the BH3-only protein
mimetic ABT-737 to induce apoptosis through the mitochondrial cascade in numerous human
GBM cell lines. As EGFR signaling through PI3K-Akt regulates survivin expression, U87 cells
with upregulated EGFR or bearing the EGFRvVIII mutation exhibited enhanced protection against
this cotreatment; EGFR inhibition enhanced sensitivity?**. In keeping with high survivin

expression, SurVaxM, an immunogenic, modified version of survivin, has been used to vaccinate
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against GL261 murine GBM, producing potent CD8" T-cell responses and significantly
improved overall mouse survival?®. This survivin-targeted vaccine strategy also shows

promising clinical results®%.

Heterogeneous expression of cIAP1, cIAP2 and XIAP are seen in human GBMs. Long-term [AP
inhibition using intravenous (IV) SMC administrations resulted in dose-dependent long-term

survival of mice bearing U87 human GBMs?"’

, and IAP inhibitors could trigger differentiation of
more resistant GSCs under normoxic conditions. Further, while hypoxia had no significant effect
on [AP levels, SMC treatment was more effective, resulting in decreased proliferation, increased
apoptosis and little to no differentiation, regardless of GSC subtype*®. The majority of
immortalized human GBM cell lines are sensitive to TMZ, with further sensitization achieved
via IAP blockade using dimeric SMC birinapant. Primary GBM cells tend to be more resistant,
showing heterogeneous responses to IAP blockade and/or TMZ treatment®*’. High cIAP2
(BIRC3) is associated with significantly poorer prognosis. cIAP2 levels increase dose-
dependently following standard treatments (RT and TMZ), and recurrent tumours showed
significantly higher levels than primary. Survivin was found to be increased upon recurrence, and
XIAP upon RT; both of these IAPs are able to stabilize cIAP2 directly or indirectly. These
BIRC3 responses to treatment and in recurrence were found to be due to differences in PI3K and

STAT3 signaling?!®. Other groups have made similar findings using TCGA analysis, confirming

a central role of cIAP2 in GBM prognosis and progression'®.

clAP2 is significantly increased during gliomagenesis. Direct binding of XIAP to cIAP2 through
its RING domain is required for XIAP stabilization of clAP2, and this stabilizing effect may
explain the slower kinetics of SMC cIAP2 degradation relative to cIAP1?!!. High levels of

hypoxia and necrosis are associated with mesenchymal phenotype, aggressive disease and poor
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survival; cAP2 is found at the highest levels in mesenchymal GBMs. NF-kB signaling mediates
the mesenchymal transformation as well as cIAP2 expression. Hypoxia also increases clAP2
expression, with hypoxia inducible factor-1a (HIF-1a) binding the BIRC3 promoter; cIAP2
inhibition of caspase activation subsequently promotes survival under hypoxic conditions and
upon exposure to RT?!2, Increases in cIAP2 during hypoxia depend on concurrent increases in
XIAP. TNF-a also specifically increases cIAP2 in GBM cells?!!. Between low grade glioma and
GBM, only BIRC3 and BIRC4 showed significant upregulation. In low grade glioma, high
cIAP1/2 were associated with poor survival, while only cIAP2 had prognostic value in GBM.

BIRC3 was found to promote malignant progression®'>.

1.2.6 CNS Cells in GBM biology

Cell of origin for GBM has not been firmly established, however recent studies have identified
subventricular zone (SVZ) NSCs as likely candidates. NSCs with low level driver mutations in
EGFR, tp53 and PTEN and TERT promoter mutations can migrate out from the SVZ, aberrantly
grow along the OPC lineage, and develop into GBM — OPC cells are a major contributor to

glioma formation®'*

. Modeling of OPC dynamics suggests gradual replacement of normal OPCs
with those lacking capacity for differentiation, increased proliferation and impaired contact
inhibition can result in gliomagenesis®'>. Differentiation of these cells along the neuron lineage
did not lead to GBM development?!*, consistent with more recent findings suggesting NSCs and
astrocytes with PTEN, NF1, tp53 and Rb1 depletion can be induced to form gliomas, whereas
differentiation along the neuronal lineage reduces this capacity correlating with maturity,

illustrating dedifferentiation from mature postmitotic neurons is highly unlikely?!®.

In the normal CNS, neuron signalling affects progenitor cell survival, proliferation and

differentiation®!”2!°, GBM growth is increased by neuron activity, with release of neuroligin-3
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found to be a requirement for progression??%*?!, GBMs also affect neuron activity, with
significant glutamate secretion and reductions in GABAergic interneurons contributing to
hyperexcitability and frequent seizures*??>22*. NPC/OPC-like GBM cells integrate into neural
circuits, forming functional networks wherein GBM-induced neuron hyperexcitability induces

depolarization of GBM cell membranes, engaging proliferation pathways and increasing growth.

225

Blockade of glutamate receptors significantly decreases tumor size““”. Greater integration of

226,227

GBM into neural networks is associated with worse prognosis , consistent with findings that

2

increased neuron-GBM signaling is associated with increased invasion®?®, and that neuron- and

NPC-like GBM cells unconnected to astrocytes that form synapses with healthy neurons were

the major drivers of GBM invasion*?’.

Variable cell types and differentiation states exist within a GBM tumor?*®?}!, Thrombospondin-1
expressing cells within GBM have been identified as the subpopulation maintaining functional
connections and remodeling circuits and are characterized by gene expression profiles enriched
in synaptogenic, integrative, invasive and proliferative gene sets??®. GBMs exhibit unique resting
state network patterns and progressively functionally sequester themselves from the rest of the

232

brain~>. GBM migration occurs along white matter tracts and blood vessels via basement

membrane disruption!?#233

, with a heterogeneity between cells in speeds and directions. This
movement occurs in an EGFR-dependent saltatory fashion characterized by elongated cell shape
and fast bursts of motion®** and through continuous motion via short protrusions at the leading

edge of rounded cells, illustrating flexible invasion strategies based on levels of MMPs and

hyaluranon synthase®*.

236

Astrocyte reactivity is governed by NF-«B signaling®°. Under neuroinflammatory conditions

such as traumatic brain injury, astrocytes adopt a reactive (A1, inflammatory) state characterized
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by secretion of a broad range of proinflammatory cytokines, including IL-1p, IL-6, GM-CSF and
TNF-a, which act in autocrine and paracrine manners to induce and maintain further reactivity
and inflammation®*%23, Tumor-associated astrocytes are highly proliferative and form a glial

M239,240

‘scar’ around GB as a result of high tumor microenvironment (TME) glutamate secretion,

with this ‘scar’ contributing to slowed GBM growth and reductions in TMZ delivery to tumor?*!.
These astrocytes adopt varied reactivity states depending on location within and around tumor?*?

and the specific neuroinflammatory milieu?®

. Anti-inflammatory (A2) astrocytes reprogram
microglia to a tumor-promoting phenotype characterized by high IL-10, IFNy and TGFf
expression. These phenotypes are maintained by tripartite crosstalk between astrocytes, GBM
cells and microglia and lay the foundation for further development of the immunosuppressive
TME?*®. Astrocytes surrounding GBM cells express MHCII and secrete CCL2, leading to Treg
and macrophage recruitment?* 24 Astrocytes have key roles in both the recruitment and

programming of TAMs towards their immunosuppressive phenotypes, with CCL2-CCR2, CSF1-

CSFIR and PD1-PDL1 signaling axes crucial for these alterations®*’.

Astrocyte derived factors such as IL-18, SDF1, TNF-a, TGFp, IL-6, IGF1, BDNF, GDNF and
MMPs?3?242:248 enhance GBM proliferation, treatment/apoptotic resistance and invasion. These

237,248’ and

astrocyte secreted factors increase expression of anti-apoptotic proteins in GBM cells
astrocyte-GBM gap junctions provide further protection from chemotherapies®*?>°, Through
their multifaceted means of communication, astrocytes reduce GBM sensitivity to a plethora of
chemotherapies in part due to increases in NF-kB signaling, promoting expression of anti-

apoptotic proteins including BCL-2 family members and IAPs?!252

and reducing Bax
expression®>. Sensitivity to RT is also reduced in the presence of astrocyte secreted factors and

gap-junction mediated interactions increasing JAK/STAT, MAPK/JNK and NF-«B signaling®>*,
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Astrocytes further aid in GBM progression via supply of metabolic requirements®*’. Ablation of
reactive astrocytes around the TME significantly reduces GBM progression and enhances
survival?¥’. IL-10 secretion from astrocytes reduces MHCII and IFNy expression within the
tumor, restricting antigen presentation capacity, and astrocyte-mediated activation of STAT3

242

signaling in TAMs promotes adoption of anti-inflammatory states”*“. Astrocytes and microglia

also represent key resistance factors against oncolytic virotherapy, able to act as virus ‘traps’ to

preferentially uptake viral particles and protect GBM cells>>.

Cerebrospinal fluid (CSF) of GBM-bearing mice enhances STAT3-induced SERPINA3 and
CD44 expression, significantly increasing proliferation and migration of GBM cells in vitro and
increasing tumor growth rate in vivo*®. Contact with the SVZ of the cerebral ventricles is a poor
prognostic factor for GBM, associated with more aggressive disease and poorer overall
survival®>">*8, CSF plays a key role in maintenance of normal NSC pools**’, and GBM cells
close to CSF show increased cancer stem cell gene signatures, including increased CD133 and

MGMT expression and significantly poorer survival®,

Along with generation of new blood vessels via angiogenesis, GBM is also characterized by
vessel co-opting, wherein GBM cells displace astrocyte endfeet from perivascular regions.
GBM-associated or -derived pericytes express anti-inflammatory IL-10 and TGFp, and
hyperpermeability (‘leaky’ BBB) is a common feature of GBMs?*¢!. GBM confers
immunosuppressive functionality to pericytes, inhibiting T-cell responses via TGFf3 and IL-10
secretion, decreasing CD80 and CD86 expression, increasing PD-L1 and disrupting BBB
integrity?®>. The BBB represents a key protective structure for the brain, excluding blood-borne
neurotoxic pathogens and molecules from the brain interstitial fluid. The BBB is a highly

complex mix of unique cellular interactions. Cerebrovascular endothelial cells (ECs) have high
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mitochondrial content to facilitate extensive active efflux and influx transport mechanisms, with
only gases and small lipophilic molecules able to passively diffuse’®>%*. They are connected via
adherens junctions on the basolateral (brain-facing) side, limiting immune cell trafficking?®®, and
tight junctions at the apical (blood-facing) side, with high electrical resistance limiting ion and
solute diffusion and maintained by EC-EC gap junction communication®®>?%°, A basement
membrane consisting of ECM proteins separates ECs from the glia limitans, which is made up of
astrocyte endfeet that wrap around the vessel*®>. These cover nearly all cerebral capillaries and
are crucial for induction and maintenance of the BBB*72%® through BFGF, TGFB and BDNF
secretion and gap junction communication with ECs?**7°, Astrocyte-derived apolipoprotein E3
maintains proper pericyte function at the BBB*"!. Pericytes reside in the basement membrane and
contribute to BBB integrity via production of basement membrane proteins®®® and secretion of
developmental cues such as sonic hedgehog, Wnt and retinoic acid?’>?’°, Together, these form a

significant barrier against solute and cellular trafficking into the brain.

Inflammation, as well as changes in astrocyte, pericyte and neuron function during aging, result

in BBB breakdown via reduced tight junction integrity®®>*"¢

, rendering the CNS more
susceptible to harmful blood components and cellular infiltration, including by immune cells. In
GBM, integrity of the BBB is inversely correlated with density of tumor cells — areas of high
density show completely compromised BBB, whereas areas at leading edge of invasion (i.e low
GBM cell density) show intact BBB?””. Neovasculature is abnormal and heterogeneous, with
some subsets of GBM-derived ECs also expressing BBB drug efflux transporters, adding to the
complexity of effective drug delivery for CNS tumors?”’. Dual IL-6 signaling from both

microglia and GBM cells impair formation of EC barrier properties, with IL-6R signaling

through JAK/STAT reducing expression of intercellular junction proteins?’®. ATP-binding

26



cassette (ABC) transporters are major efflux pumps allowing for exclusion of toxic molecules
and drugs from tissues. Of these, ABCB1 (p-glycoprotein) and ABCG?2 are the major
transporters responsible for multidrug resistance in the brain, and ABCBI1 is significantly
expressed at the BBB, pumping toxins back into circulation. ABCG2 is also found at the BBB
and may be functionally redundant with ABCB1 as inhibition of both is required for effective
crossing of certain drugs. ABCBI1 is expressed at significantly higher levels in GSCs than their
more differentiated counterparts, which may account for increased drug resistance, and ABCBI

and ABCG2 levels represent poor prognostic markers for GBM?7°.

1.3 Innate and adaptive immunity in GBM

1.3.1 Cancer-immunity cycle

The immune system plays key roles in tumor development and progression, a concept termed
cancer immunoediting?®°. The three broad stages of immunoediting are: elimination, wherein
transformed cells are recognized by the presence of neoantigens and DAMPs and cleared;
equilibrium, wherein transformed cells surviving elimination (due to a myriad of mechanisms,
including increased anti-apoptotic protein expression, downregulated MHC or costimulatory
molecule expression, lack of strong neoantigens, presence of immunosuppressive cytokines, and
expression of immune checkpoints) persist and can remain dormant for years; and escape,
wherein surviving transformed cells begin to rapidly divide and form clinically relevant, invasive
tumors with neoangiogenesis and immunosuppressive TMEs hindering effective anti-tumor
immunity?®1-?%2, Cancer immunoediting occurs during immunotherapies as well, with the goal of

therapies to counter the mechanisms that allowed for equilibrium and escape®®*.

Multiple methods of stratifying tumors have been proposed based on the tumor-immune

relationship. For example, one means of classification is based on mutational burden and extent
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of intratumoral inflammation, with tumors exhibiting high and/or low measures of each and a
convergence of immune checkpoints, impaired neovasculature functionality, immunosuppressive
cytokine expression and myeloid cell infiltrates maintaining immune escape?®*. Another method
is through identifying the mechanisms allowing for persistent escape, classifying tumors as
oncogene-driven, stromal-cell driven, immunosuppressive-cell driven, or exhausted T-cell

285 More broadly, tumors are classified based on overall inflammatory status and fall

driven
under one of three general categories: immune desert, wherein poor antigen quality and
presentation and minimal expression of immune activation or co-stimulation signals result in
little to no T-cell infiltration in the tumor or stroma and consequently lack of response to immune
checkpoint blockade (ICB); immune excluded, wherein immune cells are recruited but do not
migrate into the tumor parenchyma, and ICB is associated with T-cell activation but minimal
infiltration; and immune inflamed, wherein significant T-cell infiltration and proinflammatory
cytokine expression is observed, but escape is maintained through high checkpoint expression, T-

cell exhaustion, and large suppressive myeloid cell and Treg populations, resulting in better but

not total responses to ICB2¢,

Immune checkpoints are inhibitory receptors involved in normal peripheral immune tolerance to

287 particularly by the adaptive immune system®® and which are expressed

avoid autoimmunity
by cancer cells to evade immune clearance. T-cell exhaustion is characterized by high expression
of inhibitory checkpoint receptors, altered metabolism, and loss of mitogenic and effector/killing
capacity (characterized by reduced IL-2, [IFNy, TNFa and Granzyme B production) resulting
from continuous antigen presentation and signaling through immune checkpoints®*>**°, Among

the myriad of checkpoint receptors, PD-1, T-cell immunoglobulin and mucin domain containing

protein-3 (TIM-3), and lymphocyte activated gene-3 (LAG-3) represent the three classically
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upregulated markers of exhausted T-cells, binding PD-L1, MHC and Galectin-9 on cancer cells,
respectively?®!*2. Cytotoxic tumor lymphocyte antigen 4 (CTLA-4) represents one of the first
checkpoints discovered*®?, along with PD-1?°*, and ICB for a wide array of liquid and solid

tumors are currently being investigated in numerous clinical trials, alone or in combination®*>.

PD-1/PD-L1 signaling inhibits T-cell function through four major mechanisms*®: direct T-cell
receptor (TCR) inhibition, where recruitment of Src-homology 2 domain-containing protein
tyrosine phosphatases (SHP)-1 and -2%7 inhibits ZAP70 (associated with TCR) and PI3K
(associated with co-stimulatory domains such as CD28) and consequently downstream TCR
signals are blunted; indirect TCR inhibition, where SHPs recruited by PD-1/PD-L1 engagement
decrease expression and activation of the protein kinase 2 (CK2), normally involved in T-cell
activation and proliferation following TCR stimulation via activation of NF-xB, JAK/STAT and
PI3K/Akt pathways®®; TCR surface expression regulation, wherein PD-1/PD-L1 signaling
increases CBL E3 ubiquitin ligase expression resulting in ubiquitination of TCR chains and their
subsequent removal from cell surface and degradation®®*%; and alterations in T-cell
metabolism, wherein PD-1/PD-L1/SHP-mediated inhibition of PI3K-Akt and ZAP70 signaling
results in a transition from glycolysis to B-oxidation®’’. ICB against PD-1 is generally more

effective than against PD-L1, as PD-L1 is continuously internalized and recycled®*®*°!,

The cancer-immunity cycle outlines seven key phases in T-cell immune responses to cancer,
wherein immunotherapeutic manipulation of one phase is theoretically capable of enhancing the
rest (Figure 3). Briefly, these stages are: 1) cancer cell death and consequent antigen release; 2)
phagocytosis of dying cancer cells by antigen presenting cells (APCs) and subsequent antigen
presentation; 3) APC trafficking to lymph nodes and subsequent T-cell priming and activation; 4)

T-cell trafficking from lymph nodes to blood and along chemokine gradients to tumor; 5) T-cell
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migration out of blood into tumor; 6) T-cell recognition of antigen presented on MHC molecules;
and 7) T-cell killing of cancer cell, via perforin-granzyme or death receptor mechanisms>%>*%.
Immune desert, excluded or inflamed tumors use mechanisms to disrupt multiple steps of the
cancer-immunity cycle, and the goal of immunotherapies is to overcome these and restart or

accelerate the cycle®®.

1.3.2 CNS immunity

The brain has long been considered an immune ‘privileged’ site, excluding immune responses to
protect neurons incapable of self-renewal. These assumptions were in part due to seminal skin
graft experiments, wherein skin grafts from non-identical rabbits generated immune reactions
and were rejected when implanted in the periphery but, markedly, not in the brain®***%, Further
contributing to this notion was the finding that the brain lacked classical lymphatic vessels*%. T-
cell responses are observed following initial neutrophil and macrophage engagement against sub-
dermally injected heat killed bacille Calmette-Guérin (BCG) bacteria, whereas in the CNS
macrophages are recruited but T-cell responses absent®*’*%®, Multiple other models fail to
demonstrate T-cell infiltration and action against CNS-specific antigens®*®3!! leading to the idea
that the CNS was isolated from the immune system. Nonetheless, T-cell responses are possible
within the CNS — skin grafts can be rejected when implanted into the brain, however only after a

preceding subdermal implant of the same tissue***312,

More recent work has illuminated a far more complex CNS-immune system relationship. CNS
border regions allow for immune surveillance, particularly the dural sinuses (large meningeal
vascular structures), choroid plexus, perivascular spaces, meninges, draining lymph nodes, and
the bone marrow of the skull, wherein CNS antigens are sampled and immune responses

enerated®'>3'4. Unlike with the BBB, meningeal vasculature expresses significant adhesion
g g p g
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molecules and ligands allowing for substantial T-cell trafficking?!®, and the dura mater of the
meninges are innervated by lymphatic vessels*!®*!7 that transport CNS antigens for sampling in
cervical lymph nodes*'®#*!?. CSF from the subarachnoid space has been found to drain to
lymphatic vessels*2°. In the recently characterized glymphatic system, CSF from the cerebral
ventricles and subarachnoid space flows along supply arteries (periarterial spaces) via arterial
pulsations to supply nutrients, wherein it enters and coats the brain, in turn mixing with
interstitial fluid. This mixing allows for metabolic waste removal, and the brain interstitial fluid
is cleared along perivascular routes (perivenous spaces) via astrocyte aquaporin-4-mediated fluid
flux into subarachnoid space and dura mater or along draining veins to cervical lymph nodes**!~
325, CSF- and interstitial fluid-borne antigens are then processed by dural sinus APCs and
presented to circulating T-cells*!>32®, activating them through TCR-MHCII signaling®"> and
permitting CNS immune surveillance®!®. T-cells within CSF can attach to the leptomeninges via
CCR5/CXCR3 signaling following appropriate antigen stimulation and migrate into the

parenchyma*?’

. Chemical-induced increases in activity of this glymphatic pathway allows for
improved CNS parenchymal delivery of drugs following injection into CSF*?%, Interestingly as
well, the skull itself possesses a pool of bone marrow from which immune cells derive and gain
access to the aforementioned border regions via direct channels*2°**°, Normal aging is associated
with poor meningeal lymphatic function and CSF drainage driven by CD4" and CD8" T-cell

expansion and increased IFNy signaling, resulting in impaired lymphatic endothelial cell

adherens junctions. These impairments allow for buildup of misfolded proteins®!.

Microglia represent the only resident leukocytes in the brain parenchyma under homeostatic
conditions, branching in development from bone-marrow derived monocytes during the

embryonic yolk sac stage**? and able to renew independent of hematopoietic stem cell
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involvement®*3-33*. Microglia express little MHCII under homeostatic conditions but expression
is increased drastically in response to neuroinflammatory insults. They can act as APCs, although

335

they do not migrate to cervical lymph nodes”*>, and constantly monitor for DAMPs and pathogen

associated molecular patterns (PAMPs). Damage or injury results in rapid migration to the injury

336 Activation is

site, wherein microglia form a barrier between injured and healthy tissue
associated with a change from ramified, branched surveillance/resting phenotype to a de-
branched, M1 or M2 polarized phenotype depending on stimulus. M1 microglia are characterized
by high oxidative metabolism and inflammatory cytokine and chemokine production (especially
IL-1B, TNFa and IL-6), while M2 microglia produce enzymes involved in wound healing and
resolution of inflammation, such as IL-10 and TGFB**¢. Microglia play roles in modulating

effector T-cell function rather than recruitment’?’.

CNS border regions (choroid plexus, meninges) are significantly more populated by immune
cells, with significant macrophage and DC populations orchestrating T-cell activation®*#3%°,
Neuroinflammation stemming from disease or normal aging results in activation of resident
immune cells and permits infiltration of peripheral leukocytes*****!. Recent mass cytometric
analyses of mouse brain and meningeal tissue have revealed that while microglia make up most
CNS immune cells under resting conditions, neutrophils, DC’s and resident macrophages also
significantly populate the meninges and choroid plexus (i.e parenchymal border regions). These
border macrophages show incredible phenotypic diversity. Further, these border regions are also
surveilled by NK-, T- and B-cells, but lymphocytic populations are relatively minimal®*'-342,

Nonetheless, these meningeal DC’s are able to recruit CNS-infiltrating T-cells in animal models

of multiple sclerosis®*.
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Astrocytes, the largest cell population within the CNS, play critical roles in neuron survival and
CNS homeostasis. Among them, astrocytes have key roles in neuroinflammation, wherein they

can act as phagocytes and APCs, producing 1L-12/IL-23p40*3

. Astrocytes have minimal
capacity to prime naive T-cells or stimulate infiltrating lymphocytes, however, with the exception
of the less inflammatory Th2 subset which they effectively stimulate as a means of protecting
neurons from inflammation-induced cell death®**. Further to this, astrocytes regulate immune
infiltration via chemokine release®*®, barrier formation/maintenance/loosening (depending on
context) that gates immune cell entry from CNS border regions, leukocyte instruction based on
astrocyte secretory profile*®®, and via Fas-FasL***3® or Galectin-9 expression**’ signaling to
induce T-cell apoptosis and consequent resolution of neuroinflammation. Astrocytes can adopt
reactive states similar to monocytes, coined A1 (inflammatory) and A2 (anti-inflammatory)**.
Astrocyte reactivity is mediated by NF-kB downstream of IL-1p and TNFa signaling®*® resulting
from neuroinflammatory conditions such as neurodegenerative disorders or traumatic brain
injury. Reactive astrocytes secrete further IL-1pB, IL-6, IFNy and TNFa?*?, which can act in
autocrine and paracrine fashions to induce further reactivity>*®. On the other end of this
spectrum, IL-10 induces astrocytes to release TGFP, suppressing further neuroinflammation*.
Astrocyte PD-L1 inhibits effector T-cell function**®. Normal aging has been found to be

accompanied by increased proinflammatory microglia**’

, which in turn increase the expression
of Al-associated genes in astrocytes, hindering their normal homeostatic functions, allowing

increased peripheral immune infiltration, and increasing vulnerability to neurotoxic insult*>%3>!,
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Figure 3: The cancer-immunity cycle. Outline of the seven key steps of the cancer-immunity
cycle, wherein tumor antigens are presented to T-cells and cells expressing these antigens are
subsequently recognized and cleared. Multiple mechanisms are used by tumors to escape
immune elimination, a process termed immunoediting. Immunotherapies look to enhance aspects
of the cancer-immunity cycle and remove tumor-derived inhibition of immune recognition and
attack. Blockade of IAPs via SMC treatment has been found to enhance multiple aspects of this
cycle, including: sensitizing tumor cells to death through conventional chemotherapy or death

receptor signaling®’10%188:352.353 increased type I interferon signaling, DC maturation,

phagocytosis and antigen presentation®>*3>%; increased chemokine production allowing for

enhanced immune cell trafficking from lymphoid organs to tumor>>¢; increased T-cell

costimulation, proliferation and cytokine production®>*’; and reducing T-cell PD-1 expression
and Treg differentiation®*®. Figure was generated in BioRender and adapted from Ali et al*> and

Chen and Mellman3%?,
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1.3.3 Immune microenvironment

GBM is immunologically ‘cold’, with little T-cell infiltration due to multiple mechanisms,
including alterations to tumor vasculature hindering trafficking, ECM features not conducive to

T-cell migration, and minimal chemotactic signaling®®**%!

. Despite variations between patients
and subgroups, GBM is often considered an immune ‘desert’*®. Indeed, HA, a major component
of the brain ECM, is key for T-cell exclusion, as HA-rich areas are typically devoid of T-cells.
HA degradation increases CD8+ T-cell infiltration, promotes M1 TAM phenotypes and enhances

oncolytic virotherapy efficacy®®

. GBM cells expressing FasL can induce T-cell apoptosis,
maintaining immune privilege®** similar to normal astrocytes. Some T-cells do infiltrate and
encounter a potently immunosuppressive TME, adopting exhausted phenotypes that further limit
anti-GBM responses®®-?*°. Tregs, which make up a significant proportion of infiltrating T-cells,
are mainly recruited from the periphery and potently suppress anti-tumor immunity>%>,
contributing to exhaustion. TGFP plays a role in Treg recruitment to, and action within, the
tumor, as blockade significantly reduces Treg and enhances CD8" T-cell proportions and effector
functions®®. Intratumoral CD4" T-cells can also become Tregs via induction of FoxP3 expression
upon exposure to the immunosuppressive TME>®’, notably by TGFB as downstream SMAD

binds the FoxP3 gene*®®. Treg proportions vary with glioma grade, and are highest in GBM¢*37,

Among the mechanisms used by Tregs, high CD25 sequesters IL-2, limiting effector cell

371,372 290,373,374 Treg

functionality , while IL-10 and TGF further suppress anti-tumor immunity
immunosuppression and persistence within the TME is enhanced by hypoxia, which is high in

GBM. Tregs thrive in low-glucose environments compared to conventional T-cells given higher
surface expression of fatty acid transporters, readily switching to lipid metabolism which in turn
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enhances suppressive effects’’>. Among the inhibitory receptors involved in T-cell exhaustion are
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the immune checkpoints CTLA-4, PD-1, LAG-3 and TIM-3. Reducing T-cell exhaustion via ICB
has shown significant clinical benefit for numerous cancers, potently enhancing anti-cancer

immunity. Their efficacy in GBM is discussed in section 1.4.4.

Interestingly, while T-cells represent the major TME components of brain metastases, tumor-

associated microglia/macrophages (TAMs) dominate glioma TMEs*7

, suggesting it is not the
CNS alone limiting anti-brain tumor action but features of gliomas themselves. Microglia are the
first myeloid cells recruited, however as the tumor develops monocyte-derived macrophages
dominate®”’>"8, In GBM, TAMs are found mostly in GSC-rich areas such as around blood
vessels, invasive tumor margins, and especially in hypoxic areas where TAMS are found in high
proportions with necrotic cells*”. GSCs are key for TAM recruitment to the tumor, with said
TAM s having roles in invasion, angiogenesis and tumor growth®**3! CSF-1 produced in high
levels by GBM cells acts to recruit microglia, which in turn activate EGFR signaling in GBM

and stimulates invasion>%?

. Differential proportions of microglia or macrophages observed
between patients are a result of individualized GBM mutation patterns, resulting in unique
chemoattractant secretion patterns®, contributing to further intertumoral heterogeneity. These
distinct TAM cell types have been found to infiltrate and colonize different intratumoral
regions*®*. Substantial variation in TAM proportions are seen between patients with IDHYT
GBMs, with proportions significantly decreased in IDHMYT tumors®®®, in part explaining the
better response to therapy amongst IDHMYT GBMs. Indeed, resistance to antiangiogenic therapy
is associated with increased infiltration of myeloid cells**. TAMs negatively correlate with T-

cell, neutrophil and DC proportions and activation, secreting immunosuppressive cytokines such

as IL-10, -4 and -13 and enhancing Treg proportions®’®. TAMs and MDSCs also represent the
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major source of TGF, acting in autocrine and paracrine fashions to induce and maintain anti-

inflammatory (M2) phenotypes>?’.

TGF is highly expressed in GBM, signaling via SMAD to enhance epithelial-to-mesenchymal

388 Cancer stem cells are regarded as both the

transition and increase GBM invasiveness
initiating cells for tumors as well as the major orchestrators of invasion**°3%, Indeed, CD133*
GSCs express higher TGFBR2 levels than more differentiated cells, and TGFf from TAMs
increases MMP-9 expression by GSCs, enhancing invasive potential. This is significantly
reduced upon TGFp blockade*®°. TGFp from GBM cells induces reductions in microglial
MHCII expression, proliferation and pro-inflammatory cytokine production, in turn increasing
expression of IL-10 and further TGF*!3%2, Despite the numerous roles in immunosuppression
and GBM biology, intratumoral TGFf blockade in phase II trials showed enhanced survival
benefit for anaplastic astrocytoma patients but none in GBM>*. Little IFNy, TNFa, IL-2 or IL-12
is expressed within the tumor, and TAMs show reduced NF-«B signaling in GBM relative to
those in lower grade gliomas, with lower TLR and T-cell costimulatory molecule (CD40, CD80,
CD86) expression®**. Microglia also secrete MMP-9°%> and MT1-MMP>%°, and GBM cells
induce TAMs to secrete MMP-2, further contributing to ECM degradation and invasion into

normal parenchyma?®”’.

Increased bone marrow derived macrophage (BMDM) infiltration is a feature of more aggressive

gliomas and poorer survival®’¢

, and these peripheral macrophages are also more closely
associated spatially with infiltrating T-cells. GBM TAMs show unique and diverse
transcriptional profiles, existing on a spectrum between M1 and M2 polarizations and not neatly

purely pro- or anti-inflammatory. They alter ECM protein composition and function**s. GBM

promotes monocyte maturation to MDSC phenotypes®®, and high MDSC levels are a marker of
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poor prognosis*®’. TAM and GBM cell-derived p-selectin levels have been found to correlate
with poor survival, increased GBM cell proliferation and invasion, and increased Arg19, IL-10,
and TGFp expression. P-selectin blockade significantly enhances anti-GBM T-cell responses,

reduces neovasculature and tumor volume, and enhances survival*"!

. Given their potent
immunosuppressive and tumor-promoting features, it is not surprising that IDHMYT GBM
tumors, characterized by lower TAM infiltration, have greater microglia than macrophage
content, significantly greater pro-inflammatory gene signatures, respond better to treatment and

have better long term survival than IDHWVT3#3,

Meningeal lymphatic vessels have been identified as essential components of anti-GBM immune
response, necessary for GBM interstitial fluid drainage and DC trafficking to draining cervical
lymph nodes. Presence of intracranial tumors remodels meningeal lymphatics to limit immune
responses and reduce efficacy of immunotherapy. VEGF-C treatment enhances angiogenesis
within meningeal lymphatics and improves immune surveillance and immunotherapy efficacy

for GBM*024%3,
1.3.4 Peripheral immunosuppression

Metastasis of GBM out of the brain is rare***. Despite this, systemic immunity is severely
disrupted in GBM patients. Through as yet-unidentified mechanisms, GBM induces significant
T-cell lymphopenia in the periphery, specifically among the CD4" compartment and
accompanying reduced MHCII expression. Increased proportions of circulating Tregs and
increased numbers of immunosuppressive monocytes and MDSCs relative to healthy controls
further exacerbate peripheral immune defects**%400:405-407 A ccompanying this lymphopenia are
findings of contracted lymphoid organs including involuted thymuses, impaired T-cell
functionality and sequestration of abnormal numbers of T-cells in bone marrow due to loss of
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egress signals on T-cell surfaces**®4% . IL-6 from GBM cells increased PD-L1 expression on

peripheral myeloid cells, which consequently adopt immunosuppressive function and induce T-
cell apoptosis*!®. Soluble tumor necrosis factor receptor-1 (sTNFR1), which may act as a decoy
receptor for TNFa, is significantly reduced in circulation in both newly diagnosed and recurrent

GBM*!!,

1.4 Immunotherapies for GBM

1.4.1 T-cell transfer therapies

Adoptive transfer of patient- or donor-derived cancer-targeting T-cells, termed adoptive T-cell
therapy, has shown significant preclinical and clinical benefit for hematologic and select solid
tumors*'?. Isolation and expansion of tumor-infiltrating lymphocytes (TILs) specific for tumor
antigens has shown significant benefit for melanoma patients with brain metastases*!>#14,
suggesting anti-tumor T-cell responses against brain malignancies are possible. Adoptive
cytalomegalovirus (CMV)-specific T-cell immunotherapy in GBM patients post RT and TMZ did
not provide survival benefits. CM V-specific T-cells were dysfunctional within the TME and
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located mostly within perivascular regions and not throughout the tumor™"°, illustrating

significant immunosuppressive hurdles.

Chimeric antigen receptor (CAR) T-cells are patient T-cells expanded ex vivo and genetically
modified (typically via lentivirus) to confer antibody specificity without the need for engagement
of TCR-MHC signaling. The extracellular component of the CAR construct consists of the light
and heavy chains of single chain variable fragments (scFv) of antibodies specific for a defined
tumor surface antigen, a transmembrane hinge region, and intracellular signaling domains
consisting of aspects of normal T-cell activation, such as 4-1BB, CD28 and CD3(*'¢*18, While

initial CARs had no costimulatory domain, second generation constructs and beyond add one or
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more, conferring in vivo efficacy. Tailoring ratios of subsets of CD4" and CD8" T-cells (eg.
Naive, memory or effector), as well as: the size of the hinge region; specific combinations of
costimulatory domains; scFv affinity depending on level of antigen expression; bispecific scFv’s
gating activation or inhibition depending on expression of multiple ligands; ‘suicide’ genes
allowing for inducible cell death in the case of toxicity; and CARs containing inducible gene
cassettes signaling for expression of inflammatory cytokines or cytotoxic payloads represent

significant flexibility of the CAR design for tailoring treatment to specific cancers and TMEs*!%
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While CAR-T cells have shown significant benefit for hematologic (‘liquid’) tumors*?*, with
FDA approved CAR-T therapies for lymphomas, leukemias and myelomas*?*, ‘solid” tumors
pose numerous issues, including suboptimal CAR-T expansion and persistence in vivo, poor
trafficking, antigen loss and potently immunosuppressive TMEs*!®. Primary resistance to CAR-
T infusion results from impairments in cancer cell death receptor signaling, allowing for antigen
persistence and gene signatures in CAR-T reminiscent of T-cell exhaustion. Relapse represents
secondary resistance, acquired due to loss of antigen*?®. All of these play a role in CAR-T
treatment of GBM, with the added hurdles of long manufacturing times incongruent with the low
survival times for GBM patients, and overcoming CNS-specific anti-immune mechanisms -
CAR-T cells for patients with leukemia appear in the CSF**, suggesting access to CNS is
possible following peripheral administration. Intracranial (IC) or intracerebroventricular (ICV)
administration of CAR-Ts allows for overcoming trafficking defects to GBM tumors**’; ICV and
IT administration significantly improves CAR-T trafficking to tumor site and consequently

therapeutic benefit relative to IV#2,
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Among the aforementioned hurdles, a lack of defined and consistently expressed neoantigens
represents a severe limiting factor. Identified and targetable GBM-specific antigens include
EGFRvIII, HER2, and IL13Ra2%?2. These are heterogeneously expressed, however, and antigen
escape is common. Phase 1 trials of HER2+ recurrent GBM patients receiving HER?2 targeted
CARs IV showed little in vivo expansion of infused T-cells, although overall survival was
improved in nearly half of patients**° and combination HER2-targeted CAR-T cells with PD-1
blockade in vitro significantly enhanced IL-2 and IFNy production*°, suggesting a rational

combination for future GBM treatments. IL13Ra2 is overexpressed in over half of GBM
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patients**! and shows little expression in normal brain**?, increasing with glioma grade and

associated with mesenchymal subtypes, greater immune activation and poor prognosis*!.
IL13Ra2 is expressed by both GSCs and more differentiated cells, and CAR-T cells targeting this
antigen reduced GSC tumor initiation capacity and tumor size in in vivo mouse models, with
increases in IFNy, GM-CSF and TNFa production**3**, In early patient trials of IL13Ra2-
targeted CAR-Ts for recurrent GBM, IC injection of cells into tumor cavity using an implanted
catheter system allowed for repeat targeted doses. Significant increases in tumor necrosis
volume, loss of IL13Ra2 expressing cells, and CAR-T cell detection within tumor and away
from catheter suggested effective anti-GBM action. Recurrence occurs via expansion of cells not
expressing IL13Ra2*, Anti-EGFRVIII CAR-T cells show in vitro and in vivo cytotoxicity
against human GBM cell lines, trafficking to tumor, significantly reducing tumor size, and
extending median survival in mice*****’, CAR-Ts targeting both overexpressed EGFR and
EGFRVIII extend survival in mice bearing human GBM cells following IV administration,
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showing trafficking into tumor, persistence and proinflammatory cytokine production in vivo™°.

EGFRUVIII is also expressed by GSCs, and CAR-T cells recognize and kill this population in vitro
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as well as more differentiated cells****?. Early trials of IV delivered CAR-Ts targeting EGFRVIII
had no impact on survival despite persistence, with reductions in EGFRVIII expression between

primary and recurrent disease**!.

Phase I trials of CAR-Ts targeting both IL13Ra2 and EGFR administered into the subarachnoid
space show promising early results in terms of tumor size reduction, expansion and rapidly
increased IFNy, IL-2, and TNF-a expression in CSF*?. Numerous Phase I clinical trials using
anti-GBM CAR-T are underway, with multiple combinatorial approaches, CAR designs and
novel target antigens such as CD44/CD133 (GSC markers) and B7-H3 (a novel immune
checkpoint)****3 Novel CAR designs and rational immunotherapy combinations attempting to
overcome antigen heterogeneity, antigen loss, delivery and trafficking issues and the
immunosuppressive TME are all under preclinical investigation by numerous research groups
(reviewed in ***). Targeting the GSC pool represents a promising new avenue for engineered T-
cell-based GBM therapies. CD133-targeted CART cells injected IT persisted in the brain and

almost completely eliminated all CD133-expressing cells, significantly extending survival*®.

1.4.2 Vaccination strategies

Given the efficacy of memory but not primary immune responses against CNS skin grafts
(Section 1.3.2), vaccination strategies aiming to induce memory responses against GBM
antigens represents a promising strategy. DC’s pulsed with EGFRVIII peptide and reinfused into
patients induced anti-EGFRVIII immune responses and extended overall and progression-free
survival, with heterogeneity in antigen expression limiting efficacy**¢. EGFRVIII peptide
vaccination induces antigen specific immune responses and improves overall survival when
given concurrently with TMZ. Chemotherapy-induced lymphopenia increases the relative

proportion of antigen-specific lymphocytes along with Tregs**’. Immunologic escape was
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associated with elimination of EGFRVIII expressing cells and expansion of WT EGFR

expressing ones**®**°_ Phase 111 clinical trials failed to extend median and overall survival*>°.

IDH 1-specific peptide vaccines induce antigen-specific CD4" T-cell responses and extended
survival in IDH1-mutated astrocytoma patients**!. DC’s pulsed with IL13Ra2 peptide infused
intradermally into recurrent, IL13Ra2+ GBM patients showed induction of antigen-specific
CD8" T-cell responses, although the time course of the study was too short to evaluate long-term
impacts on tumor growth*?2. Tumor lysate-pulsed DC’s administered concurrent with TMZ

following surgery and radiation showed extended survival times in a phase 3 study*>*.

1.4.3 TAM depletion or reprogramming

As microglia and macrophages are major components of the GBM TME and play significant
roles in numerous aspects of GBM biology (Section 1.3.3), targeting these populations for
depletion or reprogramming towards more anti-tumor phenotypes will likely represent a vital

component of any successful anti-GBM immunotherapy. Microglia*>*

and subpopulations of
neural progenitors*> express CSF1R in the CNS under homeostatic conditions. CSF1 or IL-34
signaling through CSF1R is required for microglia survival, with blockade using CNS-permeable
PLX compounds able to dose-dependently eliminate nearly all microglia in the brain*®. In
preclinical GBM models, CSFIR blockade using PLX3397 significantly reduces tumor
volume*’ and invasiveness**?, depleting brain microglia. Interestingly, TAMs were spared from
depletion by GBM TME-derived survival factors, including IFNy, CXCL10 and GM-CSF. TAMs
were, however, depolarized from the M2 state and GBM cells were sensitized to subsequent RTK
inhibition*’. Mouse models of GBM show significant benefit upon CSF1R blockade. However,
resistance to further blockade results from TAM secretion of IGF1, signalling through IGF1R on

GBM cells and increasing PI3K signaling. Combined inhibition of IGFIR and CSF1R blockade
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significantly enhances median and overall survival*%. However, clinical trials of PLX3397

showed limited efficacy in patients with recurrent GBM*%,

Aside from depletion strategies, multiple groups have explored TAM reprogramming towards
anti-tumor phenotypes. Antibody blockade of TLR2 on microglia reduces GBM invasion via
reduced microglial MT1-MMP expression*®®, and IV administration of anti-TLR2 antibodies is
effective and safe in humans*!, but no followup clinical trials have been performed in GBM>%3,
Increasing phagocytic capacity of TAMs using TMZ and CD47 blockade improves APC cross
priming of antigen-specific CD8" T-cells, accompanied by increased myeloid and T-cell
infiltrates into TME and increased serum TNFa and IL-2 levels, culminating in significantly
reduced tumor volume and improved median survival in murine GBM*624%* Myeloid cells
within the GBM TME, especially M-MDSCs, have the highest PD-L1 expression of any immune
infiltrate, and both this expression and bulk myeloid infiltration are increased by RT. Direct
intracranial implant of lipid nanoparticles containing dinaciclib (a kinase inhibitor targeting
CDKS5, limiting PD-L1 recycling and production) and surface expressed aPD-L1 antibodies
reduces TAM proportions, increases T-cell proliferation and significantly improves overall

survival, with long term cures across two murine GBM models*®*.

1.4.4 Immune checkpoint blockade

ICB has revolutionized cancer therapy for multiple solid and hematologic tumors (Section
1.3.1), and high checkpoint-induced T-cell exhaustion in GBM (Section 1.3.3.) makes this a
logical strategy for enhancing anti-GBM T-cell attack. A phase 3 clinical trial of monotherapy
aPD-1 treatment for recurrent GBM showed no survival benefit*®>, nor did the combination with
RT and TMZ in newly diagnosed GBM*®. A systematic review of clinical trials using aPD-1

ICB for GBM showed improved median overall survival for newly diagnosed GBM, although no
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differences in progression free survival and no efficacy for recurrent GBM*®’. Phase 2 trials in
relapsed GBM patients showed trends towards increased immune cell infiltration and increased
TCR clonality following oPD-1 ICB*%. One trial using aPD-1 blockade in the neoadjuvant
setting significantly improved survival in recurrent GBM patients, increasing IFNy responses by
infiltrating T-cells, a shift towards memory phenotypes, and tumor-specific TCR clonal
expansion without changes in TCR diversity*®. Combination with CTLA-4 blockade in recurrent
GBM showed no improvements in survival*’’. PD-1 shows increased expression on tumor-
infiltrating lymphocytes after DC vaccination strategies. In murine GBM, aPD-1 ICB
significantly enhances the efficacy of tumor lysate-pulsed DC vaccine strategies, with long-term
cures, increased T-cell infiltration into tumor, improved intratumoral CD8" T-cell activity

characterized by increased IL-2 and IFNy expression and enhanced anti-GBM cytotoxicity*’".

Hypermutation is a common feature of recurrent GBM post-Stupp protocol, with TMZ selecting
for mismatch repair deficient, resistant cells. Despite increases in neoantigens, anti-GBM
immune responses are not improved, with no differences in total T-cell infiltrates based on
hypermutation status. This appears unique to CNS tumors, as hypermutated colorectal cancers do
exhibit enhanced T-cell infiltration. Glioma hypermutations tend to be subclonal, with high
missense mutations and low frameshift indels generating poor quality neoantigens, and
consistently poor response to ICB regardless of mutation status*’>. TAMs express significant
TGFP and are major contributors to ICB resistance®”®. In keeping with this, number and clonality
of mutations does not correlate with significant differences in responses to ICB. Non-responders
show reduced T-cell infiltration, proliferation, and killing capacity and increased Tregs and
TAMs expressing high PD-L1, MHCII and TNFa. Tumors that respond to ICB have lower T AM

frequencies, and the TAMs that are present show higher pro-inflammatory gene signatures
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associated with promoting Th1 T-cell responses*’®. PD-L1 is highly expressed across TAM
subgroups and contributes to high Treg proportions and exhausted phenotypes. Interestingly as
well, TAMs promote CD4"CD8" double positive T-cell phenotypes, which further produce
significant IL-10, IDO1 and TGFB*’*. Functional alteration of TAMs enhances efficacy of aPD-

1, generating long-term survivors in murine GBM*%,

Age-related immunosenescence affects both the CNS and peripheral immune system, with

lymphopenia and reduced TCR diversity resulting from thymic involution*’>*7

, greater Treg
proportions in circulation!”, and greater TGFB and IL-10 production by microglia**®*!. Age is
also associated with increased IDO1 and PD-L1 expression, most drastically in the brain of
individuals 60-69 years old, coinciding with median age of GBM onset'?’. IDO1 expression is
typically limited to placenta and lymphoid tissues and is increased in response to inflammation,
mediating T-cell suppression via tryptophan depletion. High IDO1 is associated with effector T-
cell apoptosis and expansion of Treg populations**?. The confluence of age-related and GBM-
induced immune impairments results in significantly worse responses to ICB as patient age
increases*®. Glucocorticoid-induced TNFR-related receptor (GITR) is highly expressed by Tregs
within GBM, and blockade reduces Treg anergy, converts Tregs to Th1 T-cells, repolarizes TAMs
towards a more M1 phenotype, and frees up CD8" T-cell action, all acting to enhance oPD-1 ICB
efficacy in murine GBM**. Overcoming intracranial tumor-induced bone marrow sequestration

via sphingosine-1-phosphate knock-in and 4-1BB agonism significantly improves overall

survival in murine GBM*%,

An issue affecting many GBM clinical trials is they are tested on primary or recurrent tumors
post-Stupp protocol, fundamentally selecting for more resistant cell populations and altering the

patient’s immune system and TME. Systemic carmustine chemotherapy regimens for GBM have
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been found to cause lymphopenia in the blood, lymph nodes, bone marrow and tumor itself,
significantly reducing the efficacy of aPD-1 blockade. Conversely, direct IT chemotherapy
administration robustly enhances anti-GBM immune responses via localized cell death, boosting
phagocytosis and antigen presentation without the cytotoxic effects on lymphoid organs noted in
systemic schedules and consequently doubling the number of long-term survivors*®. Similar
anti-immune effects have been noted with TMZ, as addition of this chemotherapy to aPD-1
blockade induces lymphopenia, myelosuppression, inhibits anti-GBM immune memory
formation and increases Treg numbers**®. Dose schedule of TMZ demonstrates significant
intricacies in effects on the immune system. Standard doses of TMZ (50 mg/kg, 5 days) have
been found to increase exhaustion marker expression on T-cells (especially PD-1), increase Treg
proportions, decrease IFNy production by T-cells and impairs efficacy of aPD-1 blockade in
murine GBM. Conversely, reducing dose but extending schedule (25 mg/kg, 10 days) resulted in
increased IFNy production, increase antigen specific T-cell proportions in peripheral lymphoid
organs and lower intratumoral exhaustion signatures with improved numbers of long-term

survivors*®’,
1.4.5 Combination immunotherapy with SMCs

Taken together, it appears clear that anti-GBM immune responses are possible. Overcoming
innate CNS immune and drug exclusion mechanisms, the immunosuppressive GBM TME, GBM
anti-apoptotic oncogenic changes, CNS- and GBM-derived peripheral immunosuppression, age-
associated immunosenescence, and standard of care-induced lymphopenia represent significant
hurdles unlikely to be adequately overcome by single target immunotherapies. Combinatorial
approaches targeting multiple pillars of the GBM-immune relationship are required for maximal

therapeutic benefit. The addition of SMCs to immunotherapy regimens represents a promising
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new avenue of treatment given the multifaceted roles of SMCs in modulating immune responses
via enhancements to many steps of the cancer immunity cycle. Notably, SMCs induce alterations

96,357

in NF-kB signaling , including enhancing T-cell costimulation, proliferation and

82,357,488

inflammatory cytokine production in microenvironmental context and T-cell subset

dependent manners**°4!

while simultaneously sensitizing cancer cells to chemoradiotherapy
(intrinsic pathway) and through signaling via many common cytokines and death ligands
(extrinsic pathway)**2. This is especially noteworthy given the high TNFa-TNFR 1-NF-kB
signaling crucial to multiple aspects of GBM biology (Section 1.2.4, 1.2.5. 1.2.6, 1.3.3). Indeed,
SMCs are under investigation as combinatorial agents for numerous immunotherapy clinical
trials*> 3. SMCs have been found to provide costimulatory signals to engineered T-cells
following antigen exposure, with a limiting factor being sensitization of T-cells to Fas-FasL.
mediated death**®. LCL161 has been found to inhibit ABCB1 drug transport activity*’, and
birinapant (a dimeric SMC)-induced reductions in cIAP1 resulted in a mesenchymal transition of

GSCs, characterized by increases in self-renewal potential and increased expression of CD44,

TNFa, MMP9, vimentin and ALDH1A3%8.

In the context of GBM, our lab has shown combination of SMCs with ICB, notably aPD-1,
enhances anti-tumoral immunity and produces long-term durable cures characterized by potent

182

anti-GBM immune memory . Despite these promising extensions in survival, not all tumors are

cured and much of its neuroimmune effects remain unexplored.
1.5 Hypothesis and Objectives

I hypothesized that exposure to the CNS milieu provided GBM cells intrinsic and extrinsic

mechanisms of resistance against SMC-mediated cell death and to SMC and aPD-1
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immunotherapy. My overall objective was to identify and exploit these resistance mechanisms.

My specific aims are to:

1) Characterize resistance of murine GBM to SMC-mediated inflammatory cell death

2) Characterize the role of astrocytes and macrophages/microglia in SMC-mediated GBM
killing

3) Explore dose-escalation for improved SMC and aPD-1 therapeutic efficacy

4) Explore the role of TGFp in treatment resistance

2.0 Materials and Methods
2.1 Cell culture

Cells were maintained at 37°C and 5% CO> in DMEM media supplemented with 10% heat
inactivated calf serum, 1% non-essential amino acids, and penicillin-streptomycin (Invitrogen;
Waltham, Massachusetts, USA). All cell lines were obtained from ATCC, with the following
exceptions: BV2 (Dr. Shawn Hayley, Carleton University) and SMA-560 (A-9051, EMD
Millipore; Burlington, Massachusetts, USA). BV2-EGFP cells were generated using IncuCyte
NucLight Green reagent (4626) from Sartorius/Essen Bioscience (Ann arbor, Michigan, USA).
For hypoxia experiments, oxygen levels were altered using ProOx 110 Compact O2 controller
(RRID: SCR _021129) from Biospherix Ltd (Parish, New York, USA). No glucose conditions
were achieved using DMEM complete media without glucose (11966025) from Thermo Fisher
(Waltham, Massachusetts. USA). Mouse primary cortical astrocytes (M1800-57) and microglia
(M1900-57) were purchased from ScienCell (Carlsbad, California, USA). Astrocytes were
cultured in astrocyte media from ScienCell (1801), supplemented with 2% FCS, 1%

penicillin/streptomycin and 1% astrocyte growth serum (ScienCell). For culture on ECM
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proteins, cells were seeded on culture plates coated with HyStem-C cell culture scaffold kit

(HYSC020) from Sigma Aldrich (St. Louis, Missouri, USA).

For brain slice cultures, slices were generated and maintained as previously described**. Briefly,
naive 5-7 week old C57BL/6 mice were sacrificed and their cortices isolated. Forebrain was
fixed in ultra low melting point agarose. Embedded brain was cut on ice into 250um slices using
as Leica Biosystems (Wetzlar, Germany) VT1000 S vibratome. Slices were placed into a 0.4pum
Millicell cell culture insert from Sigma (PICMORGS50), which was in turn placed in a 6 well
plate overtop NeuroCult Neural Stem Cell Media (05700), supplemented with recombinant basic
FGF (79003) and EGF (78006) from StemCell (Vancouver, British Columbia, Canada). Two
days later slices were imaged and visually assessed for viability or contamination; healthy slices
were kept and the rest discarded. Following this, an indentation was made in the left striatum
using a 10pL pipette tip and 5x10° CT2A-mKate cells were implanted in and around the
indentation pit. The following day, adherence of cells on brain tissue was confirmed using an
EVOS fluorescent microscope. Media was changed every 2-3 days. After five days of growth,
whole slices were imaged using an EVOS FL Auto fluorescent microscope (Thermo Fisher ) to
give a baseline CT2A-mKate2 count. Following this, either fresh media, IluM LCL161 +
10ng/mL TNFa or 10uM LCL161 + 10ng/mL TNFa was added to the culture media below the
insert. After 24 hours, slices were again imaged using the EVOS fluorescent microscope.
Surviving red CT2A-mKate nuclei were manually counted using ImageJ, and the percent change

from baseline prior to treatment was calculated.

For spheroid cultures, 400 cells/well of CT2A or GL261 cells were plated on Corning (Corning,
New York, USA) Costar ultra low attachment well plates (CLS7007) in NeuroCult Neural Stem

Cell media supplemented with bFGF and EGF. Growth was tracked using Incucyte live cell
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analysis system. T-cell:GL261 co-cultures were performed as previously described>®. Briefly,
200uL of peripheral blood was drawn from animals 7 days post-reimplantation. Red blood cells
were lysed using ACK lysing buffer (A1049201) from Thermo per manufacturers protocol.
GL261 cells were plated at 1x10° cells/well in a 96 well plate and treated for 24h with 75U IFNy.
Media was removed, cells were washed and isolated leukocytes were plated with monolayer
GL261 cells in triplicate per animal. All wells were treated with GolgiPlug (1uL/mL media).
Negative control was naive leukocytes. Positive control was treatment with PMA (20ng/mL) and
Ionomycin (1pg/mL). Following 4 hours of co-culture or stimulation, cells were collected for

flow cytometric analysis.
2.2 In vitro viability assays

Cell lines were seeded at 1x10* cells/well in 96-well plates and incubated overnight. Cells were
treated with 50% dilution series of LCL161, TNFa, TRAIL, the combination, YM155 or
matched DMSO and media control for 24h, 48h or 72h. Viability was assessed using Alamar blue
(7x resazurin sodium salt (R7017;Sigma)). Spectral absorbance was assessed using a
spectrophotometer (Synergy microplate reader, Biotek). Wavelength corrections and absorbance
readings were quantified using associated Gen5 software. Treated cell readouts were normalized
to matched vehicle control. All viability assays were performed with at least 3 technical

replicates.
2.3 Chemical compounds and cytokines

LCL161 (S7009) was purchased from SelleckChem (Houston, Texas, USA) or provided by
Novartis (Basel, Switzerland). AZD-5582 (A-9051) was purchased from Active Biochem.

YM155/Sepantronium Bromide (S1130) was purchased from SelleckChem.
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Mouse TNFa (410-MT-010), IL-1B (401-ml) and TGFp (7666-MB-005) were purchased from
R&D systems (Minneapolis, Minnesota, USA). Murine IFNy was purchased from R&D systems
(4875-M1) or Peprotech (315-05; Cranbury, New Jersey, USA). Murine 1L-4 (214-14) was
purchased from Peprotech. Mouse IL-10 (575806) was purchased from BioLegend (San Diego,
California, USA). LPS (Tlrl-peklps) was purchased from Invivogen (San Diego, California,

USA). Recombinant mouse TRAIL (1121-TL-010) was purchased from R&D Systems.

zVAD-FMK (FMKO001) was purchased from R&D systems. Necrostatin-1 (N9037) and Evan’s
Blue dye (E2129-10G) were purchased from Sigma Aldrich. GolgiPlug protein transport
inhibitor (555029) was purchased from BD Biosciences (Franklin Lakes, New Jersey, USA).
Ionomycin calcium salt was purchased from Millipore Sigma (P1585) or Life Technologies

(I24222; Carlsbad, California, USA). PMA (P1585) was purchased from Millipore Sigma.
2.4 Brain tumor models

All animal experiments were conducted with the approval of the University of Ottawa Animal
Care and Veterinary Service in concordance with guidelines established by the Canadian Council
on Animal Care. Female 6-week old C57BL/6 mice were anesthetized with isofluorane and the
surgical site prepared. 5x10* CT2A or GL261 cells were implanted stereotactically over 1 minute
in a 10puL volume in the left striatum at coordinates: 0.5mm anterior, 2mm lateral from bregma,
3.5mm deep. Skin was closed using surgical glue. Features of murine GBM cells are reviewed in

Table 1.

Mice were treated via oral gavage with either vehicle (30% 0.1M HCI, 70% 0.1M NaOAc pH
4.63) or LCL161 (75mg/kg or 100mg/kg) resuspended in 30% 0.1N HCI and 70% CH3COONa.

For treatment with checkpoint inhibitors, mice were treated with anti-PD-1 clones J43 (BE0033-
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2), 29F.1A12 (BE0273) or RMP1-14 (BE0146) or IgG2A isotype control (BE0O089 or BE0091,
where applicable) from BioXcell (Lebanon, New Hampshire, USA). For experiments using anti-
VEGFR2 (BioXcell, BE0060-25MG-A), treatments were 40mg/kg initially followed by 20mg/kg
maintenance every 3-4 days over 2 weeks for a total of 3 treatments. For experiments using anti-
TGFp (BioXcell, BE0O057), treatments were Smg/kg 3x/week for 2 weeks concurrent with anti-
PD-1 treatments. Animal endpoint criteria include loss of >20% body weight, hunched posture,
lethargy and significantly impaired ambulation. For isolation of endpoint tumor cells, animals at
endpoint were sacrificed, tumor bulk dissected from brain, and CT2A or GL261 cells isolated
using Tumor Cell Isolation Kit (130-110-187) from Miltenyi Biotec (Bergisch Gladbach, North
Rhine-Westphalia, Germany). Experimental groups were not blinded and no randomization of
treatment groups were performed. Sample size was consistent with previous reports but no

statistical methods were used to determine sample size °7!82501,

For tumor vasculature permeability assessments, 100uL Evan’s blue dye was injected into tail
vein. After 45 minutes of circulation, mice were euthanized and tumor, brain and kidneys were
collected and weighed. Tissues were submerged in formamide overnight in a water bath at 55°C.
Next day samples were centrifuged at 10,000G for 40 mins and 100uL of resulting solutions
were added in triplicate to 96-well plates. Absorbance was read at 620nm using

spectrophotometer and ng/mL Evan’s blue was calculated using organ weights.
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Table 1: Features of common murine GBM cell lines

CT2A GL261 SMAS560
Original Seyfried et al., 19920 Zimmerman et al., Fraser, 1971°%
Description 1941°%
Method of 20-methylcholanthrene 3-methylcholanthrene Spontaneous,
Generation (20-MC) implantation pellet implantation into | generated line
into B6 mice. Tumours C57BL/6 mice brains, following SC
arise 450 days post 20- maintained via serial implant>%°
MC implant. CT2A passaging®®
generated following
serial subcutaneous
passages
Histology Highly malignant, poorly | Radial growth pattern®® Little
differentiated anaplastic pleomorphism
astrocytoma Poorly differentiated
Highly proliferative, Anaplastic
Pleomorphic, angiogenic astrocytoma’%*
hyperproliferative, Centralized necrosis®*®
infiltrative. Grows well
Pseudopalisading circumscribed
necrosis, vascular mass,
proliferation®"’ infiltrative
Rare focal
Necrosis,
vascular
proliferation
Secretes
TGFBSO9—511
Background C57BL/6 C57BL/6 VM/Dk
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2.5 Western Blotting

Cells were scraped, collected by centrifugation and lysed in RIPA lysis buffer (Thermo Fisher)
containing protease inhibitor cocktail (Roche; Basel, Switzerland). Equal amounts of protein
were separated on polyacrylamide gels followed by transfer to 0.2um nitrocellulose membranes
(1620112, Bio-Rad (Hercules, California, USA)). Membranes were blocked using Intercept
blocking buffer (927-65001, LI-COR Biosciences (Lincoln, Nebraska, USA)). Individual
proteins were detected using antibodies for: cIAP1/2 (1:1000, CY-P1041, Cyclex); XIAP
(1:1000, 204228, Cell Signaling (Massachusetts, USA)); Caspase-8 (1:1000, R&D Systems);
Caspase-3 (1:1000, 96628, Cell Signaling); and PARP (1:1000, P532S, Cell Signaling).
Antibodies were diluted in Intercept antibody diluent (927-65001, LI-COR Biosciences).
Primary antibodies were incubated overnight at 4°C and subsequently detected using AlexaFluor
680 (Invitrogen) incubated for 1 hour at room temperature. B-tubulin (E7, DSHB (Iowa City,
Iowa, USA)) loading control was detected using IRDye 800 (926-32211, LI-COR Biosciences)
incubated for 1 hour at room temperature. Fluorescent signals were detected using Odyssey

Infrared Imaging System (LI-COR Biosciences).

2.6 Microscopy

Detection of CT2A-mKate2 and BV2-EGFP cells were performed in an incubator outfitted with
an Incucyte Zoom microscope under 10x objective. For assessment of cell counts, numbers
immediately before and at indicated timepoints after treatments were used for calculations of
percent change from baseline. For assessment of cleaved caspase-3, Incucyte Caspase-3/7 dye
for apoptosis from Essen Bioscience (4440) was used. For assessment of phagocytosis, Incucyte
pHrodo red E.coli bioparticles from Essen bioscience (4615) were used. Quantification of

fluorescent signal was processed using Incucyte Zoom software. For brain slice cultures, phase
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and fluorescent images were acquired using EVOS FL Auto on stitched 20x objective images.
For astrocyte GFAP fluorescence, mouse cortical astrocytes were grown on ibidi microslide 8
well chambered coverlips (80826) and treated for 24h with DMSO, 10uM LCL161, 500ng/mL
LPS or 10ng/mL TNFa. Cells were then stained in-well for GFAP expression (ab10062, Abcam,
1:100) and images were acquired on Zeiss (Baden-Wurttemberg, Germany) Axio Imager.M2 at
20x objective. For tumor-bearing whole brain stains, mice were transcardially perfused on day
18 post-implant and formalin-fixed in 4% paraformaldehyde for 48h. Fixed brains were sent to
the Louise Pelletier Histology Core at the University of Ottawa for paraffin embedding and
slicing (4um thick slices). Slices were stained using the Akoya (Marlborough, Massachusetts,
USA) Opal polaris 7-color IHC detection kit (NEL811001KT) using previously established
protocols®!®. Background autofluorescence was quenched using TrueBlack lipofuscin
autofluorescence quencher (1:20, 10119-144, Biotium (Fremont, California, USA)). Brains were
stained with DAPI (0.5ug/mL, PerkinElmer (Waltham, Massachusetts, USA)), anti-moouse
GFAP (1:100, MA5-12023, Life Technologies) following pH9 antigen retrieval, Opal Polymer
HRP Ms+Rb (ARH1001EA, Akoya Biosciences) and signal generated using Opal 570 dye
(1:100 in 1x Plus amplification diluent, FP1609, Akoya). Slides were mounted and IHC images
acquired using Zeiss Axiolmager Z2 widefield microscope with Colibri 5/7 and Apotome at 10x.

Images were stitched in Zeiss Zen Black software. Analysis was performed using Image].

2.7 Flow Cytometry

All antibodies and associated details used for flow cytometry are listed in Table 2. For chronic
LCLI161 treatments, GL261 and CT2A cells were treated daily for 10 days with 10uM LCL161
or matched DMSO. Cells were lifted from plates using non-enzymatic cell dissociation buffer

(C5914) from Sigma and stained for viability using Zombie Violet fixable viability dye. For flow
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on in vivo tissues, organs were collected on day 11 (in vivo TGFp treated) or day 18 (all other in
vivo flow) post-implant. Tissues were dissociated using gentleMACS dissociator (130-096-427)
from Miltenyi Biotec. Resulting solutions were strained through 70um cell strainers (352350,
Corning (Corning, New York, USA)) prior to counting and normalization of populations across
analyzed groups. Cells were stained with Fc block (anti-CD16/CD32) and Zombie viability dyes
at 1:300 dilution prior to surface stains. Cells were fixed using intracellular fixation solution
(ThermoFisher/eBioscience, 88-8824-00). If intracellular targets were being analyzed, cells were
permeabilized using permeabilization buffer as per manufacturers protocol. Intracellular targets
were stained same day as analysis. Antibody stains were performed at 1:200 dilution unless
otherwise indicated. Cells were analysed on a BD Fortessa (BD Biosciences) flow cytometer.
Data was analysed using FlowJo software (BD Biosciences). Compensation was performed using

UltraComp eBeads (01-222-42) from ThermoFisher/Invitrogen.

2.8 Statistical Analysis

Comparison of Kaplan-Meier survival plots was conducted by log-rank analysis and subsequent
pairwise multiple comparisons were performed using the Holm-Sidak method (GraphPad).
Comparison between multiple treatment groups was analysed using one- or two-way ANOVA
followed by post hoc analysis using Tukey’s multiple comparison test (GraphPad). Comparison
of treatment pairs was analysed by two-sided t-tests (GraphPad). Lines within bar graphs

represent mean with standard error. Area under curve was calculated using GraphPad.
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Table 2: Antibodies used in Flow Cytometric Analyses

Target Conjugate Manufacturer Catalogue #
TruStain FcX (anti-mouse BioLegend 101320
CD16/32)
Zombie Violet Fixable Viability Kit | BV421 Equivalent BioLegend 423114
Zombie Green Fixable Viability Kit | AF488/GFP Equivalent | BioLegend 423112
Anti-mouse phosphatidylserine AF488 Sigma Aldrich 16-256
Anti-mouse calreticulin PE Novus NBP1-47518PE
Anti-mouse IFNy PE BioLegend 505808
Anti-mouse TNFa APC BioLegend 506308
Anti-mouse IDO1 AF647 BioLegend 654004
Anti-mouse KLRG1 FITC BioLegend 138410
Anti-Mouse MHCI (H-2Kd/H- AF647 BioLegend 114712
2Dd)
Anti-Mouse MHCII (I-A/I-E) BV605 BioLegend 107639
Anti-mouse Qa-1b BV786 BD Biosciences | 744390
Anti-mouse Qa-2 FITC BioLegend 121710
Anti-Mouse CCR7 BV605 BioLegend 120125
Anti-mouse CTLA4 BV605 BioLegend 106323
Anti-mouse PD-L2 APC BioLegend 107210
Anti-mouse PD-L1 BV421 BioLegend 124315
Anti-mouse CD86 BV786 BioLegend 105043
Anti-mouse CD80 AF488 BioLegend 104716
Anti-mouse Galectin-9 APC BioLegend 136110
Anti-mouse OX40 PE BiolLegend 119409
Anti-mouse Ki67 BV711 BD Biosciences | 563755
Anti-mouse PD-1 BV605 BiolLegend 135220
Anti-mouse LAG3 BV711 BiolLegend 125243
Anti-mouse TIM3 PE BioLegend 119703
Anti-mouse Ly6C AF488 BioLegend 128022
Anti-mouse Ly6G BV786 BioLegend 127645
Anti-mouse F4/80 AF700 BiolLegend 123130
Anti-mouse F4/80 APC eBioscience 17-4801-80
Thermofisher
Anti-mouse CD3 BV786 BioLegend 100232
Anti-mouse CD3 APC/Cy7 BioLegend 100222
Anti-mouse CD3 Pacific Blue BioLegend 100214
Anti-mouse CD3 FITC BioLegend 100306 &
100204
Anti-mouse CD4 AF700 BioLegend 100536
Anti-mouse CD8 FITC BioLegend 100706
Anti-mouse CD8 FITC Invitrogen MAS5-16759
Anti-mouse CD11b APC BioLegend 101212
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Anti-mouse CD11b PE BioLegend 101207
Anti-mouse CD25 APC eBioscience 17-0251-81A
Anti-mouse CD44 APC BioLegend 103012
Anti-mouse CD44 PE eBioscience 12-0441-82
Anti-mouse CD45 BV786 BioLegend 103149
Anti-mouse CD45 PE BioLegend 147712
Anti-mouse CD69 BV605 BioLegend 104529
Anti-mouse CD86 PE BioLegend 105007
Anti-Mouse CD127 AF488 BioLegend 135018
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3.0 Results
3.1 Dose, CNS location and age limit SMC-based GBM Kkilling
3.1.1 SMC and TNFa significantly reduce viability of GBM cells

To evaluate GBM sensitivity to SMC treatments, the viability of human GBM cell lines was
assessed following application of a dilution series of LCL161 and TNFa. Of the 9 analyzed cell
lines, 5 were resistant (SF539, SNB19, U343, U373, SF268) and four were sensitive (SF295,
SNB75, M059K, U118) in a dose-dependent fashion to the combination (Figure 4A), in keeping
with previous findings showing differences in cFLIP processing mediate sensitivity to SMC and
TNFa despite intact death receptor pathways!’®. All human lines are sensitive to chemical
inhibition of survivin via YM155 treatment (Figure 4B,C), while no murine GBM cells are
(Figure 4D), suggesting differential IAP expression and dependencies between species. Previous
reports have shown primary patient GBM cells express TRAIL receptors and several GBM cell
lines are sensitive to TRAIL treatment!¢. I aimed to evaluate sensitivity of a panel of GBM cell
lines to TRAIL, alone or in combination with SMCs. No dose-dependent reductions in viability
were observed following TRAIL treatment in human (Figure 5A) or murine (Figure 5C) GBM
cells. Combination with LCL161 reduced viability in a dose-dependent manner only in SNB75

cells (Figure 5B). CT2A and GL261 murine GBM cells were completely resistant (Figure 5D).

Murine GBM cell lines were treated with a dilution series of LCL161, TNFa or the combination
and viability assessed as before. Single agent treatments had no effect on viability (Figure 6A,B),
except in the case of LCL161 at 50uM, a dose previously characterized to cause lytic cell
death®'”. The combination LCL161 and TNFa resulted in significant reductions in viability in a

dose dependent fashion across all three examined murine GBM lines (Figure 6C).
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Figure 4: Human GBM cells respond to IAP inhibition. A) SF539, SNB19, U343, U373,
SF268, SF295, SNB75, M059K and U118 immortalized human GBM cells were treated with a
dilution series of combined LCL161 and TNFa for indicated treatment times. N=3 technical
replicates per treatment group. Cell viability was assessed using Alamar blue. N=1 independent
experiment per timepoint. B,C) Human GBM lines sensitive (B) and resistant (C) to combination
LCL161 and TNFa were treated with a dilution series of YM155 for 24h. N=3 technical
replicates per treatment group. Cell viability was assessed using Alamar blue. N=1 independent
experiment per timepoint. D) Murine GBM cells were treated with dilution series of YM155 for
24h. N=3 technical replicates per treatment group. Cell viability was assessed using Alamar blue.
N=1 independent experiment per timepoint.
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Figure 5: Few GBM lines respond to TRAIL. A,B) SF295, SF539, SNB19, SNB75, US7WT,
US7EGFRVIII and U343 immortalized human GBM cells were treated with indicated dilution
series of TRAIL (A) or TRAIL in combination with LCL161 (B) for 24hr. C,D) The same
treatments as in A) and B) were performed on CT2A and GL261 murine GBM cells. N=3

technical replicates per treatment group. Cell viability was assessed using Alamar blue. N=1
independent experiment per timepoint.
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Figure 6: Murine GBM cells respond to SMC-mediated treatments in vitro. SMA560,
GL261 and CT2A murine GBM cells treated with dilution series of A) TNFa, B) LCL161 or C)
the combination for indicated treatment times. Viability was assessed using Alamar blue. N=3
technical replicates per treatment group. N=1 independent experiment per timepoint.
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Given that TNFR 1-mediated cell death can occur through apoptotic or necroptotic mechanisms,
and given that necroptosis represents a more inflammatory mode of cell death®'®, I sought to
determine the preferential mechanism for each cell line. Robust caspase-3/7 activation is seen
following high dose LCL161 (10uM) and TNFa (10ng/mL) treatment in both cell lines (Figure
7A,B). Concurrent treatments with pan-caspase (zVAD-FMK) or RIPK1 (necrostatin-1)
inhibitors showed that CT2A cells die in a RIPK 1 and caspase-dependent manner, consistent
with apoptosis (Figure 7C), while GL261 dies in a caspase-independent, RIPK 1-dependent

manner, consistent with necroptosis (Figure 7D).

To assess whether CT2A and GL261 cells express immunomodulatory proteins conducive to T-
cell activation and recognition, and whether these are inducible via cytokine stimulation or
LCL161 treatment, expression of various surface peptides was assayed via flow cytometry. Both
cell lines express MHCI at a basal level, which is significantly increased following treatment
with IFNy (Figure 8A,B). CT2A shows no basal or inducible expression of MHCII, while IFNy
induces substantial increases in expression in GL261 cells (Figure 8C). No differences in
expression of PD-L2, PD-L1, CD86, CD80 or Galectin-9 were observed following treatment
with LCL161 (Figure 8D). Both CT2A and GL261 cells undergoing LCL161 and TNFa-

mediated cell death express and expose the DAMP phosphatidylserine (Figure 8E,F).

Together, these data indicate that murine GBM cells express surface markers conducive to
phagocytosis by APCs (phosphatidylserine), to T-cell recognition (MHCI and MHCII), and
immune checkpoint ligands able to restrict T-cell killing (PD-L1, Galectin-9). Given these and
results from the previous viability assays, it is reasonable to presume murine GBM cells will
undergo SMC-mediated inflammatory cell death in vivo in combination with ICB, leading to

long-term cures. Orthotopic intracranial implants of CT2A or GL261 were cleared by
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similar to previously published findings'®?. Thus, despite the significant cytotoxicity of SMCs in

vitro, several tumors fail to respond in vivo, suggesting TME features are limiting SMC efficacy.
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Figure 7: SMC-induced murine GBM cell death requires RIPK1. A,B) CT2A-mKate2 and
GL261 cells were treated with vehicle or 10uM LCL161 and 10ng/mL TNFa in the presence of
the caspase-3/7 substrate DEVD488. Images were acquired via time-lapse microscopy and
DEVDA488 positivity quantified and plotted. N=3 per treatment group. Imaged in B) are
representative micrographs at 24h post-treatment. Scale bar: 300um. C) CT2A and D) GL261
cells were treated with 10uM LCL161 and 10ng/mL TNFa in the presence of the pan-caspase
inhibitor zZVAD-FMK (20uM) and/or the RIPK1 inhibitor necrostatin-1 (50uM). Cell viability
was assessed using Alamar blue. N=3 technical replicates for naive or double-inhibitor treatment
groups. N=5 technical replicates for individual inhibitor treatments. N=1 independent experiment
per timepoint. ****P<0.0001 by Two way ANOVA using Tukey’s HSD multiple comparison test.
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Figure 8: Murine GBM cells express immunomodulatory proteins and respond to SMC-
mediated treatments in vivo. A) Flow cytometric analysis of Qa2 (FITC), Qal (BV786),
MHCII (BV605) and MHCI (AF647) expression on CT2A and GL261 cells treated with IFNy
(50U), IL-1B (20ng/mL), IL-4 (20ng/mL), IL-10 (20ng/mL), TNFa (10ng/mL) or LCL161
(10uM). B,C) Mean fluorescent intensity (MFI) of B) MHCI and C) MHCII in response to
treatments in CT2A and GL261 cells. N=3 for all treatment groups. ****P<0.0001 by two-way
ANOVA using Tukey’s HSD multiple comparison test. D) Flow cytometric analysis of PD-L2
(APC), PD-L1 (BV421), CD86 (BV786), CD80 (AF488) and Galectin-9 (APC) expression on
CT2A and GL261 cells treated with vehicle (DMSO) or LCL161 (1uM or 10uM) for 24 hr. E,F)
Flow cytometric analysis of phosphatidylserine (PS; AF488) and calreticulin (CALR; PE)
expression on CT2A and GL261 cells treated with 10uM LCL161 and 10ng/mL TNFa. Bar plots
are MFI of PS and CALR expression. N=3 per treatment group. **P<0.01; ****P<0.0001 by
two-way ANOVA using Tukey’s HSD multiple comparison test. G-1) Mice were implanted with
5x10* CT2A or GL261 cells and treated orally with vehicle or 75mg/kg LCL161 and
intraperitoneally with 10mg/kg of indicated control or aPD-1 antibody (J43, RMP1-14 or 29F
clones). Data represent Kaplan-Meier curve of mouse survival, log-rank with Holm-Sidak
multiple comparison. N=5 per treatment group. *P<0.05; **P<0.01.

71



3.1.2 In vivo features minimally protect against SMC and TNFa
cytotoxicity

To assess whether exposure to the CNS microenvironment and SMC and aPD-1 cotherapy lead
to the acquisition of cell intrinsic resistance mechanisms to SMCs, and in so doing identify
potential novel targets for rational combination, I isolated tumor cells from mice treated with
LCL161 and oPD-1 that reached endpoint and evaluated responsiveness to LCL161 and TNFa
ex vivo. In all cases, GBM cells remained sensitive to LCL161 and TNFa cotreatment in a dose-
dependent fashion (Figure 9A,B), suggesting resistance was a transient effect of the in vivo

microenvironment.

To determine whether the BBB limited drug delivery to tumor, Evan’s blue dye was administered
on day 18 post-implant of CT2A cells. In each of the three mice examined, dye was excluded
from normal brain (intact BBB) and accumulated in significantly greater proportions in tumor
and kidney (Figure 9C,D), suggesting the BBB is not a limiting factor for LCL161 delivery to
tumor bulk. This is in keeping with previous findings illustrating a tumor-specific degradation of
cIAP1/2 following LCL161 treatments'®?. Repeat cotreatments of LCL161 and TNFa failed to
produce populations resistant to subsequent treatments (Figure 9E), suggesting resistant clones

are not generated and escape was due to availability of drug or cytokine.

To determine whether aspects of the in vivo setting conferred resistance to SMC-mediated cell
death, individual in vivo tumor features were recapitulated in vitro. Both CT2A and GL261 cells
express CD44, the ligand for HA (Figure 9F,G), and sensitivity to LCL161 and TNFa is reduced
in both when cultured on HA-containing ECM protein mixes (Figure 9H). When cultured under
hypoxic and/or hypoglycemic conditions, GL261 cells again showed slight but significant
protection from the combination (Figure 91). Conversely, no significant effects were observed in

CT2A cells under the same conditions, and lack of glucose significantly reduced baseline
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viability (Figure 6J). Therefore, brain ECM and hypoxic, hypoglycemic conditions provide

minimal protection against SMC-induced cell death.

To better recapitulate three-dimensional in vivo tumor structure and microenvironment and
determine whether these contribute to reduced sensitivity to SMCs, CT2A-mKate2 and GL261
cells were grown under sphere-forming conditions. High dose LCL161 and TNFa contributed to
significant reductions in sphere size (Figure 10A-C), suggesting the three-dimensional nature of
in vivo tumors does not diminish efficacy of SMC-mediated cell death. When CT2A-mKate2
cells were grown on organotypic brain slice cultures (Figure 10D) sensitivity to medium dose
LCL161 and TNFa was abolished, although significant reductions in cell numbers were still
observed at high doses (Figure 10E,F). Together, these data suggest sensitivity remains even
when exposed to common CNS and TME conditions assessed ex vivo, assuming sufficient dose

of SMC and TNFa reaches the tumor site.
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Figure 9: Hypoxia and extracellular matrix proteins do not affect the ability of SMCs to
induce GBM cell death. A) GL261 and B) CT2A cells from LCL161 and aPD-1 resistant
tumors were treated in vitro with the indicated dilution series of LCL161 and TNFa for 24hr.
Viability was assessed by Alamar blue. N=3 technical replicates per animal. C,D) Mice bearing
CT2A tumors received a tail vein injection of Evan’s blue dye. Bar plots are quantification of
Evan’s blue dye signal in each tissue. N=3 technical replicates per animal. **P<0.01;
*#4%P<0.0001 by one-way ANOVA using Tukey’s HSD multiple comparison test. E) GL261
cells were treated five times with 10uM LCL161 and 10ng/mL TNFa for 24hr per treatment.
Viability was assessed via Alamar blue. N=3 technical replicates per treatment. F) Flow
cytometric analysis of CD44 (PE) expression on CT2A and GL261 cells treated with 10 doses of
10uM LCLI161. Bar plots are MFI of CD44 expression. N=3 technical replicates for all CT2A
groups and GL261 naive group; N=6 technical replicates for GL261 LCL161 treated. *P<0.05;
*#%%P<0.0001 by two-way ANOVA using Tukey’s HSD multiple comparison test. H) Alamar
blue viability of GL261 and CT2A cells cultured on Hystem extracellular matrix gel and treated
with indicated dilution series of LCL161 and TNFa for 24hr. N=3 technical replicates per
treatment group. **P<0.01;***P<0.001 by two-way ANOVA using Tukey’s HSD multiple
comparison test. [,LJ) GL261 and CT2A cells treated with indicated dilution series of LCL161 and
TNFa under hypoxia and/or no glucose conditions. N=6 technical replicates for normoxia
complete glucose. N=3 technical replicates for all other groups. *P<0.05; **P<0.01;***P<0.001
by two-way ANOVA using Tukey’s HSD multiple comparison test. N=1 independent experiment
per condition.
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Figure 10: GBM cells remain sensitive to SMC-induced cell death under spheroid or
explant conditions. A-C) CT2A-mKate2 and GL261 cells were cultured as spheres and treated
with indicated dilution series of LCL161 and TNFa following 24hr in culture. Fluorescence
intensity (CT2A-mKate2) and size (GL261) were measured using time-lapse imaging and plotted
at 72hr post-treatment. N=6 technical replicates per-treatment group. Scale bar: 800um. D)
Mouse brains were sectioned into 250pum slices and 48hr later implanted with 5x10° CT2A-
mKate?2 cells in the left striatum. Scale bar: I1mm. E,F) CT2A-mKate2 cells were enumerated
before and 24hr after 10uM LCL161 and 10ng/mL TNFa treatment (E) or of the indicated
concentrations (F). N=3 technical replicates for vehicle and 1/1 treatment groups. N=4 technical
replicates for 10/10 treatment. *P<0.05; **P<0.01; ***P<0.001 by one-way ANOVA using
Tukey’s HSD multiple comparison test. N=1 independent experiment per assay.
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3.1.3 Anti-GBM immune responses are hindered by CNS location and age

To determine whether efficacy of the cotherapy is hindered by the CNS location, GL261 cells
were implanted subcutaneously (SQ) and treated as in Figure 7G. No tumors were visible 35
days post-implant regardless of treatment (Figure 11A). A second SQ GL261 implant on the
opposite flank was performed on day 35 and tumors were cleared despite no subsequent
treatments. On day 100, GL261 cells were once again implanted SQ and peripheral blood
collected 3 days later. Peripheral blood mononuclear cells (PBMCs) were isolated and co-
cultured with GL261 cells. IFNy and TNFa expression was assessed via flow cytometry (Figure
11B). Co-culture with GL261 cells significantly increased the expression of IFNy, specifically
among CD4" T-cells (Figure 11C,D), suggesting an immune memory had formed against GL261
antigens. To determine whether this immune memory was functional against subsequent IC
challenges, GL261 cells were implanted intracranially in these same animals. All tumors were
cleared and all animals survived despite receiving no further treatments (Figure 11E), suggesting
memory responses against GBM are effective even within the CNS. To determine whether this
effect could be induced against a primary intracranial tumor, GL261 cells were implanted
intracranially and received saline or GL261 cells SQ 7 days later. All animals bearing intracranial
tumors reached endpoint within 30 days (Figure 11F), regardless of subsequent SQ implants. All
SQ tumors were cleared, even in animals bearing intracranial tumors, suggesting the CNS
location limits anti-GBM T-cell immunity. When CT2A cells were implanted SQ, tumor growth
was significantly greater than for GL261 cells. A subset of SQ tumors were cleared even when
untreated (Figure 11G), and endpoint CT2A tumors were substantially more infiltrated by CD3™"
cells than intracranial tumors (Figure 11H). Together, these data corroborate the findings of

Figure 4, providing functional evidence of immune recognition, antigen presentation, T-cell-
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mediated clearance and immune memory against GBM cells, with the limiting factor being the

CNS location.

GBM is primarily a disease of individuals over 50 years old. I therefore undertook experiments
in aged animals. Equivalent human and C57BL/6 mouse ages were based on previously
published data, with human middle age (38-47 years old) corresponding to 10-14 month old
mice, and human old age (56-69 years old) corresponding to 18-24 month old mic. Efficacy of
SMC and aPD-1 cotherapy was abolished in middle aged animals bearing intracranial CT2A
tumors (Figure 12A) but remained in GL261-bearing animals (Figure 12B). Across both lines
LCL161 monotherapy provided significant median survival extensions relative to vehicle, with
the most long-term survivors of any treatment cohort in the GL261 model. IDO1'% and
KLRG1°"%?! are upregulated in aging brain and immune systems, respectively, corresponding
with the timeframes of increased GBM occurrence, immunosenescence and impaired capacity
for anti-tumor immunity. Endpoint tumors from middle aged animals bearing either CT2A or
GL261 intracranial tumors show significant, tumor-specific expression of IDO1 among CD45"
cells (Figure 12C), as well as significant KLRG1 among tumor-infiltrating CD4" and CD8" T-
cells only (Figure 12D); minimal KLRGI1 or IDOT1 are expressed within lymph nodes from the
same animals, and combination SMC and aPD-1 had no impact on this expression. Cotherapy

provided no survival benefit in old animals (Figure 12E).

Together, these data indicate the CNS uniquely limits primary but not memory anti-GBM
immune responses. Aging further limits the ability of the immune system to clear tumor and
respond to therapeutic interventions. IDO1 and KLRG1 are highly expressed specifically among
tumor-infiltrating immune cells and represent potential future targets to overcome age-induced

immune limitations.
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Figure 11: CNS location limits primary but not memory anti-GBM immune responses. A)
Mice were implanted with 5x10° GL261 cells subcutaneously (SQ) and treated orally with
vehicle or 75mg/kg LCL161 and intraperitoneally with 10mg/kg aPD-1 or isotype control. On
Day 35 mice were implanted with 1x10° GL261 cells in opposite flank. On day 100, mice were
implanted with 5x10°> GL261 cells SQ. Peripheral blood was drawn 3 days later. On day 125,
mice were implanted with 5x10* GL261 cells intracranially (IC). N=5 per treatment group. Data
represent Kaplan-Meier curve depicting mouse survival. B-D) Flow cytometric analysis of IFNy
(PE) and TNFa (APC) expression by CD3"CD4" and CD3"CDS8" cells following 6-hour co-
culture with GL261 cells or treatment with PMA and ionomycin (ION). Bar plots are percentage
of C) CD3" CD4" and D) CD3" CD8" cells positive for indicated TNFo and IFNy subgroups.
N=8 for all treatment groups. **P<0.01; ***P<0.001; ****P<0.0001 by one-way ANOVA using
Tukey’s HSD multiple comparison test for C). ***P<0.001;****P<0.0001 by two-way ANOVA
using Tukey’s HSD multiple comparison test for D). E) Kaplan-Meier curve depicting mouse
survival following IC implant indicated in A). No further treatments were administered. F) Mice
were implanted with 5x10* GL261 cells IC. 7 days later, mice were implanted with 5x10° GL261
cells SQ. N=5 per treatment group. Data represent Kaplan-Meier curve depicting mouse survival.
Log-rank with Holm-Sidak multiple comparison. N=5 per treatment group. **P<0.01. G) Mice
were implanted with 5x10* CT2A cells IC or 5x10° SQ. Data represent Kaplain-Meier curve
depicting mouse survival. Log-rank with Holm-Sidak multiple comparison. N=5 per treatment
group. **P<0.01. H) Flow cytometric analysis of CD3 (APC-Cy7) expression in IC and SQ
CT2A tumors at endpoint. Bar plots represent percent of total live cells that are CD3". N=5 per
indicated implant site. **P<0.01 by unpaired t-test.
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Figure 12: Advanced age hinders anti-GBM immunotherapy. A) Middle aged (10—11-month-
old) mice were implanted with 5x10* CT2A or B) GL261 cells and treated orally with 75mg/kg
LCL161 and intraperitoneally with 10mg/kg aPD-1 or isotype control. Data represent Kaplan-
Meier curves depicting mouse survival. Log-rank with Holm-Sidak multiple comparison. N=5
per treatment group. *P<0.05; **P<(.01. C) Flow cytometric analysis of IDO1 (AF647)
expression on CD45" and CD45 cells from lymph nodes and tumors of endpoint middle aged
mice with CT2A or GL261 intracranial implants. D) Flow cytometric analysis of KLRG1 (PE-
CF594) positivity among CD3"CD4" and CD3"CD8" cell subsets within lymph nodes and tumor
of endpoint middle aged mice. *P<0.05;**P<0.01; ****P<0.0001 by two-way ANOVA using
Tukey’s HSD multiple comparison test. E) Old (18-month-old) mice were implanted with 5x10*
GL261 cells and treated orally with LCL161 or vehicle and aPD-1 or isotype control. Data
represent Kaplan-Meier curves depicting mouse survival. Log-rank with Holm-Sidak multiple
comparison. N=5 per treatment group.
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3.2 TNFa ablates astrocyte protection of GBM cells in presence of SMCs
3.2.1 SMC:s kill murine macrophages and microglia in vitro

Microglia and macrophages represent the major immune infiltrates within GBMs, contributing
significantly to numerous aspects of tumor biology (See Section 1.3.3). I sought to determine the
impact of SMCs on murine microglia and macrophage functionality. RAW?264.7 (herein referred
to as RAW) immortalized murine macrophages were assayed for phagocytic capacity in the
presence of varying doses of LCL161, as M2 macrophages generally show higher phagocytosis
than M1°22. LCL161 completely abolished RAW phagocytic capacity at doses 1pM and above
(Figure 13A), coinciding with robust, dose-dependent induction of cleaved caspase-3 and -7
(Figure 13B), suggesting LCL161 induces macrophage cell death. Differences in IAP expression
levels mediate responsiveness to SMC-induced cell death of human macrophages, with M1 being
the more sensitive subtype®®*. To determine whether the sensitivity of murine macrophages was
affected by the presence of immunosuppressive cytokines, RAW cells were pre-treated with LPS
or common GBM TME anti-inflammatory cytokines IL-4 or IL-10. No impact on sensitivity to
high dose LCL161 was observed (Figure 13C). As bovine serum affects the differentiation
capacity and cytokine secretion profile of mesenchymal stem cells®**, I undertook the same
experiment under serum free conditions. In cultures lacking FCS, IL-4 and IL-10 protect
macrophages against the cytotoxicity of medium dose (1uM) LCL161. Protective effects
disappear at high doses (Figure 13D). To recapitulate these findings with primary cells, bone
marrow progenitors were differentiated into bone marrow derived macrophages (BMDMs) over
8 and 12 days, with successful differentiation confirmed via flow cytometric analysis for CD11b"
F4/80" Ly6C" cells (Figure 13E). Confirmed BMDMs treated with LCL161 showed dose-
dependent reductions in viability regardless of cytokine pre-treatment (Figure 13F). RAW cell

death was confirmed as RIPK1- and caspase-dependent (Figure 13G), consistent with apoptosis.
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BV2 immortalized microglia also showed dose-dependent reductions in phagocytosis (Figure
14A) and activation of caspases (Figure 11B) regardless of cytokine pretreatment (Figure 14C).
Caspase activation was delayed relative to RAW cells, and significantly less in cultures treated
with 1uM LCL161. BV2 viability was reduced at a basal level under FCS-free conditions
(Figure 14D). Primary mouse microglia showed minimal caspase activation in response to
LCL161. Only LPS pre-treated cultures were responsive (Figure 14E). BV2 cells die through
RIPK1- and caspase-dependent mechanisms (Figure 14F), with caspase-3 and PARP-cleavage
and cIAP1/2 degradation confirmed via Western Blot. Consistent with the findings in Figure 13B
and 14B, caspase-3 cleavage was observed at 1uM LCL161 treated RAW cells but not in BV2
(Figure 14G). Coupled with findings from BMDMs and primary microglia, this suggests that

macrophages are more sensitive to SMC-induced cell death than microglia.
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Figure 13: SMC treatment induces the death of murine macrophages. A) RAW macrophages
were assayed in the presence of the indicated concentrations of LCL161 for phagocytic activity
of pHrodo bioparticles via live cell microscopy. N=6 per treatment group. B) RAW cells were
treated with indicated doses of LCL161 and assayed for activated caspase-3/7 via live cell
microscopy. Arrow denotes time of treatment. N=6 technical replicates per group. C,D) RAW
cells were treated for 24hr with LPS (100ng/mL), IL-4 (20ng/mL) or IL-10 (20ng/mL), with (C)
or without (D) FCS and subsequently treated with indicated concentrations of LCL161. Viability
was assessed using Alamar blue. N=3 technical replicates per treatment group. E) Bone marrow
progenitors isolated from femurs were differentiated using conditioned L929 media for 8 or 12
days. Cells were evaluated for expression of Ly6C (AF488), CD11b (PE) and F4/80 (APC) via
flow cytometry, with Ly6C CD11b" F4/80" cells considered differentiated macrophages
(BMDMs). F,G) BMDMs were treated with cytokines as in C) and subsequently treated with
indicated doses of LCL161. Viability was assessed using Alamar blue at 24hr. N=3 technical
replicates per treatment group. **P<(.01; ***P<0.001; ****P<0.0001 by two-way ANOVA
using Tukey’s HSD multiple comparison test. G) RAW macrophages were treated with 10uM in
the presence of zZVAD-FMK (20uM) and/or necrostatin-1 (50uM) for 24hr. Viability was
assessed by Alamar blue. ***P<0.001;****P<0.0001 by one-way ANOVA using Tukey’s HSD
multiple comparison test. N=1 independent experiment per timepoint.
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Figure 14: SMC treatment induces death of mouse microglia. A) BV2 cells were treated with
the indicated doses of LCL161 and assayed for phagocytic activity using pHrodo bioparticles via
live cell microscopy. N=6 technical replicates per treatment group. B) BV2 cells were assayed
for activated caspase-3/7 using live cell imaging. Arrow denotes time of treatment. N=6 technical
replicates per treatment group. C,D) BV2-EGFP cells were treated for 24hr with LPS
(100ng/mL), IL-4 (20ng/mL) or IL-10 (20ng/mL) and subsequently treated with indicated
concentrations of LCL161 in complete (C) or FCS-free (D) media conditions. EGFP positive
events were quantified over time via live microscopy imaging. Shaded area represents pre-
treatment time with indicated cytokine. End of shaded area represents introduction of LCL161.
N=3 technical replicates per treatment group. E) Primary mouse microglia were pre-treated with
LPS, IL-4 or IL-10 and subsequently treated with indicated doses of LCL161. Activated caspase-
3/7 was quantified using live imaging at 24hr post-treatment. N=3 technical replicates per
treatment group. *P<0.05;****P<0.0001 by two-way ANOVA using Tukey’s HSD multiple
comparison test. F) BV2-EGFP cells were treated with 10uM LCL161 in the presence of zZVAD-
FMK (20uM) and/or necrostatin-1 (50uM) for 24hr. Line indicates treatment point. EGFP counts
were obtained using live cell imaging. N=3 technical replicates per treatment group. N=1
independent experiment per timepoint. G) Western blot illustrating cIAP1/2 degradation and
caspase-3 and PARP cleavage in response to LCL161 treatment.
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3.2.2 SMC-induced macrophage and microglia killing provide death cues to
GBM cells

Given that GBM cells and TAMs coexist within a tumor and communicate via direct cell-cell
contact and via secreted factors, I aimed to determine whether co-culture of murine microglia or
macrophages with GBM cells affected sensitivity to SMCs. LCL161 alone does not affect CT2A
growth rate in monocultures (Figure 15A,C,D). Co-culture of BV2 cells with CT2A does not
protect BV2 from LCL161-mediated cytotoxicity (Figure 15B). Concurrent with this loss of BV2
viability, CT2A cells in co-culture with microglia show substantially reduced growth relative to
monocultures in response to LCL161 treatment (Figure 15C,D), suggesting LCL161-induced
BV2 cell death results in release of factors that act in autocrine and paracrine fashions to induce
death of LCL161 sensitized GBM cells, even without the addition of exogenous TNFa. Primary
microglia also enhanced LCL161 cytotoxicity without added TNFa and did not affect CT2A
sensitivity to LCL161 and TNFa cotreatment (Figure 15E,F). These findings were recapitulated
in CT2A-RAW (Figure 16A,B) and CT2A-BMDM (Figure 16C,D) cultures, suggesting that both
microglia and macrophages are sensitive to SMC-induced cell death, releasing secreted factors
that act on sensitized GBM cells to initiate cascades of GBM cell death. Thus, TAMs represent a
potential source of death ligands for SMC-based GBM killing, and SMC-induced reductions in
these cell populations may represent a key component of their in vivo efficacy in combination

with ICB.
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Figure 15: Microglia enhance ability of SMCs to induce GBM cell death. A,B) BV2-EGFP
cells were cultured 1:1 with CT2A-mKate2 cells and treated 24hr later with tenfold dilution
series of LCL161. Viable cells were enumerated by tracking EGFP positive events using live cell
imaging over 48hr post-treatment. N=6 per treatment group. Scale bar: 300um. C,D) CT2A-
mKate2 cell counts in co-culture with BV2-EGFP cells over C) 24hr and D) 48hr following
treatment with dilution series of LCL161. N=3 for monocultures and N=6 for co-cultures per
treatment group. E,F) CT2A-mKate2 cell numbers were analysed and treated as in C,D) in co-
culture with primary mouse microglia over 48hr. Response to treatment with 10uM LCL161 and
10ng/mL TNFa was also assessed. N=4 technical replicates per treatment group.
**¥P<0.01;***P<0.001;****P<0.0001 by two-way ANOVA using Tukey’s HSD multiple
comparison test. N=1 independent experiment per timepoint.
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Figure 16: Macrophages enhance ability of SMCs to induce GBM cell death. A,B) CT2A-
mKate cells were cultured with RAW macrophages and treated with indicated doses of LCL1612
and 10ng/mL TNFa. mKate2-positive events were assessed using live cell microscopy. Percent
change over 72hr was calculated from bulk mKate2-positive events (A) and plotted (B). Arrow
indicates treatment point, dashed lines indicate time point for subsequent calculations. N=3
technical replicates per treatment group. C,D) CT2A-mKate2 cells were co-cultured with
BMDMs and treated with indicated doses of LCL161 and TNFa. mKate2 positive events were
enumerated via live cell microscopy imaging (C) and quantified over 72hr (D). ***P<0.001;
*#%%P<0.0001 via two-way ANOVA using Tukey’s HSD multiple comparison test. N=1
independent experiment per timepoint.
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3.2.3 Astrocytes protect microglia and GBM cells from SMCs in absence of
TNFa

Given the multifaceted roles of astrocytes in GBM apoptotic resistance (Section 1.2.5) and
modulating neuroinflammation (Section 1.3.2), I sought to examine the role of astrocytes in
SMC-based GBM killing. Astrocytes form a border ‘scar’ around in vivo GL261 tumors, which
is significantly increased around the tumor following twice weekly (four total) LCL161
treatments (Figure 17A-C) indicating a significant tumor-local role for these cells in SMC-based
therapies. Co-cultures of CT2A-mKate?2 cells with murine astrocytes lead to a significant
increase in growth rate over 24h and 48h regardless of treatment with high dose LCL161 or
TNFa (Figure 18A,B). Conversely, presence of astrocytes enhanced cytotoxicity of LCL161 and
TNFa cotreatment (Figure 18C,D). No changes in astrocyte viability were observed following
treatment with LCL161, TNFa or the combination (Figure 18E), suggesting this effect is due to
alterations in astrocyte functionality rather than paracrine signaling of cell death related factors

as seen in microglia/macrophage-GBM cocultures.

To assess whether SMCs could affect astrocyte reactivity directly, murine astrocytes treated with
high dose LCL161, LPS (positive control) or TNFa were stained for glial fibrillary acidic protein

25 Concurrent flow

(GFAP) positivity, which is increased upon adoption of reactive states
cytometric analyses of GFAP, C3¢c and PD-L1 expression were undertaken. High dose LCL161
increased GFAP expression concurrent with increased C3c (Figure 19B,C), LCL161 effects were

minimal compared to LPS- or TNFa-induced upregulations (Figure 19A).

As LCL161 alone does not induce sufficient death ligand expression from astrocytes to induce
GBM cytotoxicity in cocultures (Figure 18A), I sought to determine whether repeat treatments
with high dose LCL161 would induce sufficient astrocyte reactivity for induction of GBM cell

death. Presence of astrocytes buffered growth inhibitory effects of repeat high dose LCL161
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(Figure 19D). Together, these data suggest that the enhanced cytotoxicity of LCL161 and TNFa
in astrocyte-GBM cocultures is a result of TNFa-induced astrocyte reactivity (Figure 19A),
consequent production of inflammatory factors and death ligands, ultimately acting in a

paracrine fashion on LCL161-sensitized GBM cells to induce cell death.

As the GBM TME consists of multiple interacting cell types, I sought to determine the impact of
astrocytes on GBM-microglia/macrophage cocultures. Regardless of the presence of CT2A-
mKate2 cells or RAW macrophages, astrocytes protected BV2 microglia from LC161
cytotoxicity (Figure 19E). This protective effect contributed to increased growth of CT2A cells
compared to cultures lacking astrocytes (Figure 19F). All protective effects are abolished in the

presence of exogenous TNFa (Figure 19G), with near complete loss of viable CT2A cells.

Together, these data suggest the highly immunosuppressive and GBM growth-promoting
microglia and macrophage populations represent potential sources of death ligands to enhance
SMC-based GBM treatments, and that astrocytes can buffer or enhance this cytotoxicity
dependent on the presence of TNFa. The results of Section 3.1 and Section 3.2 therefore indicate
that dose of LCL161 and extent of intratumoral inflammation are limiting factors for the efficacy

of SMC-based immunotherapies.
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Figure 17: SMCs enhance astrocyte reactivity surrounding in vivo GBM tumors. A) Mice
with inctracranial GL261 tumors were treated orally twice weekly with vehicle or 100mg/kg
LCLI161 for a total of four doses. At day 18 post-implant, brains were processed for
immunohistochemical expression of GFAP surrounding tumor (i, iii) or outwards on contralateral
side (i1,iv). B) GFAP intensity was calculated at the tumor border and plotted as mean (B) and
area under the curve (C). N=3 vehicle, N=5 LCL161 treated animals per group. Scale bar: Imm
or 200um as indicated. **P<0.01 via two-way ANOVA using Tukey’s HSD multiple comparison
test.
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Figure 18: Astrocytes promote SMC-mediated GBM cell death under inflammatory
conditions. A-D) Mouse cortical astrocytes were co-cultured with CT2A-mKate?2 cells and
treated with LCL161 (A), TNFa (B) or the combination (C,D) over 48hr. Viable cells were
enumerated by tracking mKate2-positive events using live cell imaging. Scale bar: 300pm. N=3
per treatment group. E) Astrocytes were treated with dilution series of LCL161 (left), TNFa
(middle) or the combination (right) over 48hr. Viability was assessed using Alamar blue. N=3
technical replicates per treatment group. N=1 independent experiment per timepoint. *P<0.05;
*#P,0.01; ***P<0.001; ****P<0.0001 via two-way ANOVA using Tukey’s HSD multiple
comparison test.
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Figure 19: Astrocytes protect microglia, macrophages and GBM cells from SMC-induced
cell death. A) Mouse cortical astrocytes were treated with LCL161 (10uM), LPS (500ng/mL) or
TNFa (10ng/mL) for 24hr and assayed for GFAP expression via immunocytochemistry. Scale
bar: 200um. B,C) Flow cytometric analysis of GFAP™ mouse cortical astrocytes treated with
10uM LCLI161. Cells were analyzed for MFI of GFAP (PE-CF594) and proportional C3c (FITC)
and PD-L1 (APC) expression. N=5 technical replicates per treatment group. *P<0.05; **P<0.01
assessed by t-test. D) Astrocyte and CT2A-mKate2 co-cultures were treated with three daily
doses of 10uM LCL161 (arrows) and mKate2-positive events plotted over time. N=3 per
treatment group. E,F) BV2-EGFP and CT2A-mKate2 counts in co-cultures with RAW cells and
primary mouse astrocytes treated with 10uM LCL161 for 72hr. E) EGFP and F) mKate2-positive
events were assessed using live cell imaging. N=3 technical replicates per treatment group. G)
Co-cultures in (E,F) treated with combination 10uM LCL161 and 10ng/mL TNFa for 72hr and
analysed as before. N=3 technical replicates per treatment group. *P<0.05; **P<0.01;
*#%P<0.0001 by two-way ANOVA using Tukey’s HSD multiple comparison test. N=1
independent experiment per timepoint.

102



3.3 TGFp limits efficacy of SMC and ICB
3.3.1 Increasing dose of LCL161 significantly improves efficacy of
cotherapy

I next sought to assess the impact of increased SMC dose in vivo. Given previous findings on the
profound GBM-killing effects of LCL161 in microglia/macrophage cocultures, I examined the
effects of LCL161 as a monotherapy at different schedules and doses. Past work has used
75mg/kg twice weekly over two weeks as a standard dose and schedule (Figure 8G). I compared
this to 75mg/kg every day for 1-, 2- or 3-weeks post-implant and found no significant survival
benefit (Figure 20A). Increasing dose from 75mg/kg to 100mg/kg had no significant survival
benefit (Figure 20B). Increased dose and frequency of LCL161 was well tolerated, with no
significant alterations to animal body weight (Figure 20C). Mouse spleen size and weights were
significantly increased by LCL161 regardless of schedule (Figure 20D,E), a de facto measure of
available immune reserves*””. Tumor size was significantly reduced only in animals receiving
high frequency LCL161 (Figure 20F), and this was associated with significant reductions in the
TAM populations (Figure 20G,H), characterized as tumor-infiltrating CD45" CD11b" F4/80"
cells by flow cytometry. Therefore, increasing dose of LCL161 recapitulates TAM killing effects

seen in vitro.

I next aimed to assess the impact of this increased dose and schedule on synergism with aPD-1
ICB. GL261 and CT2A tumors treated with 100mg/kg LCL161 2x/week and aPD-1 as done
previously (Figure 8G) demonstrated significant improvements in median and overall survival
relative to animals receiving 75mg/kg LCL161 at the same schedule (Figure 21A,B).
Interestingly, increasing the frequency of 100mg/kg LCL161 treatments to 5x/week significantly
reduced the efficacy of combination with aPD-1. This was consistent across both models,

however most profound in CT2A. Increasing dose from 75mg/kg to 100mg/kg nearly doubled
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the proportion of long-term survivors (3/8 to 7/10). Increasing the frequency of 100mg/kg
LCL161 treatments to 5x/week produced less than one third the number of long-term survivors
(1/10) compared to original dose and schedule (Figure 21B). This effect was associated with
significant toxicity before treatment end. Most animals receiving 100mg/kg 5x/week LCL161
with aPD-1 showed no sign of tumor and normal brain on gross inspection at endpoint (Figure
21C,D), suggesting successful tumor clearance but significant on-target off-tumor effects. In
keeping with this, lymph nodes and spleens of animals bearing GL261 tumors and treated with
100mg/kg LCL161 5x/week showed significant reductions in side scatter (SSC) low, forward
scatter (FSC) mid populations (Figure 21E-G), suggesting severe immunotoxicity. Therefore,
increasing dose of orally administered LCL161 significantly enhances efficacy of combination
with oPD-1 ICB in curing murine GBM tumors, however this route of administration is

associated with significant treatment frequency-dependent off-tumor effects that reduce survival.

I looked to characterize the effects of this 100mg/kg regimen on peripheral and intratumoral
immunity. I used the GL261 model for these experiments, as it best recapitulates the human TME
relative to other murine models®*®. Mice bearing IC GL261 tumors showed significant reductions
in CD3" T-cells in both spleen and lymph nodes (Figure 22A,C), with LCL161 treatment further
reducing T-cells in the lymph nodes. Implantation of IC GL261 tumors increased splenic CCR7,
CD127, and CTLA4 on CD4" T-cells, with no alterations resulting from LCL161 treatment
(Figure 22E-G). Both PD-1 and LAG3 were increased on splenic CD4" and CD8" T-cells in
GL261 bearing animals. LCL161 reduced expression of both checkpoints, especially on CD8" T-
cells (Figure 22J,K). LCL161 treatment also increased CD4" T-cell 0X40 expression and CD4"
and CD8" T-cell CD69 expression in the lymph nodes (Figure 22L,M), concurrent with increased

frequency of CD25 expressing CD4" T-cells (Figure 22P). These findings indicate that while IC
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implant of GL261 murine GBM cells significantly reduces T-cell proportions in peripheral
lymphoid organs, orally administered LCL161 increases expression of T-cell activation markers

and reduces immune checkpoint molecule expression.

I then assayed GL261 tumors for immune infiltrates to determine whether these peripheral
effects were reflected by changes in the TME. No significant changes in overall T-cell infiltrates
were observed (Figure 23A,C). A trend towards increased proportion of CD4" T-cells was seen,
although this did not reach significance (Figure 23B,D,E). Despite promising immune-activating
effects in the periphery, no changes in CD69, 0X40, PD-1, LAG3 or TIM3 expression were seen
following LCL161 treatment (Figure 23F-J), although trends towards decreased PD-1 and LAG3
were seen. A trend towards reduced TAM cells was seen in LCL161 treated animals, although
this was not significant (Figure 23K,L,N). Trends towards reduced Ly6C" Ly6G™ and increased
Ly6C'Ly6G" cells were seen, although this did not reach significance (Figure 23M,0-Q).
Therefore, high dose LCL161 has significant immunostimulatory effects in peripheral lymphoid
organs that is not reflected within the tumor, setting the stage for enhanced synergism with aPD-
1 ICB. At doses which do cause significant alterations to TAM populations, combination with
ICB almost eliminates tumor burden but is associated with severe off-tumor toxicity and
reductions in lymphocyte populations. Thus, novel means of enhancing LCL161 effects within

the tumor are needed.
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Figure 20: High dose LCL161 is well tolerated in vivo and reduces tumor size and TAM
proportions. A) Mice were implanted with 5x10* GL261 cells and treated orally with vehicle or
75mg/kg LCL161 2x/week for 2 weeks or Sx/week for 1 week, 2 weeks or 3 weeks. N=3 for
vehicle, N=5 for all other treatment groups. B) Mice implanted with GL261 cells were treated
with vehicle or 100mg/kg LCL161 2x/week or 5x/week for 2 weeks. N=5 per treatment group.
Data represent the Kaplan-Meier curve depicting mouse survival. Log-rank with Holm-Sidak
multiple comparison. C) Mouse weights plotted over course of 100mg/kg treatments received in
B). D-F) Images (D) and weights (E) of mouse spleens and tumor (F) following 100mg/kg
LCLI161 treatments described in B). G,H) Flow cytometric analysis of CD45 (BV786) and
CD11b (APC) expression among live cells in GL261 tumors at end of LCL161 treatment
schedule. Bar plots are percent of live cells CD45" CD11b" F4/80 (PE)". N=9 for vehicle, N=3
for 2x/week and N=10 for 5x/week treatment groups. *P<0.05; **P<0.01; ****P<0.0001 via
one-way ANOVA using Tukey’s HSD multiple comparison test.
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Figure 21: Increased dose of LCL161 significantly enhances efficacy of aPD-1 ICB for
GBM. A,B) Mice were implanted with 5x10* GL261 (A) or CT2A (B) cells and treated orally
with 75mg/kg or 100mg/kg LCL161 and intraperitoneally with 10mg/kg of isotype control or
aPD-1 antibody. Data represent the Kaplan-Meier curve depicting mouse survival. Log-rank with
Holm-Sidak multiple comparison. A) N=15 Vehicle/IgG2A3, N=8 Vehicle/aPD-1, N=6 2x/week
(100mg/kg)/aPD-1, N=10 5x/week (100mg/kg)/aPD-1, N=8 2x/week (75mg/kg)/aPD-1. B) N=8
Vehicle/IgG2A3, N=8 2x/week (75mg/kg)/aPD-1, N=10 remaining treatment groups. *P<0.05;
**#P<0.01; ***P<0.001; ****P<0.0001. C) Number of survivors and proportion of animals with
observable tumor at endpoint in CT2A treated animals from B). D) Representative images of
endpoint mouse brains and CT2A tumors in animals receiving indicated treatments. E-G) Flow
cytometric analysis of side scatter (SSC) and forward scatter (FSC) of lymph nodes and spleen
from GL261-bearing mice following two-week treatments as in A). Bar plots are proportion of
cells within indicated gates and tissues. N=2 for naive, N=3 for 5x/week, N=5 per remaining
treatment group. *P<0.05; ****P<0.0001 via two-way ANOVA using Tukey’s HSD multiple
comparison test.
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Figure 22: LCL161 upregulates T-cell activation markers in peripheral lymphoid organs.
A,B) Flow cytometric analysis of CD3 (BV786), CD4 (AF700) and CD8 (FITC) in spleen from
mice bearing GL261 tumors and treated with vehicle or 100mg/kg LCL161 2x/week. C)
Quantification of proportion of live cells CD3™ in spleen and lymph nodes across indicated
treatment groups. N=2 for unimplanted, N=5 per remaining treatment groups. *P<0.05;
**#P<0.01 via two-way ANOVA using Tukey’s HSD multiple comparison test. D) Quantification
of splenic CD3" CDS8" cells across treatment groups. ****P<(.0001 via one-way ANOVA using
Tukey’s HSD multiple comparison test. E) MFI of CCR7 (BV605) among CD3°CD4" cells in
spleens of indicated treatment groups. F,G) Proportion of CD3"CD4" cells CD127" (AF488, F)
and CTLA4" (BV605,G) in spleen and lymph nodes. H-O) MFI of OX40 (PE, H & L), CD69
(BV605,1 & M), PD-1 (BV605, J & N), and LAG3 (BV711, K & O) on CD3" CD4" and CD3"
CD8" cells in indicated organ receiving indicated treatment. P) Proportion of CD3"CD4" cells in
indicated organ expressing CD25 (APC) receiving indicated treatments.
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Figure 23: LCL161-induced peripheral immunoactivation is not reflected within tumor.
A,B) Flow cytometric analysis of CD3 (BV786), CD4 (AF700) and CD8 (FITC) in GL261
tumors treated with vehicle or 100mg/kg LCL161 2x/week. C-E) Proportional CD3, CD4 and
CD4:CD8 ratio in GL261 tumors receiving vehicle or LCL161 treatment. F-J) MFI of CD69 (F),
0X40 (G), PD-1 (H), LAG3 (I) and TIM3 (J) among indicated CD3" subsets and treatments. K-
M) Flow cytometric analysis of CD45 (PE), CD11b (APC), F4/80 (AF700), Ly6C (AF488) and
Ly6G (BV786) in GL261 tumors. N) Proportion of live cells CD45" CD11b" F4/80" between
treatment groups. O-Q) Proportion of cells Ly6C and Ly6G single or double positive and ratio
between the two subgroups. N=5 per treatment group.
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3.3.2 TGFp blockade significantly enhances the efficacy of SMC and ICB in
vivo

TGFP and hypoxia have numerous roles in GBM biology, GSC phenotypes and niche
characteristics, and maintenance of the immunosuppressive TME (Section 1.2.3, 1.2.5, 1.3.2,
1.3.3). I first aimed to determine whether TGF[ affects microglia and macrophage sensitivity to
LCL161. When pre-treated with TGFp or cultured under hypoxic conditions, RAW
macrophages, BV2 microglia and BMDMs show significantly reduced sensitivity to LCL161-
induced cytotoxicity (Figure 24A-D). Hypoxia remains difficult to target pharmacologically,
although several hypoxia-reversing strategies are in clinical trials for GBM>?’. One strategy
involves normalizing tumor vasculature using low dose tVEGFR2 treatments to improve
perfusion, restore regular blood flow and re-oxygenate tissues®?*%°, Treatment of mice bearing
GL261 tumors with aVEGFR?2 lead to significant increases in long-term survival but did not
synergize with LCL161 and aPD-1 cotherapy (Figure 24E), suggesting hypoxia and tumor
vasculature are important factors in GL261 tumor biology but not limiting factors for the
cotherapy. I therefore continued to examine the role of TGFf in treatment resistance. BV2 cells
pre-treated with a dilution series of TGF were significantly protected from high dose LCL161 at
0.8ng/mL and above, with protection plateauing at doses 6.1ng/mL and above (Figure 24F),
suggesting protective effects are contingent upon available TGFf receptors. BV2 microglia
showed no significant proliferative responses following TGFp treatment. As TGFf signaling has
been found increase IAP expression >, I tested whether administration of AZD5582, a SMC
with greater IAP antagonizing capacity than LCL161°3"%32, could restore the cytotoxic effects of
IAP blockade in TGFB-treated BV2 and RAW cells. Indeed, while TGF pre-treatment rescued
viability of both cell types upon exposure to high dose (10uM) LCL161, treatment with

AZDS5582 abolished this protection (Figure 24G,H). To determine whether GBM-derived TGFf3
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was sufficient to protect microglia from the cytotoxic effects of LCL161, BV2 cells were co-
cultured with SMA560 murine GBM characterized by TGFp secretion. Presence of SMA560
significantly protected BV2 cells from LCL161 (Figure 241), suggesting TGF-secreting GBM
cells protect TAMs from LCL161-induced cell death. TGF enhanced CT2A (Figure 24J) and
reduced GL261 (Figure 24K) cell death following treatment with LCL161 and TNFa, although
the protective effect on GL261 was minimal compared to that seen in macrophages and
microglia. To determine whether TGFf was a significant resistance mechanism for 100mg/kg
LCL161 and oPD-1 ICB cotherapy, I administered a TGFf concurrently to mice bearing GL261
tumors. Blockade of TGFf alone had no significant impact on overall survival (Figure 24L),
however o TGFP treatment nearly tripled the number of cured animals relative to cotherapy alone
(5/8 vs 2/8 long-term survivors). Therefore, TGF is a significant resistance factor to SMC and

ICB cotherapy, and blockade of this cytokine significantly enhances cotherapy efficacy.
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Figure 24: TGFp represents a significant resistance factor to SMC and ICB
immunotherapy for GBM. A-D) RAW (N=6 technical replicates per treatment group), BMDM
(N=5 technical replicates for TGF treated, N=12 technical replicates for remaining treatment
groups) and BV2 (N=3 technical replicates per treatment group) cells were treated with 20ng/mL
TGFB or cultured in 5% O> for 24hr, then treated with DMSO or indicated doses of LCL161.
Cell viability was assessed using Alamar blue. N=1 independent experiment per treatment. Scale
bar: 300pm. ***P<0.001; ****P<0.0001 via two-way ANOVA using Tukey’s HSD multiple
comparison test. E) Mice were implanted with 5x10* GL261 cells and treated orally with
100mg/kg LCL161 or vehicle, intraperitoneally with 10mg/kg aPD-1 or isotype control, and
30mg/kg aVEGFR2 or isotype control. Data represent Kaplan-Meier curve depicting mouse
survival. Log-rank with Holm-Sidak multiple comparison. N=10 for Vehicle + IgG2A3 + IgG1
and LCL161 + aPD-1 + aVEGFR2. N=8 for LCL161 + IgG2A3 + IgG1 and LCL161 + aPD-1 +
IgG1. N=7 for Vehicle + IgG2A3 + aVEGFR2. N=6 for LCL161 + IgG2A3 + aVEGFR2. F)
BV2-EGFP were treated with varying concentrations of TGFf for 24hr and then treated with
10uM LCLI161 for 24hr. BV2-EGFP numbers were quantified by counting EGFP positive events
via live imaging. Percent change in counts from prior to LCL161 treatment was calculated and
plotted. N=3 technical replicates per treatment group. G,H) BV2 and RAW cells were treated
with TGFP for 24hr then treated with indicated doses of LCL161 or AZD5582. Cell viability was
assessed using Alamar blue. N=3 technical replicates per treatment group. BV2-EGFP cells were
co-cultured with SMA-560 cells and treated with the combination of 10uM LCL161 and
10ng/mL TNFa for 24hr. EGFP counts were enumerated by live cell imaging. N=3 technical
replicates per treatment group. N=1 independent experiment per condition. J,K) CT2A (J) and
GL261 (K) cells were treated for 24hr with TGFf then with indicated doses of LCL161 and
TNFa. Viability was assessed by Alamar blue. N=3 technical replicates per treatment group. N=1
independent experiment per condition. *P<0.05; **P<0.01; ****P<0.0001 via two-way ANOVA
using Tukey’s HSD multiple comparison test. L) Mice were implanted with 5x10* GL261 cells
and treated with 100mg/kg LCL161 and 10mg/kg aPD-1 and aTGFP antibodies or vehicle and
isotype control. Data represent the Kaplan-Meier curve depicting mouse survival. Log-rank with
Holm-Sidak multiple comparison. N=7 or 8 per treatment group where indicated. **P<0.01.
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To characterize how aPD-1 and o TGF[} agents synergize with LCL161, spleen and lymph nodes
of mice bearing IC GL261 tumors were collected following 1 week of aPD-1, aTGF[3 and/or
LCL161 treatment and assayed for markers of T-cell activation and myeloid cell numbers. No
significant differences in overall CD3" cells or CD8:CD4 ratios were observed regardless of
treatment administered (Figure 25A,B). aPD-1 and aTGFf treatments did not differ in their
impact on OX40 or CD25 expression. Addition of LCL161 to any of the antibody blockade
treatments significantly increased CD4" T-cell OX40 and CD25 expression in the lymph nodes
(Figure 25C-E), in keeping with effects noted previously (Figure 22). Addition of LCL161
reduced the proportion of macrophages in the spleen (Figure 25I), with no significant impacts on
Ly6C or Ly6G expression (Figure 25J-L). Animals treated with LCL161 showed a trend for
increased proportion of CD11b" cells in the lymph nodes regardless of combination (Figure

25H).

Flow cytometric analysis of peripheral lymphoid organs shows LCL161 is the main
immunostimulatory agent, increasing CD4" T-cell 0X40 and CD25 regardless of combinatorial
agent. Therefore, TGF[ protects microglia and macrophages from the cytotoxic effects of IAP
blockade and hinders the efficacy of high dose LCL161 and aPD-1 cotherapy. Blockade using
o TGFp antibodies significantly enhances the efficacy of the cotherapy, nearly tripling the

number of long-term survivors.
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Figure 25: LCL161 is main immunostimulatory agent in cotherapy with aPD-1 and
aTGFp. Flow cytometric analysis of spleen and lymph nodes from mice bearing GL261 tumors
and treated with indicated agents. A) Proportion of live cells CD3". B) Ratio of CD8:CD4
positivity among CD3" cells. C,D) MFI of 0X40 (PE) in CD3" CD4" (C) and CD3"CD8" (D)
cells in indicated organ. E) MFI of CD25 (APC) among CD3"CD4" cells. F,G) MFI TIM3 (PE)
among CD3" CD4" (F) and CD3"CDS8" (G) cells in indicated organ. H) Proportion of CD45"
(PE) cells CD11b" (APC) and I) F4/80" (AF700) in indicated organs. J-L) Ly6C (AF488) and
Ly6G (BV786) proportion of CD45°CD11b"F4/80" cells in indicated organs, and ratio of the two
subsets (L). *P<0.05; **P<0.01; ****P<0.0001 via two-way ANOVA using Tukey’s HSD
multiple comparison test. N=3 per treatment group.
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4.0 Discussion
4.1 Dose, CNS location and age limit SMC-based GBM Kkilling

cFLIP and PEA-15 as resistance mechanisms to SMC-induced GBM cell death

Herein, I present the most comprehensive characterization to date of GBM cell line sensitivity to
inflammatory cell death mediated by IAP blockade. Targeting of the death receptor (extrinsic)
apoptotic pathway represents a promising avenue for GBM treatment, as mitochondrial
(intrinsic) pathways are significantly perturbed because of alterations to PI3K-Akt and NF-xkB
signaling, with high BCL-2:BH3 family protein ratios and reduced expression of apoptosome
components. The extrinsic pathways are intact, however, with high TNFa-TNFR1 signaling a
feature of GBM and a major contributing factor to high constitutive NF-«xB activation (Section
1.2.4). This dependency represents a targetable vulnerability using agents blocking the IAPs, key
regulators of death receptor, TNFR1 and NF-kB survival signaling. Despite intact pathways, |
have found most human GBM cells resist SMC and TNFa- or TRAIL-induced cell death. This is
in keeping with past findings showing expression of TRAIL receptors at higher levels than
normal astrocytes!®>1% but resistance to apoptosis induction'’>. Previous work has elucidated
that differences in sensitivity to these treatments are due to cFLIP binding to FADD, inhibiting
FADD-Caspase-8 binding and DISC formation. Differential INK-ITCH signaling in responders
and non-responders contributes to differences in sensitivity, as downstream of these pathways are
cFLIP degradation and turnover mechanisms'’®. siRNA-mediated genetic knockdown®* or plant-

derived compounds capable of degrading cFLIP>33>

potently sensitize cancer cells to TRAIL-
induced DISC formation and apoptosis. However, no effective, direct cFLIP inhibitors have been
identified due to structural similarity of cFLIP DEDs with those of procaspase-8 and -10°.

Recent work has identified candidate molecules selective for cFLIP DEDs and shows promising

in vitro inhibition of cFLIP-FADD binding, improved caspase activation and sensitization of
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cancer cells to TRAIL-induced apoptosis®*’. Further characterization and in vivo preclinical
testing are required, but selective cFLIP inhibitors have the potential to drastically improve

SMC-mediated GBM cell death.

Further to the actions of cFLIP, CNS cells express the highest RNA and protein levels of
phosphoprotein enriched in astrocytes-15 (PEA-15) in the body>**3*. In CNS cells it appears to
play functionally redundant roles to cFLIP, as NSCs/NPCs express minimal cFLIP**! and cFLIP
has little function in NSC/NPC response to extrinsic apoptotic pathway stimulation®**. Similar to
cFLIP, PEA-15 contains an N-terminal DED that inhibits DISC formation through FADD and
procaspase-8 binding, blocking death receptor-induced apoptosis®**=**. This protein has key roles
in CNS cell survival, and levels of PEA-15 are commonly reduced in neurodegenerative
conditions®>*~>*7. Through alterations to its phosphorylation status via Akt and CamKII**3-3%,
which are highly expressed in the CNS!35, PEA-15 can inhibit DISC formation and block
apoptosis™! %, Human GBMs show high levels of phosphorylated PEA-15 relative to normal
brain'8¢1% and inhibition of Akt enhances sensitivity of multiple GBM cell lines to TRAIL>*,
The role of PEA-15 in GBM may be more pronounced in vivo than in vitro, allowing cells to
adapt to more diverse cellular stresses. PEA-15 was found in perinecrotic regions and
significantly increased upon exposure to hypoxic and low glucose conditions. Upon glucose
withdrawal, PEA-15 phosphorylation is increased in GBM cells, with consequent increases in
ERK1/2 phosphorylation and GLUT3 expression, each providing further anti-apoptotic effects.
siRNA knockdown almost eliminates the ability of U87 GBM cells to form tumours®>. Thus, in
vitro efficacy of cFLIP inhibitors may be blunted in vivo not only by drug delivery issues but also
by compensatory increases in PEA-15. Combination with PI3K-Akt inhibitors and/or RTK

inhibitors may remove these roadblocks to death receptor-mediated GBM cell death.
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Survivin represents a targetable GSC-enriched resistance factor

In lieu of currently available cFLIP inhibitors, I show that all analyzed human GBM lines are
sensitive to survivin inhibition using YM155 at nanomolar concentrations. Previous reports have
shown that high survivin expression is associated with worse prognosis in GBM>, and that
YM155 decreases invasion and viability of M059J, M059K?%?, U87%%, and LN229°¢ human
GBM cells. Survivin is increased in GSCs following RT, promoting the plasticity of
differentiation states and inhibiting apoptosis. YM155 significantly reverses these effects at non-

toxic doses>>’. In vivo efficacy is limited by neurotoxicity>

, poor CNS drug delivery and
cytotoxicity to normal stem cell pools limiting clinical tolerability>*. Prodrug formulations
show similar GBM killing efficacy and significantly improved CNS penetrance and reduced
GBM growth in vivo®>. Nanoparticle delivery of YM155 corroborated our findings of reduced
sensitivity of murine GBM cells relative to human, and this encapsulation method allowed for
greater delivery to orthotopic tumors and significantly reduced growth relative to vehicle or
saline-dissolved YM155%%, Interestingly, immortalized murine NSCs (NE-4C cells) are sensitive

in a dose-dependent fashion to YM155 like human GBM cells (Data not shown), suggesting a

vulnerability of stem cell enriched GBMs to survivin inhibition.
GBM cell sensitivity to SMCs is conserved across microenvironment conditions

As opposed to our findings in human lines, murine GBM cells are all sensitive to SMC and
TNFa-induced cell death in RIPK 1-dependent manners. This sensitivity was conserved across a
myriad of conditions. Hypoxia and hypoglycemia minimally protected GL261 cells from high
dose LCL161 and TNFa, as did culture on brain ECM-mimicking proteins. Similarly, repeat
treatments with LCL161 and TNFa did not affect sensitivity to subsequent treatments, nor did
implantation into CNS and resistance to LCL161 and aPD-1 cotherapy. Finally, high dose
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LCL161 and TNFa significantly reduced GL261 and CT2A sphere size and CT2A growth on
organotypic brain slice cultures. Together, these data show that GBM cells sensitive to LCL161
and TNFa in vitro remain sensitive upon exposure to CNS TME components, suggesting
resistance in these models is not GBM-cell intrinsic. Likely, then, limiting factors for SMC and
aPD-1 ICB derive from GBM-associated immunosuppression, notably poor antigen quality and

presentation, impaired T-cell trafficking, and insufficient intratumoral inflammatory signaling

(especially by TNFa).

Acquired resistance is a common feature of in vivo implantation and subsequent treatment, with
numerous validated protocols to test agents for this effect (reviewed in >®!). Sensitivity of
resistant renal cell carcinoma cells to anti-VEGFR therapy is reacquired upon implantation of
said resistant cells into untreated mice’*>%. In melanoma clinical trials, personalized
chemotherapy regimens based on sensitivities of resected melanoma cells significantly improved
overall survival, with in vivo responses directly related to in vitro drug sensitivity. Notably,
however, melanoma brain metastases showed no objective responses to this personalized
chemotherapy approach®*. In clinical trials for melanoma brain metastases, CNS location
limited drug delivery and responses to targeted therapy relative to extracranial metastases.
Several clinical trials are underway for ICB in melanoma brain metastases®®. Brain metastases
are significantly more infiltrated by T-cells and respond better to ICB than GBMs>%®, which are
significantly more infiltrated by immunosuppressive TAMs>®’. Interestingly, breast cancer cells
resistant to aHER2 therapy in vitro are sensitive to HER2 inhibition in vivo due to natural-killer
cell mediated antibody dependent cellular cytotoxicity>®®. Given the dependence of GBM cells
on pathways moderated by TNFR1- and IAP signaling, the sustained sensitivity to SMC and

TNFa-induced cell death regardless of exposure to myriad microenvironmental features is
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unsurprising and represents a key vulnerability. I concluded that increasing dose of LCL161 in
vivo would significantly enhance murine GBM killing and ICB efticacy (discussed in section

4.3).
Murine GBM cell lines differ in cell death mechanisms and MHC expression

Between the two commonly used mouse GBM lines, CT2A dies through apoptosis and GL261
through mixed apoptosis and necroptosis. Necroptosis is a more inflammatory form of cell death,
and GL261 are substantially more enriched for immune related pathways than CT2A%. Both
cell lines express immunomodulatory proteins, with GL261 alone expressing IFNy-inducible
MHCII, and both show significant survival benefit from combined SMC and aPD-1 therapy.
This is in keeping with past work from our lab, which further found that SMC and aPD-1-
mediated cures of IC CT2A tumors were dependent on the actions of CD8"* T-cells'®?. Here, I
show that anti-GL261 immune memory appears to be CD4" T-cell mediated, at least in the

context of SQ implants, in keeping with GL261-specific inducible MHCII expression.

Research on CD4" T-cells has focused mainly on their T-helper 6%

and Treg subset functions in
coordinating CD8" T-cell (and other immune cell) anti-cancer immune action, especially in
melanoma®’! 7, Recent work has characterized tumor-infiltrating CD4" T-cells specific for
melanoma MHCII-presented antigens with direct anti-tumor cytotoxic capacity, functioning both
in tandem with, and independent of, CD8" T-cells>’®>7”. These cytotoxic CD4" T-cells act via
both classical granzyme-mediated mechanisms as well as unique surface expressed and secreted
molecules®’® 382, CD4" T-cells positively correlate with glioma grade and are highest in GBM;
CDS8" T-cells are inversely correlated>®*. LAG-3 binds to MHCII and contributes to CD4" T-cell

exhaustion. GBM patients show increased MHCII expression relative to normal brain due to

macrophage-derived TNFa-induced upregulations. High IL-10 contributes to further increase
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MHCII and CD4" T-cell LAG-3 expression, together contributing to CD4" T-cell exhaustion.
Blockade of LAG-3, TNFa and IL-10 significantly improve aPD-1 ICB efficacy in GL261
models®®*. Similar to our SQ implants acting as de facto vaccinations for subsequent IC implants,
GBM-specific peptide vaccines have been found to engage CD4" T-cells to induce tumor cell
lysis with consequent antigen spreading allowing for clearance of GBM cells not expressing
vaccine-associated antigens®®, suggesting a more nuanced role for CD4" T-cells than

conventionally thought.

Given the intertumoral heterogeneity of GBM, it is feasible that variations between individuals
will present with differences in CD4" or CD8" T-cell fractions, as well as proportions of CD4"
cells that are cytotoxic, contributing to variable TMESs, exhaustion signatures and responses to
immunotherapies. How these cells are affected by IAP blockade needs to be elucidated. Previous
work from our lab in CT2A models has shown that CD4 blockade enhances the efficacy of SMC
and oPD-1 cotherapy. This was attributed to reductions in Tregs, which also explains the near
complete cures observed following addition of CTLA-4 blockade to the cotherapy'®?. More
recent work on the CT2A model corroborates this, showing dysfunctional CD4" T-cells
significantly contribute to CD8" T-cell exhaustion and reduced oPD-1 therapy efficacy®S.
Despite this, GL261 uniquely shows inducible MHCII expression and most closely resembles the
immune landscape of human patient GBM samples among common murine GBM lines®?,
indicating the potential for greater roles of CD4" T-cells in this model relative to CT2A. Indeed,
CD4" CAR-T cells show greater GBM Kkilling capacity than CD8" CAR-T cells within the GBM
TME, with reduced exhaustion signatures. Presence of CD8" cells within the transferred cell

populations reduced the efficacy of CD4" CAR-T cells*?®,
Age and CNS location limits anti-GBM immunotherapy
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Animal experiments are typically conducted in 5-7 week old mice, including previous results on
the synergism between SMCs and checkpoint blockade for GBM'#2. Given the CNS>*"°% and

immune system>?>%

undergo significant changes associated with aging, notably with shifts
toward memory phenotypes, reduced capacity to respond to novel antigens, immunosenescence,
increased permeability of CNS-immune barriers, and baseline neurodegeneration, it is clear that
preclinical experiments using young animals do not accurately reflect the GBM patient
demographics. Our findings of reduced SMC and ICB efficacy in middle age and old age mice
bearing CT2A and GL261 GBM tumors are therefore unsurprising. High IDO1 expression
among GBM-infiltrating CD45+ cells is in keeping with literature showing high T-cell IDOI,

with expression correlated with worse survival®**

Age-related efficacy of immunotherapy may
be therapy- and cancer-dependent. aPD-1 and aCTLA4 show better or equivalent efficacy in
patients over 70 relative to under 70 for melanoma, non-small cell lung carcinoma and triple
negative breast cancer. Bispecific T-cell engager therapy for B-precursor acute lymphoblastic
leukemia efficacy was not affected by age. Conversely, CD40 agonism and IL-2 produced

significantly worse outcomes in elderly patients>*>

. Age is a negative prognostic factor in mouse
models of GBM, with high IDO1 expression®”® consistent with our findings. Age-related
immunosenescence represents a key hurdle for immunotherapies of cancer, with decreased T-cell
activation, increased Tregs, MDSCs, and immunosuppressive cytokines (IL-10, TGFf) and
reduced naive and effector T-cells*’. Aged GBM patients show significantly higher LAG3 and
IDO1 and respond poorer to adjuvant aPD-1 and IDO1 inhibition than younger patients.
Senescent cells were found to be significantly increased in aged patients treated with
radiotherapy, and response to immunotherapy in aged mice bearing GBMs was improved by the

addition of senolytic compounds>®®,

127



Senescence represents a state of permanent cell cycle arrest, a characteristic secretory phenotype
(SASP) containing high levels of IL-6, apoptosis resistance and high lysosomal content™. In
GBM and other cancers, senescence is induced by cellular stress and DNA damaging therapies,
allowing for escape from cell death and supporting multiple aspects of GBM aggressiveness
including induction of MMP expression and enhanced invasion®”. Radiation induces GBM
senescence in a p21-dependent manner, and the SASP enhances RTK signaling and promotes
tumor growth. Clearance using a senolytic BCL-2 inhibitor cleared senescent cells, inhibited
tumor growth and enhanced survival ®!. TMZ also induces senescence and G2-M cell cycle
arrest in a p21 and NF-xB dependent manner, with senescence induced in significantly more
cells than apoptosis®®? €% Contrary to the irreversible nature of conventional senescence, cancer
stem cells appear able to enter senescent-like states to avoid therapeutic cytotoxicity and re-enter
the cell cycle following escape®® including in GBM®*. Mouse and human GBMs possess
senescent subpopulations, and extent of senescence is a negative prognostic indicator. Clearance
of mouse senescent cells using senolytic compounds significantly improves survival, in part due
to reduced TAM populations and increased T-cells®®. Preclinical studies of senolytic treatments
for GBM are underway (reviewed in %°°). Interestingly, SMCs have been found to have senolytic
activity against treatment-induced GBM senescence, increasing the apoptotic response®”’. cIAP2
is significantly increased following TMZ-induced senescence, and IAP blockade increases cell
death of both senescent GBM cells and those that have subsequently re-entered the cell cycle

following senescence-mediated escape®®®

. Genome-wide screens identify Smac-IAP interactions
as major determining factors for senolytic efficacy, and follow-up cotreatments of senescent cells
with BH3 mimetics and SMCs produced significantly reduced viability, clearing senescent cells

in vitro and in vivo®®.
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These senescent cell clearing effects may explain the increased efficacy of LCL161 as a
monotherapy in middle aged animals relative to young animals, significantly enhancing survival
relative to vehicle especially in the GL261 model. The senolytic and immunoactivating effects of
IAP blockade may act to counter GBM-associated senescence and increased immunosenescence
seen with aging. Confirming these effects in vivo represent a promising future area of research,

16107612 and

as will combination with IDOT1 inhibitors which have shown promising preclinica
early clinical trial results®'3%!4, beneficially reshaping the TME in combination with other agents

including aPD-1 checkpoint blockade and Stupp protocol®!>-61¢,
4.2 TNFa ablates astrocyte protection of GBM cells in the presence of SMCs
Microglia and macrophages are sensitive to SMC-induced cell death

Herein, I show that SMCs are cytotoxic to murine macrophages and microglia, and in co-cultures
this cell death acts in paracrine fashions on SMC-sensitized GBM cells to effect cancer cell
killing. Human macrophages and monocytes have previously been shown to die following IAP
blockade®>*2*, and cIAP1/2 are required for macrophage survival in vitro and in vivo®'"*18,
Microglial activation is associated with high levels of p19 cleaved caspase-3°"?, with further
cleavage to p17 and consequent apoptotic cell death controlled by cIAP2%%°, Treatment with
SMCs induces p19 to p17 cleavage and microglial cell death®", in keeping with our findings.
The novelty of our work stems from microglia/macrophage-GBM interactions in the context of
SMC treatments, wherein this previously characterized TAM cell death produces factors capable
of killing SMC-sensitized GBM cells. Whereas microglial depletion using PLX compounds

depletes microglia in normal brain but fails to reduce TAMs and provides minimal survival

benefit (Section 1.4.3), high dose SMC:s kill microglia and macrophages in vitro, reduces TAMs
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in vivo, concurrently reduces tumor size in vivo, and sensitizes murine GBM cells to paracrine

signaling from dying TAMs.
Astrocytes protect microglia, macrophages and GBM cells from SMC cytotoxicity

I also show that astrocytes blunt this effect and enhance murine GBM growth, in keeping with
past findings and their role in maintaining CNS homeostasis and cell survival (Section 1.2.6).
This is, to our knowledge, the first set of experiments looking at direct impact of SMCs on
astrocytes. Given LCL161 appears to be excluded from the normal CNS by the BBB!®? and that
the BBB is leaky in murine GBM, effects on astrocytes would either be indirect via impacts on
TME component secretory profiles and phenotypes, or direct on cells surrounding tumor. I show
increased astrocyte reactivity surrounding IC GL261 tumors following twice weekly LCL161
treatments, suggesting enhanced roles for these cells following SMC-mediated GBM treatment.
Combined SMC and TNFa treatment of GBM-astrocyte cocultures significantly enhanced GBM
killing relative to monocultures, suggesting inflammatory reactive astrocyte states provide
further death ligands acting on sensitized GBM cells. Unlike microglia and macrophages,
astrocytes show no change in viability upon treatment with SMCs, suggesting these effects are
not due to astrocyte cell death-secreted factors but instead due to changes in inflammatory
reactive state. This is in keeping with the general astrocyte resistance to engagement of the
extrinsic pathway, with minimal caspase-8 expression®?!"62% near complete lack of TRAIL
receptor expression 8024625 and the combined impact of cFLIP, PEA-15°4626627 an(d the
IAPs®2862° Inflammatory cytokines and death ligands, especially TNFa, instead induce astrocyte

reactivity and further death ligand expression?>!:630-633,

Our findings show LCL161 induced modest increases in astrocyte reactivity markers in vitro

relative to LPS and TNFa and repeat treatments of GBM-astrocyte cocultures with high dose
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LCL161 failed to induce death ligand expression sufficient to stem GBM cell growth. Thus,
increased astrocyte reactivity surrounding tumor in vivo is likely minimally contributed to by
direct SMC effects and moreso a result of increased intratumoral inflammatory signaling. This,
combined with the effects of inflammatory astrocytes on SMC-sensitized GBM cells and the
TAM-GBM killing capacity of SMCs, sets the stage for rational combination of SMCs with any
immunotherapy boosting intratumoral inflammatory signaling, recruiting neuroimmune action
against the tumor. As astrocyte glial scars form barriers to neuron regrowth following CNS
injury, nanoparticle approaches towards increasing astrocyte scar formation surrounding GBMs
have shown significant reductions in invasive capacity®**. Whether these SMC-mediated

increases have similar effects represents an interesting future avenue of research.

4.3 TGFp limits efficacy of SMC and ICB

Increased dose of SMC significantly enhances survival in combination with oPD-1

Given the sustained sensitivity of murine GBM cells to SMC-mediated inflammatory cell death,
as well as beneficial effects on microglia/macrophages and astrocytes, I aimed to study dose
escalation of LCL161 in GL261-bearing mice. I show that increasing oral dose of LCL161 from
‘standard dose’ 75mg/kg (SD) to ‘high dose’ 100mg/kg (HD) is well tolerated, even at increased
frequency of treatment. Mouse body weights were not significantly altered by HD 2x/week
‘standard frequency’ (HDSF) treatments or by HD 5x/week ‘high frequency’ (HDHF) treatments.
Spleen weights were significantly increased following either treatment regimen, with resected
tumor weight and TAM proportions reduced only in animals receiving HDHF LCL161,
illustrating broad SMC-mediated immunostimulatory effects. These results indicate that in vivo
TAMs are susceptible to SMC-mediated clearance as found in vitro (Section 4.2) contingent

upon maximal doses of SMC reaching tumor. Further work is looking to examine GBM TME
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and normal brain dynamics following HDSF and HDHF treatments, with direct co-staining of
cleaved caspase-3 and IBA1 showing active SMC-mediated TAM cell death (data not shown). |
further show that despite intracranial GL261-induced reductions of T-cell proportions in
peripheral lymphoid organs, consistent with well characterized peripheral immunosuppression
(Section 1.3.4), HDSF LCL161 treatment significantly increases expression of T-cell activation
markers OX40, CD69 and CD25 while reducing PD-1. SMCs have a myriad of previously
characterized pro-inflammatory functions via alterations to NF-kB signaling (reviewed in °°),
including enhanced costimulation®?, increased T-cell TNFa and IL-2 production, DC activation
and maturation®>’ and reduced T-cell Treg differentiation and PD-1 expression*®®. Despite GBM-
induced peripheral immunosuppression, SMCs still induce T-cell activation in peripheral

lymphoid organs, setting the stage for enhanced anti-GBM immunity in combination with ICB.

In combination with aPD-1 ICB, HDSF significantly extends mouse survival and doubles the
number of long-term survivors across both cell lines compared to SDSF. Interestingly, HDHF
reduced the efficacy of cotherapy, even to levels below SDSF in CT2A. Despite this reduction in
median and overall survival, most deceased animals showed no evidence of residual tumor at
endpoint, suggesting substantial anti-GBM action but severe off-tumor toxicity. Consistent with
this, SSC'®YFSC™ populations in peripheral lymphoid organs were nearly completely abolished
by HDHF LCL161 treatment alone. This population matches similar reductions in CD3" cells in
the spleen seen following intracranial implant of GL261 tumors, suggesting severe
lymphodepletion following HDHF LCL161 regimens. Despite costimulatory effects, SMCs have
been found to sensitize engineered T-cells to Fas-mediated apoptosis**®. Astrocyte FasL-induced
apoptosis of CNS-infiltrating T-cells is a well characterized mechanism of maintaining immune

privilege, especially required given neuron susceptibility to inflammatory cytokines and death
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ligands®*>-*!, A potential situation therefore arises in which: 1) HDHF LCL161 induces TAM
cell death, releasing factors acting on now sensitized GBM cells to clear tumor; 2) enhanced
astrocyte reactivity is associated with further increases in death ligand expression, including
TNFa and Fas-FasL, acting to enhance GBM cell killing; 3) aPD-1 ICB enhances T-cell
proinflammatory function, enhancing GBM cell killing; 4) excess LCL161 from HDHF regimens
induces peripheral and intratumoral T-cell killing by Fas-FasL mechanisms, including highly

reactive astrocytes, inducing severe toxicity despite clearing tumor.

IT delivery of TMZ or other chemotherapies significantly improves combination with aPD-1
ICB relative to IV, with systemic application causing severe defects in anti-GBM T-cell
immunity (Section 1.4.4). Altering the schedule of TMZ treatments drastically influences
progression-free survival outcomes in GBM!!3, Therefore, elucidating the optimal timing of
SMC treatments to maximally boost peripheral and intratumoral immunity while minimizing off-
tumor toxicity are key future preclinical research steps. Future work will also examine more
direct delivery methods of SMCs in GBM therapy. IT and ICV administration are hindered by
the necessity to dissolve LCL161 in DMSO, which has been found to cause severe
ventriculomegaly and defects in cilia function and viability of ependymal cells lining the

642 as well as on cortical neurons®?. Nanoparticle (NP)-based treatments for GBM have

ventricles
received significant research focus in recent years, allowing for delivery of diverse
chemotherapeutic, small molecule, protein or antibody payloads and overcoming many issues of
drug delivery or drug specificity for tumor cells®** %", Promisingly given their crucial roles in
GBM biology and immunosuppressive TME, TAMs primarily uptake NPs and act as delivery

mechanisms of nanoparticle payloads to tumor cells®*3. Early experiments in NP-encapsulated

LCL161 showed SMC-sensitive MDA-MB231 and murine GBM cells remain sensitive SMC-
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based killing. However, cytotoxicity towards microglia and macrophages seen with free drug
was completely abolished upon NP encapsulation (previous work done by an MSc student,
Melanie Dugas). However, given these findings I propose future work examine direct IT
delivery of NP-encapsulated YM 155 for direct SMC-resistant GBM cell killing, followed by oral
HDSF LCL161 and aPD-1 ICB for maximal GBM-killing, TAM-clearing, neuroimmune

engaging and peripheral immune-activating effects.
TGFp protects microglia and macrophages from SMCs and blockade extends survival

I found that TGFf and hypoxia are major resistance factors for SMC-mediated microglia and
macrophage killing. I focused on targeting TGF[ given its myriad roles in GSC biology (Section
1.2.3), astrocyte regulation of neuroinflammation (Section 1.2.6), TAM and Treg
immunosuppressive capabilities (Section 1.3.3) and resistance to ICB (Section 1.4.4), as well as
relative ease of inhibition in vivo via direct antibody blockade. I show that low dose TGFp is
sufficient to protect these cell types from high dose LCL161, with protective effects plateauing
likely because of TGFBR availability. I also show that GBM-secreted TGFJ is sufficient to
confer protection, illustrating further multicellular communication driven mechanisms of
resistance to SMC-based therapies. The protective effects on macrophages and microglia are in
keeping with past work showing enhanced IAP expression following TGFp treatment>*’, further
corroborated by the reestablishment of cytotoxicity following treatment with the dimeric SMC
AZD5582. Future work will examine which IAPs are specifically upregulated and assess TGFf3,

TGFBR, and IAP levels in vivo.

TGFP has a wide range of context-dependent effects, and blockade has the potential to enhance
immunotherapies for a wide array of cancers®* %!, Introducing TGFB blockade into current
immunotherapeutic regimens is therefore an extremely promising strategy. However, this may be
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associated with exacerbated immunotherapy-derived toxicities and disrupted tissue homeostasis,
indicating that its application requires a nuanced approach and significant safety studies®>2.
TGFp or TGFBR blocking antibodies, small molecule inhibitors and TGFB-producing enzyme
inhibitors are nonetheless currently in clinical trials for multiple solid tumors, including in
combination with oPD-1 or aCTLA4 ICB with promising early results®*>%>>. TGFp has been
found to be a major contributor to CD4" CAR-T cell exhaustion, significantly reducing efficacy
of adoptive cell therapies against solid tumors®*® and contributing significantly to ICB resistance
for GBM. Direct IT delivery of antisense oligonucleotides against TGFB2 showed promising

preclinical and early clinical efficacy in extending patient survival administered following

657-659 t393

conventional therapy , although further clinical trials failed to show survival benefi

660 and

TGF is highly expressed in GBM and plays key roles in disease aggression
immunosuppression. Several clinical trials incorporating blockade of TGFB2, TGFBR1, or broad
TGFp for GBM are underway or have been completed®! and shown to be safe but with minimal
clinical benefit®¢>-%%* In GL261 models, TGFp blockade concurrent with GBM antigen
vaccination resulted in significant anti-tumor immunity and significantly improved survival®®®.
Similar survival improvements in GL261-bearing animals were seen when TGFf} blockade was
combined with RT and aPD-L1%3¢%_ T show that TGFp represents a significant resistance factor
for SMC-mediated TAM killing in an IAP-dependent manner, and in vivo blockade almost triples
the number of long-term survivors in combination with HDSF LCL161 and aPD-1 ICB relative
to the combination alone. LCL161 represents the major immunostimulant in peripheral lymphoid

organs, with o TGF and aPD-1 treatments removing immunosuppressive and anti-apoptotic

hurdles for maximal anti-GBM attack described previously. Elucidating the optimal timing and
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dosing of TGFB-blockade in SMC-based immunotherapies to maximize TAM clearance and

GBM killing represent key future research goals.

5.0 Conclusions

I show that human and mouse GBM cells undergo cell death following IAP blockade, and that
the sensitivities of murine GBM cells are maintained upon exposure to in vivo
microenvironmental conditions. I demonstrate SMC-induced cell death occurs through apoptosis
and necroptosis in CT2A and GL261 murine GBM lines, respectively. Both lines express
immunomodulatory proteins, with GL261 uniquely showing inducible MHCII expression.
Intracranial tumors formed from both cell lines are cured in response to SMC and aPD-1 ICB,
and anti-GBM immunity is limited by CNS location. Together, these data indicate that GBM
sensitivity to IAP blockade is maintained in vivo and improved SMC delivery and increased
intratumoral inflammatory signaling represent key steps towards maximizing efficacy of SMC-
based immunotherapies. I further show age negatively impacts cotherapy efficacy, and high
tumor-infiltrating immune cell expression of IDO1 and KLRGI reveal potential future

combination targets.

I explored the impact of individual tumor infiltrating and CNS cell types on sensitivity of GBM
cells to SMC-mediated cell death. Macrophages and microglia, key factors in GBM
immunosuppression and aggressive biology, are killed by SMCs and consequently kill sensitized
GBM cells. SMC treatment increases astrocyte reactivity surrounding GL261 tumors. Astrocytes
enhance GBM growth and protect microglia from SMC cytotoxicity. Cotreatment with SMC and
TNFa results in significantly greater GBM killing because of TNFa-induced astrocyte reactivity.
Together, I show that TAMs represent a promising source of death signals for SMC-sensitized

GBM cells contingent upon sufficient inflammation to overcome astrocyte protective effects.
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I evaluated dose escalation of SMC in vivo and show significantly improved survival across both
murine GBM cell lines in combination with ICB, plateauing at a point wherein tumors are
cleared but on-target off-tumor toxicity prevails. I show SMCs potently increase T-cell activation
markers in peripheral lymphoid organs, but at non-toxic doses these are not accompanied by
changes in the tumor. I identify TGFp as a significant limiting factor in SMC TAM killing
capacity in an IAP-dependent manner and in efficacy of SMC and ICB cotherapy. I show TGFf3
blockade nearly triples the number of cures in mice bearing GL261 tumors. Together, I show
limiting factors in SMC-based GBM immunotherapies are extent of drug reaching tumor site,
extent of intratumoral inflammatory signaling, CNS location and TGFp. I propose TGFf, IDO1

and KLRGI inhibition as rational combinations with high dose SMC and ICB.
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