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ABSTRACT 

 

ONC201 is a novel compound that upregulates endogenous TNF-Related Apoptosis-

Inducing Ligand (TRAIL), in tumor and normal cells, restoring autocrine and paracrine 

anti-tumor activity within tumor cells, and upregulates the DR5 gene by activating the 

integrated stress response, inducing eIF2-alpha-dependent ATF4 and CHOP [1-3]. 

ONC201 also demonstrates potent anti-tumor effects on colorectal cancers [4, 5]. 

ONC201 presented a promising oral bioavailability, wide distribution throughout the 

body, and ability to cross the blood-brain barrier. Further, the unique ability of its 

TRAIL-and-DR5-based signaling to induce apoptosis in cancer cells and not normal cells 

adds to its appeal as an anti-cancer therapeutic and prompted clinical development [1-4, 

6]. ONC201 has successfully completed an FDA advanced Phase I/II clinical trial in 

advanced aggressive refractory solid tumors. Results indicated that ONC201 is well-

tolerated and recommended a phase II dose of 625 mg orally every 3 weeks. Several 

Phase I/II clinical trials are enrolling in multiple solid tumors and hematological 

malignancies [7, 8]. 

 

Chapter two of this study provides evidence that ONC201 dose intensification 

demonstrates an increased pharmacodynamic effect and an increasing anti-tumor efficacy 

in vivo while having a safe toxicity profile upon weekly dosing. This data influenced the 

Phase II clinical trials, which have now been adjusted to include weekly dosing. Given 

the potential anti-metastatic effects of TRAIL signaling and the role of TRAIL in the 

immune surveillance of cancer, we hypothesized that ONC201 would suppress metastatic 

tumor development and engage the immune system in its anti-cancer activity. We also 
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establish that ONC201 provides an important anti-metastatic effect in CRC that should be 

pursued in both pre-clinical and clinical studies. Tail 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 cells undergo extravasation upon 

detachment from the primary tumor [9-11]. While we show that TRAIL plays a role in 

ONC201ôs ability to inhibit migration/invasion in vitro, further investigation of the role 

of TRAIL in vivo is necessary. Our data indicates that ONC201 promotes a pro-immune 

response in CRC subcutaneous tumors with increased NK cells that play a role in 

ONC201ôs efficacy in syngeneic models. Since activated natural killer 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 micro-environment or in more clinically-relevant models with 

stromal environments should be pursued.  

 

Chapter 3 of this of thesis demonstrates the characterization of ONC201ôs core structure 

and development of ONC201 analogues including their mechanistic differences and 

potential in vivo efficacy and safety. We have demonstrates the importance of the angular 

structure of ONC201 to ONC201ôs anti-tumor efficacy [14]. The novel pharmacophore 

has now been called as imipridone and is essential for its anti-tumor activity, as the linear 

isomer had no anti-tumor effect. We leveraged this unique pharmacophore to synthesize 

ONC201 analogues with distinct therapeutic properties; namely, targeting ONC201-

resistant tumor types or possessing distinct signaling properties. Imipridone R2 analogues 
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have a lower IC50 and are more promising than their lead compound in certain tumor 

types. ONC212, a halide R2 analogue, demonstrates superior efficacy in vivo in 

melanoma xenografts, a large therapeutic window; but does have a rapid PK. Oncoceutics 

is currently developing ONC212 for a first-in human Phase I clinical trial.   

 

The fourth chapter of this study demonstrates the potential of a combinational therapy 

with ONC201 in colorectal cancer with bevacuzimab. Clinical trials in 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 bevacuzimab led to superior 

results with almost no tumor growth. This result was re-capitulated in syngeneic models. 

Given that bevacuzimab is approved for metastatic CRC, we suggest that ONC201 in 

combination with bevacuzimab should be introduced into a combinatorial Phase II 

clinical trial. 

 

This thesis focuses on the importance of dose-intensification of ONC201 on its pre-

clinical efficacy; establish an anti-metastatic effect; demonstrate an immune increase in 

subcutaneous models; and elucidate the role of the core angular structure in efficacy with 

the development novel ONC201 analogues. The importance of pre-clinical studies, 

ONC201ôs analogues including the successful development of ONC212, and potentially 

advantageous combinational therapies with anti-angiogenics is explained in the chapters 

throughout. 



vi 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This dissertation is dedicated to my family (both human and animal)  

who have supported me through my entire education 

 

  



vii  

 

ACKNOWLEDGMENTS  

 

The research in this dissertation on the following pages would not have been successfully 

completed without the support and effort of many others. I would like to first thank Penn 

State Hershey College of Medicine and Temple University for giving me the opportunity 

to pursue this degree and providing support for me to learn and perform research. Dr. 

Ralph Keil was an amazing source of support and energy, leading me to choose Penn 

State as my graduate school; and Dr. Dianne Soprano made the transition comfortable to 

Temple. I would like to thank my advisor and mentor, Dr. Wafik El-Deiry for his 

constant support. I am grateful for his encouragement and advice while allowing me the 

intellectual freedom to pursue my projects. I was able to grow as an independent thinker 

and establish a large amount of techniques due to his support.  

 

To Dr. Glenn Rall at the Fox Chase Cancer Center, who made my transfer successful and 

quickly helped me integrate and feel comfortable in the new center.  To Dr. Xavier 

Grana, who provided insightful questions and support throughout my time in the CB&G 

cluster. I owe an extremely large debt of gratitude to Dr. Erica Golemis, who provided 

support throughout my experiments, mentored me through writing and producing my job 

talk, and gave advice on my future career aspirations. She was an enthusiastic mentor 

who always helped with whatever issues I came across. To Dr. Dale Haines, for his active 

participation on my thesis committee and helping as my IDP mentor. And to Dr. Xiaolu 

Yang for his agreement in acting as an external committee member. 

 



viii  

 

I would like to acknowledge all the faculty, staff, post-docs, and students at Penn State 

Hershey and the Fox Chase Cancer Center for all their help and assistance.  To Dr. 

Amanda Purdy, I owe a great debt of gratitude for everything she has done for me and 

restoring my love of teaching. I would also like to acknowledge the contributions of 

Provid Pharmaceuticals and Oncoceutics, for their collaboration with our analogue 

synthesis and initial ONC201 studies. I would also like to acknowledge and thank our 

collaborators at Rutgers Cancer Institute of New Jersey, including Dr. Andrew Zlozaôs 

laboratory that analyzed and provided us with patient data.  

 

I would like to thank the El-Deiry lab members. Dr. Leah Kline was the most patient, 

forgiving, and inspiring collaborator and co-worker. She became a dear friend and aided 

and advice in the lab, research, class, and in life. The El-Deiry lab provided me with a 

safe environment with the facilities, resources, and expertise that allowed me to produce 

the manuscripts that I was able to produce.  

 

Finally, but certainly no less important, I would like to thank my family. Both human and 

fur, my family has lent me constant support and ñtoleratedò my insane choice to continue 

education. As my grandmother used to say, ñarenôt you done yet?ò. My parents are my 

pillar, my grandparents a happy break from the lab, and my siblings are constantly 

reminding me Iôm more than a scientist. Sadie (and the rest!) where always a necessary 

source of comfort and fun. No matter what, I always had a smile when they are around. 

Without my family I am not entirely sure this dissertation would have been produced.  



ix 

 

TABLE OF CONTENTS  

 

ABSTRACT .................................................................................................................. iii  

ACKNOWLEDGMENTS ............................................................................................ vii  

LIST OF ABBREVIATIONS ...................................................................................... xiii  

LIST OF TABLES ..................................................................................................... xvii  

LIST OF FIGURES ................................................................................................... xviii  

CHAPTERS: 

1. INTRODUCTION ...................................................................................................1 

1.1 TRAIL ligand and TRAIL receptors ....................................................................... 1 

1.1.1 Overview of TRAIL and death receptors .........................................................1 

1.1.2 Engagement of the extrinsic and intrinsic pathways of apoptosis. ....................3 

1.1.3 TRAIL Resistance ...........................................................................................5 

1.1.4 Development of TRAIL pathway-targeted therapeutics ...................................8 

1.2 Metastasis ............................................................................................................ 12 

1.2.1 Overview of metastasis ................................................................................. 12 

1.2.2 TRAIL pathway effect on metastasis ............................................................. 16 

1.3 Engagement of immune-surveillance in tumor-cell therapies ................................ 17 

1.3.1 Overview of anti-tumor immunity ................................................................. 17 

1.3.2 TRAIL and the immune response .................................................................. 22 

1.3.3 The immune system role on metastasis .......................................................... 23 

1.4 Angiogenesis ........................................................................................................ 25 

1.4.1 Overview of angiogenesis in tumor biology ................................................... 25 

1.4.2 Anti-angiogenics in the clinic ........................................................................ 27 

1.5 ONC201: Discovery and mechanism of action ..................................................... 28 

1.5.1 Use of small molecules to activate the TRAIL pathway ................................. 28 

1.5.2 Upregulation of death receptor 5 ................................................................... 31 

1.5.3 Other potential anti-tumor mechanisms ......................................................... 32 

1.5.4 ONC201 in the clinic..................................................................................... 35 

Statement of Goals ..................................................................................................... 36 



x 

 

2. ONC201 DOSE INTENSIFICATION INHIBITS METASTASIS AND PROMOTES 

INTRA-TUMORAL T and NK-CELLS......................................................................... 38 

2.1 Abstract ................................................................................................................ 38 

2.2 Introduction .......................................................................................................... 39 

2.3 Materials and Methods ......................................................................................... 41 

2.4 Results ................................................................................................................. 52 

2.3.1: ONC201 dose intensification negatively impacts tumor growth and metastasis

 .............................................................................................................................. 52 

2.3.2: ONC201 triggers dual ERK/Akt inactivation, integrated stress response 

signaling (ISR), and TRAIL upregulation .............................................................. 54 

2.3.3: ONC201 inhibits metastasis, and migration and invasion, in a TRAIL-

dependent mechanism ............................................................................................ 56 

2.3.4: ONC201 induces CD3+/NK cell accumulation which plays an important role 

in the anti-tumor effect ........................................................................................... 60 

2.3.5: PD-1 inhibitors in combination with ONC201 may enhance anti-tumor 

efficacy .................................................................................................................. 64 

2.3.6: ONC201ôs efficacy derives from direct tumor cell death and NK cell-related 

tumor cell death ..................................................................................................... 66 

2.3.7: ONC201-induced NK activation/accumulation and anti-tumor effect is 

mediated through a pro-immune mechanism by upregulating several key factors 

including TRAIL, IFN-Ŭ2a and IP-10 (CXCL10) ................................................... 66 

2.4 Discussion ............................................................................................................ 70 

3. DISCOVERY AND CHARACTERIZATION OF ONC201 ANALOGUES .............. 77 

3.1 Abstract ................................................................................................................ 77 

3.2 Introduction .......................................................................................................... 79 

3.3 Materials and Methods ......................................................................................... 83 

3.4 Discovery of the Imipridone Core Results ............................................................ 93 

3.4.1 Determination of ONC201 chemical structure by NMR and X-Ray 

Crystallography ..................................................................................................... 93 

3.4.2 ONC201 and the [4,3-d] linear isomer are indistinguishable by mass 

spectrometry .......................................................................................................... 97 

3.4.3 ONC201 and the [4,3-d] linear isomer have distinct NMR but similar IR 

spectra ................................................................................................................... 98 



xi 

 

3.4.4. ONC201 reduces cancer cell viability, inactivates Akt and ERK, and induces 

TRAIL unlike the [4,3-d] linear isomer ................................................................ 100 

3.5 Characterization and Initial Analysis of ONC201 Analogues Results ................. 103 

3.5.1 Generation of ONC201 chemical derivatives yielded several imipridones with 

potent anti-cancer activity .................................................................................... 103 

3.5.2 Lead ONC201 analogues ONC212 and ONC206 engage the ISR and TRAIL 

pathway leading to tumor growth arrest and cell death ......................................... 107 

3.5.3 Imipridone ONC201 and analogues inhibit tumor cell migration and invasion

 ............................................................................................................................ 109 

3.5.4 Imipridone ONC212 is orally active and possesses favorable safety and PK 

profiles in mice .................................................................................................... 111 

3.5.5 ONC212 has broad spectrum anti-cancer efficacy with improved efficacy in 

skin cancer relative to ONC201............................................................................ 114 

3.5.6 Oral ONC212 shows potent anti-tumor efficacy in a human melanoma 

xenograft and hepatocellular model ...................................................................... 116 

3.6 Discussion .......................................................................................................... 118 

4. ANTI-TUMOR EFFECTS OF ONC201 IN COMBINATION WITH VEGF-

INHIBITORS SIGNFICANTLY IMPACTS COLORECTAL CANCER GROWTH 

AND SURVIVAL IN VIVO THROUGH COMPLEMENTARY NON-OVERLAPPING 

MECHANISMS .......................................................................................................... 123 

4.1 Abstract .............................................................................................................. 123 

4.2 Introduction ........................................................................................................ 124 

4.3 Materials and Methods ....................................................................................... 126 

4.4 Results ............................................................................................................... 130 

4.4.1 ONC201 shows combinatorial efficacy with anti-angiogenics in vivo.......... 130 

4.4.2 ONC201 shows combinatorial efficacy with syngeneic colorectal tumors and 

mouse anti-angiogenic anti-VEGF or regorafenib in vivo. .................................... 133 

4.4.3 ONC201 does not significantly impact VEGF levels or human vascular 

endothelial cell (HUVEC) growth in vitro and does not impact vascular growth in 

vivo. .................................................................................................................... 135 

4.4.4 Bevacizumab and regorafenib do not impede ONC201ôs TRAIL serum 

induction levels but do augment apoptotic fragment M30 levels. .......................... 139 

4.5 Discussion .......................................................................................................... 144 

5. SUMMARY AND FUTURE DIRECTIONS ........................................................... 146 

REFERENCES CITED ............................................................................................... 161 



xii  

 

APPENDICES: 

APPENDIX A: ONC201 DOSE INTENSIFICATION INHIBITS METASTASIS AND 

PROMOTES INTRA-TUMORAL T and NK-CELLS ................................................. 186 

APPENDIX B: DISCOVERY AND CHARACTERIZATION OF ONC201 

ANALOGUES ............................................................................................................ 204 

APPENDIX C: ANTI-TUMOR EFFECTS OF ONC201 IN COMBINATION WITH 

VEGF-INHIBITORS SIGNFICANTLY IMPACTS COLORECTAL CANCER 

GROWTH AND SURVIVAL IN VIVO THROUGH COMPLEMENTARY NON-

OVERLAPPING MECHANISMS ............................................................................... 216 

APPENDIX D: FURTHER PUBLISHED WORK ....................................................... 227 

 

  



xiii  

 

LIST  OF ABBREVIATIONS  

 

µg: Microgram 

µL: microliter 

µM: micromolar 

AP-1: Activator protein-1 

Apaf1: apoptosis protease activating factor 1 

APCs: Antigen presenting cells 

AUC: Area under the curve 

CCL2: chemokine ligand 2  

c-FLIP: Cellular FLICE-inhibitory protein  

CHOP: C/EBP homologous protein  

CRC: Colorectal cancer 

CSCs: Cancer Stem Cells 

CT: Computed Tomography 

CTC: Circulating tumor cells 

CTG: Cell titer glo 

CTLA4: Cytotoxic T lymphocyte antigen 

CXCL10/IP-10: Chemokine motif 10 

CXCL12: CXC chemokine ligand 12  

Dcr1/TRID: Decoy Receptor 1 

DcR2/TRUNDD: Decoy Receptor 2 

DISC: death-inducing signaling complex 

DMSO: Dimethyl Sulfoxide 

DR4: Death receptor 4 

DR5: death-receptor 5 

DRD2: dopamine D2-like receptor 2 



xiv 

 

DRD3: dopamine D2-like receptor 3 

ECM: Extracellular Matrix 

EDTA: Ethylenediaminetetraacetic acid 

ELISA: enzyme-linked immunosorbent assay 

ELK-1: ETS domain-containing protein 

EMT: epithelial-mesenchymal transition  

ES: E-selectin 

ESI: electron spray ion 

FADD: Fas-associated death domain protein 

FGF: Fibroblast growth factors 

FOXO3A: Forkhead box protein O3 

G: gram 

GAPDH: Glyceraldehyde 3-phosphate dehydrogenase 

GDSC: Genomic of Drug Sensitivity in Cancer 

GFP: Green Fluorescent Protein 

HLA: Human Leukocyte Antigen 

HUVEC: human umbilical vein endothelial cells.  

I.P. intra-peritoneal injection 

I.P.: Intra-peritoneal injection 

I.V.: intravital injection.  

IF: Immuno-fluorescence 

IFNŬ: Interferon alpha 

IFNɔ: Interferon gamma 

IHC: Immunohistochemistry 

IR spectroscopy: infrared spectroscopy 

ISR: integrated stress response 

LAG3: Lymphocyte-activation gene 3 



xv 

 

LAMP-1: Lysosomal Associated Membrane Protein 1 

MDSC: myeloid derived suppressor cells 

Mets: Metastases 

MFI: Mean fluorescent intensity 

Mg: Milligram 

Mm: Millimeter 

MSCs: mesenchymal stem cells 

MTD: Maximum tolerated dose 

MVD: Micro-vessel density 

NF-kB: Nuclear Factor kB 

Ng: nanogram 

NK: Natural Killer 

nM: nanomolar 

NMR: Nuclear magnetic resonance 

P.O.: Oral gavage administration 

PBS: phosphate buffer saline 

PD: Pharmacodynamic 

PD-1: Programmed cell death protein 1 

PDL-1: Programmed death-ligand 1 

PDX: patient-derived xenograft 

PET/CT: Positron Emission Tomography ï Computed Tomography 

Pg: Picogram 

PI: Propidium iodide 

PK: Pharmacokinetic 

pm: picomolar 

qRTPCR: Real time polymerase chain reaction 

RKO-ONC201R: RKO ONC201-acquired and stable resistance cells 



xvi 

 

ROESY: Rotating-frame Overhauser SpectroscoPY 

RP2D: Recommended phase II dose 

SAR: Structure activity relationship 

TAM: Tumor associated macrophages 

TCR: T cell receptor 

TGF-ɓ: Transforming growth factor ɓ 

TIC10: Trail-inducing compound 10, ONC201 

TKI: Tyrosine Kinase Inhibitors 

TNF: Tumor necrosis factor 

TRAIL: TNF-related apoptosis-inducing ligand 

VEGF: vascular endothelial growth factor 

VEGFR: VEGF-receptor 

Wnt: Wingless-type MMTV 

XIAP: X-linked inhibitor of apoptosis protein 

  



xvii  

 

 

LIST OF TABLES  

Table 1: TRAIL-based therapies and soluble TRAIL delivery strategies in development

 ..................................................................................................................................... .11 

Table 2: Chemical shifts for ONC201 1H and 13C NMR analysis in d6-DMSO at 25oC. 

Positions are defined in the chemical structure to the right. ............................................ 95 



xviii  

 

LIST  OF FIGURES 

 

Figure 1.1 Signaling pathways of TRAIL -induced apoptosis ......................................4 

Figure 1.2 Overview of metastasis............................................................................... 15 

Figure 1.3 Role of anti-tumor immunity  ..................................................................... 22 

Figure 1.4 Established ONC201 mechanism. ............................................................. 34 

Figure 2.1 ONC201 dose intensification negatively impacts tumor growth and 

metastasis. .................................................................................................................... 53 

Figure 2.2 ONC201 triggers dual ERK/Akt inactivation, integrated stress response 

(ISR) signaling, and TRAIL upregulation in tumor cells........................................... 55 

Figure 2.3. ONC201 inhibits migration/invasion and metastasis. .............................. 57 

Figure 2.4. TRAIL plays a role in ONC201ôs inhibition migration/invasion and 

metastasis. .................................................................................................................... 59 

Figure 2.5: ONC201 induces NK accumulation and activation and CD4/CD8+ CD3+ 

T cell accumulation.. .................................................................................................... 61 

Figure 2.6: ONC201-induces primary NK cell activation and de-granulation in 

healthy human donors. ................................................................................................ 63 

Figure 2.7: ONC201-induced NK activation/accumulation plays an important role in 

anti-tumor effect. ......................................................................................................... 64 

Figure 2.8: ONC201 and PD-1 in combination may be beneficial. ............................ 65 

Figure 2.9: ONC201-induced NK activation/accumulation plays an important role in 

anti-tumor effect. ......................................................................................................... 68 

Figure 2.10: NK cells are increased in peripheral blood of patients following 

treatment with ONC201. ............................................................................................. 69 

Figure 2.11: Summary of findings............................................................................... 76 

Figure 3.1 Presentation of ONC201 by X-Ray crystallography. ................................ 94 

 Figure 3.2 Elucidation of ONC201 structure by NMR.. ............................................ 96 

Figure 3.3 ONC201 and the linear isomer are indistinguishable by mass 

spectrometry. ............................................................................................................... 98 

Figure 3.4 ONC201 and its linear isomer can be identified by subtle spectroscopic 

differences. ................................................................................................................. 100 

Figure 3.5 ONC201 induces TRAIL and decreases human colon cancer cell viability 

at a significantly lower concentration than the linear isomer.. ................................ 102 

Figure 3.6 Exploration of chemical derivatives of ONC201. .................................... 104 

Figure 3.7. In vitro analysis of select analogues among several cell lines. ............... 106 

Figure 3.8. ONC212 and ONC206 downstream mechanism of action is similar to 

ONC201.. .................................................................................................................... 108 

Figure 3.9. ONC212 and ONC06 induce cytotoxicity and inhibit migration and 

invasion similarly to ONC201.. ................................................................................. 110 

Figure 3.10 Pharmacokinetics and efficacy of oral ONC212. .................................. 113 

Figure 3.11 Genomic of Drug Sensitivity in Cancer (GDSC) Screen....................... 115 



xix 

 

Figure 3.12 Efficacy of ONC212 in melanoma and liver cancer. ............................. 117 

Figure 4.1: ONC201 works in combination with bevacizumab to significantly impact 

on colorectal cancer growth in vivo.. ......................................................................... 132 

Figure 4.2: ONC201 works in combination with other VEGF inhibitors and anti-

angiogenic agents in vivo. .......................................................................................... 134 

Figure 4.3: ONC201 does not impact VEGF expression in xenografts or HUVEC 

sprouting. ................................................................................................................... 136 

Figure 4.4: ONC201 does not inhibit vascular growth in vivo. ................................ 138 

Figure 4.5: Bevacizumab and Regorafenib does not impact ONC201ôs key 

mechanisms. ............................................................................................................... 140 

Figure 4.6. ONC201 and VEGF inhibitors work synergistically to impact apoptosis, 

growth arrest, and migration.. .................................................................................. 142 

Figure 4.7. Schematic representation of combinational therapy. ............................ 143 



1 

 

CHAPTER 1 

INTRODUCTION  

 

1.1 TRAIL ligand and TRAIL receptors 

Portions of this section were adapted from the published Wagner J, Kline C, and El-Deiry 

W. 2017. ñResistance to TRAIL-pathway targeted therapeutics in Cancerò. In: TRAIL, 

Fas Ligand, TNF and TLR3 in Cancer. Oliver Micheau ed., Springer Publishing, pp 1-26 

 

1.1.1 Overview of TRAIL and death receptors 

 

Cell death via apoptosis can be triggered by either intrinsic or extrinsic stimuli. The 

intrinsic pathway, commonly activated within the mitochondria, can be induced through 

stresses inside the cell, such as cellular stress and oncogene activation. Alternatively, the 

extrinsic pathway is triggered by ligands binding to specific transmembrane receptors, 

consequently activating caspases and cell death [15-17]. The tumor necrosis factor-

related apoptosis-inducing 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 chromosome 3 [18, 19]. TRAIL was first cloned based 

on the sequence homology of its extracellular domain with the CD95L ligand and TNFŬ. 

Its extracellular carboxyl terminal portion is proteolytically cleaved (such as by 

Cathepsin E), to form its biologically active soluble form [20-22].  Unlike TNF-Ŭ, which 

elicits severe toxicity after systemic exposure, TRAIL typically selectively induces 

apoptosis in cancer cells, leaving the normal cells viable [23-26].  
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The role of TRAIL has 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 dendritic cells [27]. The ligand has been found to play a critical role in 

T-cell homeostasis and NK mediated killing of oncogenically-transformed cells [28, 29]. 

TRAIL is also secreted from normal cells and fibroblasts, which enable normal cells to 

also play a role in mediating tumor-cell death [30, 31].  

 

The mechanism by which TRAIL ligand induces apoptosis involves binding to its 

prospective receptors: death receptor 4 (DR4), death receptor 5 (DR5), decoy receptor 1 

(DcR1/TRID), decoy receptor 2 (DcR2/TRUNDD), and osteoprotegerin [32, 33]. The 

two active receptors which induce apoptosis, DR4 and DR5, are type I transmembrane 

proteins with a sequence homology of 58% and a death domain capable of recruiting 

adaptor proteins to trigger cell death through caspase activation [33-35]. While TRAIL 

requires both DR4 and DR5 for optimal cellular apoptosis in some cancer types, in other 

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

receptor acts as the primary receptor required for cell death [36-38].  

 

DR4 and DR5 gene expression is regulated by transcription factors C/EBP homologous 

protein (CHOP), activating protein-1 (AP-1), Nuclear Factor kB (NF-kB), and Forkhead 

box protein O3 (FOXO3A). While all these factors impact both death receptors, 

transcription factors selective for either death receptor do exist. For example, DR5 can be 
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uniquely induced by ETS domain-containing protein (ELK-1) while DR4 can be 

repressed by GLI-3 [39-44].  

 

1.1.2 Engagement of the extrinsic and intrinsic pathways 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 death-inducing signaling complex (DISC). The DISC 

formed by TRAIL consists of the death receptors, the adaptor protein Fas-associated 

death domain protein (FADD) which interacts with the death domain of the receptors, 

and procaspase-8 or -10 which have death effector domains that interact facilitate direct 

interaction with FADD  [34, 45-47]. The localization of procaspases-8 and procaspases-

10 to the DISC promotes caspase dimerization, subsequent activation, and autocatalytic 

cleavage into both large (18 or 20 kDa, respectively) and small (10 kDa) fragments [45, 

46, 48, 49]. The resulting large and small fragments interact to form an active protease, 

subsequently cleaving the effector caspases: caspases-3, 6, and 7, resulting in apoptosis 

(Figure 1) [50]. 

 

The activation of cleaved caspase-8 by TRAIL can also activate and amplify the intrinsic 

apoptotic pathway through the mitochondria by cleaving the activator BH3-only protein 

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 cytochrome c [51]. The release of 
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cytochrome c results in a secondary activation of caspase-9 and effector caspases from 

the mitochondria [31, 52]. Activation of the intrinsic pathway through TRAIL also 

requires the inactivation of intracellular apoptosis inhibitors such as the X-linked 

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

(Figure 1) [53].  

 

Taken together, the TRAIL pathway 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 XIAP[54]. 

Figure 1.1 Signaling pathways of TRAIL-induced apoptosis (Wagner et.al [54]) 

TRAIL-induced apoptosis through caspase-8/10 signaling or alternatively through caspase-

9 signaling after activation of Bid. TRAIL can also bind to decoy receptors (DcR) which 

does not activate caspase-induced apoptosis. Dysregulation in the DISC can also inhibit 

TRAIL-induced apoptosis.  
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1.1.3 TRAIL Resistance  

1.1.3.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 TRAIL-resistant tumors. Caspase-8 

expression has been found to be significantly diminished in fibroblasts. Furthermore, the 

requisite ubiquitination of caspase-8 for TRAIL-induced apoptosis is lacking in normal 

cells, in primary keratinocytes, natural killer and CD8 (+) T cells [55-57].  Normal cells 

possess multiple resistance mechanisms [30, 58, 59]. For instance, human fibroblasts 

overexpress cellular FLICE-inhibitory protein (c-FLIP) and XIAP, thereby inhibiting 

TRAIL-induced apoptosis at the level of the DISC and the downstream pathways of 

apoptosis [30]. Also, increased TRAIL decoy receptor expression is a classical feature of 

some normal cells which protect normal cells from TRAIL-induced apoptosis [57]. 

 

1.1.3.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 surface or an aberration in the surface 

localization of the receptors preventing DR4/DR5 from functioning properly [60, 61]. 

Inhibition of death receptor activation can occur as a result of mutations within the 

TRAIL receptors, loss of receptor expression through homozygous deletion or gene 

silencing, and death receptor sequestration [62, 63].  The genes for DR4 and DR5 reside 

on chromosome 8p. Loss of heterozygosity on chromosome 8p is common in cancers 

including: hepatocellular carcinoma, colorectal cancer, nasopharyngeal, and lung cancer 
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[64, 65]. The DR4 gene promoter can also be hypermethylated, resulting in 

downregulation of expression [66-68].  Mutations in the DR4 and DR5 genes, particularly 

in the region coding for the death domain or in the ligand-binding region of DR4 have 

been detected in a number of cancers including non-Hodgkin's lymphoma, melanoma, 

and hepatocellular carcinoma [62, 69-71]. Several point mutations in the DR5 gene result 

in a DR5 protein that does not have a functional death domain. The mutant protein exerts 

a dominant-negative effect, competing with functional DR4 for TRAIL ligand, and 

therefore, downregulating TRAIL-induced apoptosis [72].  

 

In many TRAIL-resistant tumor cells, there is also an upregulation of TRAIL decoy 

receptors. These decoy receptors TRAIL-R3 (DcR1), TRAIL-R4 (DcR2), and the soluble 

receptor OPG, lack the functional death domain on DR4 and DR5. Therefore, they 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 TRAIL-induced apoptosis in tumor cells [73-75].  

 

Another mechanism of TRAIL resistance is mediated defects in the DISC formation. 

DISC formation is critical to TRAIL-induced apoptosis. Defects in the mobilization of 

procaspase-8 to the DISC and in procaspase-8 activation have been associated with 

TRAIL resistance [60, 76]. 7% of patients (including patients with head and neck 

squamous cell carcinoma, hepatocellular carcinoma, and colorectal carcinoma) carry a 

mutation in their caspase-8 gene according to a whole-genome sequence study. These 
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mutations encode for a mutant procaspase-8 that fails to undergo processing in response 

to TRAIL, and therefore, serve as potential bio-markers of resistance to death ligands 

[76-78].  

 

Finally, caspase signaling, and activation can be negatively regulated through the anti-

apoptotic Bcl-2 family proteins and inhibitor of apoptosis proteins (IAP) [79, 80] causing 

cells to be resistant to TRAIL. The anti-apoptotic XIAP protein inhibits the activation of 

caspase-3 by inhibiting caspase-3 cleavage, effectively blocking apoptosis and increasing 

resistance to TRAIL. In TRAIL-resistant pancreatic cancer cell lines, XIAP is expressed 

at high levels. When XIAP was downregulated or its function inhibited within the cells 

by XIAP inhibitors and cells treated with TRAIL, the resulting synergy suppressed tumor 

growth in vitro and in vivo [81-83]. Silencing of XIAP and treatment with TRAIL-based 

therapies have been shown to block metastatic growth in mouse models [84].  

Several studies have demonstrated that elevated serum TRAIL (sTRAIL) levels, which 

are TRAIL proteins secreted from cells and circulated within the blood, are involved in 

the pathophysiology of several diseases. This includes, viral infections, auto-immune 

syndromes, etc. Researchers have noted an induction and increase in serum TRAIL levels 

in drug responders, and patients with systemic lupus erythematosus [85-88]. Therefore, 

there has been an interest in TRAIL-based therapies.  
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1.1.4 Development of TRAIL pathway-targeted 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 TRAIL or agonistic 

human monoclonal antibodies against DR4 and DR5 [89]. These early reports indicated 

that a histidine-tagged or FLAG-tagged TRAIL induces apoptosis in some normal cells 

including hepatocytes and astrocytes [90, 91]. However non-tagged and recombinant 

TRAIL did not exert any toxic effects in normal cells in 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 tumor-selective apoptosis.  

 

1.1.4.a Optimization 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 limited by suboptimal delivery and short protein half-life. To improve the 

pharmacokinetic profile of soluble TRAIL, an N-terminal PEGylated TRAIL has been 

developed where researchers attached PEGylated conjugates to the N-terminus of 

TRAIL. N-terminal PEGylated TRAIL has undergone successful IND studies in vivo and 

is currently being pursued in the clinic [40, 93]. Cell-based 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 
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variants (that target only one of the death receptors). These provide an on-site sustained 

release of TRAIL, effectively inhibiting tumor growth in vivo when injected directly into 

the tumor site [94, 95] and eradicating metastasis [96]. TRAIL has also been conjugated 

to nanoliposomes and E-selectin (ES). The ES/TRAIL liposomes bind to leukocytes 

under conditions of shear flow via selectin ligands on the leukocyte surface [97, 98]. The 

leukocytes serve as carriers of TRAIL and have been shown to kill circulating tumor cells 

in vivo [99] and in lymphoma and leukemia patients [100, 101]. All of these methods of 

TRAIL delivery are still being optimized but have shown extraordinary promise in 

delivering TRAIL into the body and tumor cells while overcoming the clinical barriers 

that soluble TRAIL exhibited (Table 1). 

 

1.1.4.b TRAIL receptor antibodies 

 

An alternative strategy to exploit the TRAIL pro-apoptotic pathway is the use of TRAIL 

receptor antibodies. These death receptor antibodies stimulate the TRAIL-apoptotic 

pathway independently of TRAIL induction and have been found efficacious either as 

monotherapies or in combination with adriamycin or paclitaxel [102, 103]. There are 

ongoing Phase II trials that evaluate the combinational therapies of TRAIL receptor 

agonists with various FDA-approved therapies including carboplatin, paclitaxel, and 

bevacizumab [104, 105]. Several of the DR5 antibody-based therapies such TRA-8 and 

AMG-655, are being tested in clinical trials have shown promise as therapeutic agents 

and are discussed below. In contrast, only one anti-DR4 agent is in clinical trials. 

Mapatumumab (HGS1012), a human agonistic monoclonal antibody that is specific to 
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DR4, has been evaluated as a mono-agent, and in combination with several 

chemotherapies including carboplatin, paclitaxel, and gemcitabine. Although the trials are 

still ongoing, Mapatumumab has shown promising efficacy in several solid tumors, 

especially colorectal cancer. However, in the TRAIL-resistant NSCLC, Mapatumumab 

showed no clinical benefit in combination with paclitaxel or carboplatin [106-109]. 

Nevertheless, the development of potential DR4-based therapies such as Mapatumumab 

does warrant further exploration given evidence that TRAIL induces apoptosis 

exclusively through DR4 in certain cancers including ovarian, melanoma, and chronic 

lymphocytic leukemia [110, 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 

DR5 receptor levels in tissue types or mutations in individual receptors within specific 

tumor cells, these agonists are expected to have a broader spectrum of efficacy than 

receptor-specific agonists. The first major dual DR4/DR5 agonist, Surrobody, 

demonstrated a greater potency and increased caspase-3 levels in cells and xenografts 

than a combination of DR4 and DR5 agonists [112] (Table 1). 
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Table 1: TRAIL -based therapies and soluble TRAIL delivery strategies in 

development   

Molecule/Therapeutic Target Comments 

His-TRAIL 

(rhTRAIL variant) 
DR4/DR5/DcReceptors High Toxicity in vitro [90] 

Flag-TRAIL  DR4/DR5/DcReceptors 
High Toxicity in vitro and in vivo (Balb/c 

mice) [113] 

non-tagged rhTRAIL DR4/DR5/DcReceptors 
High Toxicity in vitro and in vivo 

(athymic nude mice) [89] 

Surrobody (agonist) DR4/DR5 
Safe in vivo and anti-cancer efficacy in 

xenograft models [112] 

TRA-8 (agonist) DR5 non-toxic in Phase I [103] 

AMG-655 (agonist) DR5 
non-toxic and anti-tumor efficacy 

 in Phase I [114] 

Lexatumuab (agonist) DR5 
Phase I/II showed safe as monotherapy 

and in combination [115] 

Apomab (agonist) DR5 
Currently in Phase II 

[47] 

Mapatumumab DR4  

Phase I showed non-toxic, phase Ib 

showed promise in combination 

[108, 109] 

ONC201 DR5/TRAIL 

Has shown efficacy in bulk tumors and 

stem cells in vivo. Phase showed non-

toxic and promising PK and efficacy. 

Currently in several Phase I/II for several 

bulk tumor tissue types and hematological 

malignancies[1, 2, 4]. 

stem-cell based 

TRAIL delivery 
TRAIL  

has shown some efficacy in in vivo studies 

[95, 96] 

PEG-TRAIL TRAIL  
increased half-life, successful efficacy in 

vivo [93]  

TRAIL-loaded nano-

liposomes or 

leukocytes 

TRAIL  
sustained TRAIL release, tumor killing, 

and CTC apoptosis [99] 

TRAIL nanoparticle 

delivery 
TRAIL  

increased anti-tumor activity and 

demonstrated tumor killing [116] 
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Without any viable successes therapies using the TRAIL ligand or receptor antibodies, 

our laboratory previously decided to leverage the cancer-specific pro-apoptotic effects of 

the TRAIL pathway using small molecules. They defined a 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 DR5. This novel therapeutic has since progressed 

into Phase I/II clinical trials.  The discovery and elucidation of ONC201ôs mechanisms of 

action are described below. 

 

1.2 Metastasis  

1.2.1 Overview of metastasis 

 

For many patients, a diagnosis of metastatic disease can be terminal, with metastatic 

patients having a significant decrease in five-year survival compared to those who have 

only primary tumors [117, 118]. While playing a role in cancer-related deaths, metastasis 

itself is inefficient process that requires complex interactions between tumor cells and 

normal cells. Metastasis begins when cells successfully detach and migrate 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 genes necessary for differentiation and 

anti-apoptotic mechanisms [119, 120]. The process of surviving detachment within the 

circulation also includes evading host immune surveillance, adhering to endothelial cells 

on a distant organ and invading through those endothelial cells (extravasation). Once 
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attached to a distant site; these neoplastic tumor cells must proliferate successfully and 

vascularize in order to successfully grow distinct metastases [121]. This process requires 

the role of adhesion, proliferation, and proteolytic factors as described below [122]. 

 

Typically, when normal cells detach, they undergo anoikis, a form of induced apoptosis 

that is primarily activated through the death receptor pathway [120, 123]. However, 

malignant cells that are metastatic resist anoikis, primarily through expressing the death 

receptor caspase-activation inhibitor c-FLIP or through loss of E-cadherin [124, 125] .  

During anoikis, cells typically are altered from epithelial characteristics to mesenchymal-

like cells, a process known as epithelial-mesenchymal transition (EMT) and activate 

proteases to cut through the extra-cellular matrix. Cells experience a disruption of 

intracellular tight junctions and loss of cell-cell contact and gain mesenchymal 

morphology [126, 127]. EMT can be induced through several key pathways including 

TGF-ɓ, Wnt, and Notch. A study of these EMT markers using immunohistochemistry 

(IHC) staining on breast cancer patient samples concluded that high expression of EMT 

markers correlates with the aggressiveness of tumors [128-130].  

 

Once cells are resistant to anoikis they can directly enter the blood stream, or travel 

through the lymphatic system [131]. Once they have entered the bloodstream the tumor 

cells become known as circulating tumor cells (CTC). Throughout metastasis, tumor cells 

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

leave the bloodstream, they enter ñforeign sitesò, typically a site on a distant organ that 
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has been prepared by the immune system, known as the pre-metastatic niche which will 

be discussed in section 1.2.3 [131, 132]. This secondary site has undergone a change in 

cellular composition including a change in the extracellular matrix (ECM) such as the 

upregulation of fibronectin, which promotes survival of the tumor cells [133]. Multiple 

signaling pathways must also be altered to allow CTCs to colonize at the foreign organ 

including: maintenance and enhancement of pro-proliferative pathways, inhibiting tumor 

cell death, increasing DNA repair, inducing autophagy, and changing of the plasticity 

within the secondary organ site [134-137].  

 

Since a majority of cancer-related deaths are associated with metastasis, there exists a 

need for therapies to address both primary tumor and metastatic disease prevention [138].  

Metastatic disease can be targeted through two different methods: drugs that target any of 

the arms of metastasis as discussed in patients diagnosed before metastases are formed; 

or target tumor growth/cell death within the primary tumor or already established 

metastatic tumors. Some monotherapies inhibit metastasis through targeting necessary 

metastatic mechanisms. For example, bevacizumab, the VEGF inhibitor discussed in 

Section 1.4, has been shown to inhibit metastasis by decreasing vascularization and 

decreasing the ability of tumors to escape through the blood flow [139]. Alternatively, 

many clinicians are promoting the idea of combinational therapy to target multiple 

pathways involved in metastases, combating potential resistance mechanisms and 

addressing heterogeneity within tumors [140-142]. 
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Figure 1.2 Overview of metastasis. A simplistic overview of tumor-induced 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 micro-metastases form and grow. 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 metastasis within both liver and melanoma cancer cells models in 

TRAIL when treated directly with soluble TRAIL or through adeno-associated virus-

mediated TRAIL gene therapy in either in vivo or in vitro studies [10, 96, 143, 144]. A 

death receptor knockout mouse model demonstrated that death receptors play a 

suppressive role in cancer metastasis while the primary tumor remains unaffected [10, 

145]. Furthermore, TRAIL-R1 or TRAIL-R2 deficiency in patient samples has been 

correlated with enhanced metastasis without affecting primary tumor development. A 

significant loss of DR5 expression has been found in both the metastatic primary tumors 

and their metastatic lesions; compared to primary tumors that do not exhibit any 

metastatic progression [9]. One study identified DR5 as the key receptor in death receptor 

anti-metastatic signaling. Here, DR5 agonist antibodies attenuated long-term survival of 

metastatic cancer in mouse models, and were found to reduce the growth of MDA-MB-

231 xenograft metastases in both lymph nodes and the lung [146]. Also, in mice bearing 

head and neck squamous cell carcinoma xenografts, IHC showed that caspase-8 and DR5 

levels were downregulated in metastatic tumors [9].  

 

While the impact of DR5 and TRAIL on metastases has been well documented, there 

remains contrasting evidence of a correlation between overexpression of DR5 or TRAIL 

and tumor aggressiveness. TRAIL strongly induced pro-inflammatory cytokines and 

enhanced invasion in pancreatic cancer cells and liver metastases [147, 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 tumors that express 

DR5/FADD, there is increased apoptosis within the primary tumor, thus preventing 

metastases. However in primary tumors that avoid apoptosis, overcome anoikis and 

metastasize, the primary tumor and metastatic tumor cells upregulate pro-metastatic 

signaling pathways which may include increasing DR5 levels [149]. Further research is 

ongoing to either support or refute this hypothesis.  

 

1.3 Engagement of immune-surveillance in tumor-cell therapies  

1.3.1 Overview of anti-tumor immunity 

 

There has been a recent surge in the past decade over the importance of engaging the 

immune system in tumor-immune surveillance and anti-cancer therapies [150, 151]. The 

immune system plays a critical role in eliminating tumor cells from the body, and NK 

cells and T cells are the two predominate cell types responsible for this process. Initially, 

during an anti-tumor-immune response, there is a release of pro-inflammatory cytokines 

such as IL-12 by dendritic or myeloid cells. This promotes CD4+ T-lymphocytes to 

differentiate, promoting CD8+ T cells to recognize distinct tumor-specific antigens and 

the production of IFNɔ secreting NK cells [152, 153].  

 

Infiltrating T cells have been correlated with reduced tumor burden and improved 

prognosis in cancer patients [154, 155]. Cytotoxic CD3+ T cells are largely comprised of 

CD8+ tumor-specific effector cells and CD4+ T-helper cells. These T cells receive co-

stimulatory signals from antigen-presenting cells (APCs) and are able to mediate anti-
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tumor immunity and kill cancer cells [156]. These APCs present tumor-derived 

immunogenic peptides, known as neo-epitopes, which are capable of activating T cells. T 

cells undergo extensive ñeducationò within the thymus where the T cells are primed to 

recognize ñselfò cells and potential neo-epitopes from tumor cells. The recognition of 

these neo-epitopes comes from the T cell receptor (TCR), which goes through a 

rearrangement to become specific to targeted cancer neo-epitopes, making them able to 

identify targets on those tumor cells that present the appropriate neo-epitope. This leads 

to a high degree of specificity, priming the T-cells to attack specific tumor cells and not 

attack the healthy ñselfò cells throughout the rest of the body [157]. While tumors 

accumulate hundreds of mutations during cancer development, only a small subset of 

mutations are immunogenic and able to activate T-cells [158-161]. Tumors that are more 

heterogeneous tend to have less immune infiltrates and less of a benefit from checkpoint 

blockade, potentially due to their increase in different subclonal neo-epitopes, making it 

more difficult for TCR to recognize the entire tumor [162-164]. Melanoma tumors with 

high mutation burden overcome this by having large expression of ñknownò clonal neo-

antigens, along with a diverse set of subclonal neoantigens, that many TCR are able to 

recognize. Consequently, T cell activation and immune-checkpoint therapy response tend 

to correlate with neo-epitope burden [159, 163, 165-167].  

 

NK cells are well distributed within the lymphoid and non-lymphoid organs, and respond 

to cellular signals that can trigger activation [168, 169]. In their resting state, NK cells 

circulate the blood and hematopoietic tissues, while also resting in most tissues including 
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the liver. NK cells are activated by the immune system secreting interleukins such as IL-

2, IL-12, and interferon Ŭ/ɓ (IFNŬ, IFNɓ) [170-173]. Once activated, they extravasate 

into the surrounding tissue to kill either pathogen-effected cells or neoplastic cancer cells 

[174, 175]. Once activated, NK cells release perforins and granzymes, inducing cellular 

lysis within the tumor. NK cells also produce cytokines including interferon gamma 

(IFNɔ), TNFŬ, and TRAIL [173, 176-178]. These cytokines promote apoptosis in tumor 

cells and recruit other immune-like cells [168, 169, 179]. NK cells are unique in that they 

can induce anti-tumor immunity independent of particular antigens, meaning that they 

can induce tumor -cell death independent of the tumors unique neo-epitopes. NK cells 

can also prime and release tumor neo-antigens that are distinct for each tumor cell, 

presenting them to T cells and priming the T cells to recognize tumor cells [180]. 

Expectations would be that the immune system would automatically clear tumor cells by 

recognizing them as foreign, however most tumor cells are seen as ñselfò. This 

mechanism, known as tolerance, is maintained through various factors including 

inhibitory receptors, immunosuppressive cytokines/chemokines, and regulatory immune 

cells [156, 181, 182]. For example, to control NK-cell induced cytotoxicity against ñselfò 

cells, NK cells express the inhibitory receptors for the self -Human Leukocyte Antigens 

(HLA) [183]. These include the non-PD-1 inhibitory receptor-ligands such as NKG2A, 

which binds to the HLA and prevents the acknowledgement of target cells [184].  

Interestingly, NK cells also express PD-1, which can produce an immune checkpoint 

against cytotoxic NK cells [185].  
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T cells are negatively regulated by inhibitory receptors including: lymphocyte activations 

gene 3 (LAG-3), programmed cell death-1 (PD-1), and cytotoxic T-lymphocyte antigen 4 

(CTLA-4) [156, 186-189]. Activated T cells upregulate these inhibitory receptors, and 

tumor cells and myeloid cells can upregulate the receptor ligands[156]. These inhibitory 

signals are called ñimmune checkpointò and protect the tumor cells from being eliminated 

by T cells. LAG-3 is a cell surface molecule that is involved in T cell activation and 

blocks T cell function [190]. CTLA-4 is also a potent inhibitory immune checkpoint, that 

can deliver coinhibitory signal independent of the TCR binding to the neo-epitopes [191, 

192]. Tumor cells express the ligand of PD-1, PDL-1; a ligand protein that is rarely 

expressed on normal cells except macrophage-like cells [193]. Expression of PD-L1 

inhibits the activation of T cell upon binding to its receptor PD-1, preventing T-cell 

induced tumor cell death [194, 195]. PD-1 and CTL4 blockade has been shown to restore 

functionally active T cells and allow for potential anti-tumor immunity [196]. 

Consequently, humanized antibodies against CTL4 and PD-1/PDL-1 have been approved 

by the FDA [197]. However, the success of these antibodies depends on the 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 immune-induced-cytotoxicity. These 

cytokines and chemokines include VEGF, CC-chemokine ligand 2 (CCL2), CXC 

chemokine ligand 12 (CXCL12), interferons, etc. [198, 199]. Interestingly, VEGF-A 

plays a key role in inducing an immune-suppressive microenvironment by promoting the 



21 

 

accumulation of myeloid and inducing T-regulator cell proliferation [200, 201]. For 

example, administration of the tyrosine-kinase inhibitor Sunitinib, which blocks the 

VEGF-receptor (VEGFR) has been shown to correlate with a greater anti-tumor immune 

response and downregulation of PD-1 expression on infiltrating T cells [202, 203]. There 

are two distinct groups of myeloid cells: tumor associated macrophages (TAMs) and 

myeloid derived suppressor cells (MDSCs). Finally, TAMs suppress CD8+ T cell and 

NK infiltration through expressing inhibitory ligands including PDL-1 and B7-H4. 

MDSCs can secrete IL5, IL-23, and other immunosuppressive cytokines that suppress 

CD8+ T cells, NK cells, and the effector function of tumor-infil trating lymphocytes [204, 

205]. 

 

 In conclusion, to promote an anti-tumor 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 receptors, and decreasing 

the number of immune suppressive myeloid cells. 
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Figure 1.3 Role of anti-tumor immunity: Mechanism of T and NK cell induced-tumor 

cytotoxicity. T-cells can induce tumor cell death predominately through binding of T cell 

receptors to neo-antigens or through granule/perforin induced cell death. NK cells can 

induce tumor-cytotoxicity through secretion or expression of TRAIL or INFɔ, or release of 

perforin/granzymes. 

 

 

1.3.2 TRAIL and the immune response 

 

TRAIL expression is stimulated on monocytes, dendritic cells, T cells, and CD3-/NK1.1+ 

NK cells when stimulated with IFNŬ, IL-2, or IFNɔ [13, 206-208]. Inhibition of TRAIL 

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 MDSCs in both the 

peripheral blood and available tumor biopsies by 50% in patients [209, 211]. On CD4+ T 

cells, constitutively expressed TRAIL can induce cytotoxicity in TRAIL-sensitive cancer 

cells [27, 212].   

 

NK cells act similarly where when stimulated, expressing TRAIL on the surface or 

secreting TRAIL to the environment. This induces cytotoxicity against targeted tumor 

cell [208]. TRAIL-expression from activated NK has also been demonstrated to play a 

significant role in preventing metastases [11, 13]. Mice deficient in IFNɔ or its receptor 

have increased primary tumor and metastatic tumor burden development [213]. NK cells 

with mouse livers which constitutively express TRAIL can be regulated by IFNɔ. The 

expression levels of TRAIL from these NK cells correlates with anti-metastatic function, 

demonstrating that TRAIL is at least partly responsible for the IFNɔ-dependent pathway 

of anti-tumor immunity [11]. To induce TRAIL-mediated NK cytotoxicity, experimental 

studies have shown that NK cells adapted to continuously secrete TRAIL can be 

cytotoxic against CRC xenografts after intravenous injection [214]. 

 

1.3.3 The immune system role on metastasis 

 

Tumor cells must evade immune detection by modulating detection by recruitment of, 

and function of tumor-infiltrating leukocytes. These can include regulatory T cells, 

regulatory B cells, myeloid derived suppressor cells, and NK cells. Circulating tumor 

cells 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 cells [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 sites [217, 218]. These tumor-protective immune cells can be 

promoted by chemokines such as CXCL12, CXCR4, and CXCL10 [219].  

 

To survive, primary tumors produce systemic factors that promote a metastasis-

promoting environment to induce a pre-metastatic niche. These niches include immature 

myeloid CDllb+ cells that accumulate in organs such as the lungs that create an 

environment favorable for tumor survival [220]. This immature myeloid cells have been 

seen in both lung cancer and breast cancer mouse models [221]. How this accumulation 

promotes tumor metastasis and survival by evoking survival signals is still under 

investigation [220, 222]. 

 

Despite the role of the immune system in 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 results [223-225]. Therefore, researchers are 

beginning to use different animal models such as engrafting immunodeficient mice with 

hematopoietic or lymphoid cells or using immune-competent mice for these studies [226, 

227].  
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1.4 Angiogenesis  

1.4.1 Overview of angiogenesis in tumor biology 

 

Tumor angiogenesis is the process by which new blood vessels are developed and is a 

critical process in tumor progression and development [228]. Most multicellular tumors 

must create or recruit new blood vessels by angiogenesis in order to recruit nutrients and 

oxygen for continued growth. For this to occur, angiogenesis must allow an intricate 

interplay between the tumor and its surrounding cells which includes vascular endothelial 

cells, fibroblasts, and tumor associated-macrophages [228-230]. Tumor vessels grow 

throughout the tumor by several different mechanisms: sprouting, incorporating bone-

marrow derived endothelial precursors, or by co-opting existing vessels from the 

surrounding microenvironment [231]. Sprouting occurs most frequently within the tumor 

vascularization process. This process involves growing endothelial sprouts through 

increasing migration and proliferation of endothelial cells. These vascular sprouts then 

undergo remodeling, first into a primitive post-capillary venule network and finally into a 

complex network that would allow for vascularization to occur [232, 233]. Unlike its 

normal-vessel siblings, tumor vasculatures have disorganized networks of vessels that are 

often interconnected and highly leaky [231, 234].  

 

Many growth factors are needed for angiogenesis including vascular-endothelial growth 

factor (VEGF), fibroblast growth factors (FGF), and platelet derived endothelial growth 

factors; all of which bind to corresponding receptors located on the endothelial cells 

within pre-existing blood vessels and promoting the activation of endothelial cell growth 
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[235]. VEGF is a key angiogenic factor derived from tumors which allows for the 

initiation and promotion of vasculogenesis and vascular permeability. VEGF, its family 

members, and their receptors, are the most important regulators of angiogenesis. The 

VEGF family is comprised of eight distinct members that include VEGF-A, VEGF-B, 

VEGF-C, and VEGF-D [236]. These VEGF members bind to three tyrosine kinase 

receptors: VEGFR1/2, which promote angiogenesis and VEGFR3, which stimulates 

lymphangiogenesis [237]. Predominantly expressed on endothelial cells, all three 

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

growth and permeability that allows for endothelial cell migration [238].  

 

High levels of VEGF has been shown to increase vascular disorganization and 

permeability; creating heavily leaky tumors with poor perfusion and enhancing the ability 

of tumor cells to spread throughout the body [239]. Further, higher VEGF expression 

levels has been detected in various human cancers including colorectal and non-small 

lung cancer and have some correlation to outcome, with higher VEGF levels indicating a 

less promising 5-year survival rate [240-242]. Colorectal cancer metastases also 

commonly express high levels of VEGF. VEGF is also upregulated within many hepatic 

metastases [243]. Recognition of the importance of VEGF expression in malignancy led 

to the development of several VEGF-targeted therapies including therapies blocking 

VEGF-A or VEGFR binding. Several have been approved by the FDA, most notably, 

bevacuzimab (Avastin) [139, 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 VEGF-induced proliferation of endothelial cells and endothelial cell apoptosis. 

Treatment with monoclonal antibodies such as bevacuzimab have been shown to inhibit 

growth of tumors in vivo, promote tumor cell apoptosis, and prevent the rise of 

metastases [139, 243, 245, 246] Bevacizumab functions best as a combinational agent 

and has shown promise in combination with several CRC targeting therapies such as 

paclitaxel. Consequently, bevacizumab combinational therapies have been approved by 

FDA for metastatic CRC, non-small cell lung cancer, and metastatic breast cancer [245, 

247-249].  

 

Biomarker panels would aid in determining the optimal patient populations for 

bevacizumab-combinational treatment. There have been several studies searching for 

biomarkers that could predict patient response rate to bevacizumab. Curiously, the most 

expected biomarker, VEGF, is not always predictive of efficacy in patients [250, 251]. 

Therefore, other biomarkers should be tested for correlation to anti-tumor efficacy 

allowing for predictive response rates. Since TRAIL is also highly expressed in 

vascularized mesenchymal tumors, there was some suggestion that TRAIL may be a 

suitable biomarker [252]. However, the role of TRAIL as a potential prediction-

biomarker for bevacizumab therapy has led to conflicting evidence. One study has shown 

that patients with elevated serum TRAIL (sTRAIL) have a significant higher survival rate 

compared to patients without enhanced sTRAIL levels [250, 253]. While TRAIL has 
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been shown to inhibit endothelial cell death, the ligand has also been shown to enhance 

endothelial proliferation and migration at certain doses [252, 254, 255]. Human umbilical 

vein endothelial cells (HUVECS) express death receptors and decoy receptors, but do not 

undergo TRAIL-induced apoptosis. Instead, TRAIL binding causes elevation of caspase-

8 enzymatic activity that reduces angiogenesis without inducing cell death at doses higher 

than 200ng/ml [256-258].  

 

Discussion of biomarkers including VEGF, TRAIL, or other potential biomarkers of anti-

angiogenic efficacy must be investigated for further predictive clinical response.  

 

1.5 ONC201: Discovery and mechanism of action 

1.5.1 Use of small molecules to activate the TRAIL pathway 

 

The El-Deiry lab sought to leverage TRAILôs advantageous tumor-specific death through 

tumor and normal cellôs autocrine signaling by identifying compounds that could 

upregulate endogenous TRAIL levels. The path of the El-Deiry laboratory to identifying 

ONC201 as a potential therapeutic began with a cell-based bioluminescence reporter 

screen to identify small molecules that upregulate endogenous TRAIL levels within cells 

[259]. The screen was comprised of the colorectal cancer cell line HCT116 with a Bax 

homozygous knock out (HCT116 Bax-/-), since the absence of Bax allows for the cells to 

resist TRAIL-induced apoptosis. This ensures that the induced TRAIL does not kill the 

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

placed downstream of the first 504 base pairs of the TRAIL gene promoter, at the p53-
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responsive element of the TRAIL promoter. Removing the p53-responsive element 

within the promoter region was critical since a large percentage of cancer cells do not 

express wild-type p53 [259, 260]. Using these TRAIL-luc expressing HCT116 Bax-/- 

cells, small molecules from the NCI Diversity Set II, a compound repository of 

approximately 1990 small molecules that were screened at 1 µM concentration [6, 7]. Out 

of the entire set, twenty-nine compounds induced TRAIL reporter activity by >1.4 fold, 

and after validation at different doses over different time points; ten compounds increased 

TRAIL reporter activity by more than 2-fold. Nine of these compounds were selected for 

further consideration (one was unavailable at the time). These compounds were 

investigated using RT-qPCR analysis in HCT116 p53-/- cells for their ability to 

upregulate TRAIL mRNA levels and using flow cytometry to analyze the upregulation of 

TRAIL surface levels. Four compounds were able to upregulate endogenous TRAIL 

mRNA levels in a dose-dependent manner, and two of those four compounds upregulated 

surface TRAIL protein levels as well. These compounds were previously delineated as 

TIC9 and TIC10/ONC201. Both compounds induced TRAIL and cell death in vivo, as 

assessed by subcutaneous xenografts. However, TIC9 induced cell death in normal cells 

whereas TIC10/ONC201 did not induce normal cell death at the same concentrations as 

for cancer cells, with a IC50 of 5-10 µM and no cell death seen below 50 µM. Further, 

single dose administration of TIC10/ONC201 inhibited xenograft bio-luminescence in 

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

normal cells, was efficacious in vivo as seen in Allen et. al., and induced TRAIL mRNA 
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and TRAIL surface levels endogenously; TIC10/ONC201 was selected for further 

investigation and pre-clinical evaluation [1, 259].  

 

Following the analysis that demonstrated increased mRNA levels of TRAIL in ONC201-

treated CRC cells, researchers sought to identify the mechanism of TRAIL induction and 

potential signaling pathways induced by ONC201. Gene expression profiling studies 

were performed on HCT116-p53null cells to identify other unique transcriptional changes 

that could be concurrent with TRAIL induction. After a 48-hour treatment, potential 

upstream regulators of TRAIL were determined, and an in-silico analysis compared these 

regulators to the binding sites of transcription factors within the TRAIL promoter. 

Following validation, Foxo3a was determined to be activated in response to ONC201 and 

translocates to the nucleus where it binds to the TRAIL gene within its promoter region 

and causes the activation of the TRAIL gene. Further evaluation of Foxo3a regulators 

identified the kinases Akt and ERK as drivers of ONC201-induced Foxo3a activation and 

translocation through their inactivation by de-phosphorylation. Further experiments 

concluded that ONC201-induced dual inactivation of Akt and ERK activates Foxo3a and 

TRAIL, which is partially required for ONC201-induced tumor cell death [1, 6, 7].  

 

Without significantly impacting normal cell viability including normal fibroblasts, bone 

marrow cells, and stem-progenitor blood cells, ONC201 demonstrated an acceptable 

safety profile in vitro. Interestingly, due to its ability to induce TRAIL in all cells, and the 

selectivity of TRAIL-induced apoptosis in only cancer cells; in vitro co-culture studies 
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suggest that normal cells can contribute to tumor-specific cytotoxicity through the 

bystander effect [1, 6, 261]. 

 

1.5.2 Upregulation of death receptor 5 

 

To better elucidate the complete mechanism of ONC201-induced tumor cell death and 

investigate the upstream signaling pathways after ONC201 treatment, a time-course 

analysis using gene expression profiling in CRC and non-Hodgkinôsô lymphoma cell 

lines was completed independently of one another.  The analysis in the CRC cell lines 

HCT116 and RKO and in Jeko-1 human mantle cell lymphoma cells revealed 11-genes 

within the ER stress pathway were upregulated in response to ONC201. Several of these 

ER stress genes are upregulated by the activating transcription factor 4 (ATF4), a protein 

that can promote apoptosis through regulating CHOP and DR5. Further in vitro based 

studies conclusively demonstrated that both CHOP and DR5 are upregulated in a time-

dependent manner after ONC201 treatment through ATF4 [2, 3, 262-264]. ATF4 and 

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

primarily through phosphorylation of the eukaryotic initiation factor 2 (eIF2Ŭ). 

Consequently, ONC201 induces phosphorylation of eIF2Ŭ, inactivating eIF2Ŭ and 

causing the upregulation and translocation of ATF4. ONC201 is therefore unique in its 

ability to engage the ISR, causing a phosphorylation of eIF2Ŭ which in turn activates 

ATF4. ATF4 subsequently induces CHOP expression, which leads to an upregulation of 

DR5 mRNA levels. 
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Both TRAIL and the ISR play a role in ONC201ôs efficacy. Cell lines that have TRAIL 

knocked down or silenced are more resistant to ONC201-induced apoptosis. Similar 

studies demonstrated that ATF4 plays a role in ONC201-induced cytotoxicity. ONC201 

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

as early as 24 hours post treatment in select cancer cell lines regardless whether cells 

underwent apoptosis [2, 3]. This is unsurprising as the ISR can inhibit cell cycle 

progression through phosphorylation of eIF2Ŭ [265, 266]. Consequently, ONC201 

inhibits cell cycle proliferation partially through the inhibition of the cell cycle correlated 

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

inhibits cell proliferation partially through 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 ONC201-acquired and stable resistance cells (RKO-ONC201R), where ONC201 

was unable to induce cell death, cell viability, or cell cycle arrest. In the RKO-ONC201R 

cells, established ONC201-induced signaling effects such as induction of the ISR and 

dual inactivation of Akt/ERK leading to TRAIL signaling were not observed [2].  

 

1.5.3 Other potential anti-tumor mechanisms 

 

ONC201ôs ability to induce TRAIL/DR5 also targets self-renewing, chemotherapy-

resistant colorectal stem cells (CSCs). These 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 both in vitro and in vivo models 

including colono-sphere inhibition or CSC-initiated xenografts. While TRAIL and DR5 

were definitely shown to play a role in depleting CSCs, other key pathways in CSC 

development have been demonstrated to play a role in ONC201-induced CSC depletion 

[4]. Several gene expression profiles have demonstrated that ONC201 can also 

downregulate other key survival pathways in CSCs including: Wnt signaling and self-

renewal pathways. Key genes such as including ID1, ID2, ID3 and ALDH7A1, etc.; were 

further analyzed using RNA and protein analysis to confirm that ONC201 inhibits self-

renewal and CSC markers. Further, expression of CSC-related genes correlates with 

ONC201 efficacy [5]. This provides a potential rationale for ONC201 inhibiting CSC 

developments and provides potential biomarkers for ONC01 response in ongoing clinical 

studies. 

 

Since ONC201 was discovered through a phenotypic cell-based screen to determine 

compounds that upregulate endogenous TRAIL levels, researchers did not have the need 

to undergo the typical target/structure-based approach. While this allowed for a specific 

selection of downstream signaling pathways, analysis of anti-tumor efficacy in vivo, 

toxicity, and pharmacokinetics in vivo; specific binding targets of ONC201 were not 

discovered until ONC201 reached clinical development. Binding and reporter assays 

have shown that ONC201 is a selective antagonist of the dopamine D2-like receptor 

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

expression levels are unique per cell line. The role of DRD2 in ONC201ôs efficacy or 
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anti-cancer signaling pathways is still being investigated, as in vitro studies in CRC cell 

lines have determined that while disrupting the dopamine receptor may have cytotoxic 

effects; ONC201ôs anti-cancer activity goes beyond its ability to antagonize DRD2 [7, 

267].  

 

 

Figure 1.4 Established ONC201 mechanism: Mechanism of action of ONC201 in 

glioblastoma. Small molecule ONC201 dually inhibits phosphorylation of Akt and 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 (ISR) through stimulation of 

EIF2Ŭ kinases. The phosphorylation of EIF2Ŭ leads to induction of the transcription factors 

ATF4 and CHOP, which then cause an in increase DR5 expression. The combined 

upregulation of the ligand TRAIL and its surface receptor DR5 by ONC201 ultimately 

triggers cancer cell death. ONC201 also antagonizes dopamine receptors DRD2 and 

DRD3, can cross the blood brain barrier, and exerts it effects cancer stem cell-like (CSC) 

cells [268]. 
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1.5.4 ONC201 in the clinic 

ONC201 exhibited anti-tumor effects and demonstrated a favorable in vivo efficacy and 

safety profile [1]. Further pre-clinical studies determined that ONC201 had an acceptable 

pharmacokinetic (PK) profile and was safe, allowing it to advance into clinical 

introduction in human patients [269]. The initial Phase I study was a first-in-human Phase 

I dose escalation study to determine a recommended Phase II dose, while also evaluating 

the PK and safety of orally administered ONC201 in humans. In this study, patients of 18 

years or older with advanced solid tumors that had finished all prior cytotoxic 

chemotherapy for at least 4 weeks with specific exclusion criteria including lack of brain 

metastasis were enrolled into the open-label dose-escalation Phase 1 of ONC201 

treatment beginning with 125mg capsules. ONC201 was administered orally once every 

21 days. With no dose-limiting toxicity the maximum administered dose was ended at 

625mgs. Pharmacokinetic assays demonstrated a favorable profile with a half-life of 11.3 

hours. Despite these favorable profiles for toxicity, no objective response was seen within 

these patients, as there was only stable disease and regression of some metastatic lesions 

[8]. A Phase II clinical trial in glioblastoma also did not demonstrate a majority of 

objective responses within the patient populations. Single agent ONC201 did demonstrate 

some anti-tumor activity with two patients, both of whom remained on ONC201 after 

treatment, including one who received a durable objective response with a H3.3 K27M 

mutation. This suggests that there may be benefit to ONC201, a well-tolerated small 

molecule with potential single agent efficacy [270].   
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Statement of Goals 

ONC201 is a novel compound that induces TRAIL gene expression through dual 

inactivation of Akt/ERK, and the DR5 gene by activating the ISR pathway through 

ATF4/CHOP. Using  in vivo studies, researchers found that ONC201 presented a 

promising oral bioavailability, wide distribution throughout the body, ability to cross the 

blood-brain barrier. Further, the unique ability of its TRAIL-and-DR5-based signaling to 

induce apoptosis in cancer cells and not normal-healthy cells, adding to its appeal as an 

anti-cancer therapeutic and prompted clinical development [1-4, 6]. ONC201 has 

successfully completed an FDA advanced Phase I/II clinical trial in advanced aggressive 

refractory solid tumors. The result of this Phase I trial indicated that ONC201 is well-

tolerated and recommended a phase II dose of 625 mg orally every 3 weeks. Several 

Phase I/II clinical trials are enrolling in multiple solid tumors and hematological 

malignancies [7, 8]. 

 

The overall goal of our study can be divided into three parts.  The primary goal of this 

study was to evaluate ONC201's dose-intensified effect on efficacy and effect on tumor 

metastasis and immunity. Evidence has shown that TRAIL can also inhibit cancer 

metastasis by possibly inducing cell death or TRAIL-sensitization in the primary tumor 

when cells undergo extravasation upon detachment from the primary tumor [9-11]. 

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 

kil ler cells express TRAIL, and this TRAIL expression plays a significant role in 
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preventing metastasis [12, 13]. Given the potential anti-metastatic effects of TRAIL 

signaling and the role of TRAIL in the immune surveillance of cancer, we hypothesized 

that ONC201 would suppress metastatic tumor development and engage the immune 

system in its anti-cancer activity.  

 

The secondary goal of this study is to characterize the efficacy of ONC201 analogues 

and their mechanistic differences from the lead compound. We have demonstrated the 

importance of the 1,2,6,7,8,9-hexahydroimidazo[1,2- a]pyrido[3,4-e]pyrimidin-5(4H)-

one structure of ONC201 to ONC201ôs anti-tumor efficacy [14]. The novel 

pharmacophore has now been called an ñimipridoneò.  In collaboration with Provid 

Pharmaceuticals and Oncoceutics, we leveraged this unique pharmacophore to synthesize 

ONC201 analogues to produce compounds with distinct therapeutic properties; namely, 

targeting ONC201-resistant tumor types or possessing distinct signaling properties.  

 

The final goal of this study was to determine potential combinational therapies with 

ONC201 in colorectal cancer that may be beneficial in the clinic. Clinical trials in 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. Given the potential efficacy of 

ONC201 in vivo, and the poor prognosis of metastatic CRC worldwide, we investigated 

the potential of FDA approved CRC combinational therapies, including bevacizumab, 

with ONC201 to increase efficacy in vivo.  
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CHAPTER 2  

ONC201 DOSE INTENSIFICATION  INHIBITS  METASTASIS AND 

PROMOTES INTRA -TUMORAL  T AND NK-CELLS 

 

This manuscript was adapted from the provisionally accepted manuscript: Wagner, 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., Zloza, A, Chesson, C.B., Newman, J.H., 

Kaufman, H., Bertino, J., Stein, M., and El-Deiry, W.S. Dose-intensification of TRAIL-

inducing ONC201 inhibits metastasis and promotes intratumoral NK cell recruitment. J. 

Clin. Invest., provisionally accepted, 2018.  

Dr. Andrew Zlozaôs Laboratory at CINJ performed ONC201 patient sample analysis. 

 

2.1 Abstract 

 

ONC201 is a first-in-class, orally active anti-tumor agent that upregulates cytotoxic 

TRAIL pathway signaling into cancer cells. ONC201 has demonstrated safety and 

preliminary efficacy in the first-in-human trial where patients were dosed every 3 weeks. 

We hypothesized that dose-intensification of ONC201 may impact anti-tumor efficacy. 

We discovered that ONC201 exerts dose- and schedule-dependent effects on tumor 

progression and cell-death signaling in vivo. With dose intensification, we note a potent 

anti-metastasis effect and inhibition of cancer cell migration and invasion. Our preclinical 

results prompted a change in ONC201 dosing in all open clinical trials. We observe 

accumulation of activated NK+ and CD3+ cells within ONC201-treated tumors, and NK-

cell depletion inhibits ONC201 efficacy in vivo, including against TRAIL/ONC201-

resistant Bax-/- tumors. Immunocompetent NCR1-GFP mice with GFP-expressing NK-

cells demonstrate GFP(+)-NK cell infiltration of syngeneic MC38 colorectal tumors. 

Activation of primary human NK cells and increased de-granulation occur in response to 

ONC201. Co-culture experiments identified a role for TRAIL in human NK-mediated 



39 

 

anti-tumor cytotoxicity. Preclinical results indicate potential utility for ONC201 plus anti-

PD-1 therapy. We observed an increase in activated TRAIL-secreting NK cells in the 

peripheral blood of patients after receiving ONC201 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-Related Apoptosis-Inducing Ligand (TRAIL), in tumor and normal cells, restoring 

autocrine and paracrine anti-tumor activity within tumor cells. The 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 novel anti-cancer therapeutic 

ONC201 upregulates the endogenous TRAIL expression through dual blockade of Akt and 

ERK that releases Foxo3a to enter the nucleus and transcriptionally activate the TRAIL 

gene [1, 7, 259]. Our prior work using shTRAIL and RIK-2 (a TRAIL-blocking antibody) 

demonstrated the relevance of TRAIL to the mechanism of action of ONC201 [1, 6, 7]. As 

we investigated the kinetics of cell death we discovered that at early time points ONC201 

activates the integrated stress response, inducing eIF2-alpha-dependent ATF4 and CHOP 

and increasing TRAIL death receptor 5 (DR5) expression [2, 3, 261]. We also recently 

demonstrated potent anti-tumor effects on colorectal cancers initiated by cancer 

stem/progenitor cells (CSCs) [4].  In vivo, first-in-class small molecule ONC201 possesses 

a broad spectrum of anti-cancer activity, a wide safety margin, robust stability, aqueous 
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solubility, blood-brain barrier penetration, and favorable pharmacokinetics [1-4, 6-8, 14, 

269, 271-274].  

 

Prior evidence has demonstrated that TRAIL can inhibit cancer metastasis in head/neck 

squamous cell carcinoma, lung, and liver cancer metastasis models [9-11, 275]. 

Inactivating mutations in the TRAIL-R1 and TRAIL-R2 genes have been observed in 

metastases in several tumor types, including mammary tumors and melanoma [276, 277]. 

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 cytokines including 

interferon gamma (IFNɔ) that promote apoptosis in tumor cells and recruit other immune-

like cells [168, 169, 179].   

 

The therapeutic promise of ONC201 in preclinical in vivo studies in solid tumors, 

hematological malignancies, and cancer stem cells prompted its ongoing clinical 

development. In Phase I 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 types [8, 278]. The recommended phase II dose (RP2D) of 

ONC201 was determined to be 625 mg given orally every 3 weeks to patients with 

advanced cancer [278].    
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To maximize the clinical benefits of ONC201 and further elucidate its mechanism of 

action, we investigate here the impact of dose-intensification on ONC201ôs anti-tumor 

efficacy, unravel its anti-metastasis properties and ability to induce an immune response 

leading to tumor growth suppression. Through the use of syngeneic mouse models, co-

culture of established human NK and tumor cells, primary normal and cancer patient NK 

cell data we have uncovered an unanticipated immune stimulatory anti-tumor effect of 

ONC201 involving natural killer (NK) and T cells along with a potent anti-metastasis 

effect. We further explored the mechanism to identify that TRAIL plays a role in both 

ONC201-anti metastasis and ONC201-induced NK cell cytotoxicity. Finally, we identify 

key chemokines and cytokines that are upregulated by ONC201 treatment. We explored 

the consequences of NK cell depletion in vivo and in preliminary experiments the prospects 

of combining ONC201 with anti-PD1 therapy. Our findings reveal novel aspects of the 

mechanism of action of anti-tumor compound ONC201 including insights into its anti-

metastasis and pro-immune response activity, and potentially more efficacious dosing 

regimens for the drug in clinical trials. 

 

2.3 Materials and Methods 

 

Reagents and cell-based assays 

All cell lines were obtained from the American Type Culture Collection or discussed 

previously.  NK92 cells were provided by Kerry Campbellôs lab at Fox Chase Cancer 

Center, Philadelphia PA. CT26 and MC38 cells were provided by Scott Waldmanôs lab at 
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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 West Femto (Thermo Scientific) and x-ray 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 anti-DR5 antibody (Abcam ab1675). After fixation, the tumor samples 

were embedded in paraffin and 8 ɛm sections were cut and mounted on slides. The 

sections were then processed and analyzed using immunohistochemistry with TRAIL, 

Ki67, Cleaved Caspase-3, CD3, and GFP antibodies similar to the method described 

previously [1].  CD31, and Ki67 levels were calculated by independent blind-scoring 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 xenografts, 6-week-

old female athymic nu/nu mice (Taconic Biosciences) were inoculated with 1 × 106 cells 

of the HT29-luciferase, HCT116 p53ī/ī, HCT116 Bax-/-, RKO-ONC201-resistant, or 
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HCT116-GFP cell lines in each rear flank, MDA-MB-231-luciferase in the lower 

mammary fat pads orthotopically, in a 150 ɛl suspension of 1:1 Matrigel (BD). For 

subcutaneous xenografts in syngeneic models, CT26 cells were inoculated with 1.0 x 

106 cells into six-week 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), six-week old female BL6/129-NCR1-GFP mice (Jackson Laboratories), or 

six-week old female C57BL/6-Prf1tm1Sdz/J (Jackson Labs). All subcutaneous tumors 

were allowed to establish for 1 to 3 weeks after injection until they reached a volume of 

~150-200 mm3 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 tumors reached 1000 mm3, and 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 they recovered. For tail vein injections, the same cell 

number used above for each tumor type was placed into 150 l and 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, 986-10001). PD-1 was injected 200 g every 3 days (Bio 

Xcell BE1046). CD8-a inhibitor was injected at 400 g twice a week (Bio Xcell 0061). 

PD-1 inhibition and staining were confirmed by staining one ONC201 monotherapy 
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treated tumor with either the Bio XCell PD-1, PD-1 PE from ebioscience, or Bio XCell 

PD-1 for 2 hours then staining with PD-1 PE. The resulting staining indicated that the Bio 

XCell PD-1 is a true inhibitor of PD-1 (Appendix Figure A.14f). Tumor volumes were 

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

 

In vivo pathology and toxicology 

Toxicity during the course 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 before sacrifice, and were immediately stored at 4oC and processed by 

Antech Diagnostics for CBC and chemistry panels. Results were analyzed by board-

certified toxicologists. Tumors were measured post-mortem through caliper and water 

density examination.  Organ and tumor samples were processed in 10% formalin and 

fixed in paraffin. Hematoxylin-stained samples were analyzed by a board-certified 

pathologist to determine whether tumor cells existed on any organs or necrosis occurred 

in tumors. Board-certified veterinary pathologists also indicated whether or not signs of 

toxicity were present. 

 

In vivo mouse tumor imaging 

For luciferase cell lines, D-Luciferin from Gold Bio was administered weekly following 

manufacturersô instructions (60 L, 50 mg/ml stock) and imaging was performed on a 

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

Corporation, Billerica, MA) and ParaVision 3.0 software (Bruker Biospin Corporation) 

through the Fox Chase Imaging Core Facility.  Custom-built 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 was performed 

using the Maestro in vivo imaging system (Cri, Woburn, MA) and the Nuance multi-

spectral imaging system (Cri, Cambridge, MA). Image data sets were converted, and 

tumor volumes were calculated using Para Vision. Final images were converted to 

ImageJ format. For CT imaging, all mice 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 microns3. Mice were maintained under isoflurane 

anesthesia for 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 

nearest 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 using a 3D region of 

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

Boston, MA) 
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ELISA assays 

A total of 100-150 µL blood was collected through orbital blood draw as described above 

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). All 

analyses were performed under manufacturer directions.  

 

In vitro tumor migration and invasion assays 

Boyden assays were performed using the QCM ECMatrix Cell invasion assay (Millipore, 

ECM550) and the cultrex cell migration assays (R&D systems, 3465-096-K). Cell 

migration and invasion were also assessed using the real-time xCelligence system. 

Invasion assays in the xCelligence system were conducted with Matrigel [279]. Wound 

healing assays were performed with the CytoSelect Wound healing assay kit (Cell 

BioLabs, CBA-120T). 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 co-culture 

NK92 cells were maintained in 4% IL-2 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 plated over 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 of co-culturing, NK92 cells were 

removed and both NK cells and tumor cells were stained with calcein blue and ethidium 

homodimer. Non-GFP expressing tumor cells were labeled with anti-EPCAM-1 antibody 

(1:200) followed by the Alexa-488 secondary (1:200). NK92 cells were labeled with 

CD56-APC (Biolegend, 318309). Immunofluorescence was performed on the Nuance 

Multi-spectral imaging system (Cri, Cambridge, MA). As an alternative for measuring 

tumor cell viability in co-culture, the CellTiter-Glo assay (Promega, Madison, WI as 

directed) was used directly after NK cells were removed. Plates were analyzed using the 

IVIS described in animal methods.  As controls, NK92 cells were incubated in high IL-2 

(4%) containing media 400 units/mL IFNɔ.  

 

In vitro primary NK cell analysis 

Primary NK cells were acquired from peripheral 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 (Stem Cell 17955). NK cells were then 

incubated overnight with 1% IL-2 +/- ONC201. IFNɔ assay was performed by incubating 

cells with IFNɔ-gamma and then incubated with IFNɔ-PE and antibodies listed in 

Appendix Figure A.10a. LAMP1+ assay was performed by incubating NK cells alone, 

with 721.221 target cells, or target cells and 100 ng/ml of rituxumab. NK cells 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 positive control which 
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increases de-granulation. 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 target cells 

and rituximab +/- ONC201. Cells were then rinsed and stained with LAMP 1+ and 

antibodies listed in Appendix Figure A.10b. Gating strategies can be seen in Appendix 

Figure A.10. 

 

Flow cytometry 

For flow cytometry analyses, antibodies were purchased from eBioscience unless 

otherwise indicated. Analysis was performed by incubating cells for 30 minutes on ice 

with 20 µg/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 lysis buffer (155 mM NH4Cl, 

12 mM NaHCO3, 0.1 mM EDTA in PBS). Cells were then washed and incubated in 2 

µg/mL propidium iodide (PI) in staining buffer. Analyses were performed as seen 

Appendix Figure A.7-A.8. Cellular concentrations of select antibodies were determined 

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 mononuclear cells were isolated from blood on the day of 

the blood draw by Ficoll-Hypaque 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 fluorescent-labeled antibodies at 4oC for 20 minutes for extracellular 

staining, permeabilized, and incubated with fluorescent-labeled antibodies at 4oC for 30 

minutes for intracellular staining. Analysis of live, non-debris, singlet, leukocytes was 

performed as previously described in [280] 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 viability. 

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, all cells were 

cryopreserved in Cryostor CS10, a solution that mitigates temperature-induced 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 solution has been 

proven much more effective in reducing post-preservation necrosis and apoptosis 

compared to commercial and home-made 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 across the 3-time points 

collected for each patient (as seen in Figure 2.10 where the NK cells varied across 

patients and over the 3-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 cells (5% [expected 3-15%]), NK cells (8% [expected 5-20%]), 

Monocytes (26% [expected [15-35%]]. In patients where the CD3-CD19- (non-T/non-B) 

population was increased (as in patient 1), the majority population was monocytes. This 

would not be an expected artifact 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 ONC201 treatment 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, ONC201 vs ONC201 + PD-1), of 

tumor volume before and after treatment in the tail vein, xenograft, RLU, blood serum, 

gene expression, and protein expression experiments, 2-side Wilcoxon rank sum test was 

used. For in vitro, measurements from three biological replicates 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 compared using a 2-sided Wilcoxon 

rank sum test. For Appendix Figure A.6g, metastases were grouped ó<2ô and ó>2ô for the 

comparison between wildtype and shTRAIL ONC201 groups using 2-sided Fisherôs 

exact test. For all tests, P < 0.05 was deemed statistically significant. Unless 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 Cancer Center, 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 titled ñA phase I single-agent open-label dose-escalation study of oral 

ONC201 in patients with advanced solid tumorsò. The protocol was obtained from Health 

Sciences IRB - New Brunswick/Piscataway 335 George Street Suite 3100, 3rd Floor New 

Brunswick, NJ 08901 and was initially approved 10/3/24. The 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 #99-802, and was last renewed on 

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

2.3.1: ONC201 dose intensification negatively impacts tumor growth and metastasis 

 

Given that every 3-week ONC201 dosing was well-tolerated in the clinic, we explored the 

potential to augment its anti-tumor efficacy through dose-intensification in preclinical 

models. We found that dose-intensification of ONC201 significantly increases the extent 

of tumor growth inhibition in colorectal HCT116 p53-/-, HT29, and breast MDA-MB-231 

human tumor xenografts (Figure 2.1a-c, Appendix Figure A.1a-c, f). Doses of 50 mg/kg 

and 100 mg/kg impact primary tumor growth in a drug administration frequency-dependent 

manner in the aggressive HT29 xenograft (Appendix Figure A.1e). Importantly, some 

tumors are completely ablated after 100 mg/kg weekly dosage for a month in HCT116 p53-

/- or MDA-MB-231 tumor-bearing mice (Appendix Figure A.1a, c). In mice, we found no 

significant difference in ONC201 efficacy when ONC201 was administered at a range of 

doses between 25 ï 100 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 daily treatment 

(Appendix Figure A.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, administering a cumulative dose 

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

affect mouse weight (Appendix Figure A.3a-c).  
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Figure 2.1 ONC201 dose intensification negatively impacts tumor growth and 

metastasis. (A) Mouse cohorts received 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 p53-/- colorectal cancer xenografts (B) 

Final HT29-luc tumors of cohorts administered 100 mg/kg or vehicle treatment ONC201 

weekly harvested after 4 wks. Blue arrows indicate metastatic tumors. (C) Final HT29-luc 

bioluminescence of cohorts administered with 100 mg/kg at different frequencies and 

harvested after 4 weeks with corresponding 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 100. (P values are as indicated: *<.05, 

**<.01 compared to the vehicle unless indicated using 2-side Wilcoxon rank sum test).  

Data represent mean +/- SD. 
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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 hours in vivo. Here we determined that there is no 

detectable effect on Akt/ERK or the ISR after 30 days following a single ONC201 dose. 

However, we found that the dual inhibition of Akt/ERK by ONC201 can still occur in a 

dose- and frequency-dependent manner in vivo; demonstrating the importance of dose-

intensification on long term ONC201 pharmacodynamics in the clinic (Figure 2.2a). The 

degree of ISR activation as monitored by CHOP or ATF4 mRNA induction was 

significantly increased by administering ONC201 more frequently (every 1-2 weeks versus 

every 3-4 weeks). On the other hand, increasing ONC201 dose did not further amplify 

CHOP upregulation at 50 or 100 mg/kg relative to 25 mg/kg given weekly (Figure 2.2b, 

Appendix Figure A.4a). We observed a frequency- but not a dose-dependent effect on 

serum TRAIL levels. Maximum serum TRAIL levels were achieved (150 pg/ml) when 

ONC201 was administered 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 Figure A.4d). 
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Figure 2.2 ONC201 triggers dual ERK/Akt inactivation, integrated stress response 

(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 

administration as indicated. (B) Induction of ATF4, CHOP, and TRAIL mRNA in HT-29 

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 non-specific ELISA comparing following ONC201 25 mg/kg dose 

administered at different frequencies in MDA-MB-231 xenograft bearing mice. Doses 

indicated by arrows. AUC values listed above and graphed to the right. (For western blots 

and qRTPCR: N=6, ran twice in triplicate 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 the vehicle unless indicated 2-side 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 TRAIL-dependent 

mechanism 

 

Given the potential anti-metastatic effects of TRAIL signaling, we hypothesized that 

ONC201 ï as a compound that upregulates TRAIL and DR5 as part of its mechanism ï 

would suppress metastatic tumor development. We observed that ONC201 reduces (in the 

case of the 25 mg/kg cohort) or inhibits metastases (in the case of higher dosed-cohorts) in 

these subcutaneous HT29 models (Figure 2.3a, Appendix Figure A.5a-c) 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 Figure A.5a-c). In orthotopic MDA-MB-231 or subcutaneous HT29 xenograft-

bearing mice, weekly MRI analysis and end-of-life bioluminescence imaging results 

confirmed that metastases develop independently of the primary tumor xenograft (Figure 

2.3a, Appendix Figure A.5d-f). We observed a similar anti-metastasis effect of ONC201 

in the immunocompetent subcutaneous CT26 xenograft model in syngeneic Balb/c mice 
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and in HCT116-GFP mice that had their subcutaneous tumor removed at 10 mm diameter, 

with only the vehicle-treated mice showing metastatic cell populations (Figure 2.3b, 

Appendix Figure A.5g). This anti-metastasis effect was further observed using mice with 

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 size of the metastases on the lungs decreased in the ONC201-treated cohorts 

while the vehicle-treated mice experienced growing tumors (Figure 2.3c-d, Appendix 

Figure A.5h). We also observed an impact on metastasis in mice treated with ONC201 or 

vehicle immediately after receiving tail vein injections (Appendix Figure A.5i). 

 

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 inoculation. Both panels are 

imaging of 1 vehicle mouse from different MRI viewpoints. The tumor is indicated by a 

blue arrow. (B) HCT116-GFP tumor lesions from mice with primary tumor surgically 

removed and tumor metastases allowed to grow overtime before treatment. Identified 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 tail vein injection. 

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 and tail-vein HT29 in c and 

d, N=4 HCT116 GPF. In C, 2 vehicles passed away before end of study. All samples were 

harvested 4 weeks after treatment began unless indicated). (P values are as indicated: *<.05 

compared to the vehicle unless indicated 2-side Wilcoxon rank sum test, with difference 

between post/pre-treatment compared). Data represent mean +/- SD. 

 

 ONC201 suppressed cell migration in vitro in HCT116 and HT29 cells as demonstrated 

by Boyden chamber and xCELLigence migration assays (Appendix Figure A.6a-d). 

TRAIL inhibition by the TRAIL-depleting RIK-2 antibody or shTRAIL attenuated the 

ONC201 effect on prevention of cell migration and invasion of MBA-MB-231 cells 

(Figure 2.4a, Appendix Figure A.6e). Invasion as assessed via a scratch assay was also 

impaired by ONC201, but was partially restored following treatment with RIK-2 

(Appendix Figure A.6f). When investigated in vivo using 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 MDA-MB-231 wild-type bearing mice as compared to the MDA-

MB-231 shTRAIL tumor-bearing mice (Figure 2.4b-c). This impact was also noted slightly 

in mice treated immediately after tail vein injection of tumor cells (Figure 2.4c). 

Interestingly, there was a slight difference observed in cleaved-caspase 3 levels between 

the tumor cohorts, but there was a statistically significant difference between the number 

of Ki67+ cells between the vehicle- and ONC201-treated mice bearing the wild-type 

tumors, and between the vehicle- and ONC201- treated mice bearing the shTRAIL tumors 
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(Figure 2.4d-f). These results suggest that ONC201 inhibits metastasis, at least in part, by 

downregulating tumor cell migration and invasion in a TRAIL-dependent manner as well 

as by inhibiting proliferation in a TRAIL-independent manner [11]. 

 

Figure 2.4. TRAIL plays a role in ONC201ôs inhibition migration/invasion and 

metastasis. (A) Xcelligence migration kinetics assay in top) MDA-MB-231 and bottom) 

MDA-MB-231 shTRAIL. (B) Size of MDA-MB-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 MDA-MB-231 wildtype and shTRAIL tumors after resection. (D)  

Quantification of Ki67+ cells in MDA-MB-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-3 positive cells in MDA-MB-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 MDA-MB231 shTRAIL. For in vitro migration/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 2-sided Wilcoxon rank sum test. For IHC studies when 3 IHC slides were 

analyzed per tumor, the mean of each tumor was compared using a 2-sided Wilcoxon rank 

sum test). Data represent mean +/- SD. 

 

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

anti-tumor effect 

 

Given the potential role of NK cells in preventing metastases through TRAIL that can be 

produced by NK cells [13], we investigated the presence of NK cells and other immune 

cells in ONC201-treated mice within the leukocyte population in colorectal MC38 and 

CT26 mouse tumors (Appendix Figure A.7-A.8). ONC201 induced an activation and 

accumulation of T and NK cells within tumors, blood, and spleen in two wild-type 

syngeneic mouse models and the NCR1-gfp mouse model (Bl6/129 background) (Figure 

2.5a-c, Appendix Figure A.9a-d). Importantly, upregulation of NK+ and CD3+ cells was 

observed in blood of non-tumor bearing mice, indicating that the immune effect is not due 

to extrinsic signaling from ONC201-treated tumors alone (Appendix Figure A.9e). These 

ONC201-stimulated NK cells expressed granzyme at a higher MFI and expressed IFNɔ 

(Figure 2.5d, Appendix Figure A.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 NCR1-gfp 

mice. (B) Immuno-fluorescence of MC38 tumors in NCR1-GFP 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 tumors 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 using 2-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. 

 



62 

 

 Importantly, ONC201 activated human primary NK cells from healthy donors by 

dramatically increasing IFNɔ expression and causing increased de-granulation of the NK 

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 

(Appendix Figure A.9g).  
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Figure 2.6: ONC201-induces primary NK cell activation and de-granulation in 

healthy human donors. (A) Human primary NK cell IFNgamma titration within 

increasing doses of ONC201 (B) Analysis of 5 healthy donors using 1 uM ONC201 

treatment (C) LAMP1+ Expression in the absence/presence of target cells using vehicle or 

1 uM ONC201 treatment. Cells treated overnight in ONC201 or vehicle. 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 target cells and rituximab +/- ONC201. 

Healthy human samples N=5. For healthy human samples N=5). (P values are as indicated: 

*=p<.05 relative to vehicle using 2-sided Wilcoxon rank sum test). Data represent mean 

+/- SD. 

 

The susceptibility of HCT116 Bax-/- and RKO-ONC201-resistant cells to ONC201 in vivo, 

despite their resistance to ONC201 in vitro, implicated involvement of an immune response 

in ONC201-mediated tumor suppression (Figure 2.7a, Appendix Figure A.11a). 

Importantly, depletion of NK cells with the anti-asialo GM1 antibody significantly 

attenuated the observed ONC201 anti-tumor efficacy in CT26, MC38, and Bax-/- tumor 

models despite there still being an increased presence of CD3+ T cells in the syngeneic 

models (Figure 2.7a-c, Appendix Figure A.11b-c). We found no significant impact from 

ONC201 on perforin-induced cytotoxicity on MC38 tumors by comparing ONC201 and 

vehicle treatments on MC38 tumor growth in both wild-type and perforin knockout (Prf-/-

) C57/BL6 mice (Appendix Figure A.11d-e). Interestingly, we saw no impact on T cell 

depletion using a CD8a inhibitor in MC38 mice in combination with ONC201, suggesting 

the role of NK cells may be more impactful on anti-tumor efficacy during ONC201 

treatments than CD3+ cells (Appendix Figure A.11f-g).  

 

To investigate the impact of ONC201ôs pro-immune response on metastasis, we analyzed 

metastases from tail vein injected HCT116, HCT116 Bax-/-, 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 Figure A.12).  

 

Figure 2.7: ONC201-induced 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 prescribed. (C) NK cells enrichment 

by ONC201 and depletion by GM1 are confirmed with flow cytometry in the CT26 bearing 

mice.  (For mice, N=10 for RKO-ONC201-Resistant, and CT26 and Bax-null GM1 

studies.). (P values are as indicated: **p<.01 ***p<.001 compared to vehicle using 2-side 

Wilcoxon rank sum test). Data represent mean +/- SD.  

 

 

2.3.5: PD-1 inhibitors in combination with ONC201 may enhance anti-tumor efficacy  

 

We noted potent anti-tumor effects in vivo despite the presence of detectable increased PD-

1 expression in CD3+ cells within ONC201-treated tumors and given that ONC201 is 

efficacious in athymic nude mice we sought to leverage the ONC201-induced 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 potent in vivo tumor suppression 

with the combination versus anti-PD-1 therapy alone (Figure 2.8a-b). This effect was not 

seen in low doses of ONC201 treatment of CT26-bearing mice or in MC38-bearing mice 

(Appendix Figure A.13a-g). Since we suspected the PD-1 expression may be present within 

T cells or NK cells [281, 282], we examined the impact of PD-1 on CD3+ cells in terms of 

ONC201 treatment using a combination of anti PD-1 and NK-depleting antibody anti-

GM1. We saw only a slight but not significant difference in anti PD-1 treated cohorts when 

NK cells were depleted (Appendix Figure A.13f-g).  

 

Figure 2.8: ONC201 and PD-1 in combination may be beneficial. (A) Relative tumor 

volume after 4 weeks in CT26 tumors in Balb/c mice treated with Vehicle, 100 mg/kg 

ONC201, PD-1, or ONC201 + PD-1. (B) Final tumor volumes after 4 weeks in CT26 

tumors in Balb/c mice treated with Vehicle, 25 mg/kg ONC201, PD-1, or ONC201 + PD-

1.  For mouse studies: PD-1 experiment n=7.  (P values are as indicated: **p<.01, 

***p<.001 relative to vehicle using 2-sided Wilcoxon rank sum test). Data represent mean 

+/- SD.  
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2.3.6: ONC201ôs efficacy derives from direct tumor cell death and NK cell-related tumor 

cell death 

 

Using the TRAIL-resistant HCT116 Bax-/- xenografts compared to wild-type HCT116 

xenografts, we determined that ONC201ôs impact on Bax-/- tumor growth can be 

significantly attenuated when NK cells are depleted in vivo, whereas the effect of NK cell 

depletion on the sensitive wild-type cell line only slightly impacted anti-tumor efficacy 

(Appendix Figure A.14). However, there was still an anti-tumor effect from ONC201 

treatment on HCT116 Bax-/- cells in NSG mice that carry no NK cells, T cells, or myeloid 

cells (Appendix Figure A.14c-d). We noted a slight decrease in the number of Ki67+ cells 

when mice were treated with ONC201 and no change in cleaved caspase-3 (Appendix 

Figure A.14e-g). 

 

2.3.7: ONC201-induced NK activation/accumulation and anti-tumor effect is mediated 

through a pro-immune mechanism by upregulating several key factors including TRAIL, 

IFN-Ŭ2a and IP-10 (CXCL10) 

 

We further investigated mechanisms by which NK cells contribute to ONC201 anti-tumor 

activity in vitro. To further explore the potential mechanism of ONC201-induced NK 

activation and accumulation, we performed a multiplex ELISA-based assay and identified 

immune-activating and recruiting factors that are upregulated in conditioned media of 

tumor cells in response to ONC201 treatment. This included IFNŬ-2a, IL-12p70, and the 

IFN -induced protein (IP-10 or CXCL10) (Figure 2.9c-d, Appendix Figure A.15). Cell 

culture experiments with NK92 cells confirmed in vivo results that ONC201 induces NK 

cell activation and TRAIL secretion (Appendix Figure A.16a-b). Complementing our in 

vivo data, co-culture studies of NK cells or conditioned media with tumor cells, including 



67 

 

the ONC201-resistant HCT116 Bax-/- cells, confirms that the ONC201 anti-tumor effect 

occurs as a result of ONC201 activation of NK cells since the inactive NK cells, or 

ONC201 treatment alone does not significantly induce tumor cytotoxicity in a model that 

is resistant to direct drug effects. (Appendix Figure 2.14, Appendix Figure A.16c) 

Moreover, addition of TRAIL-sequestering antibody RIK2 reduced but did not eliminate 

the cytotoxic activity toward tumor cells. These results indicate that ONC201 efficacy is 

potentiated by ONC201 activation of NK cells to produce TRAIL (Figure 2.9a-b, Appendix 

Figure A.16c-d). Cell viability is further confirmed by a CTG assay and shows that 

ONC201-activated NK cells induce cytotoxicity at similar levels as observed with NK cells 

activated by IL-2 and IFNɔ (Appendix Figure A.16e-f).  
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Figure 2.9: ONC201-induced NK activation/accumulation plays an important role in 

anti-tumor effect. (A) Fluorescence microscopy from co-culture of HCT116 p53-null-

GFP and NK cells or NK media treated as indicated for 48 hours. (B) Quantitation of 

fluorescence microscopy. Multiplex analysis of data of (C) IP-10 and (D) IFNŬ-2a levels 

within conditioned media 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. Non-gfp blue+ cells are NK cells. Flow cytometry performed 

on PI+ CD19-/CD45+ cells (Co-cultures ran in triplicate twice). (P values are as indicated: 

**p<.01 ***p<.001, ****p<.0001 compared to vehicle using 2-side Wilcoxon rank sum 

test). Data represent mean +/- SD.  

 

Peripheral blood samples from patients who received ONC201 treatment showed an 

increase in the number of activated TRAIL-secreting 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 (Figure 2.10a-d).  

 

Figure 2.10: NK cells are increased in peripheral blood of patients following 

treatment with ONC201. (A) Characteristics of patients 1-5 (P1-P5) treated with 

ONC201. (B) Percentage of NK cells among all lymphocytes in peripheral blood of 

patients described in (A). (C) Percentage of NK cells expressing TRAIL. D) Percentage of 

NK cells expressing Granzyme B. P value as indicated for Day 3 vs Day 0. P values 

calculated by 2-sided student t test. Data represent mean +/- SD. Data provided by the 

Zloza Lab at CINJ. 
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2.4 Discussion 

We demonstrate in this study that dose intensification of ONC201 increases anti-tumor 

drug efficacy, in part by amplifying ONC201ôs ability to induce TRAIL and activate the 

ISR, without impacting toxicity. In vivo, dose intensification sustains a more potent growth 

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 II dose (RP2D). We uncover a novel aspect of the anti-tumor 

effect of ONC201; namely, a powerful blockade of metastasis, that may be at least in part 

due to ONC201ôs ability to inhibit tumor cell migration and invasion. We unexpectedly 

discover that ONC201 stimulates mobilization and activation of natural killer cell activity 

including infiltration of tumors in tumor-bearing mice, and cytotoxic effects of NK cells 

toward ONC201-sensitive or -resistant tumor cells.  Optimum pharmacodynamic effects 

of ONC201 were observed with weekly dosing even though the drug half-life is 10 hours 

[269]. Dose intensification of ONC201 increases the extent of the pro-survival kinase (Akt 

and ERK) inhibition leading to increased TRAIL expression and signaling in vivo, causing 

a more efficacious tumor growth inhibition and anti-metastasis 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 ONC201 suppresses metastases 

in vivo. While the role of TRAIL in ONC201ôs anti-metastasis effect is apparent in the in 

vitro studies; there was not a significant impact on TRAIL inhibition within the tumor in 

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 
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of TRAIL in vivo. Further, we cannot rule-out other yet to be discovered mechanisms that 

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

are warranted to investigate other pathways activated by ONC201 that may play a role in 

the anti-metastasis effect. ONC201ôs ability to reduce migration is not dependent on its 

cytotoxic activity, and downregulation of the TRAIL pathway indicates that ONC201 

exerts its anti-metastasis effects partially via a TRAIL-dependent mechanism [13]. Also, 

given that the strongest impact on tumor growth within the MDA-MB-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 TRAIL.  

 

The increase, accumulation within tumors, and activation of NK cells both in vivo and in 

culture with human primary NK cells due to ONC201 treatment 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 NK cell-mediated cytotoxicity 

in cell co-culture, demonstrating that NK cells play a role in ONC201 efficacy that goes 

beyond TRAIL production. The significant cytotoxicity in the TRAIL-resistant Bax-/- cells 

in co-cultures with both NK cells and conditioned media indicate that NK cells promote 

cytotoxicity through its other tumor-suppression mechanisms namely cytokine secretion 

and direct NK-tumor cell contact [283]. However, there was still efficacy in vivo, including 

within the Bax-/- 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 of immune-

related cytotoxicity; it is likely that ONC201 may require both its intrinsic-direct cytotoxic 
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mechanisms as well as a possible immune-response to suppress more ONC201-resistant 

tumors in vivo. Finally, although there appears to be an impact on degranulation in the 

human primary NK cells, interestingly there was no impact of ONC201 treatment in the 

perforin-/- mice compared to the wild-type mice. Since the MC38 tumors were still affected 

by ONC201 treatment, this may indicate the role of direct NK cell killing is not necessary 

for ONC201ôs pro-immune effects. Further 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 action in vivo 

that is highly relevant in ONC201-resistant tumors and contribute to anti-tumor effects in 

models where ONC201 sensitivity is observed in the absence of NK cells. We did not 

observe an increase in lymphocytes or immune cells in the larger metastases treated with 

ONC201. This could be 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 impact 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 

microenvironment; as it is possible that ONC201ôs pro-immune response may not bypass 

a stroma-heavy 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 anti-inflammatory cytokines and protect the tumor. 
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Nonetheless, ONC201 has a potent anti-metastasis effect that is relevant to its use as cancer 

therapy in patients. 

 

 Importantly, our multiplex assay indicated that in response to ONC201 treatment, 

colorectal tumor cells secrete immune promoting factors. Of these, IFNŬ2-a, which induces 

sustained changes in NK cell responsiveness; IL-12p70, which enhances the cytotoxic 

activity of NK cells and induces differentiation and growth in T cells; and IP-10/CXCL10, 

a key chemo-attractant for T and NK cell recruitment; are all of interest and further 

establish that ONC201 has an immune-enhancing role. We plan to pursue further the 

mechanism of action of these extrinsic signaling pathways on NK cell activation as a result 

of ONC201 treatment. The induced cytotoxicity in co-culture is comparable to NK cell 

activation by increased IL-2 and IFNɔ, without the added toxicity that these two cytokines 

provoke; making ONC201 a potentially attractive method of increasing the immune 

response [283, 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 tumor. However, CD8a 

inhibition did not attenuate ONC201ôs efficacy, suggesting that the T-cells play less of an 

effect on ONC201ôs pro-immune effect. Further, the combination of anti-PD-1 therapy 

with ONC201 showed some increased efficacy in comparison to the anti-PD-1 

monotherapy in CT26 tumors treated with high doses of ONC201; indicating that 

alleviating T cells of PD-1 expression may enhance ONC201ôs potency in vivo. However, 

we did not observe a clear advantageous impact of ONC201 and anti-PD-1 therapies in 

MC38 tumors or in CT26 tumors treated with lower ONC201 doses. This could be due to 
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the inability of the TCR to recognize the tumors, given that the tumors are not MMR 

deficient and may not secrete enough clonal neo-epitopes. It is also possible that with lower 

ONC201 doses there may have been weaker signals for immune stimulation. Further 

studies of whether there could be an advantage to ONC201 and anti-PD-1 therapies in 

combination may clarify these issues. Overall, the impact of ONC201 on immune-

surveillance contributes to its efficacy in general and is particularly critical for promoting 

efficacy in some tumors that are resistant to ONC201 in vitro. There is probably sufficient 

preliminary evidence to support further testing of ONC201 plus anti-PD-1 in the clinic. 

 

We demonstrate that higher or more frequent ONC201 dosing enhances the anti-tumor 

response, metastasis inhibition, and promotion of anti-tumor 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 half-life of 10 hours [269], 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 over twice-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 post-treatment biopsies in patient 

tumors has potential to yield useful correlative clinical information with ONC201 efficacy. 

Initial patient data from a Phase II clinical trial demonstrates that patients who received 
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ONC201 treatments exhibit increased NK cell populations in their peripheral blood. 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 NK cells by ONC201 may be 

considered for combination therapy in clinical trials using adoptive transfer of therapeutic 

NK cells. We note that unlike effects of PTEN [285] or the src inhibitor dasatinib [286], 

ONC201 inhibition of Akt and ERK pathways with consequent NK cell activation leads to 

potent anti-tumor cytotoxic effects in both co-culture experiments and in vivo. Moreover, 

unlike elotuzumab that can stimulate NK cell anti-tumor activity against multiple myeloma 

[287], ONC201 administration is not associated with the well-known toxicities of IL-2 or 

TNF- . The unique immune-stimulatory effect of ONC201 provides a rationale for 

combination therapy with complementary targeted therapeutics against cancer or 

checkpoint immunotherapy. With dose intensification, ONC201 has a higher likelihood for 

sustained TRAIL pathway activation in vivo, immune stimulation, and anti-metastasis 

effects. 



76 

 

Figure 2.11: Summary of findings. Dose intensification increases the likelihood for 

sustained ONC201 signaling including TRAIL pathway activation in vivo, immune 

stimulation, and anti-metastasis effects. 
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CHAPTER 3 

 DISCOVERY AND CHARACTERIZATION  OF ONC201 ANALOGUES 

 

This manuscript was adapted from: 

1) Wagner J, Kline C, Pottorf RS, Nallaganchu BR, Olson GL, Dicker DT, Allen JE, 

El-Deiry WS. The angular structure of ONC201, a TRAIL pathway-inducing 

compound, determines its potent anti-cancer activity. Oncotarget, 30 December 

2014: Vol 5, Issue 24, p12728-37. 

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 W, El-Deiry WS. Preclinical 

evaluation of the imipridone family, analogues of clinical stage anti-cancer small 

molecule ONC201, reveals potent anti-cancer effects of ONC212. Cell Cycle. 

2017 May. PMID: 28489985  

 

3.1 Abstract 

We previously identified TRAIL-inducing compound 10 (TIC10), also known as 

NSC350625 or ONC201, from an NCI chemical library screen as a small molecule that 

has potent anti-tumor 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[1,2-a]pyrido[4,3-d]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 properties of this molecule.  A recent publication demonstrated 

that the chemical structure of ONC201 material from the NCI is an angular [3,4-e] isomer 

of the originally disclosed, linear [4,3-d] structure. Here we confirm by Nuclear magnetic 

resonance (NMR) and X-ray structural analysis of the dihydrochloride salt form that the 

ONC201 material produced by Oncoceutics is the angular [3,4-e] structure and not the 
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linear structure originally depicted in the patent literature and by the NCI. Similarly, in 

accordance with our biological evaluation, the previously disclosed anti-cancer 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 [3,4-e] structure, now termed imipridone, that 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 response (ISR) and 

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 ONC201 (angular [3,4-e] structure), we 

synthesized a series of analogues to identify additional compounds with distinct 

therapeutic properties. Several imipridones with a broad range of in vitro potencies were 

identified in an exploration of chemical derivatives. Based on in vitro potency 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 involves the integrated 

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 cell lines in vitro 

and evaluated for safety and anti-tumor efficacy in vivo. ONC212 exhibited broad-
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spectrum efficacy at nanomolar (nM) concentrations across solid tumors and 

hematological malignancies. Skin cancer emerged as a tumor type with improved 

efficacy relative to ONC201. Orally administered ONC212 displayed potent anti-tumor 

effects in vivo, a broad therapeutic window and a favorable PK profile. ONC212 was 

efficacious in vivo in BRAF V600E melanoma models that are less sensitive to ONC201. 

Based on these findings, ONC212 warrants further development as a drug candidate. 

 

 Therapeutic utility of the highly active anti-cancer core imipridone structure utilized in 

prior preclinical studies and now entering clinical trials extends beyond ONC201 to 

include additional imipridones such as ONC212, whose pre-clinical data supports its 

clinical development.  

 

3.2 Introduction 

Based on its ability to induce the TRAIL gene, we previously obtained and studied the 

compound NSC-350625 from the National Cancer Institute (NCI) Diversity Set II, which 

the NCI depicted as 7-benzyl-10-(2-methylbenzyl)-2,6,7,8,9,10-hexahydroimidazo[1,2-

a]pyrido[4,3-d]pyrimidin-5(3H)-one [1]. This compound, which is referred to now as 

ONC201 by Oncoceutics, 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 data [111].  
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ONC201 is an orally active first-in-class imipridone small molecule compound that 

upregulates the endogenous TRAIL ligand and the cell surface DR5 genes is in clinical 

trials for various malignancies [1-3]. When activated by the ligand TRAIL, DR5 triggers 

the extrinsic cell death pathway that selectively induces apoptosis in a variety of tumor 

and transformed cells, including cancer stem cells, without affecting normal cells [16, 

288].  

 

The unique ability of ONC201 to induced TRAIL-based signaling to induce apoptosis in 

cancer cells and not normal cells leads to a wide therapeutic index and favorable 

characteristics as an anti-cancer therapeutic [1-4, 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 I clinical trial in advanced solid 

tumors demonstrated that ONC201 has a therapeutic PK profile, exceptional safety, 

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

various types of cancers [7, 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 parallel to investigating this disparity, Jacob et al. recently reported a series of NMR 

and X-ray crystallography studies that determined the chemical structure of 

ONC201/NSC350625 obtained from the NCI to be an angular [3,4-e] isomer of the 
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structure reported in the original disclosure by Stahle et al. and subsequent disclosures of 

the molecule by the NCI and Allen et al [289].  This angular [3,4-e] 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 include 1H and 13C NMR 

spectroscopy, infrared (IR) spectroscopy, and X-ray 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 angular [3,4-e] 

isomer (i.e., 7-benzyl-4-(2-methylbenzyl)-2,4,6,7,8,9 -hexahydroimidazo[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 [4,3-d] linear isomer revealed that these two isomers possess strikingly disparate 

biological activity, with only ONC201 demonstrating therapeutic potential. 

 

The need for further development of therapies, including analogues or ñsecond 

generationò therapies is two-fold: the release of new discoveries involving tumor biology; 

and the evolution of tumor-resistance and heterogeneity over the past few decades. Small 

molecule analogues, or second-generation therapies in general are created to help target 

these new discoveries or overcome potential resistant mechanisms [290, 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 better half-life, 

or better PD than the lead compound [292-294]. The successful development of 

analogues/second generation compounds through pre-clinical to clinical stages requires a 

concerted effort between chemists, biologists, and clinicians.  

 

The creation of 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 first-in 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 generations [295-297]. Even with the 

recently approved anti-CTLA4 and anti-PD-1 have second generation therapies being 

created to help combat poor patient response rates, including co-stimulatory antibody or 

novel inhibitory compounds against important immune-molecules such as lymphocyte-

activation gene 3 (LAG3) [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 analogues. Given 

the unique angular, imipridone core [14], we explored chemical derivates of ONC201 to 

identify compounds with distinct therapeutic properties. We synthesized ONC201 

analogues to identify compounds with distinct therapeutic properties that target ONC201-

resistant tumor types 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 ONC201, and in 

vivo evaluations of lead candidates.  

 

3.3 Materials and Methods 

Reagents and cell viability assays 

All cell lines were obtained from the American Type Culture Collection or discussed 

previously [1].  Cell lines were authenticated by short tandem repeat profiling and were 

free of mycoplasma contamination.  

ONC201 was obtained from Oncoceutics as the dihydrochloride salt unless noted 

otherwise. ONC201 was synthesized by Oncoceutics following a modification of the 

Stähle procedure and was converted to the dihydrochloride salt for biological evaluation 

and X-ray crystallography.  The free base was prepared by neutralization of the salt and 

extraction.  ONC201/NSC-350625 was obtained from the NCI Developmental 

Therapeutics Program (DTP) repository. The [4,3-d] linear isomer was prepared by the 

procedure of Jacob et al. [8] and also purchased commercially from MedKoo 

Biosciences, Inc. (Chapel Hill, NC). NMR spectra of the MedKoo correspond to the 

previously disclosed linear isomer [289].   

Imipridone analogues were synthesized and provided by Provid pharmaceuticals. 

Adherent cells were analyzed on a Beckman-Coulter Elite Epics cytometer. Cell viability 

assays were carried out in 96-well, black-walled, clear-bottomed plates with Cell titer-glo 

assays (Promega, Madison, WI). Assays were performed following manufacturer 
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instructions and luminescence imaging was 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 

replenished every 3-4 days. Colonies were gently washed in PBS, fixed with methanol, 

stained with Coomassie blue, rinsed, and allowed to dry prior to enumeration. GI50 

values were determined using PRISM software (Graphpad).  

 

Floating and adherent cells were analyzed on a LSRII cytometer. For surface TRAIL 

experiments, adherent cells were harvested by brief trypsinization, fixed in 4% 

paraformaldehyde in phosphate-buffered saline (PBS) for 20 min, incubated overnight 

with an anti-TRAIL antibody (Abcam, ab2435) at 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 fluorescence intensity relative to that of control 

samples unless indicated otherwise. For sub-G1 content and cell cycle profile analyses, all 

cells were pelleted and ethanol-fixed, 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 25oC on a Varian Inova 500 MHz spectrometer. 

Experiments acquired for each sample included 1D 1H, 2D DQCOSY, 2D Rotating-frame 

Overhauser SpectroscoPY (ROESY) [mix = 0.3 sec], 2D 1H-13C gHMQC, 2D 1H-13C 

gHMBCAD. For samples in DMSO, chemical shift values were calibrated with reference 

to the 1H and 13C resonances of internal residual DMSO at 2.50 ppm and 39.51 ppm 

respectively. For the samples in chloroform, 1H chemical shift values were calibrated 

with reference to internal residual chloroform at 7.24 ppm, and for 13C referencing a 1D 

13C spectrum was acquired and internal CDCl3 was used as a standard at 77.23 ppm. 

 

X-ray crystallography of ONC201 

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

with 0.5 mL of ethanol.  One drop (~50 ɛL) of water was added and the mixture was 

heated to dissolve all the solids. The hot solution was filtered through a plug of cotton 

into a 2-dram vial and the clear solution was capped and allowed 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 analysis. X-ray intensity data 

were collected on a Bruker APEXII CCD area detector employing graphite-

monochromated. Mo-KŬ radiation (ɚ =0.71073 ¡) at a temperature of 100K. Preliminary 

indexing was performed from a series of thirty-six 0.5° rotation frames with exposures of 

10 seconds. A total of 1592 frames were collected with a crystal to detector 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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and ů (F2) values which were then passed to the SHELXTLii  program package for 

further processing and structure solution. A total of 36379 reflections were measured 

over the ranges 1.74 Ò ɗ Ò  25.40Á, -14 Ò  h Ò  14, -12 Ò  k Ò  12, -26 Ò  l Ò  26 yielding 

4928 unique reflections (Rint = 0.0151). The intensity data were corrected for Lorentz 

and polarization effects and for absorption using SADABSiii (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 compound plus a 

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 full-matrix least squares based on F2 using SHELXL-97. All 

reflections were used during refinement. The weighting scheme used was w=1/[ů2 (Fo2) 

+ (0.0378P)2 + 1.3664P] where P = (Fo2 + 2Fc2 )/3. Non-hydrogen atoms were refined 

anisotropically 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 > 

4ů (F) and R1=0.0302 and wR2=0.0779 and GOF =1.066 for all 4928 unique, non-zero 

reflections and 311 variables. The maximum ȹ/ů in the final cycle of least squares was 

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

0.246 e/Å3. 

 

Crystallization of ONC212 for x-ray structure determination 

A 75-mg sample of ONC212Å2HClÅ1H2O was dissolved in 0.75 mL of ethanol with 

heating.  Approximately 20 microliters of water were added 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 filtered into a vial, concentrated by heating by about 50%, and 

allowed to stand at room temperature overnight to crystallize.  The crystal structure 

determination is described in the Appendix and the structure is shown in Figure 3.1.   

 

CID mass spectrometry, 1H 13C NMR, and IR analysis of ONC201 material from NCI 

Mass spectral data were obtained using a Varian 500-Qtrap 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 acid and infused into the source chamber at a flow rate of 

10 ɛL minï1 with the following parameters: spray chamber temperature, 0°C; needle 

voltage, ï5500 V; collision energy, 10 eV; declustering potential, 75 V; current gas flow, 

40 LFM. Masses of product ions were measured with a micrOTOF QII Q-TOF 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 Analysis version 4 software package delivered by Bruker 

Daltonics. NMR experiments were conducted using standard protocols on Bruker 

Advanced 500 and 600 MHz spectrometers equipped with cold probes. IR experiments 

were analyzed on a Jasco FT/IR-4100 in dichloromethane solvent.  

 

TRAIL protein and mRNA expression 

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

trypsinization, fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) for 20 
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min., incubated with an anti-TRAIL antibody (Abcam, ab2435) at 1:250 overnight, 

washed and incubated with anti-rabbit Alexa Fluor 488 (Invitrogen) for 30 min., and 

analyzed as previously described [1].  

 

Primers for TRAIL gene expression (5'- TGC GTG CTG ATC GTG ATC TTC -3'; 5'- 

GCT CGT TGG TAA AGT ACA CGT A -3') were tested in HCT116 cells to ensure that 

the proper size of fragments was generated. Glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) primer was obtained from PE Applied Biosystems. Total RNA was isolated 

using Quick-RNA MiniPrep (Zymo Research) and 1 ɛg was used for reverse 

transcription and amplification using the SuperScript III First-Strand Synthesis System 

(Life Technologies) according to the manufacturer protocol. A master mix of SYBR 

Green (Life Technologies) and 1 ɛg of cDNA was used in the PCR reaction. Each tube 

contained both a gene probe and primers and a GAPDH control probe and primer. Each 

sample was performed in quadruplicate. A control run without reverse transcriptase 

yielded no expression, indicating that the samples were free from genomic DNA 

contamination. Gene amounts were quantitated using the standard curve method of 

expression relative to GAPDH. Reactions were carried out in 96-well plates using Bio-

Rad CFX96 Real Time System. 

 

Western Blot and qRTPCR Analysis 

Western blot analysis was conducted as previously described [1] with 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 (Roche) was added immediately. All antibodies were purchased from 

Cell Signaling except anti-DR5 antibody (Abcam ab1675). 

RNA was isolated using RNeasy kit (Qiagen) or Quick-RNA Miniprep kit (Zymo 

Research) according to manufacturersô instructions. RNA was quantitated using a 

Nanodrop spectrophotometer. cDNA was synthesized using a SuperScript II RT kit while 

real-time PCR was performed using a Quantitect SYBR Green PCR mix. Relative 

amounts of target mRNA were quantitated using the 2DDCt method using GAPDH as 

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

 

Immunohistochemistry 

After tissue fixation, the tumor samples were embedded in paraffin and 8 ɛm sections 

were cut and mounted on slides. The sections were then processed and analyzed using 

immunohistochemistry with TRAIL, Ki67, and caspase-3 antibodies similar to the 

method described previously [1].  

 

In vitro tumor migration and invasion assays 

Boyden assays were performed using the QCM ECMatrix Cell invasion assay (Millipore, 

ECM550) and the cultrex cell migration assays (R&D systems, 3465-096-K). Cell 

migration and invasion were also assessed using the real-time xCelligence system. 

Invasion assays in the xCelligence system were conducted with Matrigel [279]. Wound 
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healing assays were performed with the CytoSelect Wound healing assay kit (Cell 

BioLabs, CBA-120T). 

 

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 including mouse hepatitis virus and c. bovis. For first-in 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, and fatigue. 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 monitored for 5 days and 

symptoms were monitored before pathology and toxicology analyses were performed. 

Once an MTD was established, efficacy studies were performed.  

 

For subcutaneous xenograft studies, 6-week-old female athymic nu/nu mice (Taconic 

Biosciences) were inoculated with 1 × 106 cells of the HT29-luciferase, HCT116 p53ī/ī, 

UACC903, MALME, and HEP3B cell lines in each rear flank, in a 150 ɛl suspension of 

1:1 Matrigel (BD). All subcutaneous tumors were allowed to establish for 1 to 3 weeks 

after injection. Treatment was initiated once xenografts reached a volume of ~200 mm3. 

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 al[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 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 through orbital 

bleeding and cardiac puncture before sacrifice, and were immediately stored at 4OC and 

processed by Antech Diagnostics for CBC and chemistry panels. Results were analyzed 

by a board-certified toxicologist. Tumor volumes were measured post-mortem through 

caliper and water density examination.  Organ and tumor samples were processed in 10% 

formalin and fixed in paraffin. Hematoxylin-stained samples were analyzed by a board-

certified pathologist to determine whether tumor cells existed on any organs or necrosis 

occurred in tumors. A board-certified veterinary pathologist also indicated whether 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 0-5 minutes, 20-23% for 5-12 minutes, 25% for 12-18 minutes. The 

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

samples, blood was obtained by terminal 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 tubes were centrifuge at 14,000 g 

for 10 min in a cold room (4ï8°C) methanol (cooled to ī80 ÁC) was added to the 

supernatant to make a final 80% (vol/vol) methanol solution. The solution was shaken 

and incubated for 6ï8 h at ī80ÁC. Samples were centrifuged at 14,000 g for 10 min (4ï

8°C) and then centrifuged in the SpeedVac to lyophilize to a pellet using no heat. The 

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

[299]. Area under the curve (AUC) was normalized to an internal serum peak with a 

retention time of 8.1 minutes. AUC data versus time was fit with a two-compartment 

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

AUC = Ae-Ŭt + Be-ɓt , where t = time, and A and B are the extrapolated concentrations 

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

calculated as t1/2Ŭ=0.693/Ŭ and t1/2ɓ=0.693/ɓ. Other equations used for calculation 

included CL=dose/AUC0-Ð and Vd=dose/(AUC0-ÐX ɓ). 

 

In vivo imaging 

For luciferase-expressing cell lines, D-Luciferin from Gold Bio was administered weekly 

following the manufacturersô instructions (60 µL, 50 mg/ml stock) and imaging was 

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 µM) was tested in 1,068 human cancer cell lines. Cell viability 

was determined at 72 hours post-treatment. Dose responses curves were generated and 

IC50/area under curve (AUC) was determined [300, 301]. 

 

Statistical Analysis 

For pairwise comparisons, we analyzed the data using the GraphPad two-tailed t test 

 

3.4 Discovery of the Imipridone Core Results 

3.4.1 Determination of ONC201 chemical structure by NMR and X-Ray Crystallography  

 

After the preclinical studies of ONC201/NSC350625 revealed its robust anti-tumor 

effects by activating the TRAIL pathway, we began 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 from the NCI that is an angular 

[3,4-e] isomer of the linear structure depicted in previous publications (Figure 3.1) [289].  
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Figure 3.1 Presentation of ONC201 by X-Ray crystallography. A) Molecular structure 

of ONC201 and its linear isomer. B) Representation of the molecular structure of as 

determined by X-ray crystallography. C) Ball and stick model and D) Space Filling Model 

of ONC201 based on X-ray 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 d6-DMSO as the solvent (Figure 3.2; Appendix Figure B.1-B.3). These 

conditions produced NMR data that allowed for full chemical shift assignments 

corresponding to the angular [3,4-e] structure of ONC201 [14] (Table 2). The assignment 
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strategy consisted of integration of the 1D 1H spectrum that yielded the expected number 

of protons in appropriate chemical shift ranges.  

Table 2: Chemical shifts for ONC201 1H and 13C NMR analysis in d6-DMSO at 

25oC. Positions are defined 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 

14 3.63/3.63 61.05 

15 -- 138.04 

16 4.87/4.87 41.98 

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 3.2 Elucidation of ONC201 structure by NMR. A) 1H and B) 13C NMR Spectrum 

of ONC201 in d6-DMSO. Peak assignments provided in Appendix B.1-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 through-bond 

connectivity of the imidazoline protons 11 and 12 was revealed in the DQCOSY 

spectrum (not shown). The remaining non-aromatic group 3 was assigned by default, as 

its connectivity to 4 in the DQCOSY was obscured by the diagonal. Comparable results 

consistent with the angular structure were obtained in CDCl3 solvent as well with 

ONC201.  

 

Next, we conducted X-ray crystallography studies with ONC201Å2HCl to definitively 

elucidate its molecular structure. Optimal crystallization was obtained with ethanol and a 

trace of water. Under these conditions, ONC201Å2HCl crystallizes in the monoclinic 

space group P21/c (systematic absences 0k0: k=odd and h0l: l=odd) with a=11.7746(3)Å, 

b=10.3998(2)¡, c=21.9517(5)¡, ɓ=95.1950(10)Á, V=2677.02(10)¡3, Z=4, and 

dcalc=1.254 g/cm3 . In agreement with the NMR analysis, the structure derived from this 

X-ray crystallography study confirmed the angular [3,4-e] structure of ONC201 (Figure 

3.1 B-D, Appendix Figure B.4, Appendix Tables B.1-B.6).  

 

3.4.2 ONC201 and the [4,3-d] linear isomer are indistinguishable by mass spectrometry 

 

To compare the spectroscopic profiles of ONC201 and the [4,3-d] linear isomer, we 

performed mass spectrometry analysis of the two compounds (Figure 3.3 a-b). Both 

ONC201 and the [4,3-d] linear isomer exhibited a 387.2 m/z mass spectrum with only 

subtle differences that were deemed insignificant. Both 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 molecules. Additional ionic fragments were present at 

lower concentrations with similar distributions from both small molecules.  These results 

are in agreement with the mass spectra previously reported by Allen et al. and 

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

patterns in mass spectrometry.  

 

Figure 3.3 ONC201 and the linear isomer are indistinguishable by 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 more ease 

  

 

3.4.3 ONC201 and the [4,3-d] 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 appear to overlap within 



99 

 

7.2-7.4 ppm, whereas the peaks from ONC201 are slightly farther apart within that range 

(Figure 3.1, Figure 3.4a). Other minor proton shift differences between the two structures 

are also evident. Three peaks between 3.4-4.0 ppm are congested within the spectra of the 

ONC201; however, the linear isomer shows two clear triplet peaks as reported in the 

publication by Jacob, et al. (Figure 3.4a-b). Notably, ONC201/NSC350625 (free base) 

obtained from the NCI, and used in the discovery and initial pharmacology studies of 

ONC201, showed a very similar NMR spectrum to the ONC201 clinical dihydrochloride 

material manufactured by Oncoceutics. Thus, NMR analysis is able to distinguish 

ONC201 from its [4,3-d] linear isomer and supports the angular [3,4-e] structure of 

ONC201 obtained from both the NCI and Oncoceutics.  

 

IR spectroscopic analysis was also conducted on ONC201 and the [4,3-d] linear isomer. 

The IR spectra revealed peaks between the 2000-1000 cm-1 (1612, 1490, 1446 cm-1), 

wavelengths that are indicative of the carboxyl, pyridine and amine, and aromatic 

functional groups, respectively, that are present in both compounds. Peaks within the 

2900-3100 cm-1 wavelength region indicate the presence of both the aromatic and H-C-N 

functional groups. Due to the large vibrations occurring at the region below 600 cm-1, 

peaks in these could assigned. An overlay of both spectra demonstrates that ONC201 and 

the [4,3-d] linear isomer are nearly identical in dichloromethane, supporting the expected 

conclusion that NMR is better able to distinguish the two isomers than IR (Figure 3.4c).  
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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. Spectra were 

analyzed using HMBC and MestReNova. C) IR spectra of [4,3-d] (blue) 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 [4,3-d] 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 ONC201, the [4,3-d] linear isomer was unable to induce cell death or TRAIL below 1 

mM, an extremely high dose that is unlikely to be achieved in vivo (Figure 3.5a). The 

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

comparison 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 Allen et al using the NCI 

material (Figure 3.5b-c). De-phosphorylation of Foxo3a, Akt, and ERK was comparable 

to previously reported results associated with the unique signaling mechanism for 

ONC201 (Figure 3.5d) [1]. Thus, the conclusions drawn from Allen et al. regarding 

preclinical profile of ONC201, 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 3.5 ONC201 induces TRAIL and decreases human colon cancer cell viability 

at a significantly lower concentration than the linear isomer. A) Cell viability in 

HCT116 cells shows that the [4,3-d] linear isomer compound does not reach a GI50<1 

mM. Cells were treated for 72 hours. B) RT-qPCR analysis of relative TRAIL gene 

expression normalized to GAPDH and C) TRAIL surface expression in HCT116. Cells 

were treated in both with DMSO, 10 µM ONC201, or 10 µM of its linear isomer for 72 

hours. D) Western blot of downstream signaling of HCT116 cells were treated with 10 µM 

ONC201 and 10 µM [4,3-d] linear isomer compound for 72 hours. Phosphorylation sites 

for Ab: pAkt (s473), pFoxo3a (S253), pERK (Thr202/Tyr204). *p<.05 Studentôs two tailed 

t-test relative to control. 
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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 anti-cancer activity 

 

Based on the importance of the imidazopyridopyrimidone core structure of ONC201, 

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 3.6a-b). Each analogue was evaluated in a 

primary cell viability screen in CRC cell line HCT116-p53-/- and normal cell line MRC5 

(Figure 3.6c). 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 the 2-methylbenzyl group, such as with ONC212 

(4-CF3-benzyl group at R1), were more potent than ONC201, resulting in some cases in 

up to a 1000-fold 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 (2,4-diCl-benzyl) were also potent in the colorectal cancer 

(CRC) cell line screen, and had a large in vitro therapeutic window. This suggests that 

replacing the R1 group with halide-benzyl 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 the 2-position of the benzyl substituent was absent, 

such as ONC212, ONC213 (3,4-diF-benzyl) and ONC211 (3,4-diCl-benzyl).  Variants at 

R2 were also prepared, with ONC207 (-H) having no anti-cancer activity while potency 
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was restored with manipulation of the R1 group in ONC221 (R2-H; R1-4- CF3-benzyl 

group). 

Figure 3.6 Exploration of chemical derivatives of ONC201. A) 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, and GI50 in HCT116 cells and 

IC50 in MRC5 cells. N=3; IC50 collected after 72 hours and calculated by PRISM. D) 

Chemical structure and E) ORTEP drawing of ONC212 crystals from X-ray data. X-ray 

crystallography was determined as described in methods. Analogues where synthesized by 

Provid Pharmaceuticals in collaboration with our lab and Oncoceutics.  

 

ONC212, a trifluoromethylbenzyl imipridone (Figure 3.6d-e), and ONC206, a 

difluorobenzyl imipridone, were initially selected based on their GI50 in HCT116 cells 

compared to their effects on normal cells (an approximation of in vitro 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 experiments 

demonstrated that ONC212 and ONC206 have nanomolar activity that is consistently 

more potent than ONC201 across several tumor types (Figure 3.7a-b).  

 

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

and melanoma cancer cell lines. The results prompted further investigation of these 

analogues (Figure 3.7c-d).   
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Figure 3.7. In vitro analysis of select analogues among several cell lines. A) Screen of 

GI50 values performed in lab of ONC212 and ONC206 compared to ONC201. 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 UACC-903. N=3 for all 

experiments. ONC201: IC50 10 uM IC25 2.5 uM; ONC212: IC50 .01 uM, IC25 .005 uM; 

ONC206: IC50 .05 uM; IC25 .01 uM) IC50 collected after 72 hours and calculated by 

PRISM. Colony assays were monitored until colonies formed.  
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3.5.2 Lead ONC201 analogues ONC212 and ONC206 engage the ISR and TRAIL 

pathway leading to tumor growth 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 3.8a-c). Further, ONC212 displayed similar 

suppression of p-ERK and p-Akt 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 ONC206-mediated induction of CHOP and DR5 mRNA at 

24 hours, and TRAIL expression after 72 hours of treatment (Figure 3.8a-c, Appendix 

B.5 a-b). Western blot analyses also showed an earlier inhibition of ERK and Akt 

phosphorylation with 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 cells overtime relative to GAPDH and Vehicle. C) ONC201, 

ONC212, and ONC206 TRAIL surface expression analysis at indicated time points in 

HCT116 and TRAIL-resistant HCT116-Bax-/-. D) Western blot analysis of HCT116 cells 

treated with ONC201 and ONC212 treated overtime. E) Quantitation of western blots 

(ONC201: 10 uM; ONC212: .01 uM; ONC206: .05 uM). N=3; Western blot representative 

of 3 biological replicates.  
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We previously described ONC201ôs ability to induce cell cycle arrest [2, 3]. Similarly, 

ONC212 and ONC206 significantly induced Sub-G1 apoptotic cells and/or cell cycle 

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

cell line with acquired RKO-ONC201R [2], suggesting cross-resistance between the 

compounds. (compare Figure 3.9a-c, Appendix B.5 c-d).  

 

3.5.3 Imipridone ONC201 and analogues inhibit tumor cell migration and invasion 

 

Prior studies have shown that TRAIL can inhibit metastasis [10, 11]. We therefore 

examined the ability of ONC201 and selected analogues to inhibit cell migration and 

invasion. Boyden-chamber xCelligence migration assays showed that ONC201 and 

ONC206 significantly inhibited tumor cell migration and invasion in vitro. In contrast, 

ONC212 inhibited only invasion. Furthermore, ONC201 and ONC206 inhibited 

migration of ONC201- and TRAIL-resistant HCT116 Bax-/- cells without inducing cell 

death or inhibiting cell proliferation (Figure 3.9d-f).  
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Figure 3.9. ONC212 and ONC06 induce cytotoxicity and inhibit migration and 

invasion similarly to ONC201. A) Representative cell cycle images in HCT116 cells. B) 

G1 and C) subG1 arrest in HCT116 cells at selected time-points of ONC201 (10 uM) ; 

ONC212 (.01 uM), and ONC206 (.05 uM). D) Representative xCelligence migration assay. 

E) Cumulative Migration and F) Invasion using xCelligence software in select cell lines at 
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IC50 values over 48 hours. ONC201: 10 uM; ONC212: .01 uM; ONC206: .05 uM. 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 vivo toxicity assessment experiments showed that ONC212 was well tolerated up to 

250 mg/kg when administered by intra-peritoneal injection (I.P.) or orally administered 

through a gavage (P.O.). Oral administration yielded similar results, with no gross 

observations 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 and perfuse 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 

(Appendix B.6 a-b). Other organs remained unaffected by a 300 mg/kg dose (Appendix 

B.6 c-d).  Contrastingly, ONC206 demonstrated more toxicity levels, with mice 

exhibiting trouble breathing and lung damage at 100 mg/kg (Appendix B.7). Therefore, 

we pursued ONC212 further. For ONC212, the 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 studies, leading us to conclude that 

ONC212 has a MTD of 250 mg/kg.  

 

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

(P.O.) in C57/BL6 mice. ONC212 had a slightly shorter half-life than ONC201, with a 
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clearance from the blood at 12 hours (Figure 3.10a), T1/2 of 4.3 hours, and Cmax of 1.4 

µg/mL (Figure 3.10a, Appendix B.8a) [1]. Despite the rapid PK characteristics of 

ONC212, its high MTD and relatively rapid and potent in vitro anti-tumor activity 

prompted in vivo efficacy studies.  

 

To determine ONC212ôs oral efficacy, the impact of oral and intra-peritoneal 

administration of ONC212 on tumor xenograft growth was evaluated. ONC212 

significantly inhibited tumor growth of both HT29 and HCT116p53-/- xenografts, 

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

activity when administered via oral gavage (Figure 3.10b, Appendix B.8b). Furthermore, 

despite its shorter half-life versus ONC201, ONC212ôs efficacy at 30 days after 

administration was comparable to ONC201. This suggests that ONC212 has a prolonged 

pharmacodynamic effect despite systemic clearance (Figure 3.10d).  
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Figure 3.10 Pharmacokinetics and efficacy of oral ONC212. A) Pharmacokinetic profile 

through mass spectrometry at a dose of 125 mg/kg with blood extracted into a MeOH pellet 

through oral administration n=3.  Efficacy of ONC212 at 50 mg/kg in athymic nude mice. 

Comparison of IP vs oral in B) HT29 and C) HCT116 xenografts overtime D) Final tumor 

volume comparison of ONC212 in two CRC xenografts. HT29 after 30 days. 

HCT116p53null after 6 weeks. PK n=3; efficacy n=6. **p<.01 
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3.5.5 ONC212 has broad spectrum anti-cancer efficacy with improved efficacy in skin 

cancer relative to ONC201 

 

Given that ONC212 was well tolerated in vivo, was orally active, and demonstrated 

accelerated kinetics of signaling in vitro, it was selected for subsequent efficacy testing in 

vitro and in vivo. The Genomic of Drug Sensitivity in Cancer (GDSC) collection of cell 

lines (1,068 human cancer cell lines) was used to test the in vitro efficacy of ONC212. 

Most solid tumors and hematological malignancies were sensitive to ONC212 in the low 

nanomolar range (Figure 3.7e). Skin cancer was one of the most ONC212-sensitive solid 

tumor types. Furthermore, it was more sensitive to ONC212 than to ONC201 (Figure 

3.11a-c, Appendix B.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 3.11d-e, Appendix B.9). 
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Figure 3.11 Genomic of Drug Sensitivity in Cancer (GDSC) Screen. A) In vitro 

sensitivity of 1068 human cancer cell lines to ONC212 (78 nM ï 20 µM, 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 tumor type. The 

number of cell lines tested per tumor type are indicated. B) Average cell viability (area 

under curve, AUC) and C) IC50 with 72-hour ONC201 and ONC212 (0.078-20 µM) 

treatment in a panel of 53 skin cancer cell lines in the GDSC screen. * indicates p < 6.68 x 

10-24. D) Average cell viability (area under curve, AUC) and E) IC50 with 72-hour 

ONC212 (0.078-20 µM) treatment in a panel of 15 wild-type (WT) and 32 BRAF V600E 

melanoma cell lines in the GDSC screen. P-value 0.0595. Data was provided by Dr. Cyril 

H. Benes from Massachusetts General Hospital.  
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3.5.6 Oral ONC212 shows potent anti-tumor efficacy in a human melanoma xenograft 

and hepatocellular model  

 

In vitro experiments showed that both melanoma and hepatocellular carcinoma cell lines 

were more sensitive to ONC212 than ONC201 (Figure 3.7a-e). Similarly, BRAF V600E 

melanoma MALME, UAC-903 xenografts and hepatocellular carcinoma Hep3B 

xenografts were more sensitive to weekly dosing of ONC212 than to weekly dosing of 

ONC201 (Figure 3.12a-c, Appendix B.9 a-b). Immuno-histochemical (IHC) analyses of 

Ki67 and caspase-3 demonstrated that ONC212 reduced tumor-cell proliferation and 

induced apoptosis in UACC-903 and MALME xenografts to a greater extent than 

ONC201 (Figure 12d, Appendix B.9c).  
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Figure 3.12 Efficacy of ONC212 in melanoma and liver cancer. A) relative tumor 

growth and B) Final tumor volume of MALME, UACC-903, and HEP3B xenograft bearing 

mice treated with Vehicle, ONC201, or ONC212 weekly. Final tumor volumes measured 

after 5 weeks for UACC903, 5 weeks for MALME, and 30 days for HEP3B as these were 
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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 Caspase-3 (right) staining of selected 

cohorts at 5 weeks. N=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 efficacious anti-tumor agent 

that induces TRAIL pathway activation driven by an upstream indirect dual blockade of 

Akt and ERK signaling [1]. With the clinical introduction of ONC201, the compound has 

gained significant attention due to its ideal safety and efficacy drug profile as a small 

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 angular [3,4-e] 

structure of TIC10/ONC201 and showed that the linear [4,3-d] structure is inactive, 

which explained our unpublished observations.  

 

The depiction of the ONC201 structure in 1973 as the [4,3-d] isomer was likely due to an 

incorrect prediction of the structure of intermediates involved in its synthesis. This 

structural mis-assignment 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 degree 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 yielded a non-active product. Furthermore, the mass spectrometry analysis 
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previously reported by Allen et al. was consistent with the public domain structure and 

the disclosed structure from Stähle et al.  

 

The detailed structural analyses of ONC201 and the [4,3-d] linear isomer prepared as a 

reference indicate that the active compound ONC201 is indeed the angular compound 

represented by the angular [3,4-e] chemical structure. The [4,3-d] linear isomer does not 

induce cell death or affect the proliferation of cancer cells in a pharmacologically 

acceptable dose range, suggesting no therapeutic potential for TRAIL induction for that 

compound and highlighting the uniqueness of ONC201 Earlier refinement of the 

structure of ONC201 would not have impacted its discovery as a 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 

Jacob et 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 structural mis-assignment of ONC201, the prior preclinical 

studies are valid and the therapeutic potential of ONC201 to address unmet oncology 

needs remains strong.  

 

The publication by Jacob et 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 presented herein confirm that the clinical ONC201 

dihydrochloride salt material indeed possesses an angular [3,4-e] structure that also 
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represents the material distributed by the NCI for preclinical studies and was utilized by 

Oncoceutics for preclinical pharmacology, IND-enabling studies, and upcoming clinical 

studies. Since ONC201, which has the angular [3,4-e] structure, has always been the 

compound under development by Oncoceutics and part of the documentation provided to 

regulatory agencies, the structural clarification does not affect prior studies. The 

development of ONC201 continues to advance in parallel with these recent findings 

clarifying the structure of the compound, including a successful Phase I which confirmed 

ONC201ôs safety and favorable pharmacokinetic profile in advanced cancer patients and 

several ongoing Phase II 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 compounds. The goal was to synthesize second-generation analogues that may 

have superior efficacy, different mechanisms of action, or have efficacy against 

ONC201- resistant tumors. The chemical structure of ONC201 was modified to produce 

analogues that preserved the imipridone core structure and possessed potent cytotoxic 

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 ONC212 and ONC206 for further examination due to their distinct efficacy 

spectrum and favorable in 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 relatively 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 pathways 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 observations on kinetics of response and 

invasion suggest that ONC212 possesses distinct anti-cancer properties relative to other 

imipridones. We selected ONC212 for in vivo evaluation considering the strong potency 

and differentiated kinetics of signaling. Given the high MTD of ONC212 at 250 mg/kg, 

the in vivo anti-tumor activity of ONC212 was investigated further. ONC212 exhibited a 

shorter half-life as compared to ONC201 and potent anti-tumor efficacy in vivo at doses 

that appeared non-toxic. ONC212 was efficacious at single doses of 50 mg/kg - 100 

mg/kg with oral administration, suggesting this route of administration is viable like 

ONC201. Interestingly, despite its shorter half-life, ONC212 possessed similar efficacy 

in CRC to that of ONC201; demonstrating a potentially prolonged mechanism of action 

that allows for a sustained anti-tumor effect that warrants further investigation. 

 

Finally, we have observed activity of ONC212 in vivo that shows an advantage in 

specific tumor types versus the parent imipridone compound ONC201. Specifically, the 

more pronounced anti-tumor activity of ONC212 in BRAF V600E melanoma and 
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hepatocellular carcinoma xenografts is an important demonstration of the distinct 

spectrum of ONC212 anti-cancer activity in cancer. The stronger effect in Ki67+ cells 

compared to apoptotic cell marker caspase-3 suggests that ONC212ôs anti-tumor activity 

may be primarily dependent on its anti-proliferative 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 ONC201. Using 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, and in vivo evaluations of lead candidates. 

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

is undergoing IND investigation and Phase I first-in-human trial.  
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CHAPTER 4 

ANTI -TUMOR  EFFECTS OF ONC201 IN COMBINATION  WITH  VEGF-

INHIBITORS  SIGNFICANTLY  IMPACTS  COLORECTAL  CANCER 

GROWTH  AND SURVIVAL  IN VIVO  THROUGH  COMPLEMENTARY  

NON-OVERLAPPING  MECHANISMS   

 

This manuscript was adapted from: Wagner J, Kline C, Zhou L, El-Deiry WS. Anti-

tumor effects of ONC201 in combination with anti-angiogenic agents significantly 

impact on colorectal cancer growth in vivo. J Experimental & Clin. Canc. Res. January 

2018. Vol 37 Issue 11. 

 

4.1 Abstract 

 

Small molecule ONC201 is an investigational anti-tumor agent that upregulates intra-

tumoral TRAIL expression and the integrated stress response pathway. A Phase I clinical 

trial using ONC201 therapy in advanced cancer patients has been completed and the drug 

has progressed into Phase II 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 

bevacizumab, are effective in combination with certain chemotherapeutic agents. We 

investigated the potential combination of VEGF inhibitors such as bevacizumab and its 

murine-compliment; along with other anti-angiogenic agents with and ONC201 in both 

CRC xenograft and patient-derived xenograft (PDX) models. We utilized non-invasive 

imaging and immunohistochemistry to determine potential mechanisms of action. Our 

results demonstrate significant tumor regression or complete tumor ablation in human 

xenografts with the combination of ONC201 with bevacizumab, and in syngeneic MC38 



124 

 

colorectal cancer xenografts using a murine VEGF-A inhibitor. Imaging demonstrated 

the impact of this combination on decreasing tumor growth and tumor metastasis. Our 

results indicate that ONC201 and anti-angiogenic agents act through distinct mechanisms 

while increasing tumor cell death and inhibiting proliferation. With the use of both a 

murine VEGF inhibitor in syngeneic models, and bevacizumab in human cell line-

derived xenografts, we demonstrate that ONC201 in combination with anti-angiogenic 

therapies such as bevacizumab represents a promising approach for further testing in the 

clinic for the treatment of CRC. 

 

4.2 Introduction 

Colorectal cancer is the third most common cancer in the world and has an overall 5-year 

survival rate of approximately 10% for those with stage IV cancer, with a significantly 

lower cure rate in those with metastatic CRC [302, 303]. Therefore, therapies that can 

treat metastatic colorectal cancer is necessary [304]. The novel anti-cancer imipridone 

ONC201 induces the TRAIL and DR5 genes through dual inactivation of 

Akt/ERK/Foxo3a and activation of the ISR [1-4, 6, 14, 269, 271-273]. The therapeutic 

activity of ONC201 in preclinical in 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 has successful underwent Phase I 

clinical trial, demonstrating safety and promising pharmacokinetics in patients [278].  
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Tumor angiogenesis is the process by which new blood vessels are developed; a critical 

process in tumor progression and development [228]. Many growth factors are needed for 

angiogenesis including vascular-endothelial growth factor (VEGF), fibroblast growth 

factors (FGF), and platelet-derived endothelial growth factors, which bind to three 

tyrosine kinase receptors: VEGFR1/2, which promote angiogenesis, and VEGFR3 which 

stimulates lymphangiogenesis [237]. Elevated levels of VEGF have been detected in 

various human cancers including colorectal cancer and correlate with outcome. VEGF 

increases vascular disorganization and permeability and enhances the ability of tumor 

cells to spread throughout the body [239-242]. 

 

Bevacizumab (Avastin), a humanized monoclonal antibody designed to neutralize human 

VEGF, inhibits VEGF-induced proliferation of endothelial cells and promotes endothelial 

cell apoptosis. Treatment with monoclonal antibodies such as bevacizumab has been 

shown to inhibit growth of tumors in vivo, promote tumor cell apoptosis, and prevent the 

spread of metastases [139, 243, 245, 246]. Bevacizumab functions best as a 

combinational agent and is approved by FDA for metastatic CRC, non-small cell lung 

cancer, and metastatic breast cancer [245, 247-249]. Regorafenib, an oral multi-kinase 

inhibitor with anti-angiogenic properties is also approved for metastatic CRC but has a 

distinct profile of adverse advents including hepatotoxicity, fatigue, diarrhea, 

hypertension, and hand-foot syndrome [305, 306].  
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Given the potential role of TRAIL on angiogenesis; and the established clinical protocol 

of using bevacizumab as a combinational agent in colorectal cancer, we sought to 

demonstrate that ONC201 and bevacizumab could 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 Waldmanôs lab at Thomas Jefferson University. 

ONC201 was obtained from Oncoceutics.  

The PDX tumor was provided by NexusPharma Inc., Philadelphia, PA. The PNX0229 

sample was obtained from a 57-year old Caucasian male with a Stage 2A descending 

colon adenocarcinoma. The sample was taken from a liver metastasis that formed. The 

patient underwent a combination of FOLFIRI and Erbitux with a partial response; 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 indicated doses. Bevacizumab was procured from the Fox 

Chase Cancer Center pharmacy and diluted in PBS. Bevacizumab was administered 

through retro-orbital injections every other week at a dose of 5 mg/kg. Regorafenib was 

procured from MedChemExpress (HY-1031) and administered orally at 10 mg/kg per 
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day dissolved in PBS for at least 22 days. Murine VEGF-A (Biolegend 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 regorafenib dosing was 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 xenografts, 6-week-

old female athymic nu/nu mice (Taconic Biosciences) were inoculated with 1 × 106 cells 

of the HT29-luciferase, HCT116 p53ī/ī, or HCT116-GFP cell lines in each rear flank, in 

a 150 ɛl suspension of 1:1 Matrigel (BD). For subcutaneous xenografts in syngeneic 

models, CT26 cells were inoculated with 1.0 x 106 cells into six-week 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 weeks after 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*W^2)/2. 

 

In vivo pathology and toxicology 

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 through orbital 
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bleeding and cardiac puncture before sacrifice, and samples were immediately stored at 

4oC and processed by Antech Diagnostics for CBC and chemistry panels. Results were 

analyzed by board-certified toxicologists. Tumors were measured post-mortem through 

caliper and water density examination.  Organ and tumor samples were processed in 10% 

formalin and fixed in paraffin. Hematoxylin-stained samples were analyzed by a board-

certified pathologist to determine whether tumor cells existed on any organs or necrosis 

occurred in tumors. Board-certified 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 in paraffin and 8 ɛm sections were cut and mounted on slides. The 

sections were then processed and analyzed using immunohistochemistry with VEGF, 

Ki67, and CD31 [4].  CD31 was only scored on those tumors +/- 600 mm3 from the 

average tumor size in order to best control for tumor size variation. CD31, and Ki67 

levels were calculated by independent blind-scoring 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. 

 

HUVEC assays 

Human normal primary umbilical vein endothelial cells were purchased 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 doses were used as previously published. 

Sprouting was counted and calculated as described in Millipore methods. 

 

Fluorescent probe imaging 

Mice were anesthetized with isoflurane and injected through retro-orbital i.v. injections at 

recommended amounts for either Superhance 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 Maestro in-vivo 

imaging system (Cri, Woburn, MA). Mice with Superhance were also imaged for GFP-

expressing tumors. Relative luminescence units (RLU) were calculated by measuring 

tumor fluorescence subtracted from the background of mouse auto-fluorescence divided 

by the area of tumor, measured by ImageJ. 

 

ELISA assays 

A total of 500 µL blood was collected through orbital blood draw while mice were 

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 manufacturerôs directions.  
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Statistical analysis 

Data are presented as means + SD. To assess the statistical significance of the 

differences, unpaired Student t test with Holm-Sidak correction for multiple comparisons 

(maximum of three comparisons were made) was performed, with P < 0.05 deemed 

statistically significant. Measurements from three 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 anti-angiogenics in combination, we 

pursued ONC201 and VEGF-specific inhibitory antibodies or Regorafinib in athymic 

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

 

4.4.1 ONC201 shows combinatorial efficacy with anti-angiogenics in vivo. 

ONC201 has been shown to be efficacious in colorectal xenografts [1]. However, some 

aggressive xenografts are more resistant to ONC201ôs treatment. We screened for 

potential synergy between ONC201 and approved CRC-based therapies (Appendix 

Figure C.1). Our in vitro results suggested no major synergies with 5-fluorouracil, 

oxaliplatin or irinotecan although there may be some additive effects. We further sought 

to investigate the combination of ONC201 and bevacizumab (Avastin) since 

bevacizumab is an FDA-approved and relatively well-tolerated drug used to treat patients 

with advanced colorectal cancer. Assessing for a potential synergy between ONC201 and 
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bevacizumab in vivo, we observed that in the HT29 xenograft model, the combination of 

ONC201 and bevacizumab led to a significant reduction in tumor growth and 

development (Fig 4.1a-b). Both bevacizumab alone and the combination led to no 

metastases forming during tumor development (Appendix Figure C.2). This combination 

was also synergistic against colorectal PDX tumors, and more potent in suppressing 

tumor growth as compared to ONC201 or bevacizumab alone. (Fig 4.1c). The 

combination of ONC201 plus bevacizumab was also shown to be non-toxic (Appendix 

Figure C.3).  
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Figure 4.1: ONC201 works in combination with bevacizumab to significantly impact 

on colorectal cancer growth in vivo. A) Final tumor measurements of HT29 tumors in 

combination with ONC201 and bevacizumab at doses described after 4 weeks. B) 

Representative fluorescent images. C) Final tumor measurements of CRC PDX tumors in 

SCID mice after 5 weeks. D) Representative image of PDX tumors. Bevacizumab is 5 

mg/kg every 2 weeks.  N=5.  
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4.4.2 ONC201 shows combinatorial efficacy with syngeneic colorectal tumors and mouse 

anti-angiogenic anti-VEGF or regorafenib 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 monoclonal antibodies 

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 the tumor [307, 

308]. To better demonstrate the relevance of VEGF inhibitors in a complete system, we 

chose to use a murine VEGF-A inhibitory antibody, a murine counterpart of 

bevacuzimab, in syngeneic models injected with murine CRC.  

 

To determine whether ONC201 can also synergize with other anti-angiogenic agents; we 

treated mice with regorafenib and a murine VEGF-A inhibitor in combination with 

ONC201. ONC201 significantly synergized with either bevacizumab or the murine anti-

VEGF-A (Figure 4.2). Although the combination of ONC201 with the less specific 

compound, regorafenib, was not as significant as compared to VEGF-inhibitors, 

regorafenib/ONC201 therapy still tended to be more potent than mono-agent therapy 

(Figure 4.2a-b, Appendix Figure C.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 non-toxic in mice as seen by no notable significant 



134 

 

side effects during treatment, no significant impact on serum blood chemistries, and a 

normal organ pathological analysis. (Appendix Figure C.3). 

Figure 4.2: ONC201 works in combination with other VEGF inhibitors and anti-

angiogenic agents in vivo. A) Final tumor measurements of HCT116 xenografts with 

ONC201 or combinations after 3 weeks. B) Light and GFP images of metastases in vehicle, 

regorafenib, and ONC201 treated mice. C) Relative tumor growth of MC38 tumors in 
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C57/BL6 mice after 4 weeks. ONC201: 50 mg/kg every week. Regorafenib: 5 mg/kg daily. 

Bevacizumab: 5 mg/kg every other week. N=5 

 

4.4.3 ONC201 does not significantly impact VEGF levels or human vascular endothelial 

cell (HUVEC) growth in vitro and does not impact vascular growth in vivo. 

 

To determine potential mechanism(s) of synergy between ONC201 and anti-VEGF 

therapy, we screened for effects of the combinational therapies with focus on mono-agent 

key mechanisms of actions. In our colorectal xenograft, VEGF expression 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 bevacizumab masks VEGF 

detection by anti-VEGF antibodies). The combinational therapy also showed significantly 

less VEGF expression than the vehicle and ONC201 treatment (Fig 4.3a, Appendix 

Figure C.4). We tested the effect of ONC201 on HUVEC sprouting and growth. While 

ONC201 did not impact the amount of HUVEC sprouting on Matrigel, bevacizumab and 

the ONC201-bevacizumab combination did inhibit HUVEC sprouting. (Fig 4.3b-c). 

Interestingly, Regorafenib alone or in combination did not impact HUVEC sprouting 

(Appendix Figure C.5 a-b). 
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Figure 4.3: ONC201 does not impact VEGF expression in xenografts or HUVEC 

sprouting. A) VEGF-A expression from immunohistochemistry in HT29 and HCT116 

CRC xenografts. B) HUVEC representative images of sprouting from HUVECs grown on 

Matrigel. C) Quantitation of HUVEC sprouting and branching after 12 hours. In vivo: n=5 

ONC201 treatment 50 mg/kg weekly. HUVECS n=4, ONC201 treatment 5uM, 

Bevacizumab 5mg/ml.  
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We assessed the impact of the ONC201-bevacizumab combination therapy on tumor 

vascularization in vivo by performing histopathological analyses along with in vivo 

imaging. There have been several advancements in non-invasive imaging for monitoring 

vascularization within tumors. These methods can provide a means of detecting 

angiogenesis within the entire perimeter of a tumor and include Positron Emission 

Tomography ï Computed Tomography PET/CT studies [309]. 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 by anti-angiogenic 

compounds. (Fig 4.4a-c, Appendix Figure C.6).  

 

The most commonly used method of assessing the success of anti-angiogenic therapies is 

measuring micro-vessel density (MVD) from biopsies taken before and after treatment, 

evaluating certain biomarkers including CD31 [310]. However, measurement 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 scored [311]. Therefore, we measured CD31 in tumors of comparable 

size after long-term 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 4.4d-e, Appendix Figure C.7-C.8). 
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Figure 4.4: ONC201 does not inhibit vascular growth in vivo. Relative fluorescent 

intensity (RFI) from A) Superhance 680 probe in HCT116 xenografts and B) Angio-sense 

probe in MC38 tumors after 4 weeks. C) Representative images of HCT116 GFP tumors. 

N=5 CD31+ cell count per 20x slide view for D) Syngeneic models CT26 and MC38 and 

E) Human xenograft HT29 and MC38. E) Representative CD31 image for HT28 
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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 tumor for tumors 

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 

 

 

4.4.4 Bevacizumab and regorafenib do not impede ONC201ôs TRAIL serum induction 

levels but do augment apoptotic fragment M30 levels. 

 

In order to determine the mechanism of synergy between ONC201 and bevacizumab, we 

explored whether bevacizumab might promote ONC201-induced TRAIL expression (4) 

or ISR activation (5). We found that bevacizumab and regorafenib do not impact 

ONC201ôs ability to induce serum TRAIL (Figure 4.5a, Appendix Figure C.9) or 

CHOP/DR5 (Figure 4.5b-c, Appendix Figure C.5c) expression. 
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Figure 4.5: Bevacizumab and Regorafenib does not impact ONC201ôs key 

mechanisms. A) Serum TRAIL for TRAIL ELISA taken at week 3 in HCT116 xenograft 

bearing athymic nude mice. N=5. CHOP and DR5 protein in B) HT29 and C) HCT116 

cells from live cell imaging using CHOP-800, DR5-800, and Actin-700 on LiCor Odyssey. 

Cells treated for 48 hours. ONC201: 5uM. Bevacizumab: 1mg/ml.  
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We assessed whether the ONC201-bevacizumab combination 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 observed in tumor tissues from combination-treated mice. In addition, a significant 

decrease in Ki67 was observed in mice treated with either bevacizumab-ONC2091 or 

regorafenib-ONC201 combination as compared to single agents (Figure 4.6a-c, Appendix 

Figure C.10-C.11). Furthermore, ONC201 and bevacizumab in combination significantly 

inhibited HUVEC migration at low doses that did not induce toxicity compared to 

monotherapy treatment (Figure 4.6d).  
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Figure 4.6. ONC201 and VEGF inhibitors work synergistically to impact apoptosis, 

growth arrest, and migration. A) M30 expression from M30-apoptosense ELISA taken 

at week 3 in HCT116 xenograft bearing athymic nude mice. N=5. B) Representative image 

and C) quantification of Ki67+ cells in HT29 xenografts of ONC201, Bevacizumab, and 

ONC201 + Bevacizumab in combination. N=20 slides, 5 per tumor. D) Migration assay 

using xCelligence of HUVECS migrating to FBS + VEGF with +/- ONC201 treatment in 

upper chamber and +/- Bevacizumab in lower chamber. N=4.  
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This data supports the idea that ONC201 and bevacizumab mechanistically act 

independently of one another, but do increase each otherôs ability to promote tumor 

apoptosis and decrease tumor cell growth (Figure 4.7).  

Figure 4.7. Schematic representation of combinational therapy. 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 50 mg/kg in vivo, we 

have demonstrated here that in combination with the clinically approved agentsô 

bevacizumab or regorafenib, ONC201 can significantly reduce tumor growth in 

colorectal xenografts. Based on significant effects on tumor growth over a 4-week period, 

the combination of ONC201 with anti-VEGF 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 

bevacizumab and 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 inhibitors in syngeneic 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 regorafenib. Further, the lack 

of toxicity observed in the ONC201-bevacizumab combination-treated mice, compared to 

the effects seen in the regorafenib-ONC201 combination mice, supports the conclusion 

that ONC201-bevacizumab combination would be favored for initial pursuit in the clinic.  

 

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

CD31+ cells, or angiogenesis. Further, VEGF-based compounds appear to not affect 
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ONC201ôs ability to induce TRAIL, CHOP, or DR5 levels; suggesting that ONC201 and 

anti-angiogenic 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 HUVEC migration. This 

demonstrates that while acting through two separate mechanisms, both ONC201 and 

combination with either bevacizumab or regorafenib enhance tumor cell death and inhibit 

proliferation when used in combination. Based on our results, such a trial of ONC201 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 caspase-cleavage product M30. This is commonly used in dual-therapeutic 

treatments. One limitation is that we pursued in preclinical models only dosing at the 

same time, and other schedules should be pursued. Further, chemo-resistant tumors were 

not analyzed and need to be taken into consideration. Biomarker panels as 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 cancer cells with no toxicity in normal cells. ONC201 has 

successfully completed Phase I clinical trials and patients are currently enrolling in 

several Phase II studies.  

 

In Chapter 2, we demonstrate that dose intensification of ONC201 increases anti-tumor 

drug efficacy, in part by amplifying ONC201ôs PD including the ability to induce TRAIL 

and activate the ISR, without impacting toxicity. Dose intensification of ONC201 

increases the extent of the pro-survival kinase (Akt and ERK) inhibition leading to 

increased TRAIL expression and signaling in vivo, causing a more efficacious tumor 

growth inhibition and anti-metastasis effects. Optimum pharmacodynamic effects of 

ONC201 were observed with weekly dosing even though the drug half-life is 10 hours 

[269]. It is of clinical relevance that the pharmacodynamics (PD) effect of ONC201 

extends for days to weeks beyond its serum half-life of 10 hours [269], and thus the most 

efficacious dosing in the clinic needs to be modeled by the PD characteristics. Based on 

our in vivo data, clinical trials where adjusted with the frequency of administration 

increased to weekly dosing as a new recommended phase II dose (RP2D) to further 

assess the proper regimen for different patient cohorts. Future patient data comparing 

efficacy of different schedules and PD sustainability will allow researchers and clinicians 

to determine the optimal scheduling for this particular small molecule. 
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We uncover a novel aspect of the anti-tumor effect of ONC201; namely, impact of 

ONC201 on migration/invasion and metastasis. Through in vitro studies, we note a 

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

resistant, and breast cancer cells. These results demonstrate that ONC201ôs ability to 

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 anti-metastasis effects partially via a TRAIL-dependent mechanism [13]. Further, we 

can then conclude that ONC201 can suppresses metastases in vivo, as there was a notable 

decrease in metastases in CRC xenograft models through both tail vein and surgical 

models. However, this was not seen in the breast cancer models, as there was not as 

strong as a effect of metastases in vivo compared to the colorectal xenograft studies. Also, 

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

xenografts in 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 TRAIL in vivo.  TRAIL -/- mice or RIK-2 treatment should be used to 

monitor the entire bystander effect of ONC201ôs ability to increase TRAIL, and the role 

of TRAIL on metastasis. Alternatively, the metastasis inhibition was seen to be more 

pronounced in colorectal xenografts in vivo than in the MDA-MB-231. One could 

perform a micro-array analyzing differences in metastasis markers between ONC201 

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

pursued, which may demonstrate an effect of TRAIL on metastasis.  
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We cannot rule-out other yet to be discovered 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 the anti-metastasis effect. Also, 

given that the strongest impact on tumor growth within the MDA-MB-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 TRAIL in these specific cells. 

These events could be through the ISR upregulated by ONC201, by other key EMT 

pathway markers, or potentially immune surveillance. Of importance, metastases from 

patients undergoing ONC201 treatment should be investigated. The number of metastases 

in these patients compared to placebo 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 (EMT, anoikis marker, etc) are 

downregulated or TRAIL serum markers are upregulated.  

 

ONC201 stimulates mobilization and activation of natural killer cell activity including 

infiltration of tumors in tumor-bearing mice, and cytotoxic effects of NK cells toward 

ONC201-sensitive or -resistant CRC tumor cells. The increase, accumulation within 

tumors, and activation of NK cells both in vivo and in culture with human primary NK 

cells is due to ONC201 treatment. The TRAIL-sequestering antibody did not completely 

abrogate NK cell-mediated cytotoxicity in cell co-culture, demonstrating that NK cells 

play a role in ONC201 efficacy that goes beyond TRAIL production.  We also 
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demonstrated that other tumor-suppression mechanisms namely cytokine secretion and 

direct NK-tumor cell contact may be upregulated given the results in primary human NK 

cells and the ONC201 treated patients [283]. Of these, IFNŬ2-a, which induces sustained 

changes in NK cell responsiveness and IP-10/CXCL10, a key chemo-attractant for T and 

NK cell recruitment. These chemokines are all of interest and further establish that 

ONC201 has an immune-enhancing role in CRC. 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 Prf-/- mice, which is in direct contrast to our 

Lamp1+ data on primary NK cells. This may be demonstrating that de-granulation does 

not play a role in ONC201ôs efficacy. Functional studies of NK cell activity in the Prf-/- 

mice needs to be performed, as the results could also demonstrate that the NK-cell role is 

not as important in efficacy as the GM-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 post-treatment biopsies in patient tumors has potential to yield useful 

correlative clinical information with ONC201 efficacy. Initial patient data from a Phase II 

clinical trial demonstrates that patients who received ONC201 treatments exhibit 

increased NK cell populations in their peripheral blood. These NK cells were activated 

and secreted TRAIL, similar to what was observed in mice. The presence of these NK 

cells in other tumor sites and in larger ONC201 treated patient populations will be further 

assessed.  Patient data is the most critical future direction in Chapter 2, 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 metastatic-niche, have an intact micro-environment, and 

produce clonal or subclonal neo-antigens.  

 

The increase in CD3+ T cells shows a distinct promotion of the immune system, 

however, CD8a inhibition did not attenuate ONC201ôs efficacy, suggesting that the T-

cells play less of an effect on ONC201ôs pro-immune effect. Further, the combination of 

anti-PD-1 therapy with ONC201 showed some increased efficacy in comparison to the 

anti-PD-1 monotherapy in CT26 tumors treated with high doses of ONC201; indicating 

that alleviating T cells of PD-1 expression may enhance ONC201ôs potency in vivo. 

However, we did not observe a clear advantageous impact of ONC201 and anti-PD-1 

therapies in MC38 or CT26 tumors, then ONC201 monotherapy alone despite multiple 

dosing strategies in two different tumor types. The best strategy in CT26 tumors with a 

high dose of 100 mg/kg ONC201 yielded only a slight advantage compared to the PD-1 

monotherapy but was not statistically significantly greater than the ONC201 

monotherapy. The lack of efficacy of the combinational could be due several issues. The 

T cell TCR may be unable to recognize the tumors, which can be combatted in vivo using 

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

low dose of ONC201 administration, which can be easily tested looking at immune 

infiltrates in lower dosed ONC201 cohorts. Finally, cytotoxic T cells may be unable to be 

recruited to the tumors, which involves an in-depth analysis of the type of T-cells present 

in the mice, and within the tumor.  
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There is also some data presented in Chapter 2 that may demonstrate that ONC201 

mediated intrinsic cell-killing may be more advantageous than the possible-immune 

effects. Of note, there was still efficacy in vivo when the immune system was suppressed, 

including within the Bax-/- 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 of immune-related cytotoxicity; it is likely that ONC201 may favor its 

intrinsic-direct cytotoxic mechanisms over possible immune-response to suppress more 

ONC201-resistant tumors in vivo. It is also evident that TRAIL is not the sole player in 

ONC201ôs efficacy, given that these cells had inhibited proliferation and are TRAIL-

resistant. Our data here and other published data from the lab has shown that ONC201 

exhibits anti-tumor efficacy against some TRAIL-resistant tumors in vitro [312, 313].  

 

We did not observe an increase in lymphocytes or immune cells in the larger metastases 

treated with ONC201. One possibility is that that given limitations of the size of 

metastases in mice that the role of immune stimulation with regard to the impact of 

ONC201 is not easily measured on metastases. Therefore, this impact and immune 

infiltration in metastases may be better investigated in the context of the ONC201 clinical 

trials with human patients. A second possibility is that there could be an effect within the 

tumor microenvironment; as it is possible that ONC201ôs pro-immune response may not 

bypass a stroma-heavy tumor, which may be a difference from subcutaneous tumors that 

are not surrounded by epithelium from the lung. The stroma may be acting as a physical 
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barrier or may be immune-suppressive after ONC201 stimulation. There has been high 

impact published research indicating that TRAIL expression within the micro-

environment can produce a tumor-supportive environment through secreting immune-

cold cytokines [314]. Therefore, studies into the effect of ONC201 on the tumor 

microenvironment may be pursued.  Cytokine secretion from other cells within the 

micro-environment should be investigated upon ONC201 treatment to confirm that other 

cells are not secreting immune-suppressive cytokines. 

 

To summarize Chapter 2: Dose intensification plays a significant role in ONC201ôs 

efficacy through its ability to sustain the PD past the half-life. These results are clinically 

relevant and have influenced the clinical trials to be adapted to study the impact of 

frequency and pharmacodynamics on efficacy. We anticipate that ONC201 patient data 

may promote a better understanding of PD and scheduled-dosing on efficacy. The anti-

metastatic effect in CRC xenografts is evident, although the role of TRAIL in ONC201ôs 

ability to inhibit metastasis in vivo has not been thoroughly evaluated. Given the 

importance of the anti-metastatic properties of a new novel compound on potential FDA-

approval, further studies, including patient analysis, should be pursued. Finally, the 

immune recruitment shown in CRC subcutaneous tumors is promising; and this is 

complemented by the patient PBMC data provided to us by Rutgers. Given the NSG data 

and lack of metastatic infiltration in immune-competent models, there is a possibility that 

ONC201-mediated intrinsic mechanisms may play a greater role than an induced 

immune-response. Future studies can test immune-infiltration in human biopsy samples 
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from the ONC201 treated patients. Patient tumors grow in specific ñnichesò where they 

have co-opted the micro-environment, have possible stromal barriers, or have developed 

the ability to escape immune-detection. More patient data from ONC201 clinical trials is 

forthcoming and could demonstrate the significance of these findings. We have 

demonstrated that ONC201 can exert an anti-metastatic effect and pro-immune response 

in subcutaneous CRC tumors; and ONC201ôs pharmacodynamic properties make 

increasing dosing schedules advantageous.  

 

In Chapter 3, we demonstrate the importance of ONC201ôs angular imipridone core, and 

the development of the ONC201 structural activity relationship studies resulting in novel 

ONC201 analogues. The publication by Janda et al reported 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 an incorrect 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 resolved when 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 related structures. The mass spectrometry analysis 

was consistent with the public domain structure and corroborated the previously 

disclosed structure from Stähle et al. The issues with mass spectrometry in identifying 

correct structures within isomers is incredibly 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 the angular 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 and highlighting 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 presented 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, and upcoming clinical studies. 

 

The importance of the linear isomer cannot be overlooked, as it established the 

ñimipridoneò core that is the foundation for ONC201ôs analogues. Chemical changes to 

the R2, such as ONC207 (-H), had no anti-cancer activity. Potency was restored with 

manipulation of the R1 group in ONC221 (R2-H; R1-4- CF3-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 compounds with a 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 the 2-methylbenzyl group, such as with ONC212 

(4-CF3-benzyl group at R1), were more potent than ONC201, resulting in some cases in 

up to a 1000-fold 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 (2,4-diCl-benzyl) were also potent in the colorectal cancer 

(CRC) cell line screen, and had a large in vitro therapeutic window. This suggests that 

replacing the R1 group with halide-benzyl 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 the 2-position of the benzyl substituent was absent, 

such as ONC212, ONC213 (3,4-diF-benzyl) and ONC211 (3,4-diCl-benzyl).  With in 

vitro and in vivo data comparing ONC212 and ONC206 demonstrating that ONC212 had 

the highest MTD, and efficacy in vivo; ONC212 is clearly a superior analogue.  

 

ONC212 was efficacious at single doses of 50 mg/kg - 100 mg/kg with oral 

administration, suggesting this route of administration is viable like ONC201. 

Interestingly, despite its shorter half life, ONC212 possessed similar efficacy in CRC to 

that of ONC201; demonstrating a potentially prolonged mechanism of action that allows 

for a sustained anti-tumor effect that warrants further investigation. ONC212 

demonstrated an in vivo advantage in specific tumor types versus the parent imipridone 

compound ONC201. Specifically, the more pronounced anti-tumor activity of ONC212 

in BRAF V600E melanoma and hepatocellular carcinoma xenografts is an important 

demonstration of the distinct spectrum of ONC212 anti-cancer activity in cancer. The 
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stronger effect in Ki67+ cells compared to apoptotic cell marker caspase-3 suggests that 

ONC212ôs anti-tumor activity may be primarily dependent on its anti-proliferative 

signaling mechanism. The anti-proliferative 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 >1000 cell line 

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 may be a preferred 

ONC201 analogue for development. 

 

ONC212 has successfully reached IND stage and is undergoing a Phase I clinical trial, 

through the development by Oncoceutics. While 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 development. Successful results from a Phase I 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 D2-like receptor DRD2, and that published in vitro studies in CRC cell 

lines have determined that ONC201ôs anti-cancer activity goes beyond its ability to 
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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 

anti-cancer activity. Also, further studies are needed to determine if there is a connection 

between DRD2 antagonism and ONC201ôs mechanisms such as TRAIL upregulation, 

activation of the ISR, and potentially the anti-metastasis or immune effects. Patient 

samples including DRD2 expression may provide a better understanding of the role of the 

GPCRs on imipridone 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 ONC212 and ONC201 may demonstrate the effects of ONC201ôs 

antagonism of DRD2, allowing researchers to establish the exact role of this DRD2 

antagonism on ONC201ôs anti-cancer activity. 

 

In summary of Chapter 3, using structural analyses, ONC201ôs correct angular structure 

is different than its linear isomer, a fact that cannot be distinguished from mass 

spectrometry alone. ONC201ôs R1-halide analogs have an increased efficacy 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 approaches the clinic, 

other halide analogues should be investigated in ONC201-resistant 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 treatment. 
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In our final research chapter, Chapter 4, we demonstrate that ONC201 and bevacizumab 

act through independent mechanisms; with ONC201 impacting TRAIL and DR5 

pathways and bevacizumab acting as an anti-angiogenic agent. In combination, they 

increase tumor cell death markers and decrease proliferation at a higher rate than either 

single agent alone without inducing any signs of drug toxicity. This is important given 

that other combinational therapies, such as with ONC201, are not demonstrating superior 

efficacy compared to ONC201 monotherapy. Importantly, other anti-angiogenics such as 

regorafenib and ONC201 in combination did not demonstrate any increased efficacy and 

resulted in liver toxicity in the mice. Our proposal of ONC201 and bevacizumab in 

combination provides a reasonable combination therapy with non-overlapping 

mechanisms of action, which could reduce the emergence of resistance cells in patients in 

the clinic. Due to the fact that bevacizumab is a human-VEGF inhibitory antibody, we re-

capitulated our studies using MC38 tumors in C57/BL6 mice with a murine-VEGF 

inhibitory antibody in combination with ONC201. This demonstrated the same results, 

that the combinational therapies have almost no tumor growth, with tumors remaining 

around 250mm3, or growing only slightly. 

 

Most pre-clinical 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 combinational therapy when 

administered to therapy-naïve mice at the same time, other schedules should be pursued. 
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Further, chemo-resistant tumors are needed for specific analysis in pre-clinical research 

as many CRC patients undergo several chemotherapy treatments before being placed on a 

bevacizumab combinational therapy. 

 

With bevacizumab already FDA-approved for CRC, this combinational therapy is more 

likely to be approved for clinical trials than a combination with two non-FDA approved 

compounds. Thus, ONC201 and bevacizumab could 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.  

 

In summary, ONC201ôs dose intensification demonstrated an increased 

pharmacodynamic effect, increasing anti-tumor efficacy in vivo. ONC201 provides an 

important anti-metastatic effect in CRC that should be pursued further in both pre-clinical 

and clinical studies to establish if TRAIL plays a role in vivo and other potential anti-

metastatic markers. ONC201 promotes a pro-immune response in CRC subcutaneous 

tumors, however, the effect of the micro-environment or in more clinically-relevant 

models with stromal environments should be pursued. ONC201ôs imipridone core is 

essential for its anti-tumor activity, as the linear isomer had no anti-tumor effect. 

Imipridone R2 analogues have a lower IC50, and are more promising than their lead 

compound in certain tumor types. ONC212, a halide R2 analogue, demonstrates superior 

efficacy, a large therapeutic window; but does have a rapid PK. Development of ONC212 

in Phase I clinical trials are anticipated. Finally, ONC201 in combination with 
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bevacizumab led to superior results with almost no tumor growth. This result was re-

capitulated in syngeneic models. Given that bevacizumab is approved for metastatic 

CRC, we suggest that ONC201 in combination with bevacizumab should be introduced 

into a combinatorial Phase II clinical trial. 
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APPENDIX A 

 ONC201 DOSE INTENSIFICATION INHIBITS METASTASIS AND 

PROMOTES INTRA -TUMORAL T AND NK-CELLS 

 

Appendix Figure A.1: Dose intensification impacts tumor growth in multiple tumor 

types. Final tumor measurements of A) HCT116 p53-/- B) HT29 C) HT-29 xenograft-

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 vehicle after 8 wks. (N=6 in HT29 and HCT116 p53-null, 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 effects. A) Final relative tumor growth of HT29 xenografts treated 

as shown B) Tumor growth of HT29 in mice treated as indicated for 100 mg/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 compared to the vehicle unless indicated).  
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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 serum panel of indicated cohorts in 

athymic nude mice. Toxicology results highlighted. C) Weight of HT29 xenografts from 

100 mg/kg cohorts.  
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Appendix Figure A.4: Expression of TRAIL, ATF4, and CHOP increase as a result 

of increased frequency of ONC201 administration. 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 MDA-MB-231 xenograft 

mice at indicated doses and frequencies. D) TRAIL IHC analyses in mice treated with 

indicated ONC201 dose and frequency. All samples were harvested 4 weeks after 

treatment began unless indicated (P values are as indicated: *<.05, **<.01 compared to 

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 metastasis in vivo. A) Bioluminescence and gross 

imaging of HT29 metastasis in the abdomen. B) Final volume of HT29 primary tumors 

and metastases in mice treated as indicated. C) Total metastatic tumors (micro or bulk), 

measured size, and internal locations in HT29-xenograft-bearing mice of described 
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cohorts. D) Bioluminescence imaging of HT29 xenograft-bearing mouse liver and lungs 

treated at two different frequencies of ONC201 administration at a dose of 25 mg/kg E) 

MRI of vehicle-treated mice with HT29 xenografts shows 4 tumors. F) Gross, 

bioluminescent, and histological imaging of metastatic tumors of MDA-MB-231 

xenografts. G) CT26 lung metastases observed in the vehicle-treated mice and total 

number of metastases seen in each cohort. H) Estimated size of HCT116-tail vein treated 

mice before and after treatment with vehicle and/or ONC201. I) Number of confirmed 

metastases in mice that were treated 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 were 

harvested 4 weeks after treatment began unless indicated, MDA-MB-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 invasion in vitro. A) 

Xcelligence invasion kinetics assay using 1:40 matrigel and HCT116 p53-/- cells. 

Number of cells migrated in boyden chamber assay after 48 hr of described cohorts in B) 

HCT116 p53-/-, (C) HCT116 Bax-/- ONC201-apoptosis resistant cells, and (D) HT-29 

cells by boyden assay after 48 hr. E) Boyden cell migration of MDA-MB-231 ONC201- 

and RIK2-treated cells. F) Scratch assay of MDA-MB-231 cells before treatment and 48 

hr after treatment. G) Number of metastases per mouse of MDA-MB-231 wildtype or 

shTRAIL injected through tail vein 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 followed by lymphocytes were gated for vehicle tumors, ONC201 

treated tumors, spleen samples, and PBMC. There as a larger volume of infiltrating 

lymphocytes in ONC201 vs Vehicle so there were more cells analyzed when 

lymphocytes were gated. A) Lymphocytes were analyzed by CD45 vs CD19; and 

CD45+/CD19- (non-B cell CD45 population) was selected. Cells were then analyzed NK 

vs CD3. B) Lymphocytes were analyzed by CD45 vs CD19; and CD45+/CD19- (non-B 

cell CD45 population) was selected. NK+ cells were then selected by side scatter and 

activated NK cells were analyzed using granzyme.  
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Appendix Figure A.8: Schematic of gating procedure for T cell recruitment and 

MDSC. Singlets were gated for vehicle tumors, ONC201 treated tumors, spleen samples, 

and PBMC. A) Lymphocytes were selected, there were a larger volume of infiltrating 

lymphocytes in ONC201 vs Vehicle so there were more cells analyzed when 

lymphocytes were gated. Lymphocytes were analyzed by CD45 vs CD19; and 

CD45+/CD19- (non-B cell CD45 population) was selected. CD3+ cells were then 

selected by side scatter and cells was analyzed by CD4 vs CD8. B) Lymphocytes were 

selected, followed by PI staining, CD45 vs CD19; and the CD45+/CD19- (non-B cell 

CD45 population) was selected. CD3 and NKp46 were individually selected 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 non-tumor bearing mice. A) Tumor 

volume overtime of MC38 xenografts in wildtype C57/BL6 mice. B) Quantitation of 

GFP+ cells in tumor sections in NCR1-GFP mice bearing MC38 xenografts after 4 

weeks. C) Analysis of lymphocytes, NK cells, CD3 cells, and CD3+ cell differentiation 

in MC38 xenografts in NCR1-GFP mice after 4 weeks. D) Immunohistochemistry of 

MC38 tumors in NCR1-GFP C57/BL6 mice of GFP-expressing tumors (top) and CD3+ 

cells (bottom). E) % of CD3+ cells and NKp46+ Cells within the singlet, leukocytes, PI-, 

CD45+ population of PBMC in C57/BL6 non-tumor bearing mice. F) Percent IFN 

gamma + NK cells within the MC38-GFP mice in lymphocyte CD45+ CD19- NK+ cell 

population in vehicle and ONC201 treated mice. G) Analysis of T-cells in MC38 tumors 

in NCR1-gfp mice. Analysis of T cells, NK cells, granzyme, and CD4/CD8 expression on 

tumors was performed on lymphocytes, which were greater by ONC201 treatments, then 

CD45+/CD19- population. All treatments were with vehicle or 100 mg/kg ONC201 

weekly delivered orally. N=6 in wt C57/BL6 study. N=4 in NCR1-GFP 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 Lamp1+ assay. C) Results of a second patient on IFNgamma expression in increasing 

doses of ONC201. D) LAMP1+ expression of 5 patients with vehicle or ONC201.  



197 

 

 

Appendix Figure A.11: NK cells play a role efficacy of ONC201 in vivo. A) Tumor 

volume after 5 weeks in RKO-ONC201 resistant tumor types. B) Final tumor volume 

after 4 weeks in ONC201 treated MC38 bearing C57/BL6 mice treated with Vehicle, 

ONC201 and/or GM-1. C) Representative image of ONC201 and GM1 study. D) Final 

tumor volume after 4 weeks in ONC201 treated MC38 bearing C57/BL6 mice or 

C57/BL6 Perforin knockout (Prf-/-) mice treated with Vehicle or ONC201. E) 

Representative image of ONC201 Perforin-/- study. F) Final tumor volume after 4 weeks 

in ONC201 treated MC38 bearing C57/BL6 mice treated with Vehicle, ONC201 and/or 

CD-8 inhibitor. G) Representative image of ONC201 and CD-8 inhibitor study.  All 

treatments were of vehicle and 100 mg/kg ONC201 weekly delivered orally. GM-1 

delivered every 5 days i.p. CD8 twice weekly 400ug i.p.  RKOTR N=9 except GM-1 

N=5. MC38 studies N=5. p values in respect to vehicle. * p<.05 
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Appendix Figure A.12: Immune infiltrates were not seen in lung metastases. NK and 

CD3+ population within the lymphocyte CD45+/CD19- populations in A) HCT116 lung 

metastases B) HCT116 Bax-/- lung metastases C) MC38 lung 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 PD-1 in combination may be beneficial. A) 

Final tumor volume after 4 weeks of MC38 tumors treated with Vehicle, 25 mg/kg 

ONC201, and/or PD-1. B) Final tumor volume after 4 weeks of MC38 tumors treated 

with Vehicle, 50 mg/kg ONC201, and/or PD-1. C) Final tumor volume after 4 weeks of 

MC38 tumors treated with Vehicle, 100 mg/kg ONC201, and/or PD-1. D) PD-1 flow 

cytometry analysis of PD-1 expression on T cells in CT26 tumors. E) Example of 

analysis of PD-1 and PD-1 PE staining on a ONC201 tumor.  F) Final tumor volumes of 

MC38 bearing mice treated with Vehicle, ONC201, GM-1, and/or PD-1 including 

ONC201 + PD-1 + GM1 G) Representative images. All treatments were of vehicle and 

100 mg/kg ONC201 weekly delivered orally unless specified. GM-1 delivered every 5 

days and PD-1 200 ug every 3 days. CT26 PD1 N=7. MC38 PD-1 N=6. 



200 

 

 

Appendix Figure A.14: ONC201ôs efficacy is both from intrinsic cell death and NK-

related. A) Final tumor volumes in athymic nude mice injected with HCT116 Bax-/- or 

wildtype xenografts treated for 4 weeks with Vehicle, ONC201, and/or GM-1. B) 

Representative images. 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) Quantification of cleaved caspase-3 + xenografts from IHC 

staining of tumor samples from mice supplemental figure 13. G) Representative images. 

All treatments were of vehicle and 100 mg/kg ONC201 weekly delivered orally. GM-1 

delivered every 5 days i.p. N=6. Tumor sample 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 ONC201.  



202 

 

 

Appendix Figure A.16: NK92 cells are activated and secrete TRAIL following 

treatment with ONC201. A) After 24 hr of 10 µM treatment of ONC201 and co-
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cultured in the presence or absence of A) HCT116p53-/- cells or B) MDA-MB-231 cells, 

NK92 cells express TRAIL and activation markers by flow cytometry. C) Co-culture 

results Live:Dead ratio of HCT116 Bax-/- D) Effects on HCT116 tumor cell viability 

based on CTG assay of co-culture with described cohorts, NK cells were aspirated before 

cell titer glo was added. E) Cell viability of CTG results. (N=3, co-cultures 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 ONC201 ANALOGUES 

 

 

Appendix Figure B.1. 2D 1H-1H ROESY spectrum of ONC201 in d6-DMSO. 

 

 

Appendix Figure B.2 2D 1H-13C gHMQC spectrum of ONC201 in d6-DMSO. 
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Appendix Figure B.3. A) Upfield and B) downfield region of 2D 1H-13C gHMBCAD 

spectrum of ONC201 in d6-DMSO. 

 

 

Appendix Figure B.4. ORTEP drawing of ONC201 structure with 50% probability 

thermal ellipsoids. 

A	 B	
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Appendix Figure B.5: Analysis of ONC212 and ONC206. q-RTPCR analysis of A) 

CHOP and B) DR5 Gene expression data from ONC201, and ONC212 treated in HT29 

cells overtime. ONC201 resistant cell analysis of C) SubG1 and D) G1 cell cycle arrest 

when treated with ONC201, ONC212, and ONC206. (ONC201: 10uM; ONC212: .01uM; 

ONC206: .05uM). 
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Appendix B.6. Maximum tolerated dose of ONC212 and ONC206 pathology and 

toxicology report. A) Maximum tolerated dose of ONC212 was 300 mg/kg for both 

intraparitenal and oral delivery as seen by blood and behavioral toxicity B) Full pathology 

of vehicle treated mice. C) Full pathology of ONC212 300 mg/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 representative images. N=2 

 



209 

 

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 weeks. PK N=3; efficacy N=6.  
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Appendix B.9. Comparison of ONC201 and ONC212 in vivo. A) Tumor volume 

overtime in MALME-xenograft mice. B) Tumor volume overtime in HEP3B xenograft 

mice. C) Ki67 and CC3 in MALME-xenograft mice sacrifice after 1 week of treatment. 

N=6 
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Tables 

Appendix Table B.1. Summary of X-Ray Structure determination of ONC201 

structure 
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Appendix Table B.2. Refined positional parameters for ONC201 structure, 

excluding hydrogens.  
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Appendix Table B.3. Positional Parameters for ONC201 hydrogens in structure. 
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Table B.4. Refined Thermal Parameters (Uôs) for ONC201 structure.   

 

Appendix Table B.5. Bond distances in ONC201 structure.  
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Appendix Table B.6. Bond angles in ONC201 structure.  
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APPENDIX C 

ANTI -TUMOR  EFFECTS OF ONC201 IN COMBINATION  WITH  VEGF-

INHIBITORS  SIGNFICANTLY  IMPACTS  COLORECTAL  CANCER 

GROWTH  AND SURVIVAL  IN VIVO THROUGH  COMPLEMENTARY  

NON-OVERLAPPING  MECHANISMS   

 

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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Appendix C.2: Total number of metastases within liver and lung. A) 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 HCT116-GFP mice as seen by bioluminescent imaging 

and pathology of lungs and liver.  
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  Creatine NA Glucose ALT AST ALP 

Vehicle 0.3 137 215 42 315 105 

Vehicle 0.2 141 216 37 258 110 

Vehicle 0.2 159 217 71 312 125 

ONC201 50/1wk 0.6 143 218 36 285 131 

ONC201 50/1wk 0.5 150 207 54 315 151 

ONC201 50/1wk 0.4 141 210 70 229 116 

Bevacizumab  0.5 149 209 82 265 125 

Bevacizumab  0.3 151 205 41 413 142 

Bevacizumab  0.4 137 206 56 219 108 

Bev. + ONC201 0.3 142 212 71 112 81 

Bev. + ONC201 0.5 139 215 62 251 102 

Bev. + ONC201 0.2 145 236 99 141 162 

Regorafenib 0.9 148 219 182 435 201 

Regorafenib 1.5 157 219 115 398 151 

Regorafenib 0.6 162 225 162 417 143 

Regor. + ONC201 0.5 137 236 91 412 138 

Regor. + ONC201 0.9 149 242 183 285 125 

Regor. + ONC201 1.3 159 207 145 305 135 

Range .2-.8 140-160 125-222 17-77 54-298 75-111 

Within normal range         

Elevated         

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. ONC201 50 mg/kg weekly. Bevacizumab  is 5 

mg/kg every 2 weeks. Regorafenib: 5 mg/kg daily. N=3.  
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Appendix C.4: VEGF expression in HCT116 xenografts. Representative IHC staining 

of VEGF expression from mice treated with indicated drugs. Tumors harvested and placed 

in paraffin. ONC201: 50 mg/kg every week. Regorafenib: 5 mg/kg daily. N=5 tumors, 

minimum of 3 sections per tumor stained 
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Appendix C.5: Analysis of Regorafenib and ONC201 mechanism in combination. A) 

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 CHOP-800 and Actin-700 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 HCT116-GFP 

mice. Representative image using superhance 680 probe in HCT116 xenograft bearing 

athymic nude mice after 4 weeks. ONC201: 50 mg/kg every week. Regorafenib: 5 mg/kg 

daily. Bevacizumab: 5 mg/kg every other week. N=5 














