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ABSTRACT

ONC201 is a novel compound that upregulates endogenousRElifed Apoptosis
Inducing Ligand (TRAIL), in tumor and normal cells, restoring autocrine and paracrine
antrtumor activity within tumor cells, and upregulates Bfe5gene byactivatingthe
integrated stress response, inducing edffhadependent ATF4 an@HOP[1-3].

ONC201 also demonstrates potent-amthor effects on colorectal cancéds 5].

ONC201 presented a promising oral bioavailability, wide distribution throughout the
body,andability to cross the bloctirain barrier. Further, the unique ability of its
TRAIL-andDR5-based signaling to induce apoptosis in cancer cells and not norrsal cell
adds to its appeal as an acaincer therapeutic and prompted clinical developriieat

6]. ONC201 has successfully completed=®A advanced Phase I/l clinical trial in
advanced aggressive refractory solid tumors. Results indicated that ONC20% is well
tolerated and recommended a phase Il dose of 625 mg orally every 3 weeks. Several
Phase I/ll clinical trials are enrolling in mipte solid tumors and hematological

malignancieg7, 8].

Chapter two of this study provides evidence that ONGRixE intensification
demonstrates an increased pharmacodynamic effect and an increastnghangfficacy

in vivowhile having a safe toxicity profileponweekly dogng. This data influenced the
Phase Il clinical trials, which have now been adjusted to include weekly dGsusn

the potential antmetastatic effects of TRAIL signaling and the role of TRAIL in the
immune surveillance of cancer, we hypothesized ti€2D1 would suppress metastatic

tumor development and engage the immune system in itsamter activity. We also



establish that ONC201 provides an important-ergtastatic effect in CRC that should be
pursued in both prelinical and clinical studieslail vein and surgical CRC models
demonstrate that ONC201 inhibits the number and size of metastases. Evidence has
shown that TRAIL can also inhibit cancer metastasis by possibly inducing cell death or
TRAIL-sensitization in the primary tumor when cellglargo extravasation upon
detachment from the primary tum@®-11]. While we show that TRAIL plays a role in
ONC2016s a b imigratioryinvasmn in vitrb, futihertinvestigation thie role

of TRAIL in vivois necessary. Our data indicates that ONC201 promotesiamprone
response in CRC subcutaneous tumors with increased NK cells that play a role in
ONC2016s ef ficnodelg. Since acivatedgaunatkiller cells express
TRAIL, we established that ON201 can activate and induce TRAIL expression in NK
cells[12, 13] As we did not find any immune infiltrates in the metastases, we suggest
that the effect of the micrenvironment or in more clinicalgelevant models wiht

stromal environments should be pursued.

Chapter 3 of this of thesis demonstrates t
and development of ONC201 analogues including their mechanistic differences and

potential in vivo efficacy and safety. Wave demonstras¢he importance of thangular
structure of ONC-2uhdr efficacy 10 NTGe2ndvel pharmacophdre

has now been called as imipridone and is essential fomtitsuanor activity, as the linear

isomer had no antumor effect. We leveraged this unique pharmacophore to synthesize
ONC201 analogues with distinct therapeutic properties; namely, targeting ONC201

resistant tumor types or possessing distinct signalioggsties. Imipridone R2 analogues



have a lowetC50 andare more promising than their lead compound in certain tumor
types. ONC212, a halide R2 analogue, demonstrates superior efficaey in
melanoma xenografta large therapeutic window; but doesé a rapid PKOncoceutics

is currently developin@NC212for a firstin humanPhase | clinical trial.

The fourth chapter of this study demonstrates the potential of a combinational therapy
with ONC201 in colorectal cancer with bevacuzimab. Clinidaldrin CRC and other

tumor types have demonstrated that therapeutics targeting the vascular endothelial growth
factor (VEGF) pathway, such as bevacizumab, are effective in combination with certain
chemotherapeutic agents. ONC201 in combination with bewael led to superior

results with almost no tumor growth. This result wasapitulated in syngeneic models.

Given that bevacuzimab is approved for metastatic CRC, we suggest that ONC201 in
combination with bevacuzimab should be introduced into a conaviabPhase Il

clinical trial.

This thesis focuses on the importance of dasensification of ONC201 on its pre

clinical efficacy; establish an antietastatic effect; demonstrate an immune increase in
subcutaneous models; and elucidatertie of thecore angular structure in efficacy with

the development novel ONC201 analogues. The importance-ofipieal studies,

ONC2016s analogues including the successfu
advantageous combinational therapies with-angicgenics is explained in the chapters

throughout.
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CHAPTER 1

INTRODUCTION

1.1 TRAIL ligand and TRAIL receptors

Portions of this sectiowereadapted from the published Wagner J, Kline C, arDéity
w. 2017. NResipattdaanvay ttar DRAleld t HMTBAILapeut i cs
Fas Ligand, TNF and TLR3 in Cancé@liver Micheau ed., Springer Publishimp 1-26

1.11 Overview of TRAIL and death receptors

Cell death via apoptosis can be triggered by either intrinsic or extrinsic stimuli. The
intrinsic pathway, commonly &eated within the mitochondria, can be induced through
stresses inside the cell, suchcafiularstress and oncogene activation. Alternatively, the
extrinsic pathway is triggered by ligands binding to specific transmembrane receptors,
consequently activating caspases and cell d&ath7]. The tumor necrosis factor

related apoptosimducing ligand (TRAIL) is a member of the tumor necrosis factor

(TNF) family of proteins that activate the extrinsic pathway. The protein TRAIL is 20

kDa and is encoded by 5 exons on chromosofi®,319] TRAIL was first cloned ased

on the sequence homology of its extracellu
Its extracellular carboxyl terminal portion is proteolytically cleaved (such as by

Cathepsin E), to form its biologically active soluble fd28-22]. Unlike TNFU, whi c h
elicits severe toxicity after systemic exposure, TRAIlhitglly selectively induces

apoptosis in cancer cells, leaving the normal cells vi@3e6].



The role of TRAIL ha since been well established to include different cell types and
mechanisms of action. Acting as an immune effector molecule, TRAIL is expressed on
the surface of activated immune cells including natural killer cells, CD4+ T cells,
macrophages, and dertaricells[27]. The ligand has been found to play a critical role in
T-cell homeostasis and NK mediated killing of oncogenietbysformed cell§28, 29]
TRAIL is also secreted from normal cells and fibroblasts, which enadyimal cells to

also play a role in mediating tumoell death{30, 31}

The mechanism by which TRAIL ligand induces apoptosis involvedifg to its

prospective receptors: death receptor 4 (DR4), death receptor 5 (DR5), decoy receptor 1
(DcR1/TRID), decoy receptor 2 (DcR2/TRUNDD), and osteoprote@2n33] The

two active receptors which induce apoptosis, DR4 and DR5, are type | transmembrane
proteins with a sequence homology of 58% and a death domain capable of recruiting
adaptor proteinto trigger cell death through caspase activajg®35]. While TRAIL

requires both DR4 and DR5 for optimal cellular apoptosgimecancertypes in other

cancer types that contain similar amounts of both receptors on the cell surface, one

receptor actas the primary receptor required for cell dg&t38].

DR4 and DR5 gene expression is regulated by transcription faeiéBP homologous
protein(CHOP), activating proteirl (AP-1), Nuclear Factor KENF-kB), andForkhead
box protein O3FOX0O3A). While all these factors impact both death receptors,

transcription factors selective for either death receptor do exist. For example, DR5 can be



uniquely induced b¥TS domaircontaining proteifELK-1) while DR4 can be

repressed by GLB [39-44].

1.1.2 Engagement of the extrinsimd intrinsicpathway of apoptosis.

The binding of TRAIL to its receptors induces receptor trimerization and conformational
change. The latter event exposes the intracellular death domains of the receptor,
facilitating the formation of the deathducing signaling complex (DISC). The DISC
formed by TRAIL consists of the death receptors, the adaptor proteesBasiated

death domain protein (FADD) which interacts with the death domain of the receptors,
and procaspasg or-10 whichhave death effector domains that interact facilitate direct
interactionwith FADD [34, 4547]. The localization of procaspas@snd procaspases

10 to the DISC promotes caspase dimerization, subsequent activation, and autocatalytic
cleavage into both large (18 or 20 kDa, respectively) aral ¢&® kDa) fragmentfi5,

46, 48, 49] The resulting large and small fragments interact to form an active protease,
subsequently cleaving the effector caspases: caspaéeand 7, resulting in apoptosis

(Figure 1)[50].

The activation of cleaved caspa®®dy TRAIL can also actate and amplify the intrinsic
apoptotic pathway through the mitochondria by cleaving the activatorddiy3protein

Bid [17, 50] The truncated Bid interacts and induces the oligomerization of Bax and Bak
proteins at the mitochondrial membrane, promoting the formation of the mitochondrial

outer membrane pore and subsequent release of cytochiédle The release of

3



cytochrome c results in a secondary activation of caspasel effector caspases from

the mibchondria[31, 52] Activation of the intrinsic pathay through TRAIL also

requires the inactivation of intracellular apoptosis inhibitors such as-timxed

inhibitor of apoptosigprotein (XIAP), a protein that directly inhibits caspase activity

(Figure 1)[53].

Taken together, the TRAIL patlay is critical to inducing apoptosis via the extrinsic

pathway but is capable of activating the intrinsic pathway via Bid cleavage and

inactivation of apoptosis inhibitors such as X[B#].
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1.1.3 TRAIL Resistance

1.13.a Resistance in normal cells.

The mechanisms behind the resistance of normal cells to TRAIL are similar to the
mechanisms of resistance that have been observed in FfeAaidtant tumors. Caspale
expression has been found to be significantly diminishdbroblasts. Furthermore, the
requisite ubiquitination of caspa8efor TRAIL-induced apoptosis is lacking in normal
cells, in primary keratinocytes, natural killer and CD8 (+) T délis57]. Normal cells
possess multiple resistance mechani80s58, 59] For instance, human fibroblasts
overexpressellular FLICEinhibitory protein(c-FLIP) and XIAP, therebynhibiting
TRAIL-induced apoptosis at the level of the DISC and the downstream pathways of
apoptosig§30]. Also, increased TRAIL decoy receptor express®a classical feature of

some normal cellg/hich protect normal cells from TRA}Nduced apoptosib7].

1.13.a Resistance in select cancer cells.

Intrinsic TRAIL resistance in cancer cells has been associated with either dysfunctional
DR4 and/or DR5 (DR4/DR5) at the cell surfaceanraberration ithe surface

localization of the receptopeventing DR4/DR5 from functioning propef0, 61]
Inhibition of death receptor activation can occur as a result of mutations within the
TRAIL receptors, loss of receptor expression through homozygous deletiener g
silencing, and death receptor sequestrdt@n 63] The genes for DR4 aeR5 reside

on chromosome 8p. Loss of heterozygosity on chromosome 8p is common irscancer

including: hepatocellular carcinoma, colorectal cancer, nasopharyngeal, and lung cancer
5



[64, 65] TheDR4gene promoter can also be hypermethylated, resulting in

downregulatio of expressiof66-68]. Mutations in thddR4andDR5genes, particularly

in the region coding for the death domain or in the lighimdiing region of DR4 have

been detected in a number of caneectuding nonHodgkin's lymphoma, melanoma,

and hepatocellular carcinorn?, 6371]. Seveal point mutations in th®R5gene result

in a DR5 protein that does not have a functional death domain. The mutant protein exerts
a dominannegative effect, competing with functional DR4 for TRAIL ligand, and

therefore, downregulating TRA}Nnduced aposis[72].

In many TRAIL-resistant tumor cells, there is also an upregulation of TRAIL decoy
receptors. These decoy receptors TRARB (DcR1), TRAIL-R4 (DcR2), and the soluble
receptor OPG, lack the functiaihdeath domain on DR4 and DR5. Therefdiney cannot
signal for apoptosis when bound to the TRAIL ligand. Due to their similar selectivity to
TRAIL as both DR4 and DR5, these decoy receptors are considered to be competitive

inhibitors that regulate TRAHinduced apoptosis in tumor ce]i&3-75].

Another mechanism of TRAIL resistance is mediatetécts irthe DISC forméon.

DISC formation is critical to TRAILinduced apoptosis. Defects in the mobilization of
procaspas® to the DISC anth procaspas® activation have been associated with

TRAIL resistancd60, 76] 7% of patients (including patients with head and neck
squamous cell carcinoma, hepatocellular carcinoma, and colorectal carcinoma) carry a

mutation in theicaspase8 geneaccording to a wholgenomesequence studyrhese



mutations encode fa mutant procaspasg that fails to undergo processing in response
to TRAIL, and therefore, senaspotential biemarkers of resistance to death ligands

[76-78].

Finally, caspaseignaling,and activation can be negatively regulated through the anti
apoptotic Bci2 family proteins and inhibitor of apoptosis proteins (AP, 80]causing

cells to be resistant toRIAIL. The antiapoptotic XIAP protein inhibits the activation of
caspase by inhibiting caspas8 cleavage, effectively blocking apoptosis and increasing
resistance to TRAIL. In TRAIresistant pancreatic cancer cell lines, XIAP is expressed
at high leved. When XIAPwasdownregulated or its function inhibited within the cells

by XIAP inhibitors and cells treated with TRAIL, the resulting synergy suppressed tumor
growthin vitro andin vivo [81-83]. Silencing of XIAP and treatment with TRAlhased
therapies have been shown to block metastatic growth in mouse rf&tels

Several stdies have demonstrated that elevated serum TRAIL (STRAIL) lewdish

are TRAIL proteins secreted from cells and circulated within the bl@dinvolved in

the pathophysiology of several diseas|ss includesviral infections, autommune
syndromesetc Researchers have noted an induction and increase in serum TRAIL levels
in drug responders, and patients with systemic lupus erythem#88s88]. Therefore,

there has beemanterest iNTRAIL -based therapies.



1.1.4 Development of TRAIL pathwaprgeted therapeutics

The first publication that indicated the relevance of the TRAIL ligand to cancer research
demonstrated that TRAIL selectively induces apoptosis in malignant cells while sparing
normal cells. Further studies have been performed using recombinant TRAIlbristag
human monoclonal antibodies against DR4 and [#R% These early reports indicated

that a histidindagged or FLAGagged TRAIL induces apoptosis in some normal cells
including hepatocytes and astrocyf@8, 91] However nortagged and recombinant

TRAIL did not exert any toxic effects mormalcellsin vitro or in vivo, indicating that

under normal natural conditions TRAIL does not induce apoptosis in normal healthy cells
[31, 92] These conflicting studies suggest that the mechanism by which TRAIL is

delivered or tagged is critical for TRAIL to induce torselective apoptosis.

1.1.4.aOptimization of TRAIL delivery.

Given the ability of TRAIL to target cancer cells and leave normal cells unharmed,
efforts to optimize TRAIL administration have been made. The efficacy of the TRAIL
ligand has been limiteby suboptimal delivery and short protein Hé#. To improve the
pharmacokinetic profile of soluble TRAIL, antdrminal PEGylated TRAIL has been
developedvhere researchers attached PEGylated conjugates totdrenkius of

TRAIL. N-terminal PEGylated RAIL has undergone successful IND studiesivo and

is currently being pursued in the clifi#0, 93] Cellbased delivery of TRAIL, in
particular, via mesenchymal stem cells (MSCs), has also been found to be promising.

MSCs have been transduced to express a secreted form of recombinant TRAIL or TRAIL
8



variants (that target only one of theatle receptors). These provide ansite sustained
release of TRAIL, effectively inhibiting tumor growih vivowhen injected directly into

the tumor sitg94, 95]and eradicating metasta§@6]. TRAIL has also been conjugated

to nanoliposomes and-g&electin (ES). The ES/TRAIL liposomes bind to leukocytes

under conditions of shear flow via selectin ligands on the leukocyte s{®fac@3] The
leukocytes serve as carriers of TRAIL and have been shown to kill circulating tumor cells
in vivo[99] and in lymphomand leukemia patienf800, 101] All of these methods of
TRAIL delivery are still being optimized but have shown extraordinary promise in
delivering TRAIL into the bodynd tumor cells while overcoming the clinical barriers

that soluble TRAIL exhibitedTable 1)

1.1.4.bTRAIL receptor antibodies

An alternative strategy to exploit the TRAIL papoptotic pathway is the use of TRAIL
receptor antibodies. These deetheptor antibodies stimulate the TRAdpoptotic
pathway independently of TRAIL induction and have been found efficacious either as
monotherapies or in combinatiavith adriamycin or paclitaxglL02, 103] There are
ongoing Phase Il trials that evaluate the combinational therapies of TRAIL receptor
agonists with various FDApproved therapigacluding carboplatin, paclitaxel, and
bevacizumalpl104, 105] Several of the DR5 antibodhased therapiesuchTRA-8 and
AMG-655,are being tested in clinical trials have shown promise as therapgatits
andare discussed belown contrastpnly one antDR4 agent isn clinical trials.

Mapatumumab (HGS1012), a human agonistic monoclonal antibody that is specific to
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DR4, has been evaluated as a magenf and in combination with several
chemotherapies including carboplatin, paclitaxel, and gemcitabine. Althougiatbate
still ongoing, Mapatumumab has shown promising effiaacseveral solid tumors,
especially colorectal cancdtowever, in the TRAILresistant NSCLC, Mapatumumab
showed no clinical benefit in combination with paclitaxel or carbopJai6-109].
Nevertheless, the development of potential Bfaded therapies such as Mapatunab
does warrant further explorati@ivenevidence that TRAIL induces apoptosis
exclusively through DR4 in certain cancers including ovarian, melanoma, and chronic
lymphocytic leukemig110, 111] Single agents that act as dual DR4/DR5 agonists have
also become an area of interest for many researchers. Given the variability of DR4 and
DRS5 receptor levels in tissue types or mutationsdividual receptors within specific
tumor cells, these agonists are expected to have a broader spectrum of efficacy than
receptorspecific agonistsThe first major dual DR4/DR5 agonisurrobody,

demonstrated a greater potency and increased ca3pesds in cells and xenografts

than a combination of DR4 and DR5 agonjdtk2] (Table 1).
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Table 1: TRAIL -based therapies and soluble TRAIL delivery strategies in

development

delivery

Molecule/Therapeutig Target Comments
His-TRAIL . e
("hTRAIL variant) DR4/DR5/DcReceptor High Toxicity in vitro [90]
Flag TRAIL DR4/DR5/DcReceptor High Toxicity in vitro andin vivo (Balb/c
mice)[113]
High Toxicityin vitro andin vivo
nontagged rhTRAIL | DR4/DR5/DcReceptor (athymic nude micel89)]
: Safein vivo and anticancer efficacy in
Surrobody (agonist) DR4/DR5 xenograft model§112]
TRA-8 (agonist) DR5 nontoxic in Phase [103]
. nontoxic and anttumor efficacy
AMG-655 (agonist) DR5 in Phase [114]
. Phase I/l showed safe as monotherag
Lexatumuab (agonist DR5 and in combinatiofil 15]
Apomzb (agonist) DR5S Currentl[3£|7r; Phase Il
Phase | showed netoxic, phase Ib
Mapatumumab DR4 showedpromise in combination
[108, 109]
Has shown efficacy in bulk tumors anc
stem cells in vivo. Phase showed non
ONC201 DR5/TRAIL toxic anq promising PK and efficacy.
Currently in several Phase I/l for sever
bulk tumor tissue types and hematologit
malignanciefl, 2, 4]
stemcell based TRAIL has shown some efficacy im vivo studies
TRAIL delivery [95, 96]
PEGTRAIL TRAIL increased ha4ﬁfe;, successful efficacin
vivo [93]
TRAIL-Ioaded nane sustained TRAIL release, tumor killing,
liposomes or TRAIL and CTC apoptosi99]
leukocytes bop
TRAIL nanoparticle TRAIL increased artiumor activity and

demonstrated tumor KillinflL16]
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Without any viable successes therapies using the TRAIL ligand or receptor antibodies,

our laboratory previously decided to leverage the casgecific preapoptotic effects of

the TRAIL pathway usig small moleculesThey defineda novel small molecule

ONC201,that upregulated the endogenous TRAIL level within cells, selectively inducing
apoptosis in cancer cells. Further studies would demonstrate that ONC201 upregulated

both the TRAIL ligand the receptor DRBhisnovel therapeutic has since progressed

intoPase | /11 clinical trials. The discover

action are described below.

1.2 Metastasis

1.2.1 Overview of metastasis

For many patients, a diagnosismétastatialisease can be terminal, witletastatic

patients having a significant decreaséive-yearsurvival compared to those who have
only primary tumorg117, 118] While playing a role in canceelated deaths, metastasis
itself is inefficient process that requires complex interactions between tumor cells and
normal cellsMetastasis begins when cells successfully deaadhmigrate from the
primary tumor, invade into the surrounding stroma, intravasate into the circulation, and
colonize distant organ sites. For metastasis to ensue, cells must survive in an anchorage
independent manner starting with the activation of geeesssary for differentiaticand
antrapoptotic mechanisnj419, 120] The process of surviving detachment within the
circulationalsoincludes evading host immune surveillance, aitlggo endotlelial cells

on a distant organ andvading throughhose endothelial cell@xtravasation)Once
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attachedo a distant site; these neoplastic tumor cells must proliferate successfully and
vascularize in order to successfully grow distinct metas{fad2d$. This praess requires

the role of adhesion, proliferation, and proteolytic facemslescribed belojt22].

Typically, when normal cells detach, they undergo anoikis, a forindated apoptosis
that is primarily activated through the death receptor path©2g, 123] However,
malignant cells that are metastatic resist anoikis, primarily through expressing the death
receptor caspasactivation inhibitor eFLIP or through loss of £adherif124, 125].
During anoikis cells typically are altered from epithel@iaracteristicéo mesenchymal
like cells, a process known as epithehaésenchymal transition (ENBndactivate
proteases to cut through the extedlular matrix.Cells experience a disruption of
intracellular tight junctions and loss of ce#ll contact and gain rmenchymal
morphology{126, 127] EMT can be induced through several key pathways including
TGFb ,  Wn Natch. & study of these EMT markers usingmunohistochemistry
(IHC) staining on breast cancer patient sEsgoncluded that high expression of EMT

markers correlates with the aggressiveness of tufhags130].

Once cellsare resistant tanoikisthey can directhenter theblood stream, atravel
through the lymphatic systefh31]. Once theyhaveenteedthe bloodstream the tumor
cells become known as circulating tuneells (CTC). Throughout metastasis, tumor cells

must avoid detection and eradication through the immune system. As the tumor cells

| eave the bloodstream, they enter Aforeign
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has been prepared by the immystem, known as the preetastatic niche which will

be discussed in section 1.21381, 132] This secondary site has undergone a change in
cellular composition including changen theextracellular matrix ECM) such as the
upregulation of fibronectin, whicpromotes survival of the tumor ce]k33]. Multiple
signaling pathwaymust also be altered to allow CT@sdolonize at the foreign organ
including maintenance and enhancement ofproliferativepathways, inhibiting tumor
cell death, increasing DNA repair, inducing autophagy, and changing plettecity

within the secondary organ sjte34-137].

Since a majority of canceelated deaths are associatgth metastasis, there exists a
need fo therapies to address both primary tumor and metastatic disease prejd&3&jon
Metastatic disease can be targeted through two different methods: drugs that target any of
the arms of metastasis as discudsquhtients diagnosed before metastases are formed;
or target tumor growth/cetleath within the primary tumanr already established
metastatic tumorsSome monotherapiashibit metastasis through targeting necessary
metastatic mechanisms. For example, bevacizuthebVEGF inhibitor discussed in
Section 1.4has been shown to iridii metastasis by decreasimgscularizatiorand
decreasing the ability of tumors to escape through the bloodI89]. Alternatively,

many clinicians are promoting the idea of combinational therapgrd@t multiple
pathways involved in metastases, combating potential resistance mechanisms and

addresmg heterogeneityvithin tumors[140-142].
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Figure 1.2 Overview of metastasisA simplistic overview of tumeoinduced metastasis

from primary tumor growth, invasion and angiogenesis to intravasation and detachment
into the blood stream or lymph nodes. Then, the tumor clones need to survive in the
circulation and grow onto distant sites where migretastases form andaayv. Possible
different tumor clones can separate and grow at different sites due to primary tumor
heterogeneity
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1.2.2 TRAIL pathway effect on metastasis

TRAIL suppresses metastasighin bothliver and melanoma cancer catt®delsin
TRAIL when treated directly with soluble TRAIL or through aderssociated virus
mediated TRAIL gene therapy in eitharvivoor in vitro studieq10, 96, 143, 144]A
death receptor knockout mouse model demorestrditat death receptors play a
suppressive role in cancer metastasis while the primary tumor remains undfiécted
145]. FurthermoreTRAIL-R1or TRAIL-R2deficiency in patient samples has been
correlated with enhanced metastasis without affecting primary tumor development.
significant loss of DR5 expression has bé&amd in both thenetastatiqrimary tumors
and their metastatic lesionsompared to primary tumors that do not exhibit any
metastatic progressidf]. One study identifie®R5 as the key receptor in death receptor
antimetastatic signalingdere,DR5 agonist antibodies attenuated ldegm survival of
metastatic cancen mouse mode)sand were found to reduce the growtiMidA -MB-
231 xenograft metastases in bbtimph nodesandthe lung [146]. Also, inmice bearing
head and neck squamous cell carcincer@ograftsIHC showed that caspaseand DR5

levelsweredownregulated in metastatic tumdes.

While the impact oDR5 and TRAILon metastases has been well documented, there
remains contrasting evidence of a correlation between overexpression o DRAIL
and tumor aggressiveness. TRAIL strongly indbpe-inflammatory cytokines and
enhanced invasion in pancreatic cancer @alt$ liver metastas¢$47, 148] This strong

contradiction has confounded researchers. One possible hypothesis that has been widely
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considered and is currently being researched is that in primary ttimbesxpress
DR5/FADD, there is increased apoptosithin the primary tumagrthuspreventing
metastases. However in primary tumors thatid apoptosispvercome anoikis and
metastasize, the primary tumor and metastatic tumor cells upregulateetastat
signaling pathwayswrhich may includencreasing DR5 levelgl49]. Further research is

ongoing to either support or refute this hypothesis.

1.3 Engagement of immussairveillance in tumecell therapies

1.3.1 Overview of anttumor immunity

Therehas beemrecent surge in the past decade over the importance of engaging the
immune system in tumammune surveillance and arttancer therapigd 50, 151] The
immune system plays a critical role in eliminating tumor cells from the body, and NK
cells and T cells arthe two predominate cell typessponsible for this procedsitially,
during an anttumorimmune responséhere is aelease of pranflammatory cytokines
such as IE12 by dendritic or myeloid cell§ hispromotes CD4+ T-lymphocytes to
differentiate promoting CD8+ T cells to recognize distinct turspecific antigens and

t he production of [162F183] secreting NK cell s

Infiltrating T cells have been correlated with reduced tumor burden and improved
prognosis in cancer patierjtisb4, 155] Cytotoxic CD3+ T cells artargelycomprised of
CD8+ tumorspecific effector cells and CD4+Relper cells. These T cells receive co

stimulatory signals from antigeggresenting cellfAPCs)and are able to mediate anti
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tumor immunity and kill cancer cel[$56]. Theg APCspresent tumoderived

Immunogenic peptidegknown as ne@pitopes, which areapable of activating T cells. T

cells undergo extensivieducation within the thymus where the T celise primed to
recogni ze ndsel f o-epitopeslrem turaon aklls.proetreeayritioreof n e o
these neaepitopes comes from the T cell receptor (TCR), which goes through a
rearrangemertb become specific to targeted cancer-epaopesmaking them able to

identify targets on those tumor cells that present thecogpjate neeepitope. This leads

to a high degree of specificity, priming thec&lls to attack specific tumor celisid not
attack the healthy fAsel f o[15¢]eNhilesumdrshr oughout
accumulatenundreds of mutations during cancer development, only a small subset of
mutations are immunogenic and able to activatells[158-161]. Tumors that are more
heterogeneous tend to have less immune infiltrates andfladsenefit from checkpoint

blockade, potentially due to their increase in diffemriiclonaheoepitopes, making it

more difficult for TCR to recognize the entire tunjb62-164]. Melanoma tumors with

high mutation burden overcome this by havi
antigens, along with a diverse set of subclonal neoantigens, that many TCR are able to
recognizeConsequently, T cell activation and immuetgeckpomt therapy response tend

to correlate with ne@pitope burdefil59, 163, 165L67].

NK cells are well distributed within the lymphoid and Agmphoid organs, and respond
to cellular signals that can trigger activat[@88, 169] In their resting state, NK cells

circulate the blood and hematopoietic tisswdsile alsoresing in most tissues including
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the liver. NK cells are activated by the immune system secreting interleukins sueh as IL
2,IL-12, and i 0t ENUe[L70-A8lEDhck activated, they extravasate

into the surrounding tissue to ki#itherpathogereffectedcellsor neoplastic cancer cells

[174, 175] Once activated, NK cells release perforins and granzymes, inducing cellular
lysis within the tumarNK cells alsgproduce cytokines including interferon gamma

(1 FNo2) , TNF[73, 13617B) TheéRe\dythkines promote apoptosis in tumor

cells and recruit other immusige cells[168, 169, 179]NK cells are unique in that they

can induce antiumor immunity independent of particular antigens, meaning that they

can induce tumoicdl death independent of the tumors unique®-epitopes. NK cells

canalso prime and release tumwgc-antigens that are distinct for each tumor,cell

presening them toT cellsandpriming the T cells to recognize tumor cgl80].

Expectatios would be that the immune system woalstomatically clear tumor cells by
recognizing them as foreign, however most
mechanism, known as tolerance, is maintained through various factors including

inhibitory receptors, immunosuppressive cytokines/chemokarekregulatory immune
cells[156, 181, 182]For exampleto control Nkc e | | i nduced cytotoxic
cells, NK cells expreshe inhibitory receptors for the selHuman Leukocyte Antigens

(HLA) [183]. These include the nelAD-1 inhibitory receptofigands such alIKG2A,

which binds to the HLA and prevents the acknowledgement of targefl&ils

Interestingly, NK cells also express ADwhich can produce an immune checkpoint

against cytotoxic NK cellgL85].
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T cells are negatively regulated by inhibitory recepioctiding: lymphocyte activations
gene 3 (LAG3), programmed cell deatil (PD-1), and cytotoxic Tlymphocyte antigen 4
(CTLA-4) [156, 186189]. Activated T cells upregulate these inhibitory receptors, and
tumor cells and myeloid cells can upregulate the receptor liffEstls These inhibitory
signals are call ed Ai mmun e llsdrdmebeirngliminated o
by T cells. LAG3 is a cell surface molecule that is involved in T cell activation and
blocks T cell functiorf190]. CTLA-4 isalsoa potent inhibitory immune checkpoitihat
candeliver coinhibitory signal independent of the TCR binding to theepmmpeq191,
192]. Tumor cells express the ligand of ADPDL-1; a ligand protein that is rarely
expressed on normal cells except macrophigecells[193]. Expression of PEL1
inhibits the activation of T cell upon binding to its receptor Epreventing Tcell
induced tumor cell deafi94, 195] PD-1 and CTL4 blockade has been shownestore
functionally active T cells and allow for potential atmor immunity[196].
Consequently, timanized antibodies against CTL4 and-PPDL-1 have been approved
by the FDA[197]. However, the success of these antibodies dependhe type of

targeting and expressing of the receptor ligands on the tumors cells.

Myeloid cells are recruited to solid tumors through the production of various cytokines
and chemokines in order to protect the tumor from imrindacedcytotoxicity. These
cytokines and chemokines include VEGF,-€i@&&mokine ligand 2 (CCL2), CXC
chemokine ligand 12 (CXCL12), interferons, €f®8, 199] Interestingly, VEGFA

plays a key role in inducing an immugseppressive microenvironment by promoting the
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accumulation of myeloid and inducingr&gulator cell proliferatiofi200, 201] For
example, administration of the tyrosikamase inhibitor Sunitiib, which blocks the
VEGFreceptor (VEGFR) has been shown to correlate with a greatduardr immune
response and downregulation of RExpression on infiltrating T celj202, 203] There
are two distinct groups of myeloid cells: tumor associated macropfiBgbts) and
myeloid derived suppressor cells (MDSCs). FinallgVIs suppress CD8+ T cell and
NK infiltration through expressing inhibitory ligands including Rland B7H4.
MDSCscansecrete IL5, IE23, and other immunosuppressive cytokines that suppress
CD8+ T cells, NK cells, and the effector function of tunmdil trating lymphocyte$204,

205],

In conclusion, to promotenantitumor immune response that induces tumor cell death,
the microenvironment and tumor cells must work in concert to upregulate cytotoxic T
cells and NK cells, while downregulating inhibitor ligands and receptodsjecreasing

the number of immune suppressive myeloid cells.
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Figure 1.3 Role of antitumor immunity: Mechanism of T and NK cell inducedmor

cytotoxicity. T-cells can induce tumor cell death predominately through binding of T cell
receptors to neantigens or through granule/perforin induced cell death. NK cells can
inducetumort yt ot oxi city through secretion or exp
perforin/granzymes.

1.3.2 TRAIL and the immune response

TRAIL expression is stimulated anonocytes, dendritic cells, T cells, and CID&1.1+
NK cells when st i-2nuloarfl2 266R8) tnhibitibonNTRAIL | L

receptor signaling supports MDSC survival, providing increased protection to the tumor
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[209, 210] In a clinical trial, DR5 agonist treatment decreased MDS®stinthe
peripheral blood and available tumor biopsies by 50% in pafi2dg 211] On CD4+ T
cells, constitutively expressed TRAIL can induce cytotoxicity in TRA#nsitive cancer

cells[27, 212]

NK cells act similarly where when stimulated, expimeg3 RAIL on the surface or

secreing TRAIL to the environment. This inducegtotoxicity against targeted tumor

cell [208]. TRAIL-expression from activated NK halsobeen demonstrated to play

significant rolein preventing metastasgkl, 13] Mice deficientin FN2 or it s r ec
have increased primary tumor and metastatic tumor burden develof@b8niNK cells

with mouse liversvhichc onst i t uti vely express TRAIL can
expression levels of TRAIErom these NK cellgorrelates with antinetastatic function,

demonstrat ng t hat TRAI L is at | e-d@epéndeptpathivdyy r esp
of antitumor immunity[11]. To induce TRAI:mediated NK cytotoxicity, experimental

studies have shown that NK cells adapted to continuously secrete TRAlle can

cytotoxic against CRC xenografts after intravenous inje¢an.

1.3.3 The immune system role on metastasis

Tumor cells must evade immune detection by modulating detection by recruitment of,
and function of tumeinfiltrating leukocytes. These can include regulatory T cells,
regulatory B cells, myeloid derived suppressor cells, and NK cells. Circulating tumor

cdls can be protected from macrophages and T regulatory cells through the secretion of
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pro-tumor survival signals or inhibiting proliferation and cytokine production of
cytotoxic T cell§189, 215, 216]Further, natural killer (NK) cells to target and kill
CTCs. Therefore, tumor cells require protection from immune cells while they
disseminate to secondary sif247, 218] These tumoeprotective immune cells can be

promoted by chemokines such as CXCL12, CXCR4, and CX(219].

To survive, primary tumors produce systemic factors that promote a metastasis
promoting environment to indeca premetastatic niche. These niches include immature
myeloid CDIlb+ cells that accumulate in organs such as the lungs that create an
environment favorable for tumor survij&R0]. This immature myeloid cells have been
seen in both lung cancer and breast cancer mouse ni@g]sHow this accumulation
promotes tumor metastasis and survival by evoking survival signals is still under

investigation220, 222]

Despite the role of the immune systén metastasis, many preclinical studies are
performed in immunodeficient mouse models, which may be the reason for there to be a
discrepancy between preclinical and clinical req@#8-225]. Therefore, researchers are
beginning to use different animal models such as engrafting immunodeficient mice with
hematopoietic or lymphoid cells asing immunecompetent mice for these studj@g6,

227]
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1.4 Angiogenesis

1.4.1 Overview of angiogenesis in tumor biology

Tumor angiogenesis the process by which new blood vessels are developed and is a
critical process in tumor progression and developri#gt&]. Most multicellular tumors
mustcreate orecruit new blood vessels by angiogenesis in order to recruit nutrients and
oxygen for continued growth. For this to occur, angiogenesis must allawrgate

interplay between the tumor and its surrounding cells which includes vascular endothelial
cells fibroblasts, and tumor associatecrophagef228-230]. Tumor vessels grow
throughout the tumor by several different mechanisms: sprouting, incorporating bone
marrow derived endothelial precursors, or byopbing existing vessels from the

surrounding microenvironmef®31]. Sprouting occurs most frequently within the tumor
vascularization process. This process imgslgrowing endothelial sprouts through
increasing migration and proliferation of endothelells These vasculampsouts then

undergo remodelindirst intoa primitive postcapillary venule networland finallyinto a
complex network that would allow for vascularization to ode32, 233] Unlike its
normalvessel siblings, tumor vasculatures have disorganized networks of vessels that are

often interconnected and highly lea@d81, 234]

Many growth factors are needed for angiogenesis including vassndathelial growth
factor (VEGF), fibroblast growth facto(6GF), and platelet derived endwtlial growth
factors; all of which bind to corresponding receptors locateth@endothelial cells

within pre-existing blood vessels and pronmgtthe activation of endothelial cajfowth
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[235]. VEGF is a key angiogenic factor derived from tumors which allows for the
initiation and promotion o¥asculogenesiand vascular permeability. VEGF, its family
members, antheir receptors are the most importamégulatorsof angiogenesis. The

VEGF family is comprised of eight distinct members that include VIAG¥EGFB,
VEGF-C, and VEGFD [236]. TheseVEGF members bind tthree tyrosine kinase
receptors: VEGFR1/2vhich promote angiogenesis and VEGER®8ich stimulates
lymphangiogenesig37]. Predominantly expressed on endditl cells, all three

receptors play a key role in endothelial cell growth and survival while promoting vessel

growth and permeability thailows forendothelial cell migratiof238].

High levels of VEGF has been shown to increase vascular disorganization and
permeability; creating heavilgaky tumors with poor perfusion aadhancing the ability
of tumor cells to spread throughout the b§2i39]. Further, higher VEGF expression
levels has beedetected in various human cancers including colorectal anrdmalh

lung cancer and have some correlation to outcawite higher VEGF levels indicating a
less promising fyear survival rat¢§240-242]. Colorectal cancer metastasaso
commonly express high levels of VEGF. VEGRIsoupregulatedvithin manyhepatic
metastaseR43]. Recognition of the importance of VEGF expression in malignaatty |
to the development of several VE@&rgeted therapies including therapies blocking
VEGFA or VEGFR binding. Several have been approved by the FDA, most notably,

bevacuzimab (Avastifl39, 244, 245]
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1.4.2 Anti-angiogenics in the clinic

Bevacuzimab, a humanized monoclonal antibody designed to neutralize human VEGF,
inhibits VEGFinduced proliferation of endothelial cells and endothekdl apoptosis.
Treatment with monoclonal antibodies such as bevacuzimab have beantshokbit
growth of tumorsn vivo, promote tumor cell apoptosis, and prevent the rise of
metastasef 39, 243, 245, 24@evacizumab functions best as a combinational agent
and has shown promise in combination with several GiRgeting therapies such as
paclitaxel Consequently, bevacizumab combinational therdmesbeenapproved by

FDA for metastatic CRC, nesmall cell lung cancer, and metastatic breast cd2dér,

247-249)

Biomarker panels would aid in determining the optimal patient populations for
bevacizumaktombinationatreatmentThere have been several studiearching for
biomarkers that could predict patient response rabevacizumabCuriously, he most
expected biomarker, VEGF, is naltvayspredictive ofefficacyin patient§250, 251]
Therefore, other biomarkers should be tested for correlation touambir efficacy

allowing for predictive response rat&nce TRAIL is also highly expressed in
vascularizd mesenchymal tumors, there was some suggestion thatLTiR&Y be a
suitablebiomarker[252]. However, the role of TRAIL as a potential prediction
biomarker forbevacizumalherapy las led to conflicting evidence. One study has shown
that patients with elevated serum TRAIL (STRAIL) have a significant higher suraiteal

compared to patients without enhanced sTRAIL lef288, 253] While TRAIL has
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been shown to inhibit endothelial cell death, the ligand has also been shown to enhance
endothelial poliferation and migration at certain dog252, 254, 255]Human umbilical

vein endothelial cells (HUVECS) express death receptors and decoy receptdosnot
undergo TRAILinduced apoptosidnstead,TRAIL binding causes elevation of caspase

8 enzymatic activityhat reduces angiogenesis without inducing cell death at Hages

than200ng/mi[256-258].

Discussion of biomarkers including VEGF, TRAIL, @ther potential biomarkers of anti

angiogenic efficacy must be investigated for further predictive clinical response.

1.50NC201: Discovery and mechanism of action

1.5.1 Use ofsmall molecules to activate the TRAIL pathway

TheEIDeiry | ab sought t o | ev e-spacgiedeaihRrhoughd s ad
tumor and normal <cell 6s autocrine signalin
upregulate endogenous TRAIL leveldhe path of theEl-Deiry laboratoryto identifying

ONC201 as a potential therapeutic began with alzadled bioluminescence reporter

screerto identify small molecules that upregulate endogenous TRAIL levels within cells

[259]. The screen was comprised of the colorectal cancer cell line HCT116 Batk
homozygousknockout (HCT116 Bax), since theabsence of Bax allows for the cells to
resistTRAIL -induced apoptosis hisensuesthat the induced TRAIL does not kill the

cells during the screening process. To measure TRAIL induction, the luciferase gene was

placed downstreawf the first504 base pairs of the TRAIL gene promotdrthep53
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responsive element of the TRAIL promotBemoving thgp53-responsive element

within the promoter region was critical since a large percentage of cancer cells do not
express wiletype p53[259, 260] Using these TRAIHuc expressing HCT116 B#x

cells, small molecules from the NCI Diversigt Il, a compound repository of
approximately 1990 small molecules thadre screened at M concentrationj6, 7]. Out

of the entire setwenty-ninecompounds induce@RAIL reporter activity by >1.4 fold,

and after validation at diffent doses over different time points; ten compounds increased
TRAIL reporter activity by more tha2-fold. Nine of these compounegreselected for
further considerationofie was unavailable at the timé&hese compoundsere

investigated using RHPCR aalysis in HCT116 p5&- cells for their ability to

upregulate TRAIL mRNA levels angsingflow cytometry toanalyze the upregulation of
TRAIL surface levels. Four compoundgreable to upregulate endogenotRAIL

MRNA levels in a dosdependent mannerma two of thosdour compounds upregulade
surfaceTRAIL proteinlevels as well. These compounslsrepreviouslydelineated as
TIC9 and TIC10/ONC201. Both compounds induced TRAMd cell deatln vivo, as
assessed by subcutaneous xenografts. However, TIC9 induced celhdeatinal cells
whereas TIC10/ONC20did notinducenormal cell death at the samencentrations as

for cancer cellswith a IC50 of 510 uM and no cell death seen below 50. Martrer,
single dose administratiasf TIC10/ONC201 inhibited xenograft biomminescencén

vivo at a greater signal level compared to TIC9. Given thadds not induce cell death in

normal cellswas efficaciousn vivoas seen in Alleet. al, and induced RAIL mMRNA
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and TRAIL surface levels endogenously; TIC10/ONC201 was selected for further

investigation and prelinical evaluatior]1, 259]

Following the analysis that demonstrated increased mRNA levels of TRAIL in ONC201
treated CRC cellsesearchers sought to identify the mechanism of TRAIL indnctial
potential signaling pathwaysduced by ONC201. éhe expression profiling studies
wereperformed on HCT11§53"" cellsto identify other uniqueranscriptional changes
that could be concurrent with TRAIL induction. Afted&hourtreatment, potential
upstream regulators of TRANveredeterminedand an irsilico analysis compared these
regulators to the binding sites of transcription factors within the TRAIL promoter.
Following validation, Foxo3a was determined to be activatedsponse to ONC201 and
translocates to the nucleus where it bindth&ol RAIL genewithin its promoter region
andcauses the activation tife TRAIL gene. Further evaluation of Foxo3a regulators
identified the kinases Akt and ERK as drivers of ONG#tluced Foxo3a activation and
translocation through their inactivation by-pleosphorylation. Further experiments
concluded that ONC20ihduced dual inactivation of Akt and ERK activates Foxo3a and

TRAIL, which is partially required for ONC20ihduced tumor dedeath[1, 6, 7}

Without significantly impacting normal cell viability including normal fibroblasts, bone
marrow cel, and steaprogenitor blood cells, ONC201 demonstraa@a@cceptable
safety profilein vitro. Interestingly, due to its ability to induce TRAIh all cells and the

selectivity of TRAIL-induced apoptosis in onbancer cells; in vitro caulture studies
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suggest that normal cells can contribute to tuspEcific cytotoxicity through the

bystander effedtl, 6, 261]

1.5.2 Upregulation of death receptbr

To better elucidate the complete mechanism of ON&@a@dced tumor cell death and

investigate the upstream signalipgthways after ONC201 treatment, a tiowurse

analysis using gene expression profiling in CRC andhi@and g 6i n ¥ snphoma cel |
lines was completed independertfyone another The analysis in the CRC cell lines

HCT116 and RKO and in Jekbhuman mantleell lymphoma cells revealed genes

within the ER stress pathwayereupregulated in response to ONC28g&veral of these

ER stress genese upregulated e activating transcription factor ATF4), a protein

that can promote apoptosis through regnggCHOP and DR5. Furthen vitro based

studies conclusively demonstrated that both CHOP and DR5 are upregulated in a time
dependent manner after ONC201 treatment through AZF3, 262264]. ATF4 and

CHORP play a role in the integrated stress response (ISR), which induces its effects

primarily throughphosphorylatiorof the eukaryotidgnitiationf act or 2 (el F20) .
Consequently, ONEO1 i nduces phosphorylation of elF
causingthe upregulatiomnd translocatioof ATF4. ONC201 is therefore unique in its

ability to engage the ISR, causinglaosphorylatom f el F2U which in tur
ATF4. ATF4 subsequentiynduces CHOP expression, which leadsriaijaregulation of

DR5 mRNA levels.
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Both TRAIL and the | SR play a role in ONC2
knocked down or silenced are more resistant to ON@2fldced apoptosis. Similar

studies demastrated that ATF4 plays a role in ONC2itluced cytotoxicityONC201

does not only induce apoptosis in maaycercell lines, but also induces cell cycle arrest

as early as 24 hours post treatment in selactercell lines regardless whether cells

undewent apoptosif2, 3]. This is unsurprising as the ISR can inhibit cell cycle
progression t hr oug h[26p,R2665Cortseguently, ®NG20ln of el F
inhibits cell cycle proliferation partigl throughthe inhibition of the cell cycle correlated

with the ISR and not with the inactivation Akt and ERK, suggesting that ONC201

inhibits cell proliferation partiallghrough the ISR.

This suggests a novel mechanism by which the ligand TRAIL and receptor DR5 are
upregulated within ONC201 treatment. This mechanism was further established using
RKO ONC202%acquired and stable resistance cells (RBRIRNC201R), where ONC201
was unable to induce cell death, cell viability, or cell cycle arrest. In thee@KO201R
cells, established ONC26@fduced signaling effects such as induction of the ISR and

dual iractivation of Akt/ERK leading to TRAIL signaling were not obser{@d

1.5.3 Other potential artumor mechanisms

ONC2016s ability to i nduenewing, ¢hémotherabpyR5 al s o
resistant colorectal stem cells (CSC)ese CSCs contribute to tumor development,

maintenance, and potentially resistance to therapies. Through Akt/ERK and DR5,
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ONC201 depletes CD133+/Cd44+/Aldefluor+ CSCs in botvitro andin vivo models
including colonesphere inhibition or CS@itiated xenograftsWhile TRAIL and DR5
weredefinitely shown to play a role in depleting CSCs, other key pathways in CSC
developmenhave beerlemonstrated to play a role in ONC2@dtiuced CSC depletion
[4]. Severagene expression profildmvedemonstrated that ONC201 can also
downregulate other key survival pathways in CSCs including: aignialing and self
renewal pathways. Key genes such as inclutlirig ID2, ID3 andALDH7A1,etc, were
further analyzed using RNA and protein analysis to confirm that ONC201 inhibits self
renewal and CSC markers. Further, expression of-@®fed genes correlates with
ONC201 efficacy5]. This provides a potential rationale for ONC201 inhibiting CSC
developments and provides potential biomarkers for ONCO1 response in ongoing clinical

studies.

Since ONC201 was discovered through a phenotypidbeskd screen to determine
compounds that upregulate endogenous TRAIL levetgarchers did not have the need
to undergadhe typical target/structusieased approach. While this allowed for a specific
selection of downstream signaling pathways, analysis oftantor efficacyin vivo,

toxicity, and pharmacokinetids vivo; specific binding targets of ONC2@erenot
discovered until ONC201 reached clinical developmBimding and reporter assays
have siown that ONC201 is a selective antagonist of the dopamiri&®2eceptor

(DRD2, DRD3). DRD2 is expressed in different cancer tissue and cell types; and

expression levels are unique per coel l [
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anticancer sigaling pathwayss still being investigated, as vitro studies in CRC cell
lines have determined that while disrupting the dopamine receptor may have cytotoxic

effects; Cddcaé activilygoesbeyond its ability to antagonize DIRD2

267].
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Figure 1.4 Established ONC201 mechanismMechanism of action of ONC201 in
glioblastoma. Small molecule ONC201 dually inhibits phosphorylatiofkbfand ERK,

leading to the dephosphorylation of transcription factor FOXO3A, causing FOXO3A to
translocate into the nucleus where it activates transcription of its target genes, including
TRAIL. ONC201 also activates the integrated stress response f[i®Ryh stimulation of

El F2U kinases. The phosphorylation of EI F2I
ATF4 and CHOP, which then cause an in increase DR5 expression. The combined
upregulation of the ligand TRAIL and its surface receptor DR5 WNCPD1 ultimately

triggers cancer cell death. ONC201 also antagonizes dopamine receptors DRD2 and
DRD3, can cross the blood brain barriend exerts it effects cancer stem-dig (CSC)

cells[268].
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1.54 ONC201 in the clinic

ONC201 exhibited antiumor effects and demonstrated a favorabhvo efficacy and

safety profile[1]. Further preclinical studies determined that ONC201 lzexhcceptable
pharmacokineticHK) profile and was safe, allowing it to advanoeo clinical

introductionin human patientf269]. The initial Phase | study was a fiisthumanPhase

| dose escalation study to determine a recommeRbdaske |l dosewhile alsoevaluaing

the PK and safety of orally administered ONC201 in &nsn In this study, patients of 18
years or older with advanced solid tumors that had finished all prior cytotoxic
chemotherapyor at least 4 weeks with specific exclusion criteria includagk ofbrain
metastasisvereenrolledinto the operlabel doseescalatiorPhase 1 of ONC201

treatment beginning with 125mg capsules. ONC201 was administered orally once every
21 days With no dosdimiting toxicity the maximum administered dose was ended at
625mgs. Pharmacokinetissaysiemonstrated a favorable pilefivith a halflife of 11.3
hours. Despite these favorable profiles for toxicity, no objective response was seen within
these patientsgs there waenly stable disease and regression of some metastatic lesions
[8]. A Phase Il clinical trial in glioblastoma also did not demonsteaateajority of

objective responsavithin the patient population&ingle agent ONC201 did demonstrate
some anttumor activity with two patientsoth of whom remainedn ONC201 after
treatment, including one who received a durable objective responsa WaI8 K27M
mutation. This suggests that there may be benefit to ONC201,-toleelited small

molecule with potential single agent efficd@y0].
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Statement of Goals

ONC201 is a novel compound that indud@€sAlLgeneexpressiorthrough dual
inactivation of AKt/ERK, and thBR5gene by activating thiSR pathwaythrough
ATF4/CHOP.Using in vivostudies researchers found th@iNC201 presented a
promising oral bioavailability, wide distribution throughout the body, ability tosctbs
blood-brain barrier. Further, the unique ability of its TRAdnd DR5-based signaling to
induce apoptosis in cancer cells and not notineallthy cel, addng to its appeal as an
anticancer therapeutic and prompted clinical developriiedt 6]. ONC201 has
successfully completech&DA advanced Phase I/l clinical trial in advanced aggressive
refractory solid tumorsThe esultof this Phase | triahdicated that ONC201 is well
tolerated and recommended a phase Il dose of 625 mg orally every 3 weeks. Several
Phase I/ll clinical trials are enrolling in multiple solid tumors and hematological

malignancieg7, 8].

The overall goal of our study can be divided ititeeeparts. The primary goal of this
studywas toevaluateONC201'sdoseintensified effect oefficacyand effect on tumor
metastasigind immunity Evidence has shown that TRAIL can also inhibit cancer
metastasis by possibly inducing cell death or TRA#nsitization in the primary tumor
when cells undergo extravasation upon detachment fropritnary tumor9-11].

TRAIL is also conditionally expressed on the surface of immune cells, triggering
apoptosis in proximal tumor cells while not harming normal host cells. Activated natural

Killer cells express TRAIL, and this TRAIL expression plays a significant role in
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preventing metastasfi$2, 13} Given the potential antnetastatic effects of TRAIL
signaling and the role of TRAIL in the immune surveillance of cancer, we hypothesized
that ONC201 would suppress metastatic tumor developamehéngage the immune

system in its ancancer activity.

The secondary goabf thisstudy is to characterize the efficacy of ONC201 analogues

and their mechanistic differences from the lead compoitedhave demonstratehe
importance of the 1,2,6,7,8/#®xahydroimidazo[1;2a]pyrido[3,4e]pyrimidin-5(4H)

one structure of OWNMoRdfitacyfl4. T@NE®&A 01 6s ant i
pharmacophore has now beetlezha nimifiridoned. In collaboration with Provid
Pharmaceuticals and Oncoceutics, ieveraged this uniqygharmacophore to synthesize
ONC201 analoguet® produce compounds with distinct therapeutic properties; namely,

targeting ONC20%esistant tumornypes or possessing distinct signaling properties.

Thefinal goal of this study was to determimstential combinational therapies with
ONC201 in colorectal cancer that may be beneficial in the cl@iinical trials in CRC

and other tumor types have denstrated that therapeutics targeting the vascular
endothelial growth factor (VEGF) pathway, suctbasacizumapare effective in
combination with certain chemotherapeutic agents. Given the potential efficacy of
ONC201in vivo, and the poor prognosis of metastatic CRC worldwide, we investigated
the potential of FDA approved CRC combinational therapies, incluzbrgcizumap

with ONC201 to increase efficaay vivo.
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CHAPTER 2

ONC201DOSE INTENSIFICATION INHIBITS METASTASIS AND
PROMOTES INTRA -TUMORAL T AND NK-CELLS

This manuscript was adapted fréhe provisionally accepted manuscritagner, J.,

Kline, C.L., Zhou, L., Campbell, K.S., MacFarlane, A.W., Olszanski, A.J., Cai, K.Q.,
Hensley, H.H., Ross, E.A., Ralff, M.D., Zloz&, Chesson, C.B., Newman, J.H.,
Kaufman, H., Bertino, J., Stein, M., andB¢iry, W.S.Doseintensification of TRAIL-
inducing ONC201 inhibits metastasis and promotes intratumoral NK cell recruitment. J.
Clin. Invest., provisionally accepted, 2018.

Dr.rAndr ew ZI| oz aa GINJpeafdrroed @NCRQ1 patient sample analysis.

2.1 Abstract

ONC201 is a firstin-class, orally active antumor agent that upregulates cytotoxic
TRAIL pathway signalingnto cancer cells. ONC201 has demonstrated safety and
preliminary efficacy in the firsin-human trial where patients were dosed every 3 weeks.
We hypothesized that doggensification of ONC201 may impact aitimor efficacy.

We discovered that ONC201 exedisse and schedulelependent effects on tumor
progression and cetleath signalingn vivo. With dose intensification, we note a potent
antimetastasis effect and inhibition of cancer cell migration and invasion. Our preclinical
results prompted a changeONC201 dosing in all open clinical trials. We observe
accumulation of activated NK+ and CD3+ cells within ONG2&hated tumors, and NK
cell depletion inhibits ONC201 efficady vivo, including against TRAIL/ONC201
resistant Bax- tumors. Immunocompent NCRXGFP mice with GFRexpressing NK

cells demonstrate GFPENK cell infiltration of syngeneic MC38 colorectal tumors.
Activation of primary human NK cells and increaseedgdenulation occur in response to

ONC201. Ceculture experiments identified ale for TRAIL in human NKmediated
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anti-tumor cytotoxicity. Preclinical results indicate potential utility for ONC201 plus anti
PD-1 therapy. We observed an increase in activated TFsatireting NK cells in the
peripheral blood of patients after receividiC201 treatment. The results offer a unique

pathway of immune stimulation for cancer therapy.

2.2 Introduction

We previously identified small molecule ONC201/TIC10 that upregulates endogenous
TNF-RelatedApoptosisinducingLigand (TRAIL), in tumor and ermal cells, restoring
autocrine and paracrine atimor activity within tumor cellsThe search for TRAIL
inducing compounds (TIC) was specifically aimed at identifying compounds that do not
rely on p53, leading to the discovery of ONC201/TIC10. The e cancer therapeutic
ONC201 upregulates the endogenous TRAIL expression through dual blockade of Akt and
ERK that releases Foxo3a to enter the nucleus and transcriptionally activaieAHhe
genell, 7, 259] Our prior work using shTRAIL and RH (a TRAIL-blocking antibody)
demonstrated the relevance of TRAIL to the mechanism of action of ONT26,17] As

we investigated the kinetics of cell death we discovered that at early time points ONC201
activates the integrated stress response, inducingadpRzdependent ATF4 an@HOP

and increasing RAIL death receptor 5 (DR5) expressifiy 3, 261] We also recently
demonstrated potent atimor effects on colorectal cancers initiated by cancer
stem/progenitor cells (CSCR)]. In vivg, first-in-class small molecule ONC201 possesses

a broad spectrum of antancer activity, a wide safety margin, usb stability, aqueous
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solubility, bloodbrain barrier penetration, and favorable pharmacokingties 6-8, 14,

269, 271274],

Prior evidence has demonstrated that TRAIL can inhibit cancer metastasiad/neck
squamous cell carcinoma, lung, and liver cancer metastasis mgdél, 275]
Inactivating mutations in th&RAIL-R1 and TRAIL-R2 genes have been observed in
metastases in several tumor types, including mammary tumors and mel@7&ma77]

The TRAIL pathway is part of the innate host immune surveillance mechanism against
cancer and involves activation of the extrinsic cell death pathway selectively in cancer
cells. As part of the immune system, natural killer (NK) cells respond to cellular signals

that can trigger their activation, releasing perforins and granzymes, inducing cellular lysis
within the tumor. In addition, NK cells secrete TRAIL and produce cytokindsdimg

i nterferon gamma (I FN2) that promote- apopt

like cells[168, 169, 179]

The therapeutic promise of ONC201 in preclinigal vivo studies in solid tumors,
hematological malignancies, and cancer stem cellsnpied its ongoing clinical
development. In Phase | clinical testing with ONC201, patients, including those with
prostate cancer, were treated every 3 weeks and the drug showed safety and promising
efficacy in multiple tumor type$8, 278] The recommended phase Il dose (RP2D) of
ONC201 was determined to be 625 mg given orally every 3 weeks to patients with

advanced canc¢278].
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To maximize the clinical benefits of ONC201 and further elucidate its mechanism of
action, we mvestigate here the impact of dasent ensi fi cat i o-tumoon ONC:
efficacy, unravel its antinetastasis properties and ability to induce an immune response
leading to tumor growth suppression. Through the use of syngeneic mouse models, co
culture d established human NK and tumor cells, primary normal and cancer patient NK
cell data we have uncovered an unanticipated immune stimulatorjuanati effect of
ONC201 involving natural killer (NK) and T cells along with a potent-eargtastasis
effect. We further explored the mechanism to identify that TRAIL plays a role in both
ONC20z%anti metastasis and ONC2@iduced NK cell cytotoxicity. Finally, we identify

key chemokines and cytokines that are upregulated by ONC201 treatment. We explored
the consegences of NK cell depletioin vivoand in preliminary experiments the prospects

of combining ONC201 with anf?D1 therapy. Our findings reveal novel aspects of the
mechanism of action of anfiimor compound ONC201 including insights into its anti
metastas and premmune response activity, and potentially more efficacious dosing

regimens for the drug in clinical trials.

2.3 Materials and Methods

Reagents and cellased assays
All cell lines were obtained from the American Type Culture Collection or skl
previously. NK92 cells were provided by K

Center, Philadel phia PA. CT26 and MC38 cel
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Thomas Jefferson University, Philadelphia PA. ONC201 was obtained from Oncoceutics,

Philadelphia PA.

Western blot analysis and immunohistochemistry

Western blot analysis was conducted as previously described, with NUPAGE 4 to 12%
bis-tris gel and visualized with ECL Prime Western Blotting Detection Reagent
(Amersham) or SuperSignal Wdatmto (Thermo Scientific) andray film and
CytoSMART Live Imaging System (Lonza). For all cell lysis buffers, fresh protease
inhibitor (Roche)was added immediately. All antibodies were purchased from Cell
Signaling except andR5 antibody (Abcam ab167J. After fixation, the tumor samples
were embedded in paraffin and 8 em section
sections were then processed and analyzed using immunohistochemistry with TRAIL,
Ki67, Cleaved Caspas CD3, and GFP antibodies simitarthe method described
previously[1]. CD31, and Ki67 levels were calculated by independent {siawting and

the use of VECTRA 3.0 Automated Quantitative Pathology Imaging system and Inform

2.0 software cursory of the Fox Chase Cancer Center Biosample Repository.

In vivo studies

All animal experiments were conducted in accordance with the Institutional Animal Care
and Use Committee at Fox Chase Cancer Center. For subcutaneous xenogexdts, 6

old female athymic nu/nu mice (Taconic Biosciences) were inoculated witt1cells

of the HT29luciferase, HCT11§53 ' ! HCT116Bax”, RKO-ONC20z%resistantpr
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HCT116GFP cell lines in each rear flank, MDMB-231-luciferase in the lower
mammary fat pads orthotopically, I n a 150
subcuianeous xenogratfts in syngeneic models, CT26 cells were inoculated with 1.0 x

10 cells into sixweek old female Balb/c mice (Taconic Biosciences) and MC38 cells

were inoculated with 1.0 x £@ells into sixweek old female C57/BL6 mice (Taconic
Biosciences), sixveek old female BL6/120CR1-GFP mice (Jackson Laboratories), or
six-week old female&C57BL/6-Prf1'™S%J (Jackson Labs)All subcutaneous tumors

were allowed to establish for 1 to 3eks after injection until they reached a volume of
~150-200 mn? before treatment initiation. Mice were monitored every 3 days and tumors
volumes were measured using calipers. For the surgical method, mice were anesthetized
using isoflurane after the tumamsached 1000 mfpand the tumor was removed by

making an incision around the skin and carefully scraping out the tumor. All bleeding
was controlled, and the wound closed using surgical wound clips. Mice were monitored
every 6 hours for 2 days until thegcovered. For tail vein injections, the same cell

number used above for each tumor type was placed intaJll&0d injected through the

tail vein. Mice were monitored daily for the first 3 days.

ONC201 injections were administered subcutaneously at indicated doses in 20:80
DMSO:PBS or orally in 10:70:20 DMSO:PBS:Cremphor El as described [1]. GM1 was
delivered every 5 days (Wako, 986001). PB1 was injected 20Qig every 3 days (Bio
Xcell BE1046) CD8&a inhibitor was injected at 400g twice a week (Bio Xcell 0061).

PD-1 inhibition and stainingvereconfirmed by staining one ONC201 monotherapy
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treated tumor with either the Bio XCell PD) PD-1 PE from ebioscience, or Bio XCell
PD-1 for 2 hours the staining with PBL PE. The resulting staining indicated that the Bio
XCell PD-1 is a true inhibitor of PEL (Appendix FigureA.14f). Tumor volumes were

measured according to the formula (L*W"2)/2.

In vivo pathology and toxicology

Toxicity during thecourse of ONC201 treatment was adjudged by body weight decrease
of greater than 10%, tumor growth of more than 10% of body weight, or a body condition
scoring <2. Serum and plasma samples were collected through orbital bleeding and
cardiac puncture befosacrifice, and were immediately stored & 4nd processed by
Antech Diagnostics for CBC and chemistry panels. Results were analyzed by board
certified toxicologists. Tumors were measured pusttem through caliper and water
density examination. Orgamétumor samples were processed in 10% formalin and

fixed in paraffin. Hematoxylirstained samples were analyzed by a baartified

pathologist to determine whether tumor cells existed on any organs or necrosis occurred
in tumors. Boaretertified veterimry pathologists also indicated whether or not signs of

toxicity were present.

In vivo mouse tumor imaging
For luciferase cell lines, uciferin from Gold Bio was administered weekly following
manufact ur er s 6L, 50 mg/mlstack) aind onagg was pefformed on a

Xenogen IVIS system (Xenogen, Almadea, CA). MRI imaging was performed in a
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verticatbore 7T magnet with a Bruker DRX300 spectrometer (Bruker Biospin

Corporation, Billerica, MA) and ParaVision 3.0 software (Bruker Biospin Corpojation
through the Fox Chase Imaging Core FaciliGustombuilt transfer cassette constructed

to compress the mice to an equal thickness of 15.0 mm as described were used within the
MRI to keep the mouse still and administer isoflurane gas. GFP imaging vi@asrzsl

using the Maestrom vivoimaging system (Cri, Woburn, MA) and the Nuance multi

spectral imaging system (Cri, Cambridge, MA). Image data setsooavertedand

tumor volumes were calculated using Para VisiomalFmages were converted to
ImageJformat. For CT imaging,lemice were imaged in a Sofie Biosciences G8 scanner
(Sofie Biosciences, Culver City, CA) under isoflurane. CT data sets were acquired with

an isotropic voxel size of 200 micrond/ice were maintained under isoflurane

anesthesifor the duration of the scan. For analysis, the thoracic cavity was segmented
into compartments comprising the heart, lung airspace, lung tissue, and discrete tumors
on the CT data sets. The lung airspace was segmented on the CT scans with a connected
neaest neighbor seed growing algorithm, using one voxel in the lung as a seed point, and
manually setting the seed thresholds. The lung tissue present outside the airspace, as well
as any structures identified as tumors, were determined manually usingegiGD of

interest tool. All image analyses were performed with Vivoquant software (Invicro Inc.;

Boston, MA)
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ELISA assays

A total of 100150 pL blood was collected through orbital blood draw as described above
and plasma was collected in EDTA tubes aerum collected in Heparin separating

tubes. Tubes were spun at 1,000 rpm for 15 min. Samples were analyzed using Human
TRAIL/TNSFSF10 Quantikine ELISA kit (R&D Systems, Minneapolis MN). All

analyses were performed under manufactdirections.

In vitro tumor migration and invasion assays

Boyden assays were performed using the QCM ECMatrix Cell invasion assay (Millipore,
ECMb550) and the cultrex cell migration assays (R&D systems,-886%). Cell

migration and invasion were also assessed using thémeakCelligence system.

Invasion assays in the xCelligence system were conducted with M§2ii@gl Wound

healing assays were performed witk tytoSelect Wound healing assay kit (Cell

BioLabs, CBA120T). Cell viability was confirmed by tryphan blue or Cell TiterGlo,

data was only included if cell viability was above 75%.

In vitro tumor and natural killer NK cell coulture

NK92 cells were maitained in 4% IE2 media and before experiment were maintained in

low IL-2 (1%) containing media. Tumor cell lines were plated at 30,000 cells/well in an

8-well chamber slide for 24 hours. NK92 cells were washed, suspended in fresh media,
and then platedwer the tumor cells at a concentration of 80,000 cells/mL. Alternatively,

the conditioned media (media as shown in Figures) from the NK cells cultured for 48
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hours was added to the tumor cells. After 48 hours afutturing, NK92 cells were
removed and b NK cells and tumor cells were stained with calcein blue and ethidium
homodimer. NorGFP expressing tumor cells were labeled with-BRCAM-1 antibody
(1:200) followed by the Alexd88 secondary (1:200). NK92 cells were labeled with
CD56-APC (Biolegend318309). Immunofluorescence was performed on the Nuance
Multi-spectral imaging system (Cri, Cambridge, MA). As an alternative for measuring
tumor cell viability in ceculture, the CellTiteiGlo assay (Promega, Madison, WI as
directed) was used directlytaf NK cells were removed. Plates were analyzed using the
IVIS described in animal methods. As controls, NK92 cells were incubated in Rgjh IL

(4%) containing media 400 units/ mL | FNo.

In vitro primary NK cell analysis

Primary NK cells were acquired fmoperipheral blood of healthy donors per IRB

protocol. Lymphocytes were isolated through lymphoprep (Stem Cell 07801)

centrifugation and NK cells were isolated using the EasySep Human NK cell isolation kit

and magnet per manufactures instructions (Steml@865). NK cells were then

incubated overnight with 1% {2 +-ONC2 0 1 . |l FNOo assay was perf
cell s wjianima FaNvod t hen Pk and bndiboded listediit h | F N2
Appendix FigureA.10a. LAMP1+ assay was performed by incubahitgcells alone,

with 721.221 target cells, or target cells and 100 ng/ml of rituxuiKlzells only

degranulate in the presence of 721.221 target cells, allowing us to measure LAMP1+

expression of activated NK cells, and rituximab was used as the pasititr@l which
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increases dgranulation. Cohorts were as described: PBL, PBL ONC: NK cells alone or
with ONC201; PBL+721.221, PBL + 721 ONC: NK cells incubated with target cells +/
ONC201; PBL+721+Rxb, PBL+721.221+Rxb ONC: NK cells incubated with tagdiet c
and rituximab + ONC201.Cells were then rinsed and stained with LAMP 1+ and
antibodies listed in Appendix Figufe10b. Gating strategies can be seen in Appendix

FigureA.10.

Flow cytometry

For flow cytometry analyses, antibodies were purchased é&Bioscience unless

otherwise indicated. Analysis was performed by incubating cells for 30 minutes on ice
with 20 pg/ml purified Fab antibody. Cells were stained with 1% FBS, 0.09% Sodium
Azide in PBS and red blood cells were lysed in red blood lysigb(f65 mM NHCI,

12 mM NaHCQ, 0.1 mM EDTA in PBS). Cells were then washed and incubated in 2
ug/mL propidium iodide (P1) in staining buffer. Analyses were performed as seen
Appendix FigureA.7-A.8. Cellular concentrations of select antibodies vadetermined

with LSRII (Beckton Dickinson, San Jose, CA) and analyzed with FlowJo software (Tree

Star, San Carlos, CA).

Patient Analysis
Cells from patients treated with ONC201 (NCT02250781) were obtained by peripheral
blood draw. Peripheral blood monotesr cells were isolated from blood on the day of

the blood draw by FicelHypaque density centrifugation and frozen prior to analysis in
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CryoStor solution (BioLife Solutions, Bothell, WA). Thawed cells were washed in PBS
and incubated with fluorescelatbeled antibodies at’€ for 20 minutes for extracellular
staining, permeabilized, and incubated with fluorestamled antibodies at@ for 30
minutes for intracellular staining. Analysis of live, rdebris, singlet, leukocytes was
performed as previolysdescribed irf280] using an LSRII flow cytometer (Beckton

Dickinson) and with FlowJo software (Tree Star).

Steps to maintain optimum viability of cryopreserved cells for future analyses were

taken. Processing of patient blood samples occurred within one hour of blood draw and
slow freezing of cells was performed immediately after processing to increase wiabilit
Cryopreserving these cells in this way and then thawing them all at the same time (and
antibody staining and flowing them at the same time) ensures similar testing and analyses
on all samples and increases the accuracy of the results. Further, aliecells

cryopreserved in Cryostor CS10, a solution that mitigates tempefatinreed molecular

cell stress responses during freezing and thawing. As described by the manufacturer (and
observed in our laboratory compared to 90% FBS/10%DMSO), this solusdrelea

proven much more effective in reducing ppseservation necrosis and apoptosis

compared to commercial and hormade formulations. Citations of cell preservation
capabilities and comparisons to other solutions are available from the manufacturer
(BioLife Solutions). Importantly, after thawing, viability analysis demonstrated >80%

live CD45+ cells across all samples, demonstrating the efficacy of our cryopreservation

process and ensuring that analysis produced accurate results. As expected, the immune
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cell populations among PBMCs varied across the 5 patients and acr8gsigoints
collected for each patient (as seen in Figu@®where the NK cells varied across

patients and over tH&time points for each patient). However, overall, populations

across the sum of samples analyzed were found to be at proportions that are still within
the normal variation and range for patient samples, including T cells (53% [expected 45
70% of PBMCs]), B cedl (5% [expected-35%)]), NK cells (8% [expectedB0%)]),
Monocytes (26% [expected [435%]]. In patients where the CBBD19 (nonT/nonB)
population was increased (as in patient 1), the majority population was monocytes. This
would not be an expected #atit of the cryopreservation process as the myeloid lineage
cells are more likely to be lost in cryopreservation than lymphocytes, yet here the
proportions of monocytes are increased at a few individual time points. Cell proportions
normalized with ONC201reatment and as in mouse model studies, NK cell proportions

and function were augmented.

Statistical Analysis

Data are presented as means + SD. To assess the statistical significance of the differences
between group comparisons (Vehicle vs ONC201, ONG20QNC201 + PEL), of

tumor volume before and after treatment in the tail vein, xenograft, RLU, blood serum,
gene expression, and protein expression experimestde2Vilcoxon rank sum test was

used. For in vitro, measurements from three biologicala&yels per treatment group

were compared unless noted in the Figure legends. When there were more than 2

observations made xenograft study: the means per mouse (for example, 3 IHC slides were
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analyzed per tumor, the mean of each tumor) were comparedaugisiged Wilcoxon
rank sum test. For Appendix Figure A.6g, m
comparison between wildtype and shTRAIL ONC201 groupsussig2d ed Fi sher 0s
exact test. For all tests, P < 0.05 was deemed statistically signifirdass otherwise

noted in the Figure legends, comparisons were made against the vehicle control.

Study Approval

For animal studies, all animals were housed and handled in accordance with the

Institutional Animal Care and Use Committee of Fox Chase C&weter, Philadelphia

PA. All studies were performed in accordance with national animal protection laws.

For patient studies at Rutgers, the IRB used to obtain patient samples was: IRB protocol
#Pro20140000405 t {ademt eperabelAoggedcalatsion study oforal g | e
ONC201 in patients with advanced solid tum
Sciences IRB New Brunswick/Piscataway 335 George Street Suite 3100, 3rd Floor New
Brunswick, NJ 08901 and was initially approved 10/3/24. latest version of this

protocol was approved 12/20/2017 and expires 06/05/2018. All patients signed informed

consent for trial participation.

For healthy human NK study the IRB is FCCC #®, and was last renewed on

5/18/17, expiring 5/17/18.
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2.4 Reslts

2.3.1:ONC201 dose intensification negatively impacts tumor growth and metastasis

Given that every-3veek ONC201 dosing was wadtllerated in the clinic, we explored the
potential to augment its artimor efficacy through dostensification in preclinical
models. We found that dosetensification of ONC201 significantly increaseg txtent

of tumor growth inhibition in colorectal HCT11853", HT29, and breast MDMB-231
human tumor xenografts (Figure 2-¢aAppendix FiguréA.lac, f). Doses of 50 mg/kg

and 100 mg/kg impact primary tumor growth in a drug administration freqtaEpsndent
manner in the aggressive HT29 xenograft (Appendix Figude). Importantly, some
tumors are completely ablated after 100 mg/kg weekly dosage for a month in HES3L16

" or MDA-MB-231 tumorbearing mice (Appendix Figur&.1a, c). In mice, we fouhno
significant difference in ONC201 efficacy when ONC201 was administered at a range of
doses between 25100 mg/kg via the oral and IP routes every 2 weeks (Appendix Figure
A.2a). Moreover, weekly oral dosing of ONC201 appeared as effective as dailyént
(Appendix FigureA.2b, c). This suggests that the pharmacodynamic (PD) properties of
ONC201 are maximal with weekly administration, and that weekly administration is more
efficacious than less frequent dosing in mice. Importantly, administeringpalative dose

of 600 mg/kg of ONC201 given via six weekly 100 mg/kg doses did not cause taxicity

affect mouse weight (Appendix Figufe3ac).
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Figure 2.1 ONC201 dose intensification negatively impacts tumor growth and
metastasis.(A) Mouse cohortseceived 25 mg/kg or 100 mg/kg weekly, every 2, 3, or 4
wks. Shown is the percent tumor growth of both dose and frequency of ONC201 over time
in the athymic female nude mice using HCT116-p580lorectal cancer xenografts (B)
Final HT2%luc tumors of cohds administered 100 mg/kg or vehicle treatment ONC201
weekly harvested after 4 wks. Blue arrows indicate metastatic tumors. (C) Finallit€T29
bioluminescence of cohorts administered with 100 mg/kg at different frequencies and
harvested after 4 weeks witorresponding RLU from whole cohort. N=6 in HT29 and
HCT116 p53/-. Percent tumor calculated by diving each tumor volume by the average
tumor volume of the vehicle and multiplying by 1@P. values are as indicated: *<.05,
**<.01 compared to the vehicle less indicated using-&de Wilcoxon rank sum test).
Data represent mean-8D.
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2.3.2: ONC201 triggers dual ERK/Akt inactivation, integrated stress response signaling
(ISR), and TRAIL upregulation

We previously established that a single dose of ONC201 can lead to a blockade of Akt and
ERK which is prolonged for up to 96 hoursvivo. Here we determined that there is no
detectable effect on Akt/ERK or the ISR after 30 days following a single ONG@84.
However, we found that the dual inhibition of Akt/ERK by ONC201 can still occur in a
dose and frequencygependent mannen vivo, demonstrating the importance of dose
intensification on long term ONC201 pharmacodynamics in the clinic (Figure Zlaa).
degree of ISR activation as monitored by CHOP or ATF4 mRNA induction was
significantly increased by administering ONC201 more frequently (ev2rywéeks versus
every 34 weeks). On the other hand, increasing ONC201 dose did not further amplify
CHOP upegulation at 50 or 100 mg/kg relative to 25 mg/kg given weekly (Figure 2.2b,
Appendix FigureA.4a). We observed a frequendyut not a doselependent effect on
serum TRAIL levels. Maximum serum TRAIL levels were achieved (150 pg/ml) when
ONC201 was admistered weekly even at low doses of 25 mg/kg (Figure 2.2c, Appendix
Figure A.4b-c). Similar trends were observed with respect to overall TRAIL expression

(Appendix FigureA.4d).

54



HT29 Xenografts HT29 Xenografts

A
25mg/kg every | Vehicle 25/4 50/4 100/4100/1
Vehicle 4wk 3wk 2wk 1wk week week week week
-Akt o —
PV — PAKt . s

w o@D e s esapes
o -

ERK .“--

Quantitation of p-Akt in westerns Quantitation of westerns for HT29 lysates
- * — Il Vehicle
£ 25 I ® 2.0 *
5 20 8 s B 25/4wk
T 15 > 1'0 I s0/4wk
4 10 5 0‘5 Bl 100/4wk
S 05 3 0.
= 100/1wk
T 00 T 0.0 . 100/
Vehicled wks 3 wks 2 wks 1 wk p-ERK/ERK p-Akt/Akt
Gene Expression in weekly dosed Gene Expression in 50mg/kg dosed
- HT29 xenografts cohorts  HT29 xenografts cohorts
° & so o G50 " Il Vehicle
€ 3 40 Bl vehicle S O 40 b Bl 50/1wk
* ¥
E‘ 2 30 = Il 25mg/ke ;’ 2130 Tor, E 50/2wk
*
£52 B somg/kg & S 20 Bl 50/3wk
K g 10 Bl 100mg/kg & 310 I 50/4wk
o 0 20
) ATF4A CHOP TRAIL v ATF4 CHOP TRAIL
C
Serum TRAIL in 25mg/kg cohorts of
MDA-MB-231 xenografts
150-AUC724 2601 2121 2001 1775
c M
S — *
2 £100] v T
3 2 v
= 3 sof
= = v \ v
l—

Days aRe_rO 714212807 14212807 14212807 14212807 142128
first dose Vehicle 25/lwk 25/2wk 253wk 25/4wk

Figure 2.2 ONC201 triggers dual ERK/Akt inactivation, integrated stress respuse
(ISR) signaling, and TRAIL upregulation in tumor cells. (A) HT29 tumor xenograft
protein lysates analyzed by western blots treated with (left) 25 mg/kg at varying
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frequencies and (right) increasing dose up to 100 mg/kg and varying frequency of
administation as indicated. (B) Induction of ATF4, CHOP, and TRAIL mRNA in-28r
xenografted tumors following (left) increasing dose with weekly administration of
ONC201 or (right) frequency of ONC201 dosing at 50 mg/kg. (C) Serum TRAIL levels
measured by nespeific ELISA comparing following ONC201 25 mg/kg dose
administered at different frequencies in MBDAB-231 xenograft bearing mice. Doses
indicated by arrows. AUC values listed above and graphed to the right. (For western blots
and gRTPCR: N=6, ran twice inglicate of each sample. For ELISA, n=4 ran in duplicate,
samples were frozen until end of assay and ran through ELISA) (All samples were
harvested 4 weeks after treatment began unless indicated). (P values are as indicated:
*<.05, **<.01 compared to theehicle unless indicatedside Wilcoxon rank sum test, for

c, only the last timepoint was analyzed for statistical significance). Data represent mean
+/- SD.

2.3.3: ONC201 inhibits metastasis, and migration and invasion, in a FTe&pkendent
mechanism

Given the potential antinetastatic effects of TRAIL signaling, we hypothesized that
ONC2017 as a compound that upregulates TRAIL and DR5 as part of its mechanism
would suppress metastatic tumor development. We observed that ONC201 reduces (in the
case 6the 25 mg/kg cohort) or inhibits metastases (in the case of higher-doiseds) in

these subcutaneous HT29 models (Figure 2.3a, Appendix FAgbae) and a secondary
model where the subcutaneous primary tumor was surgically removed, and metastases
allowed to grow before ONC201 treatment (Figure 2.3b). Increase in the ONC201 dose
and administration frequency reduced the number, size, and incidence of metastases
(Appendix FigureA.5ac). In orthotopic MDAMB-231 or subcutaneous HT29 xenograft
bearing mie, weekly MRI analysis and ewd-life bioluminescence imaging results
confirmed that metastases develop independently of the primary tumor xenograft (Figure
2.3a, Appendix Figuré.5d-f). We observed a similar antietastasis effect of ONC201

in the immunocompetent subcutaneous CT26 xenograft model in syngeneic Balb/c mice
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and in HCT116GFP mice that had their subcutaneous tumor removed at 10 mm diameter,
with only the vehicldreated mice showing metastatic cell populations (Figure 2.3b,
Appendix FigureA.5g). This antmetastasis effect was further obserusthg micewith

HT29 or HCT116 p53- xenograft tumors on lungs from tail vein injected mice treated
with vehicle or ONC201 after metastatic tumors were documented through CT imaging.
Overall, the sie of the metastases on the lungs decreased in the ONf@204d cohorts
while the vehicletreated mice experienced growing tumors (Figure -8,38ppendix
FigureA.5h). We also observed an impact on metastasis in mice treated with ONC201 or

vehicle immedhtely after receiving tail vein injections (Appendix Figétei).
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Figure 2.3. ONC201 inhibits migration/invasion and metastasis(A) Metastasis
imaging analyzed by (top) gross and histology of liver in HT29 xenograft bearing mice
treated with vehicle or 100 mg/kg per 3 wks. (bottom) MRI of lung of HT29 subcutaneous
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xenograft mouse treated with vehicle after 4 weeks since inocul®&mth panels are
imaging of 1 vehicle mouse from different MRI viewpoints. The tumor is indicated by a
blue arrow. (B) HCT1145FP tumor lesions from mice with primary tumor surgically
removed and tumor metastases allowed to grow overtime before tredueatitied by
fluorescence imaging for vehicle or 100 mg/kg ONC201. (C) Estimated size by CT
imaging before and after treatment in ONC201 and Vehicle treated cohorts in HT29
xenografts. (D) representative CT images of HT29 treated mice through tahjesitioin.

Tumor burden in yellow, lung tissue in green. Same mouse Day 0 and Day 14. (For mouse
tumor studies, mouse numbers N=6 in HT29 subcutaneous in a aneitaiT29 in ¢ and

d, N=4 HCT116 GPF. In C, 2 vehicles passed away before end of studpmyles were
harvested 4 weeks after treatment began unless indicated). (P values are as indicated: *<.05
compared to the vehicle unless indicateside Wilcoxon rank sum test, with difference
between post/preeatment compared). Data represent mea®b/

ONC201 suppressed cell migrationvitro in HCT116 and HT29 cells as demonstrated

by Boyden chamber and xCELLigence migration assays (Appendix Fifad).

TRAIL inhibition by the TRAIL-depleting RIK2 antibody or shTRAIL attenuated the
ONC201 efect on prevention of cell migration and invasion of MBM-231 cells
(Figure 2.4aAppendix FigureA.6e). Invasion as assessed via a scratch assay was also
impaired by ONC201, but was partially restored following treatment with-RIK
(Appendix FigureA.6f). When investigateah vivousing the same tail vein method where
mice were treated with ONC201 or vehicle once tumors were noted, we noticed a decrease
in tumor size and number MDRNB-231 wild-type bearing mice as compared to the MDA
MB-231 shTRAIL tumotbearing mice (Figure 2.4¢). This impact was also notslightly

in mice treated immediately after tail vein injection of tumor cells (Figure 2.4c).
Interestingly, there was a slight difference observed in cleeasplase 3 levels between

the tumor cohds, but there was a statistically significant difference between the number
of Ki67+ cells between the vehieland ONC20itreated mice bearing the witgpe

tumors, andetween the vehicleand ONC201treated micdearing the shTRAIL tumors
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(Figure 2.4df). These results suggest that ONC201 inhibits metastasis, at least in part, by
downregulating tumor cell migration and invasion in a TRAkKpendent mannas well

as by inhibiting proliferation in a TRAHindependent mann¢t1].
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Figure 2. 4. TRAIL plays a role in ONC2O01c¢
metastasis.(A) Xcelligence migration kinetics assay in top) MBMB-231 and bottom)
MDA-MB-231 shTRAIL. (B)Size of MDAMB-231 wildtype and shTRAIL tumors from

tail vein injected mice after treatment for two weeks and then resection. Mice were treated
once tumor burden noted (tumor burden tended to line on the spinal cord). (C)
Representative image of MDWB-231 wildtype and shTRAIL tumors after resection. (D)
Quantification of Ki67+ cells in MDAMB-231 wildtype and shTRAIL xenografts of

ONC201 and Vehicle cohorts. N=12 slides, 3 per tumor. (E) Quantification of cleaved
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caspase positive cells in MDAMB-231 wildtype and shTRAIL xenografts of ONC201

and Vehicle cohorts. N=12 slides, 3 per tumor. N=12 slides, 3 per tumor. (F)
Representative images of both using 20x magnification. (For mouse tumor studies, N=5
for MDA-MB-231 and MDAMB231 shTRAIL. For in vitro ngration/invasion studies,

N=4 ran two separate times. All samples were harvested 4 weeks after treatment began
unless indicated). (P values are as indicated: *<.05, **<.01 compared to the vehicle unless
indicated using -3ided Wilcoxon rank sum test. FitiC studies when 3 IHC slides were
analyzed per tumor, the mean of each tumor was compared ussiged2/Vilcoxon rank

sum test). Data represent meanSiD.

2.3.4: ONC201 induces CD3+/NK cell accumulation which plays an important role in the
antirtumor effect

Given the potential role of NK cells in preventing metastases through TRAIL that can be
produced by NK cell$13], we investigated the presence of NK cells and other immune

cells in ONC201treated mice within théeukocyte population in colorectal MC38 and

CT26 mouse tumors (Appendix Figufe7-A.8). ONC201 induced an activation and
accumulation of T and NK cells within tumors, blood, and spleen in two-tyld

syngeneic mouse models and the N&R1 mouse modg[BI6/129 background) (Figure

2.5ac, Appendix FigureA.9ad). Importantly, upregulation of NK+ and CD3+ cells was
observed in blood of netumor bearing mice, indicating that the immune effect is not due

to extrinsic signaling from ONC2@tteated tumors ahe (Appendix Figuré.9e). These
ONC203st i mul at ed NK cell s expressed granzyme

(Figure 2.5d, Appendix Figur&.9f).
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Figure 2.5: ONC201 induces NK accumulation and activation and CD4/CD8+ CD3+

T cell accumulation. (A) Analysis of NK and T cells in MC38 xenografts in NCERfp

mice. (B) Immunefluorescence of MC38 tumors in NCRAFP C57/BL6 mice of GFP
expressing tumors and DAPI using 20x and 100x magnification. (C) Comparison of T cell
and NK cell population in CT26 tum®in Balb/c mice. (D) Analysis of NK cells and NK

cell granzyme expression and MFI on CT26 tumors in Balb/c mice. For mouse studies:
NCR-1-GFP mice N=4; CT26 PBMC experiment N=7. (P values are as indicated:
***p<.001, ****p<.0001 relative to vehicle usin@-sided Wilcoxon rank sum test). For
immunofluorescence: Green: GFP, Blue: DAPI. Merge performed by Image J. Sections
were performed on 4 sections per tumor, quantitation in supplemental. Data represent mean
+/- SD.
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Importantly, ONC201 activated human primary NK cells from healthy donors by
dr amat i
cells by increasing LAMP1 expression in the presence of target cells (Figure 2.6, Appendix

Figure A.10). The recruitment of CD4+ and CD8+ cells to the tumor was also observed

cal ly i

(Appendix FigureA.9g).
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Figure 2.6: ONC20%induces primary NK cell activation and degranulation in
healthy human donors (A) Human primary NK cell IFNgamma titratiomithin
increasing doses of ONC201 (B) Analysis of 5 healthy donors usinlyl DNC201
treatment (C) LAMP1+ Expression in the absepeegencef target cells using vehicle or

1 uM ONC201 treatment. Cells treated overnight in ONC201 or vel@idaorts weres
described: PBL, PBL ONC: NK cells alone or with ONC201; PBL+721.221, PBL + 721
ONC: NK cells incubated with target cells -+/ONC201; PBL+721+Rxb,
PBL+721.221+Rxb ONC: NK cells incubated with target cells and rituxima®MC201.
Healthy human samples3S. For healthy human samples N=5). (P values are as indicated:
*=p<.05 relative to vehicle using-&ided Wilcoxon rank sum test). Data represent mean
+/- SD.

The susceptibility of HCT11Bax and RKOONC20ZLresistant cells to ONC20#f vivo,
despite tkir resistance to ONC20d vitro, implicated involvement of an immune response
in ONC20%mediated tumor suppression (Figure 2.7a, Appendix Figrgla).
Importantly, depletion of NK cells with the assialo GM1 antibody significantly
attenuated the obsred ONC201 antiumor efficacy in CT26, MC38, anBax’ tumor
models despite there still being an increased presence of CD3+ T cells in the syngeneic
models (Figure 2.7a, Appendix FigureA.11bc). We found no significant impact from
ONC201 on perforininduced cytotoxicity on MC38 tumors by comparing ONC201 and
vehicle treatments on MC38 tumor growth in both wiijde and perforin knockout (Prf

) C57/BL6 mice (Appendix Figurd.l1lde). Interestingly, we saw no impact on T cell
depletion using a CD8alibitor in MC38 mice in combination with ONC201, suggesting
the role of NK cells may be more impactful on antinor efficacy during ONC201

treatments than CD3+ cells (Appendix Figévd 1fq).

To investigat e t heiminungrasponse onfmet@shasls? Weladakzedp r o

metastases from tail vein injected HCT116, HCTBHE&"", and MC38 mice. We saw no
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increase in lymphocyte populations including NK cells or CD3+ cells in any of these

metastases (Appendix Figur.12).
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Figure 2.7: ONC20ztinduced NK activation/accumulation plays an important role in
anti-tumor effect. Final tumor volumes of Bax null (A) and CT26 (B) with 100 mg/kg
ONC201 weekly for 4 weeks and GM1 every 5 days as prestrig) NK cells enrichment

by ONC201 and depletion by GM1 are confirmed with flow cytometry in the CT26 bearing
mice. (For mice, N=10 for RKENC20tResistant, and CT26 and Baxll GM1
studies.). (P values are as indicatgg<.01 ***p<.001 compared toaehicle using2-side
Wilcoxon rank sum tejt Data represent mean-8D.

2.3.5: PD1 inhibitors in combination with ONC201 may enhance-antior efficacy

We noted potent antumor effectsn vivodespite the presence of detectable increased PD
1 expression in CD3+ cells within ONC2@ateatedtumors andgiven that ONC201 is

efficacious in athymic nude mice we sought to leverage the ON@20ted T cell effect
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in immunocompetent mice. We therefore explored the combination of ONC201 with anti
PD-1 therapy and preliminarily found evidence for more potentivotumor suppression
with the combination versus aRD-1 therapy alone (Figure&ab). This effect was not
seen in low doses of ONC201 treatment of Gb2éring mice or in MC3®earing mice
(Appendix FigureA.13ag). Since we suspected theR[@xpression may be present within

T cells or NK cell§281, 282] we examined the impact of PDon CD3+ cells in terms of
ONC201 treatment using a combination of anti-PRnd Nkdepleting antibody anti
GML1. We saw only a slight but not significant difénce in anti PEL treated cohorts when

NK cells were depleted (Appendix Figukel3f-g).

A B
0D-1 and ONC20Li Low dose ONC201
-1an in = + PD-1in CT26 xenografts
E 20- CT26 xenografts E — ns
2 54 E ;000 08 [
o 154 @ r b ' |
mE : ol 1
5 10- L o E 20007 - %
g . i S 1000- %
£ u 3 = -
L Z
E 0 T T T T o 0 T T T T
VehicleONC201 PD-1 ONC201 VehicleONC201 PD-1 ONC201
PD-1 25 mg/kg +PD-1

Figure 2.8: ONC201 and PB1 in combination may be beneficial.(A) Relative tumor
volume after 4 weeks in CT26 tumors in Balb/c mice treated with Vehicle mboky
ONC201, PDB1, or ONC201 + PH. (B) Final tumor volumes after 4 weeks in CT26
tumors in Balb/c mice treated with Vehicle, 2fg/kg ONC201, PEL, or ONC201 + PP

1. For mouse studies: PD experiment n=7. R values are as indicatet'p<.01,

***n<.001 relative to vehicle using@-sided Wilcoxon rank sum tgsData represent mean
+/- SD.
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2. 3.6: ONC2016s efficacy deri v eadatefitunamom di r e
cell death

Using the TRAIL-resistant HCT11@ax" xenografts compared to wikype HCT116
xenograft s, we det er mi ndax tuntoa growtld Ba@ He 1 6 s
significantly attenuated when NK cells are deplatedivo, whereas the effect of NK cell
depletion on the sensitive wikype cell lineonly slightly impacted antiumor efficacy
(Appendix FigureA.14). However, there was still an atumor effect from ONC201
treatment on HCT11Bax" cells in NSG mice that carry no NK cells, T cells, or myeloid
cells (Appendix Figuré.14cd). We notedh slight decrease in the number of Ki67+ cells
when mice were treated with ONC201 and no change in cleaved c@spappendix

FigureA.l4eq).

2.3.7: ONC201induced NK activation/accumulation and attmor effect is mediated

through a prémmune mechasm by upregulating several key factors including TRAIL,

IFN-U2 a  al® (CXCLPO)

We further investigated mechanisms by which NK cells contribute to ONC20tuartr

activity in vitro. To further explore the potential mechanism of ONGR@uced NK

activation and accumulation, we performed a multiplex EL:I#&ed assay and identified
immuneactivating and recruiting factors that are upregulated in conditioned media of
tumor <cells in response t o -2NIGR2O70, anditee at me n
IFNJ-induced protein (IPLO or CXCL10) (Figure ®c-d, Appendix FigureA.15). Cell

culture experiments with NK92 cells confirmadvivo results that ONC201 induces NK

cell activation and TRAIL secretion (Appendix Figukel6ab). Complementing ouin

vivo data, ceculture studies of NK cells or conditioned media with tumor cells, including
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the ONC201resistant HCT11@®ax" cells, confirms that the ONC201 atdimor effect
occurs as a result of ONC201 activation of NK cells since the inactive NK oells,
ONC201 treatment alone does not significantly induce tumor cytotoxicity in a model that
Is resistant to direct drug effects. (Appendix Figure 2.14, Appendix Figuiéc)
Moreover, addition of TRAIEsequestering antibody RIK2 reduced but did not elibeina
the cytotoxic activity toward tumor cells. These results indicate that ONC201 efficacy is
potentiated by ONC201 activation of NK cells to produce TRAIL (Figuda-B, Appendix
Figure A.16cd). Cell viability is further confirmed by a CTG assay and shdhat
ONC20zactivated NK cells induce cytotoxicity at similar levels as observed with NK cells

activatedbylk2 and | FNo ( AdGgeB.ndi x Figur e

67



>
8

Co-Culture results HCT116 co-cultured with NK92 cells
for HCT116 cells

Ethidium

HCT116-  Calcein homodimer Merged
null GFP Blue (live) (dead)

w
(=]

Live:Dead Ratio
N
=}

b4
Z
v E
Cells o
ONC20 + + [ | '
NKY2 tos = "
NK media + ' ' =
RIKZ ' ' = ¥
C o
E IFNa-2a levels in o
h 6 = = o
o HCT116cells  *** 0
J 2 =z
c U
. o
© - .
5 Z2 ¢
= o x
3 2z
kY ' =
] Vehicle I24hr 48hr“24hr 48hr| 392
Ic25 IC50 o
DE . zZR =
é IP-10 levels in 9%
& 2200 HCT116cells ..o 39 F
S 2000 _
8 1800 *
o 200 3 5
W + w
£ o] 1 i
T:J 0 T T T T 8 = i;‘l
T VehicIeIZAhr 48hrl lZ4hr 48hrl Q

IC25 1C50

Figure 2.9: ONC20ztinduced NK activation/accumulation plays an important role in
anti-tumor effect. (A) Fluorescence microscopy from-calture of HCT116 p53will-

GFP and NK cells or NK media treated as indicated for 48 hours. (B) Quantitation of
fluorescence microscopy. Multiplex analysis of data of (GL0Rand (D) IFNUJ-2a levels
within conditioned mdia from ONC201 treated HCT116 cells. More shown in
supplemental. ONC201 10 mM, RIK2 2 mg/ml. Green: GFP, Blue: Calcein AM, Red: PI.
Merge performed by Image J. Ngifp blue+ cells are NK cell§low cytometry performed

on Pl+ CD19/CD45+ cells (Cecultures ran in triplicate twice). (P values are as indicated
**p<.01 **p<.001, ***p<.0001 compared to vehicle usingside Wilcoxon rank sum
tes). Data represent mean-8D.

Peripheral blood samples from patients who received ONC201 treatment showed an

increase in the number of activated TRAJ&creting NK cells after ONC201 treatment up
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to three days after treatment, further establishing that activated NK cells are upregulated

by ONC201 treatment and express TRAIL (Figurkoz2.d).
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Figure 2.10: NK cels are increased in peripheral blood of patients following
treatment with ONC201.(A) Characteristics of patients-8 (PLP5) treated with
ONC201. (B) Percentage of NK cells among all lymphocytes in peripheral blood of
patients described in (A). (C) Percagé of NK cells expressing TRAIL. D) Percentage of
NK cells expressing Granzyme B. P value as indicated for Day 3 vs DRyvalues
calculated by ided student t tesData represent mean-+%D. Data provided by the
Zloza Labat CINJ
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2.4 Discussion

We demonstrate in this study that dose intensification of ONC201 increasé¢gnamti

drug efficacy, in part by amplifying ONC20
ISR, without impacting toxicityln vivo, dose intensification sustains a more potgowth

and survival pathway inhibition. The impact of these results is of immediate relevance to
clinical trials where the frequency of administration is being increased to weekly dosing as

a new recommended phase Il dose (RP2D). We uncover a novel asfige anttumor

effect of ONC201; namely, a powerful blockade of metastasis, that may be at least in part
due to ONC20106s ability to inhibit tumor ¢
discover that ONC201 stimulates mobilization and activadiomatural killer cell activity

including infiltration of tumors in tumebearing mice, and cytotoxic effects of NK cells

toward ONC201sensitive orresistant tumor cells. Optimum pharmacodynamic effects

of ONC201 were observed with weekly dosing eveugh the drug halife is 10 hours

[269]. Dose intensification of ONC201 increases the extent of theyraval kinase (Akt

and ERK) inhibition leading to increased TRAIL expression and signalivigo, causing

a more efficacious tumor growth inhibition and amitastasis effects. Given the impact

of ONC201 on the number and size of colorectal xenograft metastases through both
surgical model and tail vein injection, we can conclude that ONC2@itesges metastases

invivoo. Whil e t he r ol e o fmetasRdsletfectisappaddeht@zhizl 6 s a |
vitro studies; there was not a significant impact on TRAIL inhibition within the tumor

vivo. This may be due to the impact of TRAIL inductionrh ONC201 globally, and

further studies suppressing TRAIL within the entire mouse may help clarify the importance
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of TRAIL in vivo. Further, we cannot ruleut other yet to be discovered mechanisms that

may play a role in the ability of the drug to inlibiigration and invasion. Further studies

are warranted to investigate other pathways activated by ONC201 that may play a role in
the antimet ast asi s effect. ONC2016s ability to
cytotoxic activity, and downregulatioof the TRAIL pathway indicates that ONC201

exerts its antmetastasis effects partially via a TRAtlependent mechanism [13]. Also,

given that the strongest impact on tumor growth within the M@&-231 and shTRAIL

tumors seemed to be from a decreasei@¥K cells, ONC201 may reduce metastasis by

impeding other key events in tumor metastasis unrelated to TRAIL.

The increase, accumulation within tumors, and activation of NK cellsibotivo and in
culture with human primary NK cells due to ONC201 tmesxtt is unexpected and appears
to promote tumor cytotoxicity in part through NK cell TRAIL secretion. As expected, the
TRAIL -sequestering antibody did not completely abrogate NKroetliated cytotoxicity

in cell coculture, demonstrating that NK cells pla role in ONC201 efficacy that goes
beyond TRAIL production. The significant cytotoxicity in the TRAlksistanBax’ cells

in co-cultures with both NK cells and conditioned media indicate that NK cells promote
cytotoxicity through its other tumesupgession mechanisms namely cytokine secretion
and direct Nktumor cell contacf283]. However, there was still efficaay vivo, including
within theBax’ carrying NSG mice. Given that there was a slight decrease in Ki67+ cells
and there was an impact on tumor growth during ONC201 treatment regardless ofimmune

related cytotoxicity; it is likely that ONC201 may require both its intritBiect cytotoxic
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mechanisms as well as a possible immresponse to suppress more ONG2edistant
tumorsin vivo. Finally, although there appears to be an impact on degramulatiine
human primary NK cells, interestingly there was no impact of ONC201 treatment in the
perforin/- mice compared to the wiltype mice. Since the MC38 tumors were siifected

by ONC201 treatment, this may indicate the role of direct NK celhgilis not necessary

f or ON C zithrhudes effgets. durther studies of whether this could be mitigated in

other tumors may clarify this further.

The immune effects of ONC201 play a role in the ONC201 mechanism of actioro

that is highly relevantni ONC20%resistant tumors and contribute to emntnor effects in
models where ONC201 sensitivity is observed in the absence of NK\e&lglid not
observe an increase in lymphocytes or immune cells in the larger metastases treated with
ONC201. This coulde due to the limited size of the metastases given that they were
significantly smaller than our subcutaneous primary tumors. It is possible that given
limitations of the size of metastases in mice that the role of immune stimulation with regard
to the inpact of ONC201 on metastases may be better investigated in the context of the
ONC201 clinical trials with human patients. Also, there could be an effect within the tumor
mi croenvironment ; as i timmure repporsenalp moebypass a t
a stromaheavy tumor which may be a difference from subcutaneous tumors that are not
surrounded by epithelium from the lung. Further, studies into the effect of ONC201 on the
tumor microenvironment should be pursued to establish whether ONC201 can cause the

tumor microenvironment to secrete anflammatory cytokines and protect the tumor.
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Nonetheless, ONC201 has a potent-amgtastasis effect that is relevant to its use as cancer

therapy in patients.

Importantly, our multiplex assay indicated that irspense to ONC201 treatment,
colorectal tumor cells secr et ea whumnduces pr o mc
sustained changes in NK cell responsivenesst2h70, which enhances the cytotoxic

activity of NK cells and induces differentiation anagth in T cells; and IPL0/CXCL10,

a key chemanttractant for T and NK cell recruitment; are all of interest and further
establish that ONC201 has an immeréancing role. We plan to pursue further the
mechanism of action of these extrinsic signalingnpatys on NK cell activation as a result

of ONC201 treatment. The induced cytotoxicity inadture is comparable to NK cell
activation by increasedi2 and | FNo2, without the added t
provoke; making ONC201 a potentially ratttive method of increasing the immune
responsg283, 284] The increase in CD3+ T cells shows a distinct promotion of the
immune system with CD4+ and CD8+ T cells being present in the tumare\téo, CD8a

i nhibition did not attenuat e-celsbl@Rldgsdoban ef f i
effect on OrihGn2 effed. S-urtper, the combination of &Pb-1 therapy

with  ONC201 showed some increased efficacy in comparison to thePBuiti
monotherapy in CT26 tumors treated with high doses of ONC201; indicating that
alleviating Tcellsof PEL expr essi on may e nihavo tlevevefNC2 01 6
we did not observe a clear advantageous impact of ONC201 ardahttherapies in

MC38 tumors or in CT26 tumors treated with lower ONC201 doses. This could be due to

73



the inability of the TCR to recognize the tumors, given that the tumors are not MMR
deficient and may not secrete enough clonate@topes. It is also possible that withwvier
ONC201 doses there may have been weaker signals for immune stimulation. Further
studies of whether there could be an advantage to ONC201 ar@Dahttherapies in
combination may clarify these issues. Overall, the impact of ONC201 on ilmmune
surveillarce contributes to its efficacy in general and is particularly critical for promoting
efficacy in some tumors that are resistant to ONG&Q/Atro. There is probably sufficient

preliminary evidence to support further testing of ONC201 plusRiDtl in theclinic.

We demonstrate that higher or more frequent ONC201 dosing enhances 4tuenanti
response, metastasis inhibition, and promotion of -tantor immunity. Dose
intensification of ONC201 is now being explored in clinical trials to assess the proper
regimen for different patient cohorts and is thus of immediate impact in the clinic. It is of
clinical relevance that the pharmacodynamics (PD) effect of ONC201 extends for days to
weeks beyond its serum hdifie of 10 hourg269], and thus the most efficacious dosing

in the clinic needs to be modeled by the PD characteristics. Additionally, we found no
evidence that dosing based more on PK characteristics, i.e., daily dosing, provides any
advantage ovawice-weekly or weekly dosing. An important outcome of this study is the
suggestion that, along with other biomarkers, monitoring of NK cell numbers, the state of
NK cell activation in the blood and NK infiltration in peseatment biopsies in patient
tumors has potential to yield useful correlative clinical information with ONC201 efficacy.

Initial patient data from a Phase Il clinical trial demonstrates that patients who received

74



ONC201 treatments exhibit increased NK cell populations in their pealpibleod. These

NK cells were activated and secreted TRAIL, similar to what was observed in mice. The
presence of these NK cells in tumor sites and in larger ONC201 treated patient populations
will be further assessed. The activation of primary human &lls by ONC201 may be
considered for combination therapy in clinical trials using adoptive transfer of therapeutic
NK cells. We note that unlike effects of PTER85] or the src inhibitor dasatinif286],
ONC201 inhibition of Akt and ERK pathways with consequent NK cell activation leads to
potent antitumor cytotoxic effects in both eculture experiments ard vivo. Moreover,

unlike elotuzumab that can stimulate NK cell e&ntnor activity against multiple myeloma
[287], ONC201 administration is not associated with the-Wuediwn toxicities of 1l-2 or
TNF-J. The unique immunstimulatory effect of ONC201 provides a rationale for
combination therapy with complementary targeted therapeutics against cancer or
checkpoint immnotherapy. With dose intensification, ONC201 has a higher likelihood for
sustained TRAIL pathway activation vivo, immune stimulation, and antietastasis

effects.

75



ONC201

¥

Primary Tumor Cell

Dose
intensification
increases anti-

tumor effect at a ‘
maximum of ‘
‘ .Q

weekly frequency
ONC201

' "

Activation/
recruitment of
NK cells (IFNa2a,

Recruitment of
T-cells

Primary Tumor Cell CXCL10)
Perforins/granzyme/TRAIL

TCR  Ag-MHC

) TRAIL:TRAILR
PD-1 PDL-1 IFNy:IFNYR

) Invasion/Migration
= In a partially

o “ @ TRAIL-
Y dependent

manner
Metastases H ONC201

Figure 2.11: Summary of findings. Dose intensificationncreaseshe likelihood for
sushined ONC201 signaling including TRAIL pathway activation in vivo, immune
stimulation, and antinetastasis effects.



CHAPTER 3

DISCOVERY AND CHARACTERIZATION OF ONC201ANALOGUES

This manuscript was adapted from:

1) WagnerJ, Kline C, PottorfRS, NallaganchiBR, OlsonGL, Dicker DT, Allen JE,
El-Deiry WS. Theangularstructureof ONC201,a TRAIL pathwayinducing
compounddeterminests potentanticanceractivity. Oncotarget, 30 December
2014: Vol 5, Issue 24, p12733.

2) Wagner J, Kline C, Ralff M, Lev A, Lulla A, Zhou L, Olson GL, Nallaganchu B,
Benes C, Allen J, Prabhu VV, Stogniew M, Oster WDEIry WS.Preclinical
evaluation of the imipridone family, analogues of clinical stagectcer small
molecule ONC201reveals potent antiancer effects of ONC21Zell Cycle.

2017 MayPMID: 28489985

3.1 Abstract

We previously identified TRAILinducing compound 10 (TIC10), also known as
NSC350625 or ONC201, from an NCI chemical library screen as a small molecule that
has potent antiumor efficacy and a benign safety profile in preclinical cancer models.
The chemical structure that was originally published by Stahle, et. al. in the patent
literature was described as an imidazo{a]@yrido[4,3d]pyrimidine derivative.The

NCI and others generally accepted this as the correct structure, which was consistent with
the mass spectrometry analysis outlined in the publication by Allen et. al. that first
reported the anticancer propertaghis molecule A recent publication demonstrated

that the chemical structure of ONC201 material from the NCI is an anguleg][&dmer

of the originally disclosed, linear [4(§ structure. Here we confirm Byuclear magnetic
resonancgéNMR) and X-ray structural aalysis of the dihydrochloride salt form that the

ONC201 material produced by Oncoceutics is the angulate]3structure and not the
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linear structure originally depicted in the patent literature and by the NCI. Similarly, in
accordance with our biologicalaluation, the previously disclosed acancer activity is
associated with the angular structure and not the linear isomer. Together these studies
confirm that ONC201, produced by Oncoceutics or obtained from the NCI, possesses an
angular [3,4e] structure, now termed imipridonehat represents the highly active anti
cancer compound utilized in prior preclinical studies and now entering clinical trials in

advanced cancers.

Anti-cancer small molecule ONC201 upregulates the integrated stress resp&)sand
acts as a dual inactivator of Akt/ERK, leading to TRAIL gene activation. ONC201 is
under investigation in multiple clinical trials to treat patients with cancer. Given the
unique imipridone core chemical structure of ONCg&xigular [3,4¢e] structue), we
synthesized a series of analogues to identify additional compounds with distinct
therapeutic properties. Several imipridones with a broad rangevifo potencies were
identified in an exploration of chemical derivatives. Basethoritro potercy in human
cancer cell lines and lack of toxicity to normal human fibroblasts, imipridones ONC206
and ONC212 were prioritized for further study. Both analogues inhibited colony
formation, and induced apoptosis and downstream signaling that involveseipaied
stress response and Akt/ERK, similar to ONC201. Compared to ONC201, ONC206
demonstrated improved inhibition of cell migration while ONC212 exhibited rapid
kinetics of activity. ONC212 was further tested in >1000 human cancer celifings

and evaluated for safety and atwimor efficacyin vivo. ONC212 exhibited broad
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spectrum efficacy at nanomol@M) concentrations across solid tumors and
hematological malignancies. Skin cancer emerged as a tumor type with improved
efficacy relative to OR201. Orally administered ONC212 displayed potenttamior
effectsin vivo, a broad therapeutic window and a favorable PK profile. ONC212 was
efficaciousin vivoin BRAF V600E melanoma models that are less sensitive to ONC201.

Based on these findings, @Y12 warrants further development as a drug candidate.

Therapeutiaitility of the highly active anttancer core imipridone structure utilized in
prior preclinical studies and now entering clinical trizmséends beyond ONC201 to
include additional imigdonessuch as ONC212, whose pelnical data supports its

clinical development.

3.2Introduction

Based on its ability to induce the TRAIL gene, we previously obtained and studied the
compoundNSC-350625from the National Cancer Institute (NCI) Diversity Set Il, which
the NCI depicted as-Benzyt10-(2-methylbenzyh2,6,7,8,9,1ehexahydroimidazo[1;2
a]pyrido[4,3d]pyrimidin-5(3H)-one[1]. This compound, which is referred to now as
ONC201 by Oncocdies, Inc. that is developing the molecule as an anticancer drug, was
originally synthesized and described in a patent application published in 1973 without

disclosure of biological datd11].
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ONC201 is an orally active firgh-class imipridone small molecule compound that
upregulates the endogenous TRAIL ligand and the cell surface DR5 genes is in clinical
trials for various malignancig4-3]. When activated by the ligand TRAIL, DRS5 triggers
the extrinsic cell death gavay that selectively induces apoptosis in a variety of tumor
and transformed cells, including cancer stem cells, without affecting normgdli€ells

288].

The unique ability of ONC201 tmduced TRAIL-based signaling to induce apoptosis in
cancer cells and not normal cells leads to a wide therapeutic index and favorable
characteristics as an agncer therapeut{d-4, 273] The TRAIL pathway is a powerful
effector cytokine in the innate host immune response that suppresses tumor development,
progression and metastasis. Early results from a Phase | clinical trial in advanced solid
tumors demonstrated that ONC201 habkerapeutic PK profile, exceptional safety,

induction of pharmacodynamics (PD) markers, and preliminary evidence of efficacy in

various types of cancefs, 8].

We noticed a striking superiority for the preclinical anticancer activity of ONC201
obtained from the NCI and Oncoceutics compared to compound obtained from a
commercial source that synthesized the molecule through an alternative synthetic route.
In paralkl to investigating this disparity, Jacebal recently reported a series of NMR

and Xray crystallography studies that determined the chemical structure of

ONC201/NSC350625 obtained from the NCI to be an angulargBigbmer of the
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structure reporteth the original disclosure by Stahle et al. and subsequent disclosures of
the molecule by the NCI and Allezt al[289]. This angular [3,4] isomer has the

imidazo ring fused at an angle to the axis of the pyridopyrimidine rings.

Considering this clarification of the angular isomeric structure of ONC201, we performed
structure elucidation studies with ONC201 produced by Oncoceutics. These studies
extended beyond the purview of mass spectrometry to inéiid@d*C NMR

spectroscoy infrared (R) spectroscopy, and-¥ay crystallography. The results of these
studies definitively establish the structure of ONC201 dihydrochloride salt material
manufactured by Oncoceutics for preclinical and clinical use as the anguia [3,4

isomer {.e., -benzyt4-(2-methylbenzyh2,4,6,7,8,9hexahydroimidazo[1;2
a]pyrido[3,4-e]pyrimidin-5(1H)-one) and that this is the same structure as the material
distributed by the NCI as a free base. Further studies comparing ONC201 with a sample
of the [4,3d] linear isomer revealed that these two isomers possess strikingly disparate

biological activity, with only ONC201 demonstrating therapeutic potential.

The need for further development of therap
gener at i on wo-faldhteerredepse ef sew idiscoveries involving tumor biology;

and the evolution of tumenesistance and heterogeneity over the past few decades. Small
molecule analogues, or secegeneration therapies in general are created to help target

these new doveries or overcome potential resistant mechanig8® 291] Further,

since analogues must demonstrate some improvement over their lead compound/first
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generation counterpart, they are also developed to have less toxicities, a belifer half
or better PD than the lead compoUg€é2-294]. The successful development of
analogues/second generation compounds througtlipreal to clinical stages requires a

concerted effort between chemists, biologists, and clinicians.

The creatiorof second generation drugs has provided clinicians with therapies that could
potentially combat resistance of first generations. For example, the tyrosine kinase
inhibitor (TKI), starting with imatinib is a firsin line therapy for leukemia. However,
imatinib resistance in many leukemia patients has led to the successful creation and
development of second generation, and even third generf2@m297]. Even with the
recently approved ar€TLA4 and antPD-1 have second generation therapies being
created to help combat poor patient response rates, includsignudatory antibody o

novel inhibitory compounds against important immumnelecules such dgmphocyte

activation gene 3LAG3) [187, 291, 298]

Although ONC201 has yet to be FDA approved, due to its unique ability to induce cell
death selectively in cancer cells; we sought to design second generation an&@ogares.

the uniqueangular,imipridone corg14], we explore chemical derivates of ONC201 to
identify compounds with distinct therapeutic properties. We synthesized ONC201
analogues to identify compounds with distinct therapeutic properties that target GNC201
resistant tumorypes or possess distinct signaling properties. We present here an

exploration of ONC201 chemical derivatives, including screening in colorectal cancer
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and normal cell lines, selection and comparisons of lead candidates to ONC2i®l, and

vivo evaluations ofead candidates.

3.3 Materials and Methods

Reagents and cell viability assays

All cell lines were obtained from the American Type Culture Colleadiodiscussed
previously[1]. Cell lines were authenticateg bhort tandem repeat profiling and were

free of mycoplasma contamination.

ONC201was obtained from Oncoceutics as the dihydrochloride salt unless noted
otherwise ONC201 was synthesized by Oncoceutics following a modification of the
Stéahle procedure amdas converted to the dihydrochloride salt for biological evaluation
and Xray crystallography. The free base was prepared by neutralization of the salt and
extraction. ONC201/NSC350625 was obtained from the NCI Developmental
Therapeutics Program (DTRypository.The [4,3d] linear isomer was prepared by the
procedure of Jacoét al.[8] and also purchased commercially from MedKoo

Biosciences, Inc. (Chapel Hill, NONMR spectra of the MedKoo correspond to the

previously disclosed linear isomg@89].

Imipridone analogues were synthesized and provided by Provid pharmaceuticals.

Adherent cells were afyzed on a Beckma@oulter Elite Epics cytometer. Cell viability
assays were carried out in-@ll, blackwalled, cleatbottomed plates witlell titer-glo

assays (Promega, Madison, WI). Assays were performed following manufacturer
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instructions and lumigscence imagingias performed on a Xenogen IVIS system

(Xenogen, Almadea, CA).

Colony assays were performed by seeding 500 cells/well, treating for 3 days at indicated
doses, and allowing the colonies to form for approximately 10 days. Media was
replenisted every 34 days. Colonies were gently washed in PBS, fixed with methanol,
stained with Coomassie blue, rinsed, and allowed to dry prior to enumefakigh.

values were determined using PRISM software (Graphpad).

Floating and adherent cells wexealyzed on a LSRII cytometer. For surface TRAIL
experiments, adherent cells were harvested by brief trypsinization, fixed in 4%
paraformaldehyde in phosphdiaffered saline (PBS) for 20 min, incubated overnight
with an antiTRAIL antibody (Abcam, ab2439t 1:250, washed and incubated with-anti
rabbit Alexa Fluor 488 (Invitrogen) for 30 min, and analyzed. Cells were gated on
forward and side scatter to eliminate debris and dead cells from the analysis. Surface
TRAIL data were expressed as median fluoreseantensity relative to that of control
samples unless indicated otherwise. ForGulsontent and cell cycle profile analyses, all
cells were pelleted and ethaffoded, followed by staining with propidium iodide

(Sigma) in the presence of RNase.
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NMR analysis of ONC201

NMR spectra were acquired at®250n a Varian Inova 500 MHz spectrometer.
Experiments acquired for each sample includedH2D DQCOSY, 2[Rotatingframe
Overhauser SpectroscoPRQESY) [mix = 0.3 sec], 20H-C gHMQC, 2D'H-1*C
gHMBCAD. For samples in DMSO, chemical shift values were calibrated with reference
to the'H and*3C resonances of internal residual DMSO at 2.50 ppm and 39.51 ppm
respectively. For the samples in chlorofofid,chemical shift values were calibrated

with reference to internal residual chloroform at 7.24 ppm, antf@referencing a 1D

13C spectrum was acquired and internal GIGIs used as a standard at 77.23 ppm.

X-ray crystallography ofONC201

Crystallization was carried out with 50 mg of ONC201 Hat was heated to boiling

with 0.5 mL of ethanol. One drop (~50 ¢L)
heated to dissolve all the solids. The hot solution was filtered through a plug of cotton

into a2-dramvial and the clear solution was capped atiowed to stand and cool

undisturbed at room temperature overnight. The sample formed a cluster of large, well
formed crystals that were kept in the solvent for structural analysay Xtensity data

were collected on a Bruker APEXII CCD area deteetoploying graphite
monochromated. MU r adi ation (& =0.71073 j) at a t
indexing was performed from a series of thity 0.5° rotation frames with exposures of

10 seconds. A total of 1592 frames were collected with aadngsdetector distance of

37.4 mm, rotation widths of 0.5° and exposures of 5 seconds.

Rotation frames were integrated using SAINTI , producing a listing of unaveraged F2
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andi ( F2) values which were then passed t
further processing and structure solution. A total of 36379 reflections were measured
over the rangesl4l . O74-b@ OG0 A-B620%. 4®A,0 26
4928 unique reflections (Rint = 0.015The intensity data were corrected farentz

and polarization effects and for absorption ussAOABSIii (minimum and maximum
transmission 0.6888, 0.7452). The structure was solved by direct methods (SHELXS
97iv). The asymmetric unit consists of the dihydrochloride of the parent compoural plus
molecule of ethanol solvent. There was an additional region of disordered solvent, which
was attributed to water, for which a reliable disorder model could not be devised; the X
ray data were corrected for the presence of disordered solvent using SQUEEZE

Refinement was by fulinatrix least squares based on F2 using SHERXLAI

reflections were used during refinement.

+ (0.0378P)2 + 1.3664P] where P = (Fo2 + 2Fc2 )/3.-Ngirogen atoms were refined
anisotrojically and hydrogen atoms were refined using a riding model. Refinement
converged to R1=0.0289 and wR2=0.0772 for 4664 observed reflections for which F >

40 (F) and R1=0.0302 and wWR2=0.07%&0 and

(0]

GO

reflectionsand 311lavr i abl es. The maxi mum o/ 0 in the f

0.000 and the two most prominent peaks in the final difference Fourier were +0.304 and

0.246 e/A3.

Crystallization of ONC212 for-ray structure determination

A75mg sampl e of A D& dissol@dh®I75 mL of ethanol with

heating. Approximately20 microliters of watewereadded resulting in precipitation of a
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white solid. The mixture was heated until the solid was dissolved and 0.5 mL of dioxane
was added. The was filteredana vial, concentrated by heating by about 50%, and
allowed to stand at room temperature overnight to crystallize crystal structure

determination is described in tA@pendixand the structure is shown in Figug4.

CID mass spectrometritd 13C NMR, and IR analysis of ONC201 material from NCI

Mass spectral data were obtained using a Varian(@08p mass spectrometer with an

electron spray ion (ESI) source in negative ion mode. The samples were diluted 1:100 in
80:20 acetonitrile:1% formic ac@ind infusednto the source chamber at a flow rate of

1 0 ¢ [Pwithihae following parameters: spray chamber temperature, 0°C; needle
voltage,i5 500 V,; <collision energy, 10 eV; decl u
40 LFM. Masses of product isrwere measured with a micrOTOF QHT®F mass
spectrometer (Bruker Co., USA) equipped with an ESI source. The collision energy of

the CID for the selected ions was set as standard, with argon as the collision gas. The data
were analyzed using the Data Ayss version 4 software package delivered by Bruker
Daltonics.NMR experiments were conducted using standard protocols on Bruker

Advanced 500 and 60@Hz spectrometers equipped with cold probBsexperiments

were analyzed on a Jasco FTAR0O in dichlsomethane solvent.

TRAIL protein and mRNA expression
For surface TRAIL protein experiments, adherent cells were harvested by brief

trypsinization, fixed in 4% paraformaldehyde in phosptiattfered saline (PBS) for 20

87



min., incubated with an arTiRAIL antibody (Abcam, ab2435) at 1:250 overnight,
washed and incubated with angibbit Alexa Fluor 488 (Invitrogen) for 30 min., and

analyzed as previously descriljédl.

Primers for TRAIL gene expressioB{TGC GTG CTG ATC GTG ATC TTG3'; 5-

GCT CGT TGG TAA AGT ACA CGT A-3) were tested in HCT116 cells £nsure that
the proper size of fragments was generafdgceraldehyde -phosphate dehydrogenase
(GAPDH) primer was obtained from PE Applied Biosystems. Total RNA was isolated
using QuickRNA MiniPrep (Zymo Research) ancefj was used for reverse
transcription and amplification using the SuperScript Il F88aind Synthesis System
(Life Technologies) according to the manufacturer protocol. A master mix of SYBR
Green (Life Technologies) andefy of cDNA was used in the PCRaction. Each tube
contained both a gene probe and primers and a GAPDH control probe and primer. Each
sample was performed in quadruplicakecontrol run without reverse transcriptase
yielded no expression, indicating that the samples were free from geDNA
contaminationGene amounts were quantitated using the standard curve method of
expression relative to GAPDH. Reactions were carried out-ivébplates using Bio

Rad CFX96 Real Time System.

Western BloandgRTPCRAnNalysis
Western blot analysiwas conducted as previously descrifidwith NUPAGE 4 to 12%

bis-tris gel and visualized with ECL Prime Western Blotting Detection Reagent
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(Amersham) with CytoSMART Live Imaging System (Lonza). For all lysis buffers, fresh
protease inhibitor (Rochejas added immediately. All antibodies were purchased from

Cell Signaling &cept antiDR5 antibody (Abcam ab1675).

RNA was isolated using RNeasy kit (Qiagen) or QtRMA Miniprep kit (Zymo
Research) according to manufacturerso inst
Nanodrop spectrophotometer. cDNA was synthesized using aSRujpe Il RT kit while

reattime PCR was performed using a Quantitect SYBR Green PCR mix. Relative

amounts of target MRNA were quantitated using &' 2nethod using GAPDH as

internal control. At least three technical replicates per biological replicate analyzed.

Immunohistochemistry

After tissue fixation, the tumor samples w
were cut and mounted on slides. The sections were then processed and analyzed using
immunohistochemistry with TRAIL, Ki67, and caspgsantibodies similar to the

method @scribed previousli].

In vitro tumor migration and invasion assays

Boyden assays were performed using the QCM ECMatrix Cell invasion assay (Millipore,
ECMb550) and the cultrex cell migration assays (R&D systems,-896%). Cell

migration and invasion were also assessed using thémeakCelligence system.

Invasion asays in the xCelligence system were conducted with Matf&y€]. Wound
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healing assays were performed with the CytoSelect Wound healing as&elkit

BioLabs, CBA120T).

In vivo studies

All animal experiments were conducted in accordance with the Institutional Animal Care
and Use Committee at the Fox Chase Cancer Center. Mouse experiments were free of
pathogens includinghouse hepatitis virugndc. bovis For firstin animal studies,

ONC212 was introduced in single doses in C57/BL6 mice at 0 mg/kg, 12.5 mg/kg, 25
mg/kg, 50 mg/kg, and 100 mg/kg. Mice were monitored for 48 hours for any symptoms
including gait problems, sweating, dizziness, anidjii@ Mice were sacrificed, and
toxicology and pathology studies were performed as described below. For maximum
tolerated dose studies, ONC212 and ONC206 were administered to C57/BL6 mice in
single dose increments starting at 50 mg/kg. Mice were moniforéddays and

symptoms were monitored before pathology and toxicology analyses were performed.

Once an MTD was established, efficacy studies were performed.

For subcutaneous xenograft studiesydekold female athymic nu/nu mice (Taconic

Biosciences) wre inoculated with 1 x f@ells of the HT29uciferase, HCT116 p33!
UACC903, MALME, and HEP3R el | | i nes in each rear f1l an
1:1 Matrigel (BD). All subcutaneous tumors were allowed to establish for 1 to 3 weeks
afterinjection. Treatment was initiated once xenografts reached a volume of ~200 mm

Mice were monitored every 3 days and tumors volumes were measured using calipers.
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ONC201 and ONC212 injections were administered subcutaneously at indicated doses in
20:80 DMSO:PBS or orally in 10:70:20 DMSO:PBS:Cremphor El as described by Allen

et a[1]. Tumor volumes were measured according to the formula (L*W"2)/2.

In vivo pathology and toxicology

Toxicity during the course of ONC201, and ONC212 treatment was judgeoldyy

weight decrease of greater than 10%, tumor growth of more than 10% of body weight, or
a body condition scoring <2. Serum and plasma samples were collected through orbital
bleeding and cardiac puncture before sacrifice, and were immediately stoP&atct
processed by Antech Diagnostics for CBC and chemistry panels. Results were analyzed
by a boarecertified toxicologist. Tumor volumes were measured{posttem through

caliper and water density examination. Organ and tumor samples were procd€$éd in
formalin and fixed in paraffin. Hematoxykstained samples were analyzed by a board
certified pathologist to determine whether tumor cells existed on any organs or necrosis
occurred in tumors. A boarckertified veterinary pathologist also indicatedetifer or not

signs of toxicity were present.

Pharmacokinetics

HPLC analysis was performed by absorbance detection at 239 nm by the Wistar Institute
Mass Spectrometry Facility. An acetonitrile (ACN) gradient was carried out for elution as
15-20% ACN for @5 minutes, 223% for 512 minutes, 25% for £28 minutes. The

standard curve was generated by spiking varying concentrations of TIC10/ONC201 into
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plasma harvested from untreated #tamor bearing C57/BL6 mice. For all plasma

samples, blood was obtained tegyminal cardiac puncture of the left ventricle and

collected into EDTA tubes (BD). To prepare a methanolized pellet of treated mouse

samples and spiked blood; blood samples from EDTA tweescentrifuge at 14,000 g

for 10 mininacoldroom{@B°Cymehanol (cooled to 180 AC) wa
supernatant to make a final 80% (vol/vol) methanol solution. The solution was shaken

and incubatedfori8 h at T 80AC. Samples wereicentrif
8°C) and then centrifuged in the SpeedValyophilize to a pellet using no heat. The

final pellet was solubilized and immediately injected into the HPLC as described in

[299]. Area unetr the curveAUC) was normalized to an internal serum peak with a

retention time of 8.1 minutes. AUC data versus time was fit with actwgpartment

open model, assuming first order elimination from central compartment with the equation

AUC =AeUt 4t, Bheret =time, and A and B are the extrapolated concentrations

at the initiation of the two phases (distribution and elimination).-tadt were

calculated as t1/2U=0.693/ U and t1/2b=0.609

included CL=dose/AUGD and Vd=dbXeb) AUCO

In vivo imaging
For luciferaseexpressing cell lines, Duciferin from Gold Bio was administered weekly
foll owing the manufpa, 60 mgmestoskBand imagingmwasct i on s

performed on a Xenogen IVIS system (Xenogen, Almadea, CA).
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Genomics of Drug Sensitivity in Cancer (GDSC) cell line screening
ONC212 (78 nM up to 20 puM) was tested in 1,068 human cancer cell lines. Cell viability
wasdetermined at 72 hours paseatment. Dose responses curves were generated and

IC50/area under curve (AUC) was determifig@0, 301]

Statistical Analysis

For pairwise comparisons, we analyzed the data using the GraphRtail&éwbtest

3.4 Discovery of thémipridoneCore Results

3.4.1 Determination of ONC201 chemical structure by NMR arday Crystallography
After the preclinical studies of ONC201/NSC350625 revealed its robusiambr
effects by activating the TRAIL pathway, wegan to observe a disparity between the
Oncoceutics and NCI obtained ONC201 material and material obtained from an
alternatively synthesized commercial source. During this investigation, a recent
publication reported a structure for ONC201 obtained frioarNCI that is an angular

[3,4-e] isomer of the linear structure depictegrevious publications (Figure3 [289].
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Figure 3.1 Presentation of ONC201 by XRay crystallography. A) Molecular structure

of ONC201 and its linear isomer. B) Representation of the molecular structure of as
determined by Xay crystallography. C) Ball and stick model and D) Spaltied-Model

of ONC201 based on-Xay crystallography data.

To confirm the molecular structure of ONC201 manufactured by Oncoceutics for
preclinical and clinical use, we performed 1D and 2D NMR analyses of ONC201, in
solution with @-DMSO as the solver{Figure 3.2 AppendixFigureB.1-B.3). These
conditions produced NMR data that allowed for full chemical shift assignments

corresponding to the angular [34 structure of ONC20[14] (Talde 2). The assignment
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strategy consisted of integration of the #HDspectrum that yielded the expected number

of protons in appropriate chemical shift ranges.

Table 2: Chemical shifts for ONC201 1H and 13C NMR analysis in d®MSO at
250C. Positions are dfined in the chemical structure to the right.

Position | 1H 13C

2 -- 146.97

4 2.56/2.56| 25.61

5 2.65/2.65| 48.14

6 -- 99.11

7 3.05/3.05| 48.41

8 -- 151.85

10 -- 160.83 .,
11 3.96/3.96| 46.26

12 3.68/3.68/49.88 | by " 2
14 3.63/3.63| 61.05 1

15 - 138.04 |z " .
16 4.87/4.87| 41.98 2 z
17 - 134.74

19 7.33 128.54

20 7.33 129

21 7.26 127.41

22 7.33 129

23 7.33 128.54

24 6.89 125.07

25 7.1 126.46

26 7.09 126.14

27 7.13 129.46

28 -- 134.74

29 2.31 18.38
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Figure 3.2Elucidation of ONC201 structure by NMR.A) *H and B)**C NMR Spectrum

of ONC201 in -DMSO. Peak assignments provided in Appendix-B.6.

The ROESY data indicated the proximity of the methyl group 29 to its neighboring
aromatic proton 27, and to the bridging benzylic methylene 16. Also indicated was the
proximity of the other methylene bridge 14 to the ortho protons 19 and 23 of the aromatic

ring, and to the 4 and 6 protons of the naphthyridine component. Consistent with this,
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ROEs were observed across the bridge, between 19, 23 and 4,6. The-tiondgh
connectivity of the imidazoline protons 11 and 12 was revealed in the DQCOSY
spectrum (nbshown). The remaining nearomatic group 3 was assigned by default, as
its connectivity to 4 in the DQCOSY was obscured by the diagGaahparable results
consistent with the angular structure were obtained in €Bdlent as well with

ONC201.

Next,weconducted X ay crystallography studies with
elucidate its molecular structure. Optimal crystallization was obtained with ethanol and a
trace of water. Under these conditions, ON
spacegroup P21/c (systematic absences 0kO: k=odd and hOl: I=odd) with a=11.7746(3)A,
b=10.3998(2)ij, ¢c=21.9517(5)j, bB=95.1950(10
dcalc=1.254 g/ci. In agreement with the NMR analysis, the structure derived from this

X-ray crystallogaphy study confirmed the angular [&}structure of ONC201Hgure

3.1 B-D, AppendixFigureB.4, Appendix Table8.1-B.6).

3.4.2 ONC201 and the [48] linear isomer are indistinguishable by mass spectrometry
To compare the spectroscopic profilesaNC201 and the [4;8] linear isomer, we
performed mass spectrometry analysis of the two compotigls¢ 3.3a-b). Both
ONC201 and the [4;8] linear isomer exhibited a 387.2 m/z mass spectrum with only
subtle differences that were deemed insignificBoth compounds yielded large,

characteristic fragment ions at 79.0, 260.2, and 387.2 m/z, indicating identical
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fragmentation between the two moleculddditional ionic fragments were present at

lower concentrations with similar distributions from both Bmmlecules. These results

are in agreement with the mass spectra previously reported byetigrand

demonstrate the inability to distinguish ONC201 from the linear isomer by fragmentation

patterns in mass spectrometry.

A) ONC201 B) Inactive [4,3-d]
Linear lsomer
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Figure 3.30NC201 aﬁ;d‘the linear isomer are indistinguishable byl mass spectrometry.
A) Mass Spectra of ONC201 B) Mass Spectra of linear isomer with structure published.
Both mass spectra yielded the same fragments however the active compound (A)

fragmented with morease

3.4.3 ONC201 and the [48] linear isomer have distinct NMR but similar IR spectra
NMR analysis revealed that the small distance between the carbonyl carbon atom and the

imidazole rings in the linear isomer allow the aromatic peaks to appeeeriap within
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7.2-7.4 ppm, whereas the peaks from ONC201 are slightly farther apart within that range
(Figure 3.1, Figure 3&). Other minor proton shift differences between the two structures
are also evident. Three peaks betweerd304ppm are conge=d within the spectra of the
ONC201; however, the linear isomer shows two clear triplet peaks as reported in the
publication by Jacob, et dFigure 3.4-b). Notably, ONC201/NSC350625 (free base)
obtained from the NCI, and used in the discovery and liptiarmacology studies of
ONC201, showed a very similar NMR spectrum to the ONC201 clinical dihydrochloride
material manufactured by Oncoceutitbus NMR analysis is able to distinguish

ONC201 from its [4,&] linear isomer and supports the angular{&]4tructure of

ONC201 obtained from both the NCI and Oncoceuitics.

IR spectroscopic analysis was also conducted on ONC201 and thd [#h&ar isomer.

The IR spectra revealed peaks between the-2000 cm! (1612, 1490, 1446 cw),

wavelengths thadre indicative of the carboxyl, pyridine and amine, and aromatic

functional groups, respectively, that are present in both compounds. Peaks within the
29003100 cmt wavelength region indicate the presence of both the aromatic &Rt H
functional groupsDue to the large vibrations occurring at the region below 60§ cm

peaks in these could assigned. An overlay of both spectra demonstrates that ONC201 and
the [4,3d] linear isomer are nearly identicaldithloromethangsupporting the expected

conclusionthat NMR is better able to distinguish the two isomers than IR (FBydcg.
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Figure 3.4 ONC201 and its linear isomer can be identified by subtle spectroscopic
differences.A) NMR spectra of linear and B) NMR Spectra for NCI Sample. Specira
analyzd using HMBC and MestReNova. C) IR spectra of-g,&lue) ONC201 (red) in
dichloromethane in percent transmittance (%T).

3.4.4. ONC201 reduces cancer cell viability, inactivates Akt and ERK, and induces
TRAIL unlike the [4,3d] linear isomer

We previously reported that ONC201 induces TRAIL and cell death in HCT116
colorectal cancer cell lines. To compare the biological activity of ONC201 and the [4,3
d] linear isomer, cell viability assays were conducted in HCT116 cells. In stark contrast
to ONC201the [4,3d] linear isomer was unable to induce cell death or TRAIL below 1
mM, an extremely high dose that is unlikely to be achigneadvo (Figure 3.%). The

[4,3-d] linear isomer was unable to induce TRAIL in HCT116 cells at any dose tested, in

compaison to ONC201. ONC201 induced TRAIL gene expression at the RNA and
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protein level to a similar magnitude as previously reported by Allextiusing the NCI
material(Figure 3.%-c). Dephosphorylation of Foxo3a, Akt, and ERK was comparable
to previously reported results associated with the unique signaling mechanism for
ONC201(Figure 3.%91) [1]. Thus, the conclusions drawn from Allenal regarding
preclinical profile of ONC20, including its ability to induce TRAIL, are associated with

the angular structure that is ONC201 as distributed by the NCI and Oncoceutics.
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Figure 3.50NC201 induces TRAIL and decreases human colon cancer cell viability
at a significantly lower concetration than the linear isomer. A) Cell viability in
HCT116 cells shows that the [4¢} linear isomer compound does not reach a GI50<1
mM. Cells were treated for 72 hours. B) RGPCR analysis of relative TRAIL gene
expression normalized to GAPDH and C) TRAIL surface expression in HCT116. Cells
were treated in both with DMSO, 1M ONC201, or 10uM of its linear isomer for 72
hours. D) Western blot ofadvnstream signaling of HCT116 celieretreated with 1M
ONC201 and 1QM [4,3-d] linear isomer compound for 72 hours. Phosphorylation sites
for Ab: pAkt (s473), pFoxo3a (S253), pERK
t-test relative to contfo
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3.5 Characterization and Initial Analysis of ONC201 Analogues Results

3.5.1 Generation of ONC201 chemical derivatives yielded several imipridones with
potent anticancer activity

Based on the importance of the imidazopyridopyrimidone core struct@s©f01,

now referred to as the imipridone core, we focused our exploration of chemical
derivatives on manipulating substituents on the peripheral benzyl moieties while
preserving the imipridone structure (Figure 30aEach analogue was evaluated in a
primary cell viability screen in CRC cell line HCT 1353 and normal cell line MRC5
(Figure 3.6¢). Chemical changes to the R1 group produced compounds with a wide range
of potency, many of which were much more potent than ONC201. Halogens substituted
within the benzyl R1 group replacing therthylbenzyl group, such as with ONC212
(4-CR-benzyl group at R1), were more potent than ONC201, resulting in some cases in
up to a 1004dold reduction in GI50 on tumor cells without increased cytotoxicity toward
normal cells. Other analogues with halide substituents in the R1 group such as ONC206
(2,4-diF-benzyl) and ONC219 (2;diCl-benzyl) were also potent in the colorectal cancer
(CRC) cell line screen, and had a langeitro therapeutic window. This suggests that
replacing the R1 group with halideenzyl groups increases potency. The widest
separation between toxicity towards thenbr cells versus the normal cells was observed
for compounds in which a group at thg@sition of the benzyl substituent was absent,

such as ONC212, ONC213 (3#F-benzyl) and ONC211 (3;diCl-benzyl). Variants at

R2 were also prepared, with ONC20H) having no antcancer activity while potency
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was restored with manipulation of the R1 grou®iNC221 (R2H; R1-4- CR-benzyl

group).
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Figure 3.6 Exploration of chemical derivatives of ONC201A) Structure of ONC201.
B) Core pharmacophore of ONC201 used for SAR chemical structure. C) ONC201
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analogues including ONC identifier, R1 and R2 groups, @i in HCT116 cells and
IC50 in MRCS5 cells. N=3; IC50 collected after 72 hours and calculated by PRISM. D)
Chemical structure and E) ORTEP drawing of ONC212 crystals frenay)tata. Xray
crystallography was determined as described in metAo@doguesvhere synthesized by
Provid Pharmaceuticals in collaboration with our lab and Oncoceutics.

ONC212, a trifluoromethylbenzyl imipridone (Figure 3-€d and ONC206, a

difluorobenzyl imipridone, were initially selected based on their GI50 in HCT116 cells
compared to their effects on normal cells (an approximatiom watro therapeutic

window). The potencies of both analogues were evaluated in cancer cell lines across 10
tissue types and in an additional four normal cell lines (Figure 3.6c). These exgsrime

demonstrated that ONC212 and ONC206 have nanomolar activity that is consistently

more potent than ONC201 across several tumor types (Figurb)3.7a

Both compounds also demonstrated the ability to inhibit colony growth of both colorectal

and melanomaancer cell lines. The results prompted further investigation of these

analogues (Figure 3.1).
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Figure 3.7. In vitro analysis of select analogues among several cell linA3.Screen of
GI50 values performed in lab of ONC212 and ONC206 compared ©©20N B) GI50 in
normal cell lines to determine toxicity in vitro. C) Colony assay of ONC201, ONC212, and
ONC206 in select tissue types D) Representative colony assay in {988QN=3 for all
experiments. ONC201: IC50 1M IC25 2.5uM; ONC212: IC50 .01uM, IC25 .005uM;
ONC206: IC50 .05uM; IC25 .01uM) IC50 collected after 72 hours and calculated by
PRISM. Colony assayseremonitored until colonies formed.
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3.5.2Lead ONC201 analogues ONC212 and ONC206 engage the ISR and TRAIL
pathway leading to tumarowth arrest and cell death

ONC212 and ONC206 activated similar signaling pathways as ONC201; namely,
activation of the integrated stress response pathway leading to death receptor 5 (DR5)
upregulation, TRAIL upregulation (Figure 3-8 Further, ONC218isplayed similar
suppression of{ERK and pAkt as ONC201 (Figure 3.8d). However, ONC212
demonstrated distinct kinetics with upregulation of CHOP and DR5 mRNA occurring at
12 hours and an increase in surface TRAIL expression occurring at 24 hours. This
contrasts with ONC201 and ONC2d6ediated induction of CHOP and DR5 mRNA at

24 hours, and TRAIL expression after 72 hours of treatment (Figurec 3Aggendix

B.5 ab). Western blot analyses also showed an earlier inhibition of ERK and Akt
phosphorylatiorwith ONC212 treatment as compared to ONC201 in HCT116 cells

(Figure 3.8d).
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Figure 3.8. ONC212 and ONC206 downstream mechanism of action is similar to
ONC201. A) CHOP and B) DR5 Gene expression data from ONC201, ONC206, and
ONC212 treated in HCT116 celbvertime relative to GAPDH and Vehicle. C) ONC201,
ONC212, and ONC206 TRAIL surface expression analysis at indicated time points in
HCT116 and TRAILresistant HCT11@ax/-. D) Western blot analysis of HCT116 cells
treated with ONC201 and ONC212 treatmekbrtime. E) Quantitation of western blots
(ONC201: 1QuM; ONC212: .01uM; ONC206: .05uM). N=3; Western blot representative

of 3 biological replicates.
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We previously described ONC2@I3pSmilarlip,i I 1 ty t
ONC212 and ONC206 significantly induced S@f apoptotic cells and/or cell cycle

arrest. Interestingly, ONC212 and ONC206 did not induce cell cycle arrest in a colorectal

cell linewith acquired RKGONC20R [2], suggesting crosesistance between the

compounds. (compare Figure 3.8aAppendixB.5 cd).

3.5.3 Imipridone ONC201 and analogues inhibit tumor cell migration and invasion
Prior studies have shown that TRAIL can inhibit metas{d€is11] We therefore
examined the ability of ONC201 and selected analogues to inhibit cell migration and
invasion. Boyderchamber xCelligence migtian assays showed that ONC201 and
ONC206 significantly inhibited tumor cell migration and invasiowitro. In contrast,
ONC212 inhibited only invasion. Furthermore, ONC201 and ONC206 inhibited
migration of ONC2041and TRAIL-resistant HCT116 Baxcellswithout inducing cell

death or inhibiting cell proliferation (Figure 349d
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Figure 3.9. ONC212 and ONCO06 induce cytotoxicity and inhibit migration and
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110



IC50 vales over 48 hours. ONC201: uM; ONC212: .0luM; ONC206: .05uM. N=3.
Migration and cell cycle representative image of 3 biological replicates.

3.5.4 Imipridone ONC212 is orally active and possesses favorable safety and PK profiles
in mice

In vivotoxicity assessment experiments showed that ONC212 was well tolerated up to
250 mg/kg when administered by irqparitoneal injection (I.P.) or orally administered
through a gavage (P.O.). Oral administration yielded similar results, with no gross
observaibns of toxicity noted until the maximum tolerated dose (MTD) was reached at
250 mg/kg through both I.P. and P.O. administration. Adverse events at the maximum
tolerated dose of 250 mg/kg were alleviated within 24 hours included noticeable gate
issues angerfuse sweating. These toxicities increased in severity when ONC212 was
administered up to a lethal dose of 300 mg/kg (I.P. and P.O). 300 mg/kg of ONC212 by
both methods of administration caused splenic damage and elevated liver enzymes
(AppendixB.6 ab). Other organs remained unaffected by a 300 mg/kg daseedix

B.6 cd). Contrastingly, ONC206 demonstrated more toxicity levels, with mice
exhibiting trouble breathing and lung damage at 100 mg/kg (AppendixBi&)efore,

we pursued ONC212 furthefor ONC212, lhe MTD was identified by taking into

account the ability of mice to recover quickly from these adverse events and no
significant concern arose from the toxicology studieading us to conclude that

ONC212 has a MTD of 250 mg/kg

A PK analy$s using mass spectrometry was performed at a single oral dose of 125 mg/kg

(P.0O.) in C57/BL6 mice. ONC212 had a slightly shorter-hiidfthan ONC201, with a
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clearance from the blood at 12 hours (Figure 3.10a)914.3 hours, and &ax0f 1.4
ug/mL (Figure 3.10aAppendixB.8a) [1]. Despite the rapid PK characteristics of
ONC212, its high MTD and relatively rapid and potentitro ant-tumor activity

promptedn vivo efficacy studies.

To determine ONC2120s or al apefitbneat acy, t he i
administration of ONC212 on tumor xenograft growth was evaluated. ONC212

significantly inhibited tumor growth of both HT29 and HCT116p5@&nografts,

regardless of the route of administration. This suggests that ONC212 has favorable

activity when administered via oral gavage (Figure 3. ¥ppendixB.8b). Furthermore,
despite its shorterhalf i f e ver sus ONC201, ONC21206s effi
administration was comparable to ONC201. This suggests that ONC212 has a prolonged

pharmacodynamieffect despite systemic clearance (Figure 3.10d).
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3.5.50NC212 has broad spectrum acaincer efficacy with improved efficacy in skin
cancer relative to ONC201

Given that ONC212 was well toleratedvivo, was orally active, and demonstrated
accelerated kinetics of signalimgvitro, it was selected for subsequent efficacy testing
vitro andin vivo. The Genomic of Drug Sensitivity in Cancer (GDSC) collection of cell
lines (1,068 human cancer cell lines) was used to test tho efficacy of ONC212.

Most solid tumors anddmatological malignancies were sensitive to ONC212 in the low
nanomolar range (Figure 3.7e). Skin cancer was one of the most ONé2diflve solid
tumor types. Furthermore, it was more sensitive to ONC212 than to ONC201 (Figure
3.11ac, AppendixB.9 a-b). Among the 53 skin cancer cell lines tested, 51 were
melanoma cell lines. ONC212 reduced cell viability independent of BRAF V600E

mutation status (Figure 3.14 AppendixB.9).
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Figure 3.11 Genomic of Drug Sensitivity in Cancer (GDSC) Screerd) In vitro
sensitivity of 1068 human cancer cell lines to ONC212n(vi8i 20 uM, 72h) organized

by tumor type. The results are shown as ONC212 GI50 (nM) with representation of all cell
lines in each tumor type. Dotted line represents average GI50 for each tumorhgpe
number of cell lines tested per tumor type are indicated. B) Average cell viability (area
under curve, AUC) and C) IC50 withi2-hour ONC201 and ONC212 (0.0730 uM)
treatment in a panel of 53 skin cancer cell lines in the GDSC screen. * indicae8gx<
10-24. D) Average cell viability (area under curve, AUC) and E) IC50 wikhour
ONC212 (0.07&80 uM) treatment in a panel of 15 wikype (WT) and 32 BRAF V600E
melanoma cell lines in the GDSC screetvafue 0.0595Data was provided by Dr. Cyri

H. Benes from Massachusetts General Hospital.
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3.5.6 Oral ONC212 shows potent atiimor efficacy in a human melanoma xenograft
and hepatocellular model

In vitro experiments showed that both melanoma and hepatocellular carcinoma cell lines
were more ansitive to ONC212 than ONC201 (Figure 3ejaSimilarly, BRAF V600E
melanoma MALME, UAG903 xenografts and hepatocellular carcinoma Hep3B
xenografts were more sensitive to weekly dosing of ONC212 than to weekly dosing of
ONC201 (Figure 3.12a, AppendixB.9 a-b). Immunc-histochemical (IHCpanalyses of

Ki67 and caspas8 demonstrated that ONC212 reduced twowl proliferation and

induced apoptosis in UAGEB03 and MALME xenografts to a greater extent than

ONC201 (Figure 12dAppendixB.9c).
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end of study. Statistics are compared to vehicle of each tissue type C) Photographic
imaging of representative cohorts. D) Ki67 (left) and Cas@asight) staining of selected
cohorts at 5 weeks. #6 *p<.05; **p<.01 **p<.005. IHC performed in 3 tumors from
each cohort.

3.6 Discussion

We previously reported the identification of ONC201 as an efficaciouglantir agent

that induces TRAIL pathway activation driven by an upstream indirect dualdoleakf

Akt and ERK signalingl]. With the clinical introduction of ONC201, the compound has
gained significant attention due to its ideal safety and efficacy drug profilsraala

molecule. While our work was in progress to determine the structural differences

between robustly active ONC201 sourced from the NCI and Oncoceutics compared to the
inactive commercially sourced compound, Janda reported an alternative anguéhr [3,4
structure of TIC10/ONC201 and showed that the lineard4 &ructure is inactive,

which explained our unpublished observations.

The depiction of the ONC201 structure in 1973 as thed#j8omer was likely due to an
incorrect prediction of the strture of intermediates involved in its synthesis. This
structural misassignment was likely propagated for decades due to the high degree of
similarity between the previously depicted structure and the actual structure. Since both
structures have a high deg of structural and electronic similarity and the 1973

synthetic route yields a highly pure product, this issue only recently emerged when an
alternative synthetic route for the linear isomer rather than the published synthetic route

was used and yieldealnonractive product. Furthermore, the mass spectrometry analysis
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previously reported bgllen et al.was consistent with the public domain structure and

the disclosed structure fro8tahleet al.

The detailed structural analyses of ONC201 and thedjliBear isomer prepared as a
reference indicate that the active compound ONC201 is indeed the angular compound
represented by the angular [&chemical structure. The [4¢§ linear isomer does not
induce cell death or affect the proliferation of cancells in a pharmacologically

acceptable dose range, suggesting no therapeutic potential for TRAIL induction for that
compound and highlighting the uniqgueness of ONC201 Earlier refinement of the
structure of ONC201 would not have impacted its discovery promising drug

substance given the phenotypic screen from a library of publicly available compounds
that led to its identification. Nor would the knowledge of structural detail as presented by
Jacobet al[289] have changed the course of the downstream development of ONC201,
though structural elucidation may however help to inform on certain characteristics of the
drug. Despite the propagated structuralagsignment of ONC201, the prior preclinical
studies are valid and the therapeutic potential of ONC201 to address umuoietgy

needs remains strong.

The publication by Jacodt al suggested that their structural findings cast significant
doubt on the clinical development of ONC201 due to uncertainty of the actual chemical
entity under development. The studies presentedii confirm that the clinical ONC201

dihydrochloride salt material indeed possesses an angulag][8tructure that also

119



represents the material distributed by the NCI for preclinical studies and was utilized by
Oncoceutics for preclinical pharmacolodgiMD-enabling studies, and upcoming clinical
studies. Since ONC201, which has the angular¢3 gtructure, has always been the
compound under development by Oncoceutics and part of the documentation provided to
regulatory agencies, the structural ciaation does not affect prior studies. The
development of ONC201 continues to advance in parallel with these recent findings
clarifying the structure of the compoundcluding a successfubh@sel which confirmed

O N C 2 Osafétysandavorable pharmacokinie profile in advanced cancer patisrand

several ongoing Phase Il clinical trials

After establishing the correct angular structure, the imipridone core was established as
the center for potential structure activity relationship studies and development of second
generation compound$he goal was to synthesize secagaheration analogudisat may
have superior efficacy, different mechanisms of action, or have efficacy against
ONC20% resistant tumorsThe chemical structure of ONC201 was modified to produce
analogues that preserved the imipridone core structure and possessed potexit cytoto
effects toward tumor cells across various tumor types, including some that are less
sensitive to ONC201. Manipulating the R1 benzyl group and introducing halogen
substituents yielded analogues with increased potency compared to ONC201. We
selected ONCR2 and ONC206 for further examination due to their distinct efficacy
spectrum and favorabie vitro therapeutic window. We demonstrate that both analogues

caused similar TRAIL/DR5 upregulation and activation of the ISR as ONC201, with
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ONC212 having relaely rapid kinetics versus ONC201 or ONC206. Although the
kinetics of TRAIL/DR5 upregulation are earlier in ONC212 treated cells, apoptosis still
occurs at 72 hours, congruent with ONC201 treated cells. Therefore, further assessment
of other signaling patkays should be performed to determine if there are unique

signaling differences between these imipridones.

Interestingly, ONC206 and ONC201 both inhibited invasion and migration of tumor cells
while ONC212 inhibited only invasion. These observationsinetics of response and
invasion suggest that ONC212 possesses distinetantier properties relative to other
imipridones. We selected ONC212 farvivo evaluation considering the strong potency
and differentiated kinetics of signaling. Given the HigRD of ONC212 at 250 mg/kg,
thein vivoantirtumor activity of ONC212 was investigated further. ONC212 exhibited a
shorter hallife as compared to ONC201 and potent-amtnor efficacyin vivoat doses

that appeared netoxic. ONC212 was efficacious angie doses of 50 mg/kgl00

mg/kg with oral administration, suggesting this route of administration is viable like
ONC201. Interestingly, despite its shorter Heddf, ONC212 possessed similar efficacy

in CRC to that of ONC201; demonstrating a potentiptblonged mechanism of action

that allows for a sustained atimor effect that warrants further investigation.

Finally, we have observed activity of ONC2ih2vivothat shows an advantage in
specific tumor types versus the parent imipridone compol@201. Specifically, the

more pronounced anAtiimor activity of ONC212 in BRAF V600E melanoma and
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hepatocellular carcinoma xenogratfts is an important demonstration of the distinct

spectrum of ONC212 antiancer activity in cancer. The stronger effect i6#i cells

compared to apoptotic cell markercaspdses ugge st s t htantora@WNWE 2 12 6 s
may be primarily dependent on its aptoliferative signaling mechanism. While

melanoma and hepatocellular carcinoma emerged as promising ONC212 indications,

other solid tumors and hematological malignancies among the >1000 cell line screen

remain to be explored for future development.

Through an analysis of the active components of ONC201, we have demonstrated the
importance of the angular structure of ONC20sing this angular core, known as the
imipridone core, we were able to undergo an exploration of ONC201 chemical

derivatives, including screening in colorectal cancer and normal cell lines, selection and
comparisons of lead candidates to ONC201,iamivo evaluations of lead candidates.

Our lead candidates narrowed to ONC212, a promising second generation compound that

is undergoing IND investigation and Phase | firshuman trial.
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CHAPTER 4

ANTI-TUMOR EFFECTS OF ONC201IN COMBINATION WITH VEGF-
INHIBITORS SIGNFICANTLY IMPACTS COLORECTAL CANCER
GROWTH AND SURVIVAL IN VIVO THROUGH COMPLEMENTARY
NON-OVERLAPPING MECHANISMS

This manuscript was adapted froiagner J, Kline C, Zhou L, HDeiry WS.Anti-
tumor effects of ONC201 in combination with aatigiogenic agents significantly
impact on colorectal cancer growthvivo.J Experimental & Clin. Canc. Res. January
2018. Vol 37 Issue 11.

4.1 Abstract

Small molecule ONC201 is an investigational @athor agent that upregulates intra

tumoral TRAIL expression and the integrated stress response pathway. A Phase | clinical
trial using ONC201 therapy in advanced cancer patients has been completed and the dr
has progressed into Phase Il trials in several cancer types. Colorectal cancer (CRC)
remains one of the leading causes of cancer worldwide and metastatic disease has a poor
prognosis. Clinical trials in CRC and other tumor types have demonstrated that
therapeutics targeting the vascular endothelial growth factor (VEGF) pathway, such as
bevacizumapare effective in combination with certain chemotherapeutic agents. We
investigated the potential combination of VEGF inhibitors sudbeaacizumaland its
murine-compliment; along with other argingiogenic agents with and ONC201 in both

CRC xenograft and patiederived xenograft (PDX) models. We utilized nionasive

imaging and immunohistochemistry to determine potential mechanisms of action. Our
results denonstrate significant tumor regression or complete tumor ablation in human

xenografts with the combination of ONC201 witbvacizumapand in syngeneic MC38
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colorectal cancer xenografts using a murine VE&SIRhibitor. Imaging demonstrated

the impact of tis combination on decreasing tumor growth and tumor metastasis. Our
results indicate that ONC201 and aatigiogenic agents act through distinct mechanisms
while increasing tumor cell death and inhibiting proliferation. With the use of both a
murine VEGF mhibitor in syngeneic models, abdvacizumalin human cell line

derived xenografts, we demonstrate that ONC201 in combination withrgitbgenic
therapies such dgevacizumalbepresents a promising approach for further testing in the

clinic for the treément of CRC.

4.2 Introduction

Colorectal cancer is the third most common cancer in the world and has an oyeall 5
survival rate of approximately 10% for those with stage IV cancer, with a significantly
lower cure rate in those with metastatic CRG2, 303] Therefore, therapies that can
treat metastatic colorectednceris necessar{B04]. The novel antcancer imipridone
ONC201 induces th€RAILandDR5genes through dual inactivation of
Akt/ERK/Foxo3a and activation of the I§R-4, 6, 14, 269, 27273]. The therapeutic
activity of ONC201 in preclinicah vivo studies in solid tumors, hematological
malignancies, and with targeting of cancer stem cells as well as bulk tumor cells
prompted its ongoing clinical development. ONC201 hasessgful underwent Phase |

clinical trial, demonstrating safety and promising pharmacokinetics in paiiék
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Tumor angiogenesis is the process by which new blood vessels are developed; a critical
process in tumor progression and develeptf228]. Many growth factors are needed for
angiogenesis including vascuandothelial growth factor (VEGF), fibroblast growth
factors (FGF), and plateleterived endothelial growth factors, which bind to three

tyrosine kinase receptors: VEGFRWwhich promote angiogenesis, and VEGFR3 which
stimulates lymphangiogene$&37]. Elevated level®f VEGF have been detected in

various human cancers including caotal cancer and correlate with outcome. VEGF
increases vascular disorganization and permeability and exgthrability of tumor

cells to spread throughout the bd@g9-242].

Bevacizumab (Avastin), a humaad monoclonal antibody designed to neutralize human
VEGTF, inhibits VEGFinduced proliferation of endothelial cells and promotes endothelial
cell apoptosis. Treatment with monoclonal antibodies sutleescizumalhasbeen

shown to inhibit growth of tumaiin vivo, promote tumor cell apoptosis, and prevent the
spread of metastasgs39, 243, 245, 246Bevacizumalfunctions best as a
combinationabgent and is approved by FDA for metastatic CRC;sroall cell lung
cancer, and metastatic breast caf2éb, 247249]. Regorafenib, an oral mukinase
inhibitor with anttangiogenic properties is also approved for metastatic CRC but has a
distinct profile of adverse advents including hepatatibyi fatigue, diarrhea,

hypertension, and haffdot syndromd305, 306]
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Given the potential role of TRAIL on angiogenesis; and the established clinical protocol
of usingbevacizumalas a combinational agent in colorectal cancer, we sought to
demonstrate that ONC201 abevacizumabcould provide a potent combinational

therapy option that could be further pursued in the clinic.

4.3 Materials and Methods

Cell lines and PDX tumors

All cell lines were obtained from the American Type Culture Collection. CT26 and
MC38 cells were provided by Dr. Scott Wald

ONC201 was obtained from Oncoceutics.

The PDX tumor was provided by NexusPharma Inc.laBklphia, PA. The PNX0229
sample was obtained from a-y&ar old Caucasian male with a Stage 2A descending
colon adenocarcinoma. The sample was taken &diner metastasigat formed. The
patient underwent a combination of FOLFIRI and Erbitux withrdigdaesponse; and a

second line therapy of FOLFOX with progressive disease before the resection.

Small molecules and dosing schedule

ONC201 was administered orally in 10:70:20 DMSO:PBS:Cremphor El as described [4]
and treated weekly at the indicatedsds. Bevacizumab was procured from the Fox
Chase Cancer Center pharmacy and diluted in PBS. Bevacizumab was administered
through retreorbital injections every other week at a dose of 5 mg/kg. Regorafenib was

procured from MedChemExpress (HY)31) and admistered orally at 10 mg/kg per
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day dissolved in PBS for at least 22 days. Murine VEEGBIolegend 512808) was
administered at 10 micrograms by i.p. twice weekly. Mouse body weight was observed

every 3 days and when body weight began to drop regorafesibgiwas stopped.

In vivo animal experiments

All animal experiments were conducted in accordance with the Institutional Animal Care
and Use Committee at Fox Chase Cancer Center. For subcutaneous xenogexdts, 6

old female athymic nu/nu mice (Taconi®Bciences) were inoculated with 1 x 106 cells

ofthe HT29l uci f er as e, HCT 1 1&P qelbliBes ih each rearflank T 1 1 6
a 150 €l suspension of 1:1 Matrigel (BD).
models, CT26 cells were inoculated witl® x 106 cells into sixveek old female Balb/c

mice (Taconic Biosciences) and MC38 cells were inoculated with 1.0 x 106 cells into six
week old female C57/BL6 mice (Taconic Biosciences). All subcutaneous tumors were
allowed to establish for 1 to 3 weeddser injection until they reached a volume of ~200

mm3 before treatment initiation. Mice were monitored every 3 days and tumor volumes
were measured using calipers. Tumor volumes were measured according to the formula

(L*WA2)/2.

In vivo pathology and tasology
Toxicity during the course of ONC201 and combination treatment was judged by body
weight decrease of greater than 10%, tumor growth of more than 10% of body weight, or

a body condition scoring <2. Serum and plasma samples were collected thratajh orb
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bleeding and cardiac puncture before sacrifice, and samples were immediately stored at
40C and processed by Antech Diagnostics for CBC and chemistry panels. Results were
analyzed by boardertified toxicologists. Tumors were measured puosttem throgh

caliper and water density examination. Organ and tumor samples were processed in 10%
formalin and fixed in paraffin. Hematoxyhstained samples were analyzed by a board
certified pathologist to determine whether tumor cells existed on any organsosise
occurred in tumors. Boaickertified veterinary pathologists also indicated whether or not

signs of toxicity were present.

Immunohistochemistry

All antibodies were purchased from Cell Signaling. After fixation, the tumor samples

were embedded inparf f i n and 8 e€m sections were cut
sections were then processed and analyzed using immunohistochemistry with VEGF,

Ki67, and CD31 [4]. CD31 was only scored on those tumer600 mm3 from the

average tumor size in order to beshtrol for tumor size variation. CD31, and Ki67
levelswerecalculated by independent blisgoring and the use of VECTRA 3.0

Automated Quantitative Pathology Imaging system and Inform 2.0 software cursory of

the Fox Chase Cancer Center Biosample Repgsitor

HUVEC assays
Human normal primary umbilical vein endothelial c@lisrepurchased from ATCC and

HUVEC assay was used following the protocol from Millipore (ECM625). Imaging
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occurred at 10 hours unless indicated. IC50 dasgesused as previously published.

Sprouting was counted and calculated as described in Millipore methods.

Fluorescent probe imaging

Mice wereanesthetized with isoflurane and injected through fetbital i.v. injections at
recommended amounts for eithempSrhance 680 (NEV10116) or Angiosense 750
(NEV10011EX). Mice were allowed to equilibrate for the recommended times for each
probe; and then they were imaged as directed by Perkin Elmer on a Maasim in
imaging system (Cri, Woburn, MA). Mice with Suparite were also imaged for GFP
expressing tumors. Relative luminescence units (Rkérecalculated by measuring
tumor fluorescence subtracted from the background of mousdlaotescence divided

by the area of tumor, measured by ImageJ.

ELISA assays

A total of 500 pL blood was collected through orbital blood draw while nvee

anesthetized and plasma was collected in EDTA tubes and serum collected in Heparin
separating tubes. Tubes were spun at 1,000 rpm for 15 min. Samples were analyzed using
Human TRAIL/TNSFSF10 Quantikine ELISA kit (R&D Systems, Minneapolis MN) or
Human Apoptosense M30 ELISA kit (MyBiosource MBS9300524). All analyses were

performed according to the manufactureros
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Statistical analysis

Data are presented as means + Sa3sess the statistical significance of the
differences, unpaired Student t test with Hd&hdak correction for multiple comparisons
(maximum of three comparisons were made) was performed, with P < 0.05 deemed
statistically significant. Measurements frahmee biological replicates per treatment
group were compared. Unless otherwise noted in the figure legend, comparisons were

made against the vehicle control.

4.4 Results
To best determine the impact of ONC201 and-angiogenics in combination, we
pursued ONC201 and VEGBpecific inhibitory antibodies or Regorafinib in athymic

nude mice or NSG mice carrying CRC xenografts or PDX (see methods section).

4.4.1 ONQO01 shows combinatorial efficacy with aatigiogenics in vivo.

ONC201 has been shown to be efficacious in colorectal xenofthftdowever, some
aggressive xenografts are more resistant
potential synergy between ONC201 and approved -G&s&d therapieg\ppendix

FigureC.1). Ourin vitro resultssuggested no major synergies witfillrouracil,

oxaliplatin or irinotecan although there may be some additive effects. We further sought
to investigate the combination of ONC201 ded/acizumal§Avastin) since

bevacizumalis an FDAapproved and relatiewell-tolerated drug used to treat patients

with advanced colorectal cancer. Assessing for a potential synergy between ONC201 and
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bevacizumalin vivo, we observed that in the HT29 xenograft model, the combination of
ONC201 andevacizumalted to a significant reduction in tumor growth and
development (Fig 4.1h). Bothbevacizumalalone and the combination led to no
metastases forming during tumor developmémpipendixFigureC.2). This combination
was also synergistic against colorectadPiDmors, and more potent in suppressing
tumor growth as compared to ONC201bevacizumalalone. (Fig 4.1c). The

combination of ONC201 plusevacizumalwas also shown to be naoxic (Appendix

FigureC.3).
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Figure 4.1: ONC201 works in combination withbevacizumab tosignificantly impact
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4.4.2 ONC201 shows combinatorial efficacy with syngeneic colorectal tumors and mouse
antrangiogenic altVEGF orregorafenib in vivo.

One limitation that has been noted over the years is that in preclinical models of human
xenografts, tumor growth is rapid and not supported by vascular structures; particularly
from a different species such as mouse host. Using humanized monoclonaliaestibo

also only attacks the human vasculature that was able to grow within the xenograft, and
not within the host. Thus, tumor vessels within murine tumors implanted in syngeneic
mouse models tend to be more prevalent and are able to grow within thg30imhor

308]. To better demonstratedelevance of VEGF inhibitors in a complete system, we
chose to use a murine VE&¥inhibitory antibody a murine counterpadtf

bevacuzimab, in syngeneic models injected with murine CRC.

To determine whether ONC201 can also synergize with otheamgitigenic agents; we
treated mice with regorafenib and a murine VE&Hhibitor in combination with
ONC201. ONC201 significantly synergized with either bevacizuarahe murine anti
VEGFA (Figure 4.2). Although the combination of ONC201 with the lessifipe
compound, regorafenib, was not as significant as compared to Mi@itors,
regorafenib/ONC201 therapy still tended to be more potent than-agerd therapy
(Figure 4.2b, AppendixFigureC.2). Similar to what was observed with bevacizumab,
regorafenib in combination with low doses of ONC201, reduced the incidence of
metastases as compared to low doses of ONC201 alone (Fig 4.2c). These drug

combinations were also found to be ftoric in miceas seen by no notable significant
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side effects during treatment, no significant impact on serum blood chemistries, and a

normal organ pathological analysigppendixFigureC.3).
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regorafenib, and ONC201 treated mice. C) Relative tumor growth of MC38 tumors in
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C57/BL6 mice after 4 weeks. ONC201: Bigy/kg every week. Regorafenibnigy/kg daily.
Bevacizumab: Bng/kg every other week. N=5

4.4.30NC201 does not significantly impact VEGF levels or human vascular endothelial
cell (HUVEC) growth in vitro and does not imga@scular growth in vivo.

To determine potential mechanism(s) of synergy between ONC201 aNdEABIE
therapy, we screened for effects of the combinational therapies with focus oragemto
key mechanisms of actions. In our colorectal xenograft, VE@Fesgion does not
appear to be significantly impacted by weekly ONC201 treatment (Figure 4.3). Not
surprisingly, in the presence of bevacizumab, as an inhibitory VEGF monoclonal
antibody, very little VEGF expression was observed (as bevacizorasks VEGF
detection by antVEGF antibodies). The combinational therapy also showed significantly
less VEGF expression than the vehicle and ONC201 treatment (FighpBandix
FigureC.4). We tested the effect of ONC201 on HUVEC sprouting and growth. While
ONC201 dd not impact the amount of HUVEC sprouting on Matrigel, bevacizuamab
the ONC201bevacizumaltombination did inhibit HUVEC sprouting. (Fig 4-8%.
Interestingly, Regorafenib alone or in combination did not impact HUVEC sprouting

(AppendixFigureC.5 ab).
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We assessed the impact of the ONGBk@vacizumalzombination therapy on tumor
vascularizationn vivo by performing histopathological analyses along witkivo

imaging. There have beseveral advancements in nmvasive imaging for monitoring
vascularization within tumors. These methods can provide a means of detecting
angiogenesis within the entire perimeter of a tumor and in¢hedé&ron Emission
Tomographyr Computed TomographET/CT studieq309]. For our purposes, we

chose to use fluorescence imaging through the use of angiogenic probes. Bevacizumab
and murine VEGF inhibitors decreased vascularization significantly, whereas ONC201
treatment did not impact blood flow in either mouse models. Further, ONC201 did not
significantly increase the inhibition of vascularization caused byaagiiogenic

compounds. (Fig 4.4e, AppendixFigureC.6).

The most commonly used methodaskessing the success of amtgiogenic therapies is
measuring micrevessel density (MVD) from biopsies taken before and after treatment,
evaluating certain biomarkers including CO310]. However, meagement of MVD

can be problematic since blocking angiogenesis can lead to reduction of tumor growth
and can affect the change in MVD. As an alternative, CD31 levels within tumors of
similar size can be scor¢8l11]. Therefore, we measured CD31 in tumors of comparable
size after longerm treatment or measured CD31 after short treatment before tumor
reduction could occur. ONC201 did not appear to impact CD31 levels within two human

xenografts and two murine colorectal tumors (Fig e4dppendixFigureC.7-C.8).
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xenografts. For all in vivo n=5. RFI measured using image j and calculated for {tumor
background)/tumor area. CD31 staining performed on multiple slides per tumam@mstu

of similar size. HT29 n=6 after 4 weeks. HCT116 n=3 after 2 weeks. MC38 n=6 and CT26
n=4 after 4 weeks

444 Bevacizumab and regorafenib do not 1 mpe
levels but do augment apoptotic fragment M30 levels.

In order todetermine the mechanism of synergy between ONC201 and bevacizumab, we
explored whether bevacizumatght promote ONC20induced TRAIL expression (4)

or ISR activation (5). We found that bevacizunaalo regorafenib do not impact
ONC20106s abidrumTRAIL (Fgure 4 5hAppeadixiBigureC.9) or

CHOP/DR5 (Figure 4.5k, AppendixFigureC.5¢) expression.
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cells from live cell imaging using CHG800, DR5800, and Actin700 on LiCor Odyssey.
Cells treated for 48 hours. ONC201: 5uM. Bevacizumab: 1mg/ml.
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We assessed whethitne ONC201bevacizumalzombination increases apoptosis and/or
inhibits proliferation by analyzing the apoptotic caspase cleavage product M30 and Ki67
expression as a proliferation marker, respectively. A slight increase in M30 serum levels
was observeditumor tissues from combinatikireated mice. In addition, a significant
decrease in Ki67 was observed in mice treated with either bevacizZQM@R091 or
regorafenibONC201 combination as compared to single agents (Figurec4/gapendix
FigureC.10-C.11). Furthermore, ONC201 and bevacizunralsombination significantly
inhibited HUVEC migration at low doses that did not induce toxicity compared to

monotherapy treatment (Figure 4.6d).
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This data supportihie idea that ONC201 and bevacizumadchanistically act
independently of one another, but do incre

apoptosis and decrease tumor cell growth (Figure 4.7).
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Figure 4.7. Schematic representation of combinational themy. Schematic
representation of ONC201 and bevacizumab working through independent mechanisms to
increase tumor cell death and inhibit proliferation.
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4.5 Discussion

While as a single agent, ONC201 can be efficacious at a dose of 50imgig we

have demonstrated here that in combination with the clinically appeove@é nt s 6
bevacizumalor regorafenib, ONC201 can significantly reduce tumor growth in
colorectal xenografts. Based on significant effects on tumor growth overegld period,

the @mbination of ONC201 with arnivEGF therapies seems promising as compared to
single agent therapies. Given the common use of VEGF inhibitors for combinational
therapies in the clinic for CRC patients, this may be advantageous. Further, while
bevacizumaland regorafenib are potent at preventing metastases from forming in mice,
one might expect additive effects with the ONC201 therapies in the clinic, which should

be addressed in clinical trials.

The success of ONC201 combination with murine VEGF inhibitoisyngeneic models
was an important finding to demonstrate that VEGF therapies act both systemically on
the host and locally within the tumor. In a direct comparison of efficacy, bevacizumab
was far superior in combination with ONC201 than that or &gaib. Further, the lack

of toxicity observed in the ONC2&4evacizumaltombinationtreated mice, compared to
the effects seen in the regorafe@dC201 combination mice, supports the conclusion

that ONC201bevacizumaltombination would be favored for i@l pursuit in the clinic.

As shown here, ONC201 has been demonstrated to not significantly impact VEGF,

CD31+ cells, or angiogenesis. Further, VEB#Sed compounds appear to not affect
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ONC20106s ability to induce TRRatAQNC20CdH®DP ,
antrangiogenic agents mechanistically act independently of one another. Importantly,
combinations of ONC201 with either clinically approved agent led to a greater increase
in M30 and decrease in Ki67, along with a greater inhibition of HOVEigration. This
demonstrates that while acting through two separate mechanisms, both ONC201 and
combination with either bevacizumab regorafenib enhance tumor cell death and inhibit
proliferation when used in combination. Based on our results, suieth @ tONC201 and
bevacizumab in combination for the treatment of CRC would include biomarkers for each
drug individually, and a biomarker selected for the effect of the drugs in combination,
such as caspasdeavage product M30. This is commonly useduattherapeutic
treatments. One limitation is that we pursued in preclinical models only dosing at the
same time, and other schedules should be pursued. Further -msstant tumors were

not analyzed and need to be taken into consideration. Biomakelspas discussed

would aid in determining the optimal patient populations for this treatment.
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CHAPTER 5

SUMMARY AND FUTURE DIRECTIONS

The novel small molecule ONC201 induces endogenous TRAIL and DR5 levels, causing
selective apoptosis in canaallswith no toxicity in normal cellsONC201 has
successfully completed Phase | clinical trials and patients are currentlyrenmoll

several Phase |l studies.

In Chapter2, wedemonstrate that dose intensification of ONC201 increasesuambr
drugef f i cacy, i n par t Phiycludnmihdahility 4 induge TRALC 2 0 1 6 s
and activate the ISR, without impacting toxiciDose intensification of ONC201

increases the extent of the porvival kinase (Akt and ERK) inhibition leading to

increasd TRAIL expression and signaling vivo, causing a more efficacious tumor

growth inhibition and artimetastasis effects. Optimum pharmacodynamic effects of
ONC201 were observed with weekly dosing even though the drudjfeasf 10 hours

[269]. It is of clinical relevance that the pharmacodynamics (PD) effect of ONC201
extends for days to weeks beyond its serumilifalbf 10 hourd269], and thughe most
efficacious dosing in the clinic needs to be modeled by the PD characteBssesl on

ourin vivodata, tinical trials whereadjustedwith the frequency of administration

increased to weekly dosing as a new recommended phase Il dose (BRZer

assess the proper regimen for different patient coHeutsrre patient data comparing
efficacy of different schedules and PD sustainability will allow researchers and clinicians

to determine the optimal scheduling for this particular small madecul
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We uncover a novel aspect of the dntnor effect of ONC201; namelynpact of

ONC2010n migration/invasion and metastasis. Througtitro studies, we note a

powerful blockade of tumor cell migration and invasion in both colorectal, ONC201

resistat and breast cancer cells. These result
reduce migration is not dependent on its cytotoxic activity. Through knocking down or
inhibiting TRAIL, we demonstrate that the TRAIL pathway indicates that ONC201 exerts

its ant-metastasis effects partially via a TRAtlependent mechanism [13]. Further, we

can then conclude that ONC26ansuppresses metastagesivo, as there was a notable

decrease in metastases in CRC xenograft mdlelagh both tail vein and surgical

modds. However, this was not seen in the breast cancer modelsyasvid®not as

strong as &ffect of metastaseas vivo compared to the colorectal xenograft studisso,

there was not a significant impact on TRAIL inhibition within MBA-MB-231

xenogaftsin vivo. This may be due to the impact of TRAIL induction from ONC201

globally, and further studies suppressing TRAIL within the entire mouse may help clarify

the importance of TRAILN vivo. TRAIL -/- mice or RIK2 treatment should be used to

montor t he entire bystander effect of ONC201
of TRAIL on metastasis. Alternatively, the metastasis inhibition was seen to be more
pronounced in colorectal xenografts in vivo than in the MRB-231. One could

perform amicro-array analyzing differences in metastasis markers between ONC201

treated CRC vs breast xenografts. sShTRAIL studies in CRC xenografts could also be

pursued, which may demonstrateedfect of TRAIL on metastasis.

147



We cannot ruleout other yet to beistcovered mechanisms that may play a role in the

ability of the drug to inhibit metastasis. Further studies are warranted to investigate other
pathways activated by ONC201 that may play a role in thenaettastasis effect. Also,

given that the strongestpact on tumor growth within the MDMB-231 and shTRAIL
tumors seemed to be from a decrease in Ki67+ cells, ONC201 may reduce metastasis by
impeding other key events in tumor metastasis unrelated to TRAHese specific cells
These events could be tlugh the ISR upregulated by ONC201, by other key EMT
pathway markers, or potentially immuserveillance Of importance, metastases from
patients undergoing ONC201 treatment should be investigated. The number of metastases
in these patients compared to @ho treatments could indicate whether the-anti

metastasis effect is translatable to the clinic. Analyses from biopsies of ONC201 patients
could also help determine if any metastatic markers (Eidikismarker etc) are

downregulatedr TRAIL serum markey are upregulated

ONC201 stimulates mobilization and activation of natural killer cell activity including
infiltration of tumors in tumoibearing mice, and cytotoxic effects of NK cells toward
ONC20zsensitive orresistantCRCtumor cells. The increasaccumulation within
tumors, and activation of NK cells bathvivoand in culture with human primary NK
cellsis due to ONC201 treatmerkthe TRAIL-sequestering antibody did not completely
abrogate NK celmediated cytotoxicity in cell coulture,demonstrating that NK cells

play a role in ONC201 efficacy that goes beyond TRAIL productife also
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demonstrated that othrmor-suppression mechanisms namely cytokine secretion and
direct NK-tumor cell contaciay be upregulated given the resultsrimary human NK
cells and the ONC201 treated patig@83]. Of t h e s-& which iRdNdg<2sustained
changes in NK cell responsiveness and 0FCXCL10, a key chemattractant for T and
NK cell recruitment. These chemokines are all of interest and further establish that
ONC201 has an immurenhancing role in C8. However, the mechanism by which
these extrinsic signaling pathways are upregulated or secreted from the tumor cells is
unknown.We did not see any impact on the-Pnfice, which is in direct contrast to our
Lampl+ data on primary NK cells. This maydmmonstrating that dgranulation does
not play a role in ONC20106s efficacly. Func
mice needs to be performed, as the results could also demonstrate thatdbk mdle is

not as important in efficacy aselGM-1 data indicates.

An important outcome of this study is the suggestion that, along with other biomarkers
monitoring of NK cell numbers, the state of NK cell activation in the blood and NK
infiltration in posttreatment biopsies in patient tumdras potential to yield useful
correlative clinical information with ONC201 efficacy. Initial patient data from a Phase Il
clinical trial demonstrates that patients who received ONC201 treatments exhibit
increased NK cell populations in their peripheraboloThese NK cells were activated

and secreted TRAIL, similar to what was observed in mice. The presence of these NK
cells inothertumor sites and in larger ONC201 treated patient populations will be further

assessedPatient data is the most criticatfue direction inChapter2, as these are from
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patients with intact immune systems and whose tumors are not subcutaneous, rather they
have developed naturally in a metastaiiche, have mintact micreenvironment, and

produce clonal or subclonal nemtigens.

The increase in CD3+ T cells shows a distinct promotion of the immune system
however, CD8a inhibition did not at{f{enuate
cells play | ess of -immane effect. Bucther, thenconDiNa@idh 0 1 6 s p
anti-PD-1 therapy with ONC201 showed some increased efficacy in comparison to the
antiPD-1 monotherapy in CT26 tumors treated with high doses of ONC201; indicating

that alleviating T cellsof P expr essi on may enihdamwce ONC20:
However we did not observe a clear advantageous impact of ONC201 asRCahti

therapies in MC38 or CT26 tumors, thehNC201 monotherapy alomkespite multiple

dosing strategies in two different tumor typ€hle best strategy in CT26 tumors with a

high dose of @0 mg/kg ONC201 yielded only a slight advantage compared to tHe PD
monotherapy but was not statistically significantly greater than the ONC201

monotherapyThe lack of efficacy of the combinational colid due several issues. The

T cell TCR may be unable tcecognize the tumorsyhich can be combatted vivo using

MMR deficient tumors. Also, there may beeaker signals for immune stimulation from

low dose of ONC20administrationwhich can be easily tested looking at immune

infiltrates in bwer dosed ONC201 cohorts. Finally, cytotoxic T cells may be unable to be
recruited tahe tumorswhich involves a in-depth analysis of the type ofcells present

in the mice, and within the tumor.
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There is also some data presente@hapter2 that nay demonstratéhat ONC201

mediated intrinsic cekilling may be more advantageous thanpbssibleimmune

effects. Of note, there watslll efficacyin vivowhen the immune system was suppressed
including within theBax’ carrying NSG mice. Given thétere was a slight decrease in

Ki67+ cells and there was an impact on tumor growth during ONC201 treatment

regardless of immunreelated cytotoxicity; it is likely that ONC201 mdgvor its

intrinsic-direct cytotoxic mechanisnwsver possible immungespons to suppress more
ONC20zresistant tumors vivo. It is also evident that TRAIL is not the sole player in
ONC20106s efficacy, given that these cells
resistantOur data here and other published data from thedalshown that ONC201

exhibits antitumor efficacy against someRAIL -resistant tumors vitro [312, 313]

We did not observe an increase in lymphocytes or immune cells in the larger metastases
treated with ONC2010ne possibility is thathat given limitations of theize of

metastases in mice that the role of immune stimulation with regard to the impact of
ONC201is not easily measurezh metastased herefore, this impact and immune

infiltration in metastasemay be better investigated in the context of the ONCZ2aical

trials with human patient#\ second possibility is thahere could be an effect within the
tumor microenvironment ; a-snmunérespasepnayncti bl e
bypass a stromheavy tumoywhich may be a difference from subcutaretwmors that

are not surrounded by epithelium from the lufige stroma may be acting aphysical
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barrier ormay be immuneuppressive after ONC201 stimulatidinere has been high
impact published research indicating that TRAIL expression within theomi
environment can produce a turrgupportive environment through secreting immune
cold cytokined314]. Therefore studies into the effect of ONC201 on the tumor
microenvironmentmaybe pursued Cytokine secretion from other cells within the
micro-environment should be investiged upon ONC201 treatment to confirm that other

cells are not secreting immuseppressive cytokines.

To summarizeChapter2: Dose intensification plays significantrole n ONC2 01 6 s
efficacy through its ability to sustain the PD past the-lif@lf These results are clinically
relevant andhave influenced thelinical trialsto be aapted to study the impact of
frequency and pharmacodynamics on efficabfg anticipatethat ONC201patient data

may promote a better understanding of PD and schedolgidgon efficacy. The anti
metastatic effect in CRC xenografts is evident, althdbghnole of TRAILINONC2 01 6 s
ability to inhibit metastasig vivo has not been thoroughly evaluat&lven the

importance of the antnetastatic properties of a new novel compound on potentialt FDA
approval, further studies, including patient analysis, should be pursued. Finally, the
immune recruitment shown in CRC subcutaneous tumors is promesiddhis is
complemented by thegatient PBMC datarovided to us by Rutger&iven the NSG data

and lack of metastatic infiltration immunecompetent modeldhere is a possibility that
ONC20Xmediated intrinsic mechanisms may play a greater role thardared

immuneresponseFuture studies can test immuimdiltration in human biopsy samples
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from the ONC201 treated patients Pat i ent tumors grow i n spec
have ceopted the micreenvironment, have possible stromal barriers, or havelajese

the ability to escape immusdetection. More patient data from ONC201 clinical trials

forthcoming and could demonstrate the significance of these findivigfiave

demonstrated that ONC201 can exert aniaatiastatic effect and piomune respores

i n subcutaneous CRC tumors; and ONC20106s p

increasing dosing schedules advantageous.

In Chapter3, we demonstrate the importance of ONG2@&L angul ar i mi pri do
the development of the ONC201 structural activitgtienship studiesesulting in novel
ONC201 analogued he publication by Jandzt alreported that the structure of ONC201
was actually an angular isomer of the linear structure. The first disclosure of the ONC201
structure in 1973 was likely due to antorrect prediction of the structure of

intermediates involved in its synthesis. Since both structures have a high degree of
structural and electronic similarity and the 1973 synthetic route yields a highly pure
product, this issue was only recently resalwhen both isomers were synthesized. Allen

et al previously reported a preliminary validation of the identity and purity of the NCI
sample using mass spectrometry analysis of the individual compound, which is
insufficient alone to differentiate two rédal structures. The mass spectrometry analysis
was consistent with the public domain structure and corroborated the previously
disclosed structure froitahleet al. The issues with mass spectrometry in identifying

correct structures within isomers is iadibly important and should serve as an important
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quality-control requirement for future drug discovery. Using detailed structural analyses

of ONC201 and the linear isomer prepared as a reference, we demonstrate that active
compound ONC201 is indeed thegatar isomer and not the previously disclosed linear
isomer. The linear isomer does not induce cell death or affect proliferation of cancer cells
in a pharmacologically acceptable dose range, suggesting limited therapeutic potential for
that compound andighlighting the uniqueness of ONC201. Despite the propagated
structural depiction error with ONC201, the prior preclinical studies are valid and the
therapeutic potential of ONC201 to address unmet oncology needs remains strong.
Therefore, the studies pezged herein confirm that the clinical ONC201 material indeed
possesses an angular structure that also represents the material distributed by the NCI for
preclinical studies and utilized by Oncoceutics for preclinical pharmacology, IND

enabling studies, @anupcoming clinical studies.

The importance of the linear isomer cannot be overlooked, as it established the

Ai mi pridoned core that is the foundation
the R2, such as ONC20+H), had no antcancer activity. P&ncy was restored with
manipulation of the R1 group in ONC221 {RR2 R1-4- CRs-benzyl group),

demonstrating that the R2 group should not be modified without also modifying the R1

group.

Importantly, chemical changes to the R1 group produced compoutida wide range

of potency, many of which were much more potent than ONC201. Halogens substituted
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within the benzyl R1 group replacing therethylbenzyl group, such as with ONC212
(4-CRs-benzyl group at R1), were more potent than ONC201, resulting in cases in

up to a 1004dold reduction in GI50 on tumor cells without increased cytotoxicity toward
normal cells. Other analogues with halide substituents in the R1 group such as ONC206
(2,4-diF-benzyl) and ONC219 (2;diCl-benzyl) were also potent in tleelorectal cancer
(CRC) cell line screen, and had a langeitro therapeutic window. This suggests that
replacing the R1 group with halideenzyl groups increases potency. The widest
separation between toxicity towards the tumor cells versus the normal cells was observed
for compounds in which a group at thg@sition of the benzyl substituent was absent,

such as ONC212, ONC213 (3HF-benzyl) and ONC211 (3;diCl-benzyl). Within

vitro andin vivodata comparing ONC212 and ONC206 demonstrating that ONC212 had

the highest MTD, and efficadgp vivo, ONC212 is clearlya superior analogue.

ONC212 was efficacious at single doses of 50 mg/&@0 mg/kg with oral

administration, suggesting this route of administration is viable like ONC201.
Interestingly, despite its shorter half life, ONC212 possessed similar efft&RC to

that of ONC201; demonstrating a potentially prolonged mechanism of action that allows
for a sustained antumor effect that warrants further investigation. ONC212
demonstrated aim vivo advantage in specific tumor types versus the parent uhoipei
compound ONC201. Specifically, the more pronouncedtantor activity of ONC212

in BRAF V600E melanoma and hepatocellular carcinoma xenografts is an important

demonstration of the distinct spectrum of ONC212-aaticer activity in cancer. The

155



stronger effect in Ki67+ cells compared to apoptotic cell marker caspasggests that
ONC 2 1 2 auwnoractivity may be primarily dependent on its qumbliferative
signaling mechanism. The aimtioliferative component is of extreme interest, given that
TRAIL -resistant tumors have demonstrated susceptibility to ONC201 through a

inhibition of cell growth.

While melanoma and hepatocellular carcinoma emerged as promising ONC212
indications, other solid tumors and hematological malignancies among the >10b@ ce
screen remain to be explored for future development. Other potential halide analogues
such as ONC211 and ONC213 may produce a better pharmacokinetic profile, or distinct
mechanisms of action. These analogues should be investigated as they magfbee

ONC201 analogue for development.

ONC212 has successfully reached IND stage and is undergoing a Phase | clinical trial,
through the development by Oncoceutdéile currently ongoing, results from a first
in-human study is necessary to determine if the safety and PK profile of ONC212 will
allow for further developmenSuccessfutesults from a Phase | could promote further

pre-clinical analysis of ONC212.

Given that binding and reporter assays have shown that ONC201 is a selective antagonist
of the dopamine D3ike receptor DRD2, and that publishiedvitro studies in CRC cell

| i nes have det er micaneedactivith goes baydhCisabllitfy® ant i
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antagonize DRD2, further studies are warranted on whether DRD2 antagonism by

ONC201 or other DRD2 targeting imipridone analogues is necessary or sufficient for
anticancer activityAlso, further studies are needed to determine if there is a connection
betwveen DRD2 antagonism and ONC20106s mechani
activation of the ISR, and potentially the amtgtastasis or immune effecBatient

samples including DRD2 expression may provide a better understanding of the role of the
GPCRs onmipridone activity.Interestingly, ONC212 has a different target than

ONC201, so comparison of patient samples after ONC212 has been introduced into the

clinic of GPCR expression vs efficacy should also be pursued. Differences in

mechanisms between ONC2d2nd ONC2 01 may demonstrate t he
antagonism of DRD2, allowing researchers to establish the exact role of this DRD2

antagoni sm onRcanOeN&tvilyl 6 s ant i

Insummary oChaptel3,usi ng structural anal wtouettsee ONC2C
is differentthanits linear isomer, a fact thaainnotbe distinguished from mass
spectromet ry aihaideanalogd hNaGazaticreased efficdcy and may

induce cell death at a significantly lower dose then ONC201. ONC212 has a high

therapeutic window and demonstrates efficacy in vivo. However, its rapid PK may

require different dosing schedules in the clinic. While ONC212 appesathe clinic,

other halide analogues should be investigated in ONE2€§istant tumor types to

understand its mechanism of action or determine if there are analogues that might

succeed in the clinic in patients that would not benefit from ONC201 tretitme
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In our final research chapte€hapterd, we demonstrat¢hat ONC201 antbevacizumab

act through independent mechanisms; with ONC201 impacting TRAIL and DR5
pathways andbevacizumalacting as an anringiogenic agent. In combination, they
increase tumor cell death markers and decrease proliferation at a higher rateitttem

single agent alone without inducing any signs of drug toxigitys is important given

that other combinational therapies, such as with ONC201, are not demonstrating superior
efficacy compared to ONC201 monotherapy. Importantly, otheraangfiogenics such as
regorafenib and ONC201 in combination did not demonstrate any increased efficacy and
resulted in liver toxicity in the mic®ur proposal of ONC201 armevacizumalin

combiration provides a reasonable combination therapy withawenlapping

mechanisms of actiomvhich could reduce the emergence of resistance cells in patients in
the clinic Due to the fact thatevacizumalis a humasVEGF inhibitory antibody, we re
capitulaed our studies using MC38 tumors in C57/BL6 mice with a mtVB&F

inhibitory antibody in combination with ONC201. This demonstrated the same results,
that the combinational therapies have almost no tumor growth, with tumors remaining

around 250mma3, or gwing only slightly.

Most preclinical studies are limited by the fact that researchers normally dose the
combinational agents at the same time in mouse models, as was performed in Chapter 4.
Although ONC201 and bevacizumab show promise as a combinati@napy when

administered to therapyaive mice at the same time, other schedules should be pursued.
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Further, chemgesistant tumors are needed for specific analysis wtlpreal research
as many CRC patients undergo several chemotherapy treatments lixihg placed on a

bevacizumab combinational therapy.

With bevacizumalalready FDAapproved for CRC, this combinational therapy is more
likely to be approved for clinical triathana combination with two ne&DA approved
compoundsThus, ONC201 antlevacizumalzould be a potent combination in the clinic
for metastatic CRC patients and should be pursued further in clinical trials for patients

with advanced or refractory metastatic disease.

InsummaryONC2016s dose i nt edasiriclreaselat i on demonst
pharmacodynamic effect, increasing antinor efficacy in vivo. ONC201 provides a

important antimetastatic effect in CRC that should be pursiuetherin both preclinical

and clinical studieso establish if TRAIL plays a role in vivo andhetrr potential anti

metastatic marker©NC201 promotes a pimmmune response in CRC subcutaneous

tumors, however, the effect of the mieeavironment or in more clinicalyelevant

model s with stromal environments esshould be
essential for its antumor activity,as the linear isomer had no antmor effect.

Imipridone R2 analogues have a lower IC50, and are more prorttisintheir lead

compound in certain tumor types. ONC212, a halide R2 analogue, demonstrates superio
efficacy, a large therapeutic window; but does have a rapid PK. Development of ONC212

in Phase | clinical trials are anticipated. Finally, ONC201 in combination with
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bevacizumalted to superior results with almost no tumor growth. This result was re
captulated in syngeneic models. Given thavvacizumalis approved for metastatic
CRC, we suggest that ONC201 in combination withacizumatshould be introduced

into a combinatorial Phase Il clinical trial.
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APPENDIX A

ONC201 DOSE INTENSIFICATION INHIBITS METASTASIS AND
PROMOTES INTRA-TUMORAL T AND NK-CELLS
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Appendix Figure A.1: Dose intensification impacts tumor growth in multiple tumor
types. Final tumor measurements of A) HCT116 p58) HT29 C) HT-29 xenogratft
bearing mice treated with 50 mg/kg ONC201 dosed at indicated frequencies and D)
Single mouse images of HT29 xenografts from mice treated as shown. E) MRI of 100
mg/kg per 1 wk and vetile after 8 wks. (N=6 in HT29 and HCT116 p8all, N=4 in
MDA-MB-231).
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Appendix Figure A.2: Oral vs IP administration, and weekly vs daily dosing of ONC

201 have comparable effect®d) Final relative tumor growth of HT29 xenografts treated
as shown B)Jlumor growth of HT29 in mice treated as indicated for a@@kg ONC201
treatments (Twice a week was on a Monday/Thursday schedule) and C) Final percent
tumor growth of these cohorts. (N=4 for each study). (P values are as indicated: **<.01,
***<.001 compaed to the vehicle unless indicated).
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A HCT116 p53-/- xenografts after 6 weeks treatment
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Appendix Figure A.3: Increased ONC201 dose and frequency does not increase
toxicity. A) Pathology of athymic nude mice treated with 100 mg/kg weekly vs vehicle.
No lesions noted. N=3. B) Toxicology chemistry serumgd@f indicated cohorts in
athymic nude mice. Toxicology results highlighted. C) Weight of HT29 xenografts from

100 mg/kg cohorts.
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A Gene Expression in HT29 xenografts C Effect of TRAIL expression using
TRAIL ELISA
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Appendix Figure A.4: Expression of TRAIL, ATF4, and CHOP increase as a result

of increased frequency of ONC201 administrabn. A) ATF4 and CHOP mRNA
expression in xenografts as shown. B) TRAIL standard curve and controls. Positive
control: spiked serum to 100 pg/ml. TRAIL serum levels shown correlated to (top):
frequency, and (bottom): dose. C) Serum TRAIL levels in MRB-231 xenograft

mice at indicated doses and frequencies. D) TRAIL IHC analyses in mice treated with
indicated ONC201 dose and frequency. All sampleseharvested 4 weeks after
treatment began unless indicated (P values are as indicated: *<.05, **<.01 edrpar

the vehicle unless indicated).
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Appendix Figure A.5: HT29, CT26, and MDA-MB-231 xenograft models are

metastatic and ONC201 suppresses metastagisvivo. A) Bioluminescence and gross
imaging of HT29 metastasis in the abdomen. B) Final volume oBHbFinary tumors

and metastases in mice treated as indicated. C) Total metastatic tumors (micro or bulk),
measured size, and internal locations in Hk28iograftbearing mice of described
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cohorts. D) Bioluminescence imaging of HT29 xenogbairing mouséver and lungs
treated at two different frequencies of ONC201 administration at a dose of 25 mg/kg E)
MRI of vehicletreated mice with HT29 xenografts shows 4 tumors. F) Gross,
bioluminescent, and histological imaging of metastatic tumors of NBA231

xenografts. G) CT26 lung metastases observed in the vdahéeieed mice and total

number of metastases seen in each cohort. H) Estimated size of HGI Vet treated
mice before and after treatment with vehicle and/or ONC201. I) Number of confirmed
metastases in mice thateretreated with Vehicle and/or ONC201 24 hours after tail vein
injection of HCT116 xenograft samples. (N=10 in CT26, N=6 in HT29, N=4 in MDA
MB-231, N=5 in HCT116 tail vein mice). All colorectal xenograft samples

harvested 4 weekafter treatment began unless indicated, MDB-231 was harvested
after 6 weeks of treatment. (P value as indicated: *<.05 compared to the vehicle unless
indicated).
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Appendix Figure A.6: ONC201 suppresses migration and invasioin vitro. A)
Xcelligenceinvasion kinetics assay using 1:40 matrigel and HCT116/p&8lls.

Number of cells migrated in boyden chamber assay after 48 hr of described cohorts in B)
HCT116 p53/-, (C) HCT116 Bax- ONC20tapoptosis resistant cells, and (D) 29

cells by boyden a&sy after 48 hr. E) Boyden cell migration of MEMB-231 ONC201

and RIK2treated cells. F) Scratch assay of MIMB-231 cells before treatment and 48

hr after treatment. G) Number of metastases per mouse oFMBA31 wildtype or

shTRAIL injected through thvein injection and treated with Vehicle or ONC201
immediately after. H) Representative lung tumor images. |I) Lung H&E images from tail
vein mice.
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Appendix Figure A.7: Schematic of gating procedure for NK/T cells and activated
NK cells. Singlets follaved by lymphocytesveregated for vehicle tumors, ONC201
treated tumors, spleen samples, and PBMC. Tagadarger volume of infiltrating
lymphocytes in ONC201 vs Vehicle so thereremore cells analyzed when
lymphocytesveregated. A)Lymphocytesvereanalyzed by CD45 vs CD19; and
CD45+/CD19 (nonB cell CD45 population) was selected. Cealisrethen analyzed NK
vs CD3. B) Lymphocytewereanalyzed by CD45 vs CD19; and CD45+/Cb{onB
cell CD45 population) was selected. NK+ celisrethen selectedybside scatter and
activated NK cellsvereanalyzed using granzyme.
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Appendix Figure A.8: Schematic of gating procedure for T cell recruitment and

MDSC. Singletsweregated for vehicle tumors, ONC201 treated tumors, spleen samples,
and PBMC. A) Lymphocyswereselected, thereverea larger volume of infiltrating
lymphocytes in ONC201 vs Vehicle so thereremore cells analyzed when
lymphocytesnveregated. Lymphocytewereanalyzed by CD45 vs CD19; and
CD45+/CD19 (nonB cell CD45 population) was seledteCD3+ cellsverethen

selected by side scatter and celssanalyzed by CD4 vs CD8. B) Lymphocytesre
selected, followed by Fdtaining CD45 vs CD19; and the CD45+/CD1®onB cell

CD45 population) was selected. CD3 and NKpdeindividually seleted and then

PD-1 staining assessed.
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Appendix Figure A.9: ONC201 is efficacious in syngeneic models and has increased
NK cells and T cells in both tumor bearing and nortumor bearing mice. A) Tumor
volume overtime of MC38 xenografts in wildtype C57/BL6 mice Rjantitationof
GFP+ cells in tumor sections in NCRAFP mice bearing MC38 xenografts after 4
weeks. C) Analysis of lymphocytes, NK cells, CD3 cells, and CD3+ cell differentiation
in MC38 xenografts in NCRGFP mice after 4 weeks. D) Immunohistochemistry of
MC38 tumors in NCRAGFP C57/BL6 mice of GFexpressing tumors (top) and CD3+
cells (bottom). E) % of CD3+ cells and NKp46+ Cells within timglket, leukocytes, PJ
CD45+ population of PBMC in C57/BL6 noftumor bearing mice. F) Percent IFN
gamma + NK cells within the MC3&FP mice in lymphocyte CD45+ CD1BK+ cell
population in vehicle and ONC201 treated mice. G) AnalysiscéllE in MC38 tumors
in NCR1-gfp mice. Analysis of T dks, NK cells, granzyme, and CD4/CD8 expression on
tumors was performed on lymphocytes, whigregreater by ONC201 treatments, then
CD45+/CD19 population. All treatmentaerewith vehicle or 10ang/kg ONC201
weekly delivered orally. N=6 in wt C57/BL6wsty. N=4 in NCR1GFP study. N=7 in
Balb/c study. ****p<.001
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Appendix Figure A.10: Primary NK cells from healthy donors are activated by

ONC201.A) Purified primary NK cells schematic for IFNgamma assay. B) Schematic
for Lampl+ assay. C) Results ofecond patient on IFNganamexpression in increasing
doses of ONC201. D) LAMP1+ expression of 5 patients with vehicle or ONC201.
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Appendix Figure A.11: NK cells play a role efficacy of ONC201 in vivoA) Tumor
volume after 5 weeks in RKONC201 resistartumor types. B) Final tumor volume
after 4 weeks in ONC201 treated MC38 bearing C57/BL6 mice treated with Vehicle,
ONC201 and/or GML. C) Representative image of ONC201 and GM1 study. D) Final
tumor volume after 4 weeks in ONC201 treated MC38 bearing C&7iice or

C57/BL6 Perforin knockout (P+f) mice treated with Vehicle or ONC201. E)
Representative image of ONC201 Perfaristudy. F) Final tumor volume after 4 weeks
in ONC201 treated MC38 bearing C57/BL6 mice treated with Vehicle, ONC201 and/or
CD-8inhibitor. G) Representative image of ONC201 and&Dhibitor study. All
treatmentsvereof vehicle and 100ng/kg ONC201 weekly delivered orally. GM
delivered every 5 days i.p. CD8 twice weekly 400ug i.p. RKOTR N=9 exceplGM
N=5. MC38 studies N=5 values in respect to vehicle. * p<.05
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Appendix Figure A.12: Immune infiltrates were not seen in lung metastase®IK and
CD3+ population within the lymphocyte CD45+/CDXbpulations in A) HCT116 lung
metastases B) HCT116 Béxlung metastases C) MC381g metastases D) Spleen
controls from each mouse experiment. N=5 for all experiments. ONC201 treatment 100

mg/kg weekly dosed orally.
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Appendix Figure A.13: ONC201 and PDB1 in combination may be beneficialA)

Final tumor volume after 4 weeks of MC8@8nors treated with Vehicle, 28g/kg
ONC201, and/or PEL. B) Final tumor volume after 4 weeks of MC38 tumors treated
with Vehicle, 50mg/kg ONC201, and/or PD. C) Final tumor volume after 4 weeks of
MC38 tumors treated with Vehicle, 106y/kg ONC201, and/or PD. D) PD1 flow
cytometry analysis of P12 expression on T cells in CT26 tumors. E) Example of
analysis of PBL and PB1 PE staining on a ONC201 tumor. F) Final tumor volumes of
MC38 bearing mice treated with Vehicle, ONC201, GMnd/or PB1 including
ONC201 + PB1 + GM1 G) Representative images. All treatmewtseof vehicle and
100mg/kg ONC201 weekly delivered orally unless specified.-GNElivered every 5
days and PEL 200ug every 3 days. CT26 PD1 N=7. MC38RIN=6.
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Appendix FigureA. 14: ONC20106s efficacy is beth fro
related. A) Final tumor volumes in athymic nude mice injected with HCT116-Bax
wildtype xenografts treated for 4 weeks with Vehicle, ONC201, and/or1GR)
Representativanages. C) Final tumor volume in NSG mice injected with HCT116 Bax

/- xenografts treated with Vehicle or ONC201. D) Representative images. E)
Quantification of Ki67+ cells from IHC staining of tumor samples from mice in
supplemental figure 13. F) Quantiftean of cleaved caspase+ xenografts from IHC
staining of tumor samples from mice supplemental figure 13. G) Representative images.
All treatmentswereof vehicle and 10@0ng/kg ONC201 weekly delivered orally. GM
delivered every 5 days i.p. N=6. Tumangple sections are total quantification of entire
slide, 2 slides per tumor imaged using Vectra software. p values in respect to vehicle. *
p<.05 ***p<.005
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Appendix Figure A.15: Multiplex analysis of pro-immune factors and chemokines
upregulated by ONC2QL.
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Appendix Figure A.16: NK92 cells are activated and secrete TRAIL following
treatment with ONC201. A) After 24 hr of 10 uM treatment of ONC201 and-co
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cultured in the presence or absence of A) HCT1168p88lls or B) MDAMB-231 cells,
NK92 cells expres TRAIL and activation markers by floeytometry C) Coculture
results Live:Dead ratio of HCT116 B&xD) Effects on HCT116 tumor cell viability
based on CTG assay of-calture with described cohorts, NK cellereaspirated before
cell titer glo was dded. E) Cell viability of CTG results. (N=3, -ultures ran in
triplicate twice). (P value as indicated: *<.05 **<.01 compared to the vehicle unless
indicated).
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APPENDIX B

DISCOVERY AND CHARACTERIZATION OF ONC201ANALOGUES
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Appendix Figure B.1. 2D*H-'H ROESY spectrum of ONC201 in d-DMSO.

Lei—

Appendix Figure B.2 2D*H-13C gHMQC spectrum of ONC201 in ¢-DMSO.
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Appendix Figure B.3. A) Upfield and B) downfield region of 2D'H-*C gHMBCAD
spectrum of ONC201 in ¢-DMSO.

Appendix Figure B.4. ORTEP drawing of ONC201 structure with 50% probability
thermal ellipsoids.
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Appendix Figure B.5: Analysis of ONC212 and ONC206g-RTPCR analysis of A)
CHOP and B) DR5 Gene expression data from ONC201, and ONC212 treated in HT29
cells overtime. ONC201 resistacell analysis of C) SubG1l and D) G1 cell cycle arrest
when treated with ONC201, ONC212, and ONC206. (ONC201: 10uM; ONC212: .01uM,;
ONC206: .05uM).
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Creatine |NA Glucose [K+ions [Cl-ions LB ALT ST ALP ‘
0 mg/kg 0. 4.1 113
0 mg/kg 115
12.5 mg/kg 149
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Slightly above normal range
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vy SR
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Appendix B.6. Maximum tolerated dose of ONC212 and ONC206 pathology and
toxicology report. A) Maximum tolerdaed dose of ONC212 was 30@g/kg for both
intraparitenal and oral delivery as seen by blood and behavioral ta&)ciwyll pathology
of vehicle treated miceC) Full pathology of ONC212 30@ng/kg treated mice. Best
representative images. N=2
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Appendix B.7. Maximum tolerated dose of ONC212 and ONC206 pathology and
toxicology report. A) ONC206 chemistry and CBC panel from 100 mg/kg ONC201 and
ONC206 for oral delivery as seen by blood. B) Pathology of ONC206 and ONC201 toxicity
of lung. Best remsentative images. N=2
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A. . Vehicle ONC212
pmol Peak Area Peak Area (/1e5) - .
0 3.57E+07 3.57E+02
0.625 2.32E+08 2.32E+03
1.25 5.61E+D8 5.61E+03
2.5 1.38E+09 1.38E+04

In spiked into blood and extracted with 80%
methanol

HT29 RLU count

== I~~~ A~~~

Relative biolumiscence
= 8 & B =

-15‘;‘\ &

Appendix B.8. Pharmacokinetic (PK) and oral bioavailability of ONC212 in vivo.A)
Standard curve of ONC212 in spiked blood and MeOH extracted pellet used to establish
PK profile. B) Bioluminescent imaging of HT29 mice at 4 weeké N=3; efficacy N=6.
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A.  Tumor volume in MALME-xenograft B.  Tumor volume in HEP3B-xenograft

bearing mice bearing mice
8-

= <
: : 1
o & I o
6 ]
E 4 ns E 44 *
- ; N 2 -
®
£ . | I £ o | I
e e I
u T T 1] c A T 1
0 10 20 30 0 10 20 30
Days since first dose Days since first dose
e \Vehicle e Vehicle
m ONC201 100mg/kg = ONC201 100mg'kg
4 ONC212 100mg/kg 4 ONC212 100mg'kg

Appendix B.9. Comparison of ONC201 and ONC212 in vivoA) Tumor volume
overtime in MALME-xenograft mice. B) Tumor volume overtime in HEP3B xenograft
mice. C) Ki67 and CC3 in MALMEkenograft mice sacrifice after 1 weektoeatment.
N=6
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Tables

Appendix Table B.1. Summary of XRay Structure determination of ONC201

structure
Empirical formula
Formula weight
Temperatune
VWavelangth
Crystal system
Space group
Cell constants:

= 0 @

Vialurre

F 4

Density (calculated)
Absarption coefficient

FiDOo)

Crystal size

Theta range for data collection
Index ranges

FReflections collected
Indepandent reflactions

Completeness to theta = 25.40°

Absorption correciion

Max. and min. ransmission
Refinamem method

Data / restramis | parameaners
Goodness-of-fit on F

Final 7 indices [-2sigmail)]
R indices (all data)

Largest dilf, peak and hole

G MMy OCle
505,47

100(1) K
071073 A
manaclinic
P2z

11.7746(3) A

10.3998(2) A

21.9517(5) A

25.1950(10)°

26TT.02010) A?

4

1.254 Mgim?

0.272 mm-?

1072

0.32 % 0.24 % 0.06 mm?

1.74 1o 25.40°
Md=h=14-12=k=12 -26=1=26
36370

4928 [R(int) = 0.0151]

o009 %

Semi-empincal from eguivalents
0.7452 and 06888

Full-ratrix least-squares on F?
482870311

1,066

A1 = 0.0280, wR2 = 0.0772

Al =0.0302, wR2 = 0.0778
0,304 and -0.246 8 A2
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Appendix Table B.2. Refined positional parameters for ONC201 structure,

excluding hydrogens.

Atom X Z Ugg A
c2 0.28090(10) 0.82303(12) 0.17399(5) 0.0157(2)
C3 0.32697(10) 0.73340(12) 0.13249(5) 0.0157(2)
Cc4 0.34884(10) 0.58406(12) 0.21644(5) 0.0155(2)
C5 0.35291(12) 0.48312(13) 0.30893(6) 0.0218(3)
Cc6 0.29742(11) 0.61564(13) 0.31441(6) 0.0210(3)
Cc7 0.27053(10) 0.79035(12) 0.23279(6) 0.0160(2)
cs 0.22097(11) 0.87906(12) 0.27691(6) 0.0188(3)
Cc9 0.20800(11) 1.01479(12) 0.25157(5) 0.0185(3)
c10 0.13315(11) 1.14974(12) 0.16495(6) 0.0203(3)
cn 0.08993(11) 1.15801(12) 0.09839(6) 0.0187(3)
c12 -0.02590(12) 1.15066(14) 0.08038(6) 0.0251(3)
C13 -0.06626(13) 1.15985(15) 0.01895(7) 0.0309(3)
Cc14 0.01002(14) 1.17297(14) -0.02461(7) 0.0314(3)
Ci15 0.12501(14) 1.17927(14) -0.00740(7) 0.0321(3)
c16 0.16528(12) 1.17367(13) 0.05378(7) 0.0255(3)
C17 0.39945(10) 0.51418(11) 0.11605(5) 0.0152(2)
ci8 0.52420(10) 0.52407(12) 0.10534(5) 0.0145(2)
c19 0.56764(10) 0.42974(12) 0.06780(5) 0.0160(2)
C20 0.68077(11) 0.43991(13) 0.05460(5) 0.0188(3)
c21 0.74934(11) 0.54095(13) 0.07701(6) 0.0207(3)
ca22 0.70618(11) 0.63290(13) 0.11435(6) 0.0189(3)
ca3 0.59365(10) 0.62345(12) 0.12861(5) 0.0163(2)
C24 0.49394(11) 0.32199(12) 0.04178(6) 0.0197(3)
N1 0.16108(9) 1.01341(10) 0.18576(5) 0.0168(2)
N2 0.36042(8) 0.61299(10) 0.15739(5) 0.0148(2)
N3 0.37882(9) 0.47786(10) 0.24497(5) 0.0179(2)
N4 0.30281(9) 0.67061(10) 0.25284(4) 0.0159(2)
o1 0.33734(8) 0.75527(9) 0.07856(4) 0.01955(19)
ci -0.05749(3) 0.85901(3) 0.195197(14) 0.02505(9)
cl2 0.43555(3) 0.21186(3) 0.199098(14) 0.02173(9)
Cc25 -0.04631(11) 1.00244(14) 0.35857(6) 0.0247(3)
C26 -0.08679(12) 1.02224(14) 0.42091(8) 0.0254(3)
02 -0.14117(8) 0.96661(12) 0.31771(5) 0.0333(3)
Ueg="/a[U11(8a")*+U5(bb*)*+Uss(cc*) +2U aa"bb" cos y+2U saa’ce’cos f+2Usabb*cc’cosa)
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Appendix Table B.3. PositionalParameters for ONC201 hydrogens in structure.

Atom X 3 Uy, A
Hia 03107 1.0557 0.1457 d'%ZS
Hib 0.2088 0.9389 0.1063 0.023
H5a 04219 0.4759 0.3364 0.029
H5b 0.3008 0.4149 0.3179 0.029
Héa 0.2192 0.6077 0.3244 0.028
HEb 0.3398 0.6678 0.3453 0.028
H8a 0.2700 0.8807 0.3149 0.025
H8b 0.1469 0.8470 0.2859 0.025
H9%a 0.1572 1.0633 0.2754 0.025
HSb 0.2817 1.0572 0.2552 0.025
H10a 0.0759 1.1846 0.1894 0.027
H10b 0.2011 1.2023 0.1721 0.027
H12 -0.0772 1.1395 0.1097 0.033
H13 -0.1442 1.1571 0.0074 0.041
H14 -0.0163 11776 -0.0658 0.042
H15 0.1762 1.1874 -0.0371 0.043
H16 0.2431 1.1804 0.0651 0.034
H17a 0.3543 0.5206 0.0770 0.020
H17b 0.3856 0.4301 0.1330 0.020
H20 0.7110 03777 0.0303 0.025
H21 0.8242 0.5469 0.0670 0.027
H22 0.7520 0.7004 0.1298 0.025
H23 0.5647 0.6845 0.1540 0.022
H24a 0.5356 02717 0.0147 0.030
H24b 0.4269 0.3567 0.0196 0.030
H24c 04721 0.2685 0.0744 0.030
H1 0.0955 0.9667 0.1825 0.022
H3 0.4097 04132 0.2284 0.024
H25a -0.0128 1.0812 0.3447 0.033
H25b 0.0112 0.9355 0.3602 0.033
H26a -0.1420 1.0903 0.4191 0.038
H26b -0.0232 1.0446 0.4494 0.038
H26¢ -0.1210 09444 0.4340 0.038
H2 -0.1190 0.9448 0.2849 0.050
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(Ubs)

TableB. 4 . Refined Ther mal Parameters

Atom U, U U U U U

c2 0.0144(6) 0.0165(6) 0.0163(6) -0.0020(5) 0.0010(4) 0.0008(5)

c3 0.0141(6) 0.0157(6) 0.0175(6) 0.0009(5) 0.0015(4) -0.0003(5)

c4 0.0116(5) 0.0178(6) 0.0170(6) -0.0012(5) 0.0013(4) -0.0022(5)

C5 0.0249(7) 0.0228(7) 0.0181(6) 0.0047(5) 0.0033(5) 0.0000(5)

Cc6 0.0237(6) 0.0252(7) 0.0148(6) 0.0040(5) 0.0059(5) 0.0011(5)

c7 0.0119(5) 0.0191(6) 0.0167(6) -0.0024(5) 0.0004(4) -0.0009(5)

c8 0.0197(6) 0.0216(6) 0.0154(6) -0.0020(5) 0.0029(5) 0.0023(5)

Cc9 0.0202(6) 0.0206(6) 0.0147(6) -0.0046(5) 0.0014(5) 0.0020(5)

C10 0.0222(6) 0.0150(6) 0.0237(7) -0.0026(5) 0.0015(5) 0.0039(5)

C11 0.0227(6) 0.0118(6) 0.0218(6) -0.0003(5) 0.0032(5) 0.0036(5)

c12 0.0240(7) 0.0279%(7) 0.0239%(7) 0.0011(6) 0.0046(5) 0.0032(6)

C13 0.0311(8) 0.0313(8) 0.0290(8) -0.0002(6) -0.0040(6) 0.0028(86)

C14 0.0528(10) 0.0204(7) 0.0204(7) 0.0021(5) 0.0004(6) 0.0060(7)

C15 0.0491(9) 0.0207(7) 0.0293(7) 0.0074(6) 0.0184(7) 0.0058(7)

Cc16 0.0268(7) 0.0177(6) 0.0332(8) 0.0080(6) 0.0100(6) 0.0017(5)

C17  00175(6)  00128(6)  00154(6)  -0.0023(4)  0.0022(5)  0.0009(5)

Cc18 0.0165(6) 0.0151(6) 0.0120(5) 0.0027(4) 0.0015(4) 0.0018(5)

C19  00206(6) 00156(6)  00117(5)  00026(5)  00007(5)  0.0030(5)

Cc20 0.0213(6) 0.0213(6) 0.0140(6) 0.0017(5) 0.0037(5) 0.0077(5)

c21 0.0152(6) 0.02%1(7) 0.0179(6) 0.0065(5) 0.0025(5) 0.0021(5)

C22  00188(6)  00222(6)  00154(6)  00033(5) -0.0007(5)  -0.0038(5)

Cc23 0.0201(6) 0.0157(6) 0.0130(6) 0.0002(5) 0.0017(5) 0.0013(5)

C24 0.0255(7) 0.0152(6) 0.0187(6) -0.0025(5) 0.0045(5) 0.0023(5)

N1 0.0176(5) 0.0153(5) 0.0168(5) -0.0020(4) 0.0018(4) 0.0019(4)

N2 0.0152(5) 0.0148(5) 0.0149(5) -0.0009(4) 0.0035(4) 0.0009(4)

N3 0.0203(5) 0.0164(5) 0.0171(5) 0.0011(4) 0.0019(4) 0.0008(4)

N4 0.0158(5) 0.0192(5) 0.0132(5) 0.0001(4) 0.0029(4) 0.0010(4)

o1 0.0266(5) 0.0181(4) 0.0146(4) -0.0001(3) 0.0050(4) 0.0035(4)

cn 0.02173(17) 0.03089(19) 0.02277(17) -0.00372(13) 0.00328(12) -0.00604(13)

ci2 0.02096(16) 0.01701(16) 0.02741(17) 0.00375(12) 0.00331(12) 0.00240(11)

Cc25 0.0198(6) 0.0284(7) 0.0258(7) -0.0009(6) 0.0000(5) -0.0004(6)

C26 0.0224(7) 0.0270(7) 0.0264(7) -0.0020(6) 0.0005(5) -0.0024(6)

02 00235(5)  00482(7)  0.0273(5)  -0.0119(5)  -0.0028(4)  0.0054(5)

Torm of the anisoropic displacement parameter 1s:
fexpl-2x(a"?Uy h’+b 7 Upk’+c U’ +2b"c" Upski+2a"c U hi+2a"b" U hk)]

Appendix Table B.5. Bond distances in ONC201 structure.

Ci-Ni 1.4932(15) ci-C2 1.4975(17) Cc2-C7 1.3510(17)
c2-C3 1.4431(17) C3-01 1.2224(15) C3-N2 1.4082(16)
C4-N3 1.3026(16) C4-N4 1.3494(16) C4-N2 1.3496(16)
C5-N3 1.4645(16) C5-C6 1.5346(19) C6-N4 1.4741(15)
C7-N4 1.3633(16) C7-C8 1.4939(17) C8-C9 1.5198(18)
C9-N1 1.4994(15) C10-C11 1.5056(18) C10-N1 1.5165(16)
C11-C12 1.3872(19) C11-C16 1.3892(18) C12-C13 1.392(2)
C13-C14 1.377(2) C14-C15 1.374(2) C15-C16 1.384(2)
C17-N2 1.4718(15) C17-C18 1.5120(16) C18-C23 1.3864(17)
C18-C19 1.4068(17) C19-C20 1.3926(18) C19-C24 1.4984(17)
C20-C21 1.3878(19) c21-C22 1.3856(19) c22-C23 1.3924(18)
C25-02 1.4175(16) C25-C26 1.5035(19)
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Appendix Table B.6. Bond angles in ONC201 structure.

-C1- . -C2- 82(11) C7-C2-C1 123. )
C3-C2-C1 116.14(10) 01-C3-N2 119.50(11) 01-C3-C2 124.57(11)
N2-C3-C2 115.93(10) N3-C4-N4 112.75(11) N3-C4-N2 127.18(11)
N4-C4-N2 120.07(11) N3.-C5-C6 103.64(10) N4-C6-C5 102.85(10)
C2-C7-N4 119.44(11) C2-C7-C8 122.58(11) N4-C7-C8 117.95(11)
C7-C8-C9 111.62(10) N1-C9-C8 111.09(10) C11-C10-N1  113.00(10)
C12-C11- 118.67(12) c12-C11- 120.70(12) C16-C11- 120.62(12)
C16 c10 c10
ci1-C12- 120.85(13) C14-C13- 119.52(14) C15-C14- 120.17(14)
ci3 ci2 c13
C14-C15- 120.48(13) C15-C16- 120.28(14) N2-C17-C18  114.23(10)
C16 c11
cag-cw- 120.14(11) czgma— 122.84(11) 813-018- 116.97(11)
1 1 1
C20-C19- 118.31(11) C20-C19- 120.61(11) C18-C19- 121.07(11)
c18 c24 c24
C21-C20- 121.36(12) C22-C21- 119.97(12) C21-C22- 119.45(12)
19 c20 c23
c;gczs- 120,75(11) C1-N1-C9 110.03(9) C1-N1-C10  111.98(10)
c
C9-N1-C10  109.40(9) C4-N2-C3 121.47(10) C4-N2-C17  120.06(10)
C3-N2-C17  118.27(10) C4-N3-C5 111.00(10) C4-N4-C7 122.23(10)
C4-N4-C6 109.70(10) C7-N4-C8 128.05(10) 02-C25-C26  108.38(11)
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APPENDIX C

ANTI-TUMOR EFFECTS OF ONC201IN COMBINATION WITH VEGF-
INHIBITORS SIGNFICANTLY IMPACTS COLORECTAL CANCER
GROWTH AND SURVIVAL IN VIVO THROUGH COMPLEMENTARY
NON-OVERLAPPING MECHANISMS

Irinotecan

000 | 6.67 | 20.00
» 0.00 |100.00% 95.86% | 61.20%
8 —
o 2 333 | 93.46% | 82.50% | 63.50%
=z =
© 10.00 | 42.00% 41.20% | 38.60%

5-FU (uM)

0 6.67 20
o 0.00 |100.00% 91.51% | 81.60%
QO —~
§§ 333 | 81.25% | 82.35% | 75.60%
o 10.00 | 57.56% 51.35% | 40.20%

Oxaliplatin (uM)

000 | 267 | 8.00
» 0.00 |100.00%| 97.50% | 71.50%
o —
o2 333 | 88.20% | 90.50% | 65.80%
=2 =
o 10.00 | 55.60%  58.60% | 41.90%

Appendix C.1: ONC201 and combination with CRC approved chemotherapeutics
CTG data. CTG data of HCT116 CRC cells treated with indicated doses and compounds
for 72 hours.
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Total number of metastases seen in

E 104 HT29 xenografts
O «©
i
o ©
N
.
ER ]
Vehicle 25mglkg 25m/kg 25mglkg 25mg/kg Bevaci-
per per per per zumab
1week 2 weeks 1 week 2 week
+ Bevacizumab
Total number of metastases seen in
E 10+ HCT116-GFP xenografts
-
QO wm
c& s
c 3
5 []
-E E
> 0
=z T T T T T T
Vehicle 50mg/kg Bevaci- Bevaci- Regor. Regor.
ONC201per zumab zumab + ONC201
1 week +ONC201

Appendix C.2: Total number of metastases within liver and lungA) Total number of
metastases in HT29 tissues as seen in H&E slides by pathologist of lungs and liver. B)
Total number of metastases seen in HCFGEP mice as seen by bioluminescent imaging
and pathology of lungs and liver.
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AST ALP

Creatine Glucose ALT

Vehicle

Vehicle

Vehicle

ONC201 50/1wk

125
S

ONC201 50/1wk

ONC201 50/1wk

151
116

Bevacizumab

Bevacizumab

413 142

Bevacizumab

Bev. + ONC201

Bev. + ONC201

Bev. + ONC201

Regorafenib

182

435 201

Regorafenib

115 398 151

Regorafenib

Regor. + ONC201

Regor. + ONC201

Regor. + ONC201

Range

Elevated

162 417 143
01 412 138
125
305 135
125222 54298  [75111

Appendix C.3: ONC201 and combination with Bevacizumab are non toxic in vivo.
Blood chemistry panel results from mice treated with indicated drugs. Blood was collected
by cardiac puncture at end of experiment. ONC20in§fkg weekly. Bevacizumalis 5

mg/kg every 2 weeks. Regorafenibmg/kg daily. N=3.
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ONC201

Regorafenib

Regorafenib
+ONC201

Appendix C.4: VEGF expressmn in HCT116 xenograftsRepresentatlve IHC staining

of VEGF expression from mice treated with indicated drugs. Tumors harvested and placed
in paraffin. ONC201: 50ngkg every week. Regorafenib: rig/kg daily. N=5 tumors,
minimum of 3 sections per tumor stained
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HUVECS

Regor +
Vehicle ONC201 Regorafenib ONC201

HUVEC in vitro angiogenesis

il bl

N

0_

& capillaries/well

Vehicle ONC201 Regorafenib ONC201+
Regorafenib

Number of branching

C HCT116 48h
\Y o) R O+R

CHOP
— —

Appendix C.5: Analysis of Regorafenib and ONC201 mechanism in combinatioi)
HUVEC representative images of sprouting from HUVECs grown on Matrigel. B)
Quantitation of HUVEC sprouting and branching after 12 hours. C) HCT116 cells from
live cell imaging using CHO®B00 and Actin700 on LiCor Odyssey. Cells treated for 48
hours. ONC201: 5uM. HUVECS n=4, ONC201 treatment 5uM, Regorafenib 1mg/ml.
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Appendix C.6: Full imaging of Superhance blood flow and GFP from HCT116GFP

mice. Representative image using superhance 680 probe in HCT116 xenograft bearing
athymic nude mice after 4 weeks. ONC201:nxfYkg every week. Regorafenib:nig/kg

daily. Bevacizumab: Bng/kgevery other week. N=5
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