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This seminal paper describes the DarwinOncoTreat methodology to predict drug sensitivity on an individual patient/tumor
basis. This is accomplished by using the VIPER algorithm to assess the differential activity of the Master Regulator proteins of
a specific tumor in drug vs. vehicle-control-treated cell lines chosen to optimally recapitulate patient-specific MR activity.
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We introduce and vallda(e anew precision oncology framework for the systematic priori n of drugs targeting mechani
tumor i indivi patients. C¢ are iti: on the basis of their ability to invert the concerted activ-
ity of master regulator proteins that mechanistically regulate tumor cell state, as assessed from systematic drug perturbation
assays. We validated the approach on a cohort of 212 ine tumors (GEP-NETs), a rare malig-
nancy originating in the pancreas and gastrointestinal tract. The analysis identified several master regulator proteins, includ-
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ing key of ine lineage state and i ion, whose role as critical tumor dependencies
was i i il analysis of GEP-NET-derived cells, perturbed with a library of 107 compounds,
identified the HDAC class | inhibitor entinostat as a potent inhibitor of master regulator activity for 42% of metastatic GEP-NET

patients, abrogating tumor growth in vivo. This approach may thus complement current efforts in precision oncology.

the identification of ‘actionable’ oncogene mutations, whose

E merging efforts in precision oncology are largely predicated on

| inhibition elicit: addiction’. Despite
initial successes and clinical deployment of this concept, several
limitations have emerged”. First, multiple studies’ have shown that
‘most adult malignancies lack actionable mutations or harbor muta-
tions either in non-druggable oncogenes (for example, RAS and
MYC family proteins) or in genes of poorly characterized thera-
peutic value’. Moreover, while mutation-directed therapy often
achieves a remarkable initial response, this is almost inevitably fol-
lowed by relapse and emergence of drug resistance™*. Finally, analy-
sis of hundreds of cell lines and compounds shows that, with some
exceptions—such as for BRAF, ERBB2, EGFR and ALK1 inhibi-
tors—mutations are poor predictors of drug sensitivity’. This is not
entirely surprising, as drug sensitivity is a complex (dynamic, mul-
tifactorial, polygenic) phenotype. As such, there is urgent need for
novel approaches that complement and extend oncogene addiction.

Recent results on the aberrant regulatory logic of cancer-related
phenotypes have highlighted the existence of master regulator

proteins, whose coordinated activity within tightly regulated modules
(tumor checkpoints) is strictly necessary for tumor state initiation and
maintenance”. Consistently, as shown in leukemia’, lymphoma'*", glio-
blastoma'?, prostate'*"", neuroblastoma'* and breast cancer'’, genetic
or pharmacological inhibition of master regulator proteins leads to
tumor-checkpoint collapse and loss of tumor viability. Indeed, master
regulators are highly enriched in essential” and synthetic-lethal ''*'¢
proteins, thus representing a novel class of non-oncogene dependen-
cies'"* and pharmacological targets. Their mechanistic role in tumor
cell state maintenance results from their mechanistic transcriptional
control of gene expression signatures (GES) representing the tumor
cell’s transcriptional identity. Master regulator proteins can be effi-
ciently and systematically elucidated using the MARINa (Master
Regulator Inference algorithm)'*'* and VIPER (Virtual Proteomics
by Enriched Regulon analysis)” algorithms—the latter allowing anal-
ysis on an individual sample basis, a prerequlslle for precision oncol
of licati These i alidated'"

Thus, the rationale for this mclhodl)logy (OncoTreat) is that
small-molecule compounds capable of inducing tumor-checkpoint
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Fig. 6 | Schematic diagram for the OncoTreat clinical pipeline. The pipeline consists of a series of pre-computed (*) components, including a reference
set of more than 13,000 tumor expression profiles representing 35 different tumor types, a collection of 28 tissue context-specific interactomes and

a database of context-specific MoA for >400 Food and Drug Administration (FDA)-approved drugs and investigational compounds in oncology. This
database is obtained by perturbing at least two cell lines per tissue type—which, in a quasi-orthogonal fashion, recapitulate the top master regulator
proteins for the larger proportion of tissue-matched samples in the tumor databank—with the collection of drugs and compounds. The transcriptome of
the perturbed cell lines is profiled at low cost by PLATE-Seq. The process begins with the expression profile of a single patient sample, which is compared
against the tumor databank to generate a tumor gene expression signature. This signature is interpreted by VIPER using a context-matched interactome
to identify the set of most dysregulated proteins, which constitute the regulators of the tumor cell state—the tumor checkpoint. These proteins are then
aligned against the drugs’ and compounds’ MoA database, to prioritize compounds able to invert the activity pattern of the tumor checkpoint.
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In this landmark perspective, we introduced the Oncotecture hypothesis, which postulates the existence of Master Regulator
(MR) proteins responsible for implementing and homeostatically maintaining cell tumor state by canalizing the effect of
somatic mutations, detrimental germline variants, and aberrant microenvironment signals.

M

PERSPECTIVES

OPINION

The recurrent architecture of tumour
initiation, progression and drug

sensitivity

Andrea Califano and Mariano J. Alvarez

Abstract | Recent studies across multiple tumour types are starting to reveal a
recurrent regulatory architecture in which genomic alterations cluster upstream
of functional master regulator (MR) proteins, the aberrant activity of which is both
necessary and sufficient to maintain tumour cell state. These proteins form small,
hyperconnected and autoregulated modules (termed tumour checkpoints) that
are increasingly emerging as optimal biomarkers and therapeutic targets. Crucially,
as their activity is mostly dysregulated in a post-translational manner, rather than
by mutations in their corresponding genes or by differential expression, the
identification of MR proteins by conventional methods is challenging. In this
Opinion article, we discuss novel methods for the systematic analysis of MR
proteins and of the modular regulatory architecture they implement, including
their use as a valuable reductionist framework to study the genetic heterogeneity

of human disease and to drive key translational applications.

There is an intriguing yet largely unexplored
paradox in cancer. On the one hand,
transcriptional programmes are highly
conserved across samples that represent the
same tumour subtype' — even compared.
with normal tissue (FIG. 12] — suggesting

the existence of relatively stable tumour
states. On the other hand, the genetic and
epigenetic alterations (henceforth referred to
as genomic alterations) that determine these
states are remarkably heterogeneous on a
sample by sample basis (BOX 11.

Consistent with these observations,
although genomic alterations represent
valuable predictors of targeted inhibitor
sensitivity against the corresponding
oncoproteins, they have proved less effective
in stratifying more general properties of
cancer, such as tumour subtype, metastatic
potential and clinical outcome®?, which are
‘more often captured by transcriptional or
proteomic profiles** (80X 1). For example,
immunohistochemistry assays, as well
as gene expression-based tests such as
Oncotype DX and MammaPrint?,

are routinely used in the clinic to assess the
risk of breast cancer recurrence following
hormonal therapy.

The ability of tumours to present similar
transcriptional signatures, despite having
radically distinct somatic mutational
profiles, suggests the existence of regulatory
‘mechanisms that are responsible for
decoupling (that is, buffering) the tumour
cell state from its genetic, epigenetic and

downstream transcriptional programmes
(FIG. 1b). Thus, although individual MR
proteins are highly tumour specific’, the
resulting tumour checkpoint oncotecture is
virtually tumour independent”.

‘The term MR was initially introduced by
developmental biologists to describe gene
products (mostly transcription factors) at
the top of regulatory hierarchies that are
both necessary and sufficient to induce
morphogenesis® or specific steps in lineage
differentiation'. By contrast, cancer biologists
have adopted a looser definition of the term
to indicate genetic determinants or functional
drivers, the aberrant activity of which is
sufficient — yet not strictly necessary — to
induce transformation. According to the
latter, TP53 (which encodes p53) and ERBB2
(which encodes HER2) are often presented
as cancer MRs'*"%, even though many
alternative genomic alterations may induce
transcriptional tumour states that are virtually
indistinguishable from those in which those
genes are mutated (BOX 1). For instance,
several tumours classified as basal-like or
HER2" by gene expression profile analysis
lack the hallmark genetic alterations in TP53
and ERBB2, respectively™. In this Opinion
article, not only do we adopt the stricter
MR definition from developmental biology
but we further require MRs to directly
regulate the transcriptional state of the
tumour cell (FIG. 15). Under this definition, a
classic cancer driver such as p53 may not be
considered a MR unless it is necessary and
sufficient to implement a subset of tumours
with a common transcriptional signature
and it directly participates in its signature
regulation. By contrast, the MYC proto-
the locus of which is translocated

signalling i .Sp lly, this
Opinion article provides an overview of the
emergence of a universal gene-regulatory
architecture (henceforth referred to as
oncotecture), in which a handful of master
regulator (MR) proteins — organized into
tightly autoregulated tumour checkpoint
‘modules — implement and maintain the
transcriptional state of a tumour cell largely
independent of initiating events, as well as of
d exogenous i
Much like a highway checkpoint, these
modular structures canalize the effect of
‘mutations and other aberrant signals in
their upstream pathways to implement key

in 100% of Burkitt lymphomas'” and which
regulates their signature’, would emerge as a
bona fide MR protein in that context.

This stricter terminology is not arbitrary.
Instead, it is necessary to address the currently
ambiguous use of the term in the literature,
thus making identification of MR proteins
amore rational and systematic process.
Consistently, it separates the methodologies
and studies discussed in this Opinion article
from those aimed at identifying more
loosely defined functional drivers or genetic
determinants of cancer, for instance, by
integrating mutational and gene expression

abnormalities in PDGFRA, IDH1

There are several crucial
issues implied by such a tumour-
independent oncotecture. These include
‘whether tumour heterogeneity supports
the plastic coexistence of distinct cancer
cell states in the same tumour, which
may require pharmacological targeting of
multiple distinct tumour checkpoint MRs,
for example, using alternating treatment
schedules. For instance, in glioma,
mesenchymal and proneural subtype cells
coexist plastically in the same tumour'”,
even though these states have been shown
to be regulated by orthogonal tumour
checkpoints'. In addition, it is unclear how
many distinct tumour checkpoints may
coexist even in the same tumour cell. For
instance, tumour checkpoints associated with
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small number of molecularly distinct tumour
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genetic alteration patterns. Combinatorial
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Ultimately, we propose that tumour
checkpoint and MRs may be leveraged to
simultaneously identify crucial tumour
dependencies, as well as the specific drugs
and drug combinations that are optimally
suited to inducing their collapse, on the
basis of an individual sample and even an
individual cell. This would have obvious
application to complementing oncogene
addiction and immune checkpoint
paradigms in precision medicine.
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This manuscript reports on a clinical trial in metastatic breast cancer in which patients were treated with ricolinostat (HDAC6i) +
nab-paclitaxel, on the basis of HDAC6 being identified as a critical OncoTarget-identified dependency of these tumors in a previous
publication (Putcha et al. 2015 Breast Cancer Res 17, 149). The trial showed 100% consistency with the OncoTarget prediction as
all patients with high VIPER-assessed HDAC6 activity showed clinical response, while all those with low activity rapidly progressed
(AUC = 1). This was (a) not detectable at the gene expression level and (b) opposite to the outcome trend reported for untreated

HDAC6+ and HDAC6- tumors
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Inhibiting individual histone deacetylase (HDAC) is emerging as well-tolerated
anticancer strategy compared with pan-HDAC inhibitors. Through preclinical
studies, we demonstrated that the sensitivity to the leading HDAC6 inhibitor
(HDAC6:i) ricolinstat can be predicted by acomputational network-based
algorithm (HDAC6 score). Analysis of -3,000 human breast cancers (BCs)
showed that -30% of them could benefice from HDAC6i therapy. Thus, we
designed a phase 1b dose-escalation clinical trial to evaluate the activity
ofricolinostat plus nab-paclitaxel in patients with metastatic BC (MBC)
(NCT02632071). Study results showed that the two agents can be safely
combined, that clinical activity isidentified in patients with HR'/HER2™
disease and that the HDAC6 score has potential as predictive biomarker.
Analysis of other tumor types also identified multiple cohorts with predicted
sensitivity to HDAC6i’s. Mechanistically, we have linked the anticancer activity
of HDACG6i's to their ability to induce c-Myc hyperacetylation (ac-K148)
promoting its proteasome-mediated degradation in sensitive cancer cells.

Atotal of five predefined doses of ricolinostat were selected for the
dose-escalation process (Fig. 3a). Seventeen patients were accrued
between March 2016 and February 2018. Of these, 16 patients had an
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analysis. Patients with a high HDACG score had a median PFS of 6.51  distribution in these two cohorts and supporting the use of cell lines
1:5.19-NA (NA= ,which  toinvesti HDAC6i.
was significantly better (P=8.0 x 10™; Fig. 3¢) than patients with low otheir directeffect HDAC6i's may have
HDAC ian PFS of 1.84 5%C1,1.08-NA). i i Thus,
Transitioning any molecular biomarker to the clinic requires a i the TCGA-BRCA i i

Clinical Laboratory Improvement Amendments (CLIA)-certified test.  ESTIMATE" to predict infiltration of immune cells. Here, we found a

a
ied. The best bl

TheDarwinO test, negative correlation between immune infiltration and HDAC6 score
enceofProteinactivity : . {thm™ was 6.7, " o -
developed precisely to comp: tivity of druggable proteinsin  to the association of higher HDACG scores and lower immune scores

HDAC6 score inference by VIPER

HDACS6 relative protein activity based on our next-generation HDAC6
BC regulon was inferred by the VIPER algorithm implemented in the
Darwin OncoTarget test, which has been approved by the NYS Depart-
ment of Health CLIA/CLEP Validation Unit as an offering in the category
of ‘Molecular and Cellular Tumor Markers for Oncology’ (Neal, Michael,
Assay Validation Review, Wadsworth Center, NY State Department of
Health, PFI: 7313, Project ID: 63859, March 8,2019).

Overlaps of cancer-type-specific HDAC6 regulons

The HDAC6 regulons of 32 TCGA cancer types inferred by SJARACNe, as
described above, were summarized in Supplementary Table10. Theregu-
lonoverlappingstatistics, including the size of overlapped regulon genes
andthe Pvalue of Fisher’s exact test, was summarized in Supplementary
Table11. The scatter plot was made by R package ggplot2 (v3.3.0).

PFS analysis against HDAC6 score in the clinical trial

The PFS in month was calculated from the dates of the trial assignment
anddisease progression or last follow-up by the ‘difftime’ functionin lubri-
date (v1.7.8). The PFS analysis of the clinical trial against HDAC6 score,
including the Cox model fitting and Kaplan-Meier plot, was performed
by using the R package survminer (v0.4.6). The HDAC6 score ‘high’ and
‘low’ patients were defined at the cutoff of the mean of HDAC6 scores.

ROC curve analysis of HDAC6 score in the clinical trial

The ROC curve analysis to evaluate the performance of HDAC6 score in
predicting clinical response of patients, including statistics and plot,
was performed with the R package pROC (v1.6.2)°. We used -0.36 as

Code availability
The codes for the HDAC6 score calculation and other analyses are freely
available at https://github.com/jyyulab/HDAC6-score
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Transitioning any molecular biomarker to the clinic requires a
Clinical Laboratory Improvement Amendments (CLIA)-certified test.
The Darwin OncoTarget test, whichis based on the VIPER (Virtual Infer-
ence of Protein-activity by Enriched Regulon analysis) algorithm®’, was
developed precisely to compute the activity of druggable proteinsin

Nature Cancer

the correct patient population. Critically, the HDAC6 score devel-
oped in this manuscript provides an effective predictive biomarker
to identify patients most likely to benefit from HDAC6i therapy. In
terms of immediate clinical translation, we have shown that the New
York CLIA-certified Darwin OncoTarget test produces HDAC6 scores
that are highly predictive of patient sensitivity to ricolinostat plus

nab-paclitaxel combination therapy.

INDEPENDENT COMMENTARY on
IMPLICATIONS of HDAC6 REPORT

News & views

Cancer biomarkers

https://doi.org/10.1038/s43018-022-00494-8

HDAC6 score: totreat or notto treat?

Joschka Hey, Maria Llamazares Prada & Christoph Plass

M Check for updates

Developing approaches to identify patients
who may benefit fromspecific treatments is
animportant area of research. A study now
definesan HDAC6 score to predict theresponse
of patients with breast cancer to the HDAC6
inhibitor ricolinostat and characterizesits
anti-tumor effects with preclinical mechanistic
work and a phase 1b clinical trial.

samples and 47 breast cancer cell lines. This analysis revealed high
HDACS activity for approximately 30% of all primary breast cancers,
indicating that there may be preferential sensitivity to HDAC6 inhibi-
tion. Breast cancers with high HDAC6 scores were enriched in the
clinical subtypes HR' and HER2', as well asinmolecular luminal-B and
HER2. Further characterization of a panel of breast cancer cell lines
revealed an inverse correlation between the half-maximal inhibitory
concentration (ICs,) of ricolinostat and HDAC6 scores along with a
reduction of cell survival in ricolinostat-sensitive cells, characterized
by ahighHDAC6 score.

To evaluate the anticancer activity of ricolinostat in vivo, Zeleke
etal’ further assessed the efficacy of ricolinostat in combination with

Altogether, Zeleke et al.’ provide a roadmap for how to advance

cancer therapy. In this study, they generated substantial evidence
aavocatllng for ricolinostat treatment of patllents with breast cancer

with a high HDAC6 score and provided the foundation for further
studies on other tumor types with a high HDAC6 score. This work is
the result of a detailed mechanistic understanding of the function
of HDAC6, the computational network analysis evaluating HDAC6
activity and preclinical and clinical work. The tools and knowledge to

Click Here to Access Full Article PDF
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VIPER and DarwinOncoTreat methodologies are used to identify immune subpopulations at the single cell level from

36 patients across four tumor types. By comparing peripheral vs. tumor-resident regulatory T cells (Tregs)-a highly
immunosuppressive subpopulations—on a patient-by-patient basis, the analysis identified 17 MRs of Treg tumor residency, 8
of which were experimentally validated in chimeric mouse assays. CRISPR-mediated silencing of the top MR, TRPS1, induced
spontaneous tumor remission in highly aggressive syngeneic tumor models. Moreover, TRPS1 silencing synergized with PD1

inhibitors.
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SUMMARY

Due to their immunosuppressive role, tumor-infiltrating regulatory T cells (TI-Tregs) represent attractive
immuno-oncology targets. Analysis of Tl vs. peripheral Tregs (P-Tregs) from 36 patients, across four malig-
nancies, identified 17 candidate master regulators (MRs) as mechanistic determinants of TI-Treg transcrip-
tional state. Pooled CRISPR-Cas9 screening in vivo, using a chimeric hematopoietic stem cell transplant
model, confirmed the essentiality of eight MRs in TI-Treg recruitment and/or retention without affecting other
T cell subtypes, and targeting one of the most significant MRs (Trps1) by CRISPR KO significantly reduced
ectopic tumor growth. Analysis of drugs capable of inverting TI-Treg MR activity identified low-dose gemci-
tabine as the top prediction. Indeed, gemcitabine treatment inhibited tumor growth inimmunocompetent but
not immunocompromised allografts, increased anti-PD-1 efficacy, and depleted MR-expressing TI-Tregs
in vivo. This study provides key insight into Treg signaling, specifically in the context of cancer, and a gener-
alizable strategy to systematically elucidate and target MR proteins in immunosuppressive subpopulations.
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Figure 3. High-throughput drug screening platform identifies potential drug candidates with tumor-Treg-directed toxicity
(A) Experimental design of high-throughput Treg-directed drug toxicity screen.
(B) Results from initial set of 1,554 FDA-approved and investigational oncology compounds screened at a single dose for peripheral Treg growth inhibition, with

(C) Viability results of the PLATE-seq screen, where human tumor Tregs were assessed for growth inhibition on sorted tumor Tregs at peripheral-Treg ECy dose,
resulting in seven drugs with higher toxicity in TI-Tregs relative to P-Tregs. Data are shown as percentage viability for each drug vs. DMSO control.
(D) Heatmap of VIPER protein activity for tumor vs. peripheral Treg MRs defined in Figures 1E and 1F comparing transcriptional effect of drugs in (C) vs. untreated

(E) Patient-by-patient drug predictions according to inversion of patient tumor Treg vs. peripheral Treg protein activity signature by drug-treatment protein activity
signature. Each drug predicted to invert tumor Treg signature with —log10(Bonferroni-corrected p value) <0.01 in a particular patient is colored red. Patients are
grouped by tumor type. The plot is subset to show only drugs identified by tumor Treg growth screen in (C), with columns colored by tumor type and clustered by
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This real time, drug prioritization study, conducted in the setting of castration-resistant, metastatic, and neuroendocrine
prostate cancer uses DarwinHealth's VIPER-based DarwinOncoTreat analytical platform, in a rapid-turnaround context, for
identifying and predicting drugs that will enhance the efficacy of clinically relevant drugs, in particular, the PD-1 inhibitor
nivolumab and the AR inhibitor enzalutamide in individual patients, based on Master Regulator (MR) signatures and
leveraging drug perturbation profiles.

RESEARCH ARTICLE

ABSTRACT Prioritizing treatments for individual patients with cancer remains challenging, and

performing coclinical studies using patient-derived models in real time is often
unfeasible. To circumvent these challenges, we introduce OncoLoop, a precision medicine framework
that predicts drug sensitivity in human tumors and their preexisting high-fidelity (cognate) model(s) by
leveraging drug perturbation profiles. As a proof of concept, we applied OncoL.oop to prostate cancer
using genetically engineered mouse models (GEMM) that recapitulate a broad spectrum of disease
states, including castration-resistant, metastatic, and neuroendocrine prostate cancer. Interrogation
of human prostate cancer cohorts by Master Regulator (MR) conservation analysis revealed that most
patients with advanced prostate cancer were represented by at least one cognate GEMM-derived
tumor (GEMM-DT). Drugs predicted to invert MR activity in patients and their cognate GEMM-DTs were
successfully validated in allograft, syngeneic, and patient-derived xenograft (PDX) models of tumors
and metastasis. Furthermore, OncoLoop-predicted drugs enhanced the efficacy of clinically relevant
drugs, namely, the PD-1 inhibitor nivolumab and the AR inhibitor enzalutamide.

Min Zou?,
Rodriguez-Calero®”, Simone de Brot?,
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lla!, Eva Corey!®, Mariano J. Alvarez!11,

and Cory Abate-Shen! 2351316

SIGNIFICANCE: OncoLoop is a transcriptomic-based experimental and computational framework that
can support rapid-turnaround coclinical studies to identify and validate drugs for individual patients,
which can then be readily adapted to clinical practice. This framework should be applicable in many

cancer contexts for which appropriate models and drug perturbation data are available.

INTRODUCTION

Systematic prediction of drug efficacy in vivo remains

a major clinical challenge for most cancer types due, in

part, to tumor heterogeneity, which makes it difficult to

optimize treatments on an individual basis. This is further
Ities in i

i Ps
models that the biology and of an

drug efficacy within a timeframe compatible with patient
care, especially in the metastatic setting. Patient-derived
organoid (PDO) models have become increasingly more
accessible and representative; however, these may not effec-
tively model the cumor microenvironment (3, 4). Although
human tumor cell lines are widely available for many can-
cer types, they rarely represent the full spectrum of tumor

individual patient’s tumor for coclinical validation. Indeed,
for some tumor types, the establishment of patient-derived
xenograft (PDX) models can take more than 1 year (1,
2), thus compromising their usefulness for evaluating
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observed in patients and often have idiosyn-
cratic dependencies, as a result of alterations they accrue
to survive in vitro. In principle, genetically engineered
mouse models (GEMM), which are now widely available
for many cancer types (S), may be valuable for studying
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This invited paper reports on the step-by-step methodologies and technologies that underpin DarwinOncoDiscovery cancer drug discovery
platform. The protocol systematically identifies, from specific patient tumor samples, the MRs that comprise the tumor checkpoint, then
identifies selection process for in vitro and in vivo models that, by recapitulating the patient's tumor checkpoint, constitute the appropriate
cell lines and xenografts to further elucidate the tissue context-specific drug mechanism of action (MOA). This proprietary DarwinHealth
platform permits precise, biomarker-based preclinical validations of drug efficacy, a systematic pipeline that provides optimized drug-
tumor alignments and mechanism-based biomarkers to enrich prospective clinical trials with patients likely to respond.

A Patient-to-Model-to-Patient (PMP)
Cancer Drug Discovery Protocol for
Identifying and Validating Therapeutic
Agents Targeting Tumor Regulatory
Architecture
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The current Achilles heel of cancer drug discovery is the inability to forge
precise and predictive connections among mechanistic drivers of the cancer
cell state, therapeutically significant molecular targets, effective drugs, and
responsive patient subgroups. Although advances in molecular biology
have helped identify molecular markers and stratify patients into molecular
subtypes, these associational strategies typically fail to provide a mechanistic
rationale to identify cancer vulnerabilities. Recently, integrative systems
biology methodologies have been used to reverse engineer cellular networks
and identify master regulators (MRs), proteins whose activity is both nec-
essary and sufficient to implement phenotypic states under physiological
and pathological conditions, which are organized into highly interconnected
regulatory modules called tumor checkpoints. Because of their functional
relevance, MRs represent ideal pharmacological targets and biomarkers.
Here, we present a six-step patient-to-model-to-patient protocol that employs
computational and experimental methodologies to reconstruct and interrogate
the regulatory logic of human cancer cells for identifying and therapeutically
targeting the tumor checkpoint with novel as well as existing pharmacological
agents. This protocol systematically identifies, from specific patient tumor
samples, the MRs that comprise the tumor checkpoint. Then, it identifies in
vitro and in vivo models that, by recapitulating the patient’s tumor checkpoint,
constitute the appropriate cell lines and xenografts to further elucidate the

Rodriguez-Barrueco et al., 2015; Walsh et al.,
2017), gastroenteropancreatic neuroendocrine
tumors (Alvarez et al., 2018), neuroblastoma
(Rajbhandari et al., 2018), pancreas (Laise
et al., 2020), and prostate carcinoma (Aytes
et al., 2013; Aytes et al., 2014), among others
(Paull et al., 2021). Moreover, by mechanis-
tically regulating the aberrant transcriptional
state of tumors, MR proteins operate down-
stream, canalizing the effect of most genetic
alterations. As such, they can be viewed as a
regulatory bottleneck whose targeting cannot
be bypassed by additional alterations in up-
stream pathways (Califano & Alvarez, 2017)
(Fig. 1). In contrast to classic approaches
for biomarker discovery, based on empiri-
cal/statistical associations between features
and outcomes, the analysis of regulatory
networks provides a mechanistic rationale
for the role of MR proteins in implementing
and maintaining the tumor cell state and as
such represents a method for identifying ideal
candidate therapeutic targets and biomarkers.

THE PATIENT-TO-MODEL-
TO-PATIENT PROTOCOL

In this article, we describe the patient-to-
model-to-patient (PMP) protocol for tumor
checkpoint-based drug discovery developed
at DarwinHealth, based on algorithms and
computational tools developed in the Califano
Lab at Columbia University and licensed
exclusively for commercial use and cancer
drug discovery to DarwinHealth. The first step
of the PMP protocol relies on the systematic
analysis of gene expression profiles—RNA
sequencing—of tumor samples from can-
cer Patients and the identification of MRs
constituting the tumor checkpoint. Based
on the conservation of the patient’s tumor
checkpoint—which consists of a signature
characterized by MR protein activity levels—
the PMP protocol identifies the most appro-
priate cell line and patient-derived xenograft
(PDX) Models. The selected cell line mod-
els are then used for drugs’ context-specific
mechanism of action (MOA) elucidation and

engineered or PDX models. Finally, the PMP
protocol returns to cancer Patients, leverag-
ing the context-specific drug MOA/tumor
checkpoint—based biomarkers to enrich clin-
ical trial cohorts with patients most likely to
show clinical response (tumor suppression) to
the predicted pharmacologic intervention (see
Fig. 2 for a schematic representation).

Part 1 of the PMP Protocol:
Systematic Identification of Patients’
Master Regulator Proteins and Tumor
Checkpoints

A key aspect of the PMP protocol is the
identification of non-oncogene-based tumor
dependencies directly from patients’ tumor
samples, thereby avoiding the potential biased
and idiosyncratic results commonly associated
with the use of animal or cell culture-based tu-
mor models (Fig. 2A).

MR elucidation in specific, patient-derived
tumors requires gene expression profiling
of fresh-frozen (recommended) or formalin-
fixed tissue from tumor samples obtained
ies or tumor tissue following tu-
mor resection/excision. Typically, such gene
expression profiles require a minimum se-
quencing depth of 5 million reads aligned
to the reference transcriptome for samples
with a tumor cell content >60% (Alvarez
et al., 2018). Satisfying these conditions is
required because potential contamination of
the expression profile with normal cells em-
bedded in the tumor stroma dilutes the signal,
thereby limiting our ability to characterize
the transcriptional identity of the tumor cells
specifically and therefore its MRs. We have
previously shown that a sequencing depth of
5 million reads is adequate for protein activity
quantification using the VIPER algorithm
(see below). Moreover, it has been shown
that VIPER-based results quantifying protein
activity levels are extremely robust despite
limited sequencing depth, producing virtually
identical results once the sequence depth is
higher than 2 million aligned reads, with Pear-
son’s correlation (R > 0.98) when comparing
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Figure 3 DarwinOncoMatch-based alignment of lineage-matched cell lines to prostate carcinoma
tumors. (A) Heatmap showing the conservation of the Tumor Checkpoint Reporter Set (TCRS) for
each of 1045 tumors, from five different prostate carcinoma cohorts, in eight prostate carcinoma
cell lines. The conservation was quantified by the enrichment of the TCRS on the cell lines’ protein
activity signature and is expressed by the Tumor Checkpoint Matching Score (TCMS) as -logo(p-
value), Bonferroni’s corrected. The bar graph to the right of the heatmap shows the Checkpoint
Coverage Index (CCl), indicating the proportion (%) of the analyzed tumors whose checkpoint is
significantly conserved in the cell lines (o < 10°, TCMS > 5). (B) Example enrichment plots for the
TCRS of one tumor sample (TCGA-YL-A8S9-01) on the protein activity signatures of the DU145
and LNCaP cell lines. The x-axis represents 2448 transcriptional regulatory proteins, sorted from
the one showing the lowest relative activity (left) to the one showing the highest relative activity
(right) for the specified cell line. The vertical lines indicate the top 25 (red) and bottom 25 (blue)
proteins most activated and inactivated, respectively, that are part of the TCRS for sample TCGA-
YL-A8S9-01. The plots show strong enrichment of the TCRS in the LNCaP, but not the DU145,
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In this report on the STORM clinical trial for multiple myeloma in which patients were treated with the XPO1 inhibitor
selinexor, DarwinHealth identified a Linear Discriminant Analysis (LDA) classifier using VIPER-assessed activity of only four
proteins (IRF3, ARL2BP, ZBTB17, and ATRX). The DarwinOncoMarker achieved highly significant predictability (AUC = 0.862)
in identifying responders vs. non responders, as also confirmed in an independent cohort.
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ABSTRACT

BACKGROUND

Selinexor, a selective inhibitor of nuclear export compound that blocks exportin 1 The authors' full names, academic de-

(XPO1) and forces nuclear accumulation and activation of tumor suppressor proteins, grees. and affltions are listed in the

inhibil lear fa B, and red - RNA lation, is a APpendix Address reprint requests to

inhibits nuclear factor kB, and reduces oncoprotein messenger translation, is & ;") gannath at the Tisch Cancer Inst.

potential novel treatment for myeloma that is refractory to current therapeutic options. tute, Icahn School of Medicine at Mount
Sinai, 1470 Madison Ave., 3rd Fl, New

METHODS York, NY 10029, or at sundar jagannath@

We administered oral selinexor (80 mg) plus dexamethasone (20 mg) twice weekly to ~mountsinai.org.

patients with myeloma who had previous exposure to bortezomib, carfilzomib, lena- prs. Richardson and Jagannath contribut-

lidomide, pomalidomide, daratumumab, and an alkylating agent and had disease ed equally to this article.

refractory to at least one inhibitor, one i 'y agent, and N Engl) Med 2019;381:727-3.

daratumumab (triple-class refractory). The primary end point was overall response, ~DOI: 10.1056/NEJMox1903455

defined as a partial response or better, with response assessed by an independent e © 2019 Mesechusets Medical seciety

review committee. Clinical benefit, defined as a minimal response or better, was a

secondary end point.

A total of 122 patients in the United States and Europe were included in the modified
intention-to-treat population (primary analysis), and 123 were included in the safety
population. The median age was 65 years, and the median number of previous regi-
mens was 7; a total of 53% of the patients had high-risk cytogenetic abnormalities. A
partial response or better was observed in 26% of patients (95% confidence interval,
19 to 35), including two stringent complete responses; 39% of patients had a minimal
response or better. The median duration of response was 4.4 months, median progres-
sion-free survival was 3.7 months, and median overall survival was 8.6 months. Fa-
tigue, nausea, and decreased appetite were common and were typically grade 1 or 2
(grade 3 events were noted in up to 25% of patients, and no grade 4 events were re-
ported). Thrombocytopenia occurred in 73% of the patients (grade 3 in 25% and grade
4in 33%). Thrombocytopenia led to bleeding events of grade 3 or higher in 6 patients.

CONCLUSIONS
Selinexor-dexamethasone resulted in objective treatment responses in patients with
myeloma refractory to currently available therapies. (Funded by Karyopharm Thera-
peutics; STORM ClinicalTrials.gov number, NCT02336815.)
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higher were exclusion criteria. A full list of inclu-
sion and exclusion criteria is provided in Table S1
in the Supplementary Appendix. Written informed
consent was obtained from all patients before
enrollment.

TREATMENT

Oral selinexor (80 mg) in combination with
dexamethasone (20 mg) was administered on
days 1 and 3, weekly, in 4-week cycles until dis-
ease progression, death, or discontinuation. A
dose-modification protocol was used for the
management of adverse events (Tables S2 and S3
in the Supplementary Appendix). All patients
were required to receive 8 mg of ondansetron (or
equivalent) before the first dose of study drug
and two or three times daily as needed. Other
antiemetics (olanzapine and neurokinin-1 recep-
tor antagonists) were permitted for patients with
unacceptable side effects to ondansetron (or its
equivalent) or with persistent nausea. Supportive
measures were provided at the discretion of the
investigator and may have included intravenous
fluids, hematopoietic growth factors, transfu-
sions, appetite stimulants (olanzapine and meges-
trol acetate), or a combination of these.

and 12-lead electrocardiography. Adverse events
were graded according to the National Cancer
Institute Common Terminology Criteria for Ad-
verse Events, version 4.03.2

PHARMACODYNAMICS AND RESPONSE PREDICTOR
Methods regarding measurement of XPO1 mRNA
induction and immunohistochemical analysis of
glucocorticoid receptor induction are included in
the Supplementary Appendix. A predictive bio-
marker of response to selinexor was sought in
patients with myeloma with the use of the VIPER
(Virtual Inference of Protein-activity by Enriched
Regulon analysis) algorithm, which can trans-
form gene-expression profiles from tumor sam-
ples into accurate predictions of protein activ-
ity for approximately 6000 regulatory proteins
(DarwinHealth) (see the Supplementary Appen-
dix).?* RNA levels in CD138+ cells that were
isolated from the pretreatment bone marrow
aspirate of patients enrolled in the STORM Part 2
study were used for this analysis.

STATISTICAL ANALYSIS
The sample size was based on assumptions for
penta-exposed, triple-class refractory myeloma
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Independent coverage of the Oncotecture hypothesis in Science, including Master Regulators, Tumor Checkpoints (i.e., MR
modules), clinical cases, and genetic or pharmacologic inversion of MR activity leading to loss of tumor viability in vivo.
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n 2016, doctors invited Eileen

Kapotes to join a clinical trial for a

drug that had never been used for her

disease. Kapotes, a first grade teacher

in her 50s, was fighting an aggres-

sive breast cancer that had spread

. through her body. She had endured
. grueling treatments over the previous
4 years, including whole-brain radia-
tion therapy. She had also been taking the
breast cancer medication Herceptin, but
« "% her tumors were still growing. Now, she
“ ¥ hadachance to try something radically
. different: a drug called ruxolitinib,
originally designed to treat cancers
affecting the blood and bone marrow.

each patient’s mutations to figure out
which regulators are at play in their par-
ticular cancer, but instead of tens of thou-
sands of drugs, Califano says, they may
only need dozens. It’s a depersonalized ap-
proach to personalized medicine.

The strategy builds on Califano’s com-
putational training as a physicist. “We've
built algorithms that can reverse engineer
the logic of each different tumor so that
we know the targets” for drugs, he says.
His algorithms are a prime example of
systems biology—which uses complicated
math to model intricate biological systems,
such as gene interactions. It’s a field that
has generated tremendous

molecular networks that sustain can-
cer cells and pinpoints proteins called
. transcription factors that act as linch-

pins, controlling the behavior of many

only in early stages of human
testing, and its clinical useful-
ness remains uncertain. Ed
Liu, president and CEO of the

Kapotes's oncologist, Amy Tiersten | interest, but little real-world w
#% =", at Mount Sinai Hospital, was | clinical success. You have cades helped explain how the
k.* ° stunned by how well her patient | In 2015 Califano cofounded  moranotantia]  cell machinery exerts that
“'. . responded to the new drug. It | a company calld Darwin- po control. One key player is tran-
Ly kept her cancer at bay and she | Health that uses his algorithms wmbinatio"s scription factors, proteins that

%« " | had almost no side effects. “I was | to guide doctors by identifying boost or inhibit the activity of
e amazed,” Tiersten says. the key transcription factorsin ~ Of CANCGFOUS other genes. The gene-regulat-
The ruxolitinib trial was the | a patients tumor and suggest- . ing network of a single cell is

product of a decadelong quest by | ing drugs to target mem v Mutationsthan g Do LN Geon

Andrea Califano, a systems biologist | work has earned praise from atomsin and Monod had the tools to

at Columbia University. Using so- | other researchers, although . uncover. The human genome

phisticated computing, he models the | some note the approach is  tHe UNIVErse.”  contains 20,000 genes, and

Andrea Califano,
Columbia University
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An algorithm to unmask tumors’ molecular linchpins
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genes inside a cell. Califano collaborated
with cell biologist José Silva, then also at

Columbia, to analyze breast cancer sam-

ples in a repository of tissues from other

patients who had become resistant to Her-
ceptin. Findings of the analysis suggested
a transcription factor called STAT3 plays a
critical role in those cancers. And ruxolitinib
was known to inhibit STAT3.

Other researchers have focused on iden-
tifying genetic mutations that drive the
disease in an individual patient. Doing so,
the thinking goes, can help identify the
best drug for each patient. But because of
the diversity of cancer-causing mutations
across the population, an arsenal of tens
of thousands of drugs might be needed to
treat everyone.

Califano’s approach, by contrast, is a
twist on that idea. He has focused in-
stead on identifying a few transcrip-
tion factors that act as bottlenecks (see
graphic, p. 1176). Target those master
regulators, as Califano calls them, and
you will stop cancer in its tracks, no mat-
ter what mutation initially caused it.
Oncologists would still need to analyze

Avisualization of 7000 interacting genes ina
brain cancer patient shows the handful with

the largest number of interactions (red)—which
makes them tempting targets for therapies.

Jackson Laboratory, a nonprofit biomedical
institute Califano has collaborated with, is
optimistic the method will ultimately pay
off. “As we develop more and more precise
ways to attack those nodes, then the more
useful his algorithms will be.”

Califano’s approach is about to get its
largest test yet. Columbia has allocated
$15 million for a trial of 3000 cancer patients
within its hospitals over the next 3 years,
using DarwinHealth algorithms to analyze
each patient’s cancer and recommend treat-
ments. “This is probably one of the most
exciting moments in my research,” Califano
says, “because finally we're able to apply this
methodology on a scale that is large enough
to be able to really learn something in terms
of the response of the patient”

IN FALL OF 1958, a young scientist named
Frangois Jacob went to his colleague
Jacques Monod at the Pasteur Institute in
Paris with a hypothesis about how genetic
mechanisms might control cell behavior.
Both men had renegade tendencies: Jacob
had fought Nazis—and been injured—on
behalf of the exiled French government
in World War II, and Monod, an accom-
plished rock climber, had taken part in the
guerilla activities of the French Resistance.
Over the next few years, the pair worked
together, and they were the first to demon-

strate the idea of genetic circuits. The work
ultimately won them a share of the 1965
Nobel Prize in Physiology or Medicine.

In experiments with Escherichia coli,
Jacob and Monod showed that the gene
networks in those bacteria can alter the
production of certain enzymes depending
on the type of food available. When the
sugar lactose was abundant, the bacteria
turned on genes that code for the enzymes
to metabolize it. But with access only to
glucose, a different sugar, the microbes
shut down those genes. It was a pioneer-
ing demonstration that the activity of in-
dividual genes could be either boosted
or repressed.

Experiments in later de-

an estimated 1500 of those
produce transcription factors.
That system creates a complex
web of on and off switches.

Califano thought that if he could iden-
tify the key switches in cancer, he might
be able to shut down the catastrophic ge-
netic changes that drive its growth. But
after he finished his training as a physicist
in 1986, IBM recruited him to spearhead
projects in computer vision and artificial
intelligence. The building codes at the IBM
facility prevented Califano from having an
experimental lab to pursue his interests in
biology. He left in 2000 and landed at Co-
lumbia in 2003. He started to write code
to solve the riddle of cancer on the day
he arrived.

Nowadays, the data underlying his al-
gorithms come from a method called RNA
sequencing (RNA-seq). The method gauges
gene activity within cells by sequencing RNA
molecules, which act as a proxy for which
genes are turned on and off. Algorithms
crunch the massive amount of RNA-seq
data to reveal which genes are overactive or
underactive in cancer compared with
healthy tissue. The algorithms then use com-
plex equations to infer patterns of gene inter-
actions and zero in on the transcription fac-
tors with the largest influence.

The search for key drivers of cancer isn’t
easy. Consider a 2018 analysis of more
than 9000 samples that reported almost
1.5 million mutations. Genes influence one
another in intricate webs and feedback
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is tested in patients gy Roxanne Khamsi

Hitting cancer’s choke points

Shutting down a cancer cell's malfunctioning gene network
is a tall order if you target mutations too far upstream in the
network. But disabling a transcription factor that acts as a
master regulator in the cell's genetic circuitry can cause its

demise even with just one drug.
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Targeting all mutations that can activate cancer’s master
regulators would require many drugs (A, B, C, D).

A single drug (X) that targets a master regulator

can have the same effect.
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hunt. It has contracted DarwinHealth to
ically search the i

giant’s library of compounds for other com-
pounds that might target master regulators.

Additional support for the Darwin-
Health approach comes from a recent
study by Samir Parekh at the Icahn School
of Medicine at Mount Sinai and a team of
international collaborators, who recently
completed a clinical trial to test a combi-
nation of two drugs, dexamethasone and
selinexor, for multiple myeloma. The com-

Califano hopes to build on those an-
ecdotal results with the formal clinical
trial, now underway at Columbia. The
Oncotarget and Oncotreat tests from
DarwinHealth will be used with 3000
patients in the Columbia system. Ulti-
mately, the drugs they receive will be cho-
sen by a board of doctors on the basis of
readouts either from mutations detected
by traditional sequencing or from the
VIPER-based ~algorithm. DarwinHealth
will receive no money for the tests to avoid

clinical studies will all focus on gastro-
intestinal tumors, particularly gastric and
esophageal cancer;” Zhang says.

As the DarwinHealth approach goes into
more clinical testing sites, more patients
like Kapotes will receive drugs never in-
tended to fight their particular cancers.
For some people, like her, it might buy
precious time. For more than 2 years af-
ter she enrolled in the ruxolitinib trial,
Kapotes’s cancer remained stable. When
scans eventually showed her tumor had

ﬁ“?‘g%pﬁ’éif

bination only worked in about one-quarter
of patients, reducing levels of a myeloma
protein in their blood. In a retrospective
analysis, the DarwinHealth tools predicted
which patients would respond. By assess-
ing RNA-seq data from 12 patients, the
tools identified four of the five patients
who benefited from the drugs and six of
the seven who did not, the researchers re-
ported last year in The New England Jour-
nal of Medicine.

Morgan Craig, who uses computational
approaches to identify new drugs at the
University of Montreal, says efforts to un-
derstand molecular networks in cancer
have the potential to improve personalized
medicine. Algorithms like those used by
DarwinHealth “may not take over clinical
approaches right away” Craig explains.
“But it's definitely a step toward trying to
do this target identification in a more sys-
tematic way.”

DARWINHEALTH DOESN'T RUN clinical tri-
als, but for the past 3 years, Califano’s lab
has tested the company’s algorithms in ex-
periments at Columbia. The researchers
analyzed RNA-seq data from biopsy samples
from more than 100 cancer patients to iden-
tify master regulators and suggest drugs that
might not normally be considered (much as
DarwinHealth's commercial service does).
In a few dozen cases, the researchers later
tested the drug in mice with a grafted ver-
sion of a patient’s tumor to confirm the
drug affected the master regulators as pre-
dicted. For five of those patients, doctors

felt bold enough to try the algorithm’s sug- pply
gested drug. Each patient had late-stage

to cancer.
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In this 7-year clinical trial evaluating multiple advanced cancers, tumors resected from 130 patients-across 18 heterogeneous,
highly aggressive malignancies that had progressed on multiple lines of treatment-were first transplanted in immunocompromised
mice and then treated with drugs predicted by DarwinOncoTreat or DarwinOncoTarget. Based on 35 predicted drug arms (22 by
OncoTreat, 21 by OncoTarget, with 8 predicted by both methods) and tyrosine kinase inhibitors (negative control arms), the trial
showed a DCR (Disease Control Rate) = 68% and DCR = 91% compared to a DCR = 0% for drugs on the control arms.
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VUV  Predicting in vivo response to antineoplastics remains an elusive challenge.

We performed a first-of-kind
cancer medicine methodologies to predict tumor sensiti

of two transcript d precision
ity to a comprehensive repertoire of clini-

cally relevant oncology drugs, whose mechanism of action we experimentally assessed in cognate
cell lines. We enrolled patients with histologically distinct, poor-prognosis malignancies who had
progressed on multiple therapies, and developed low-passage, patient-derived xenograft models
that were used to validate 35 patient-specific drug predictions. Both OncoTarget, which identifies
high-affinity inhibitors of individual master regulator (MR) proteins, and OncoTreat, which identi-
fies drugs that invert the transcriptional activity of hyperconnected MR modules, produced highly
significant 30-day disease control rates (68% and 91%, respectively). Moreover, of 18 OncoTreat-
predicted drugs, 15 induced the predicted MR-module activity inversion in vivo. Predicted drugs
significantly outperformed antineoplastic drugs selected as unpredicted controls, suggesting these
methods may substantively complement existing precision cancer medicine approaches, as also

illustrated by a case study.

SIGNIFICANCE: Complementary precision cancer medicine paradigms are needed to broaden the clini-
cal benefit realized through genetic profiling and immunotherapy. In this first-in-class application, we
introduce two transcriptome-based tumor-agnostic systems biology tools to predict drug response in
vivo. OncoTarget and Oncalreat are scalable for the design of basket and umbrella clinical trials.

INTRODUCTION

A major goal of precision cancer medicine (PCM) is to
improve clinical outcomes by leveraging the molecular-level
properties of a tumor—as encoded by mutational, gene

modification, and p profiles—
to accurately predict sensitivity to candidate therapeutic
agents. Application of PCM principles may help generate
responder-entiched cohorts for clinical trials when predic-
tions are conserved across a substantial fraction of patients
(1,2), and even help prioritize personalized treatments on an
individual patien basis.

Systematic application of the current PCM paradigm is
largely predicated on two y hes. The
first one (oncogene addiction) aims to identify targered thera-
pies based on the presence of activating genetic alterations in

based on the discovery that specific tumor-initiated immu-
nosuppressive programs can be abrogated by pharmaco-
logic targeting of immune checkpoints or by sensitizing the
immune system to cumor antigens (4).

Despite the remarkable clinical success of these approaches
within specific cumor subtypes (5), many tumors may lack
actionable genetic alterations, fail to respond to therapy, or
develop drug resistance, suggesting an acute need for comple-
mentary approaches targeting nononcogene tumor depend-
encies (6). In particular, despite its critical role in tumor
subtype stratification, use of transcriptome-based approaches
in precision medicine has lagged.

We and others have shown that, within each tumor his-
tology, cancer cells adopt only a relatively limiced, discrete,
and remarkably stable repertoire of molecularly distinct
I states (7). These states are mechanistically

druggable oncoproteins (3); the second herapy) is
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Figure 1. N-of-1 study overview. A, Clinical characteristics, prior systemic treatment, and tumor genomic profiling (if available) for the seven subjects,
B, Study conceptual diagram. I, Adults with advanced solid tumors with progression or intolerance to standard treatments are enrolled. Fresh biopsy tis-
sue is partitioned for clinical pathology review, RNA-seq, and xenografting into immunodeficient mice (PDX). Engrafted PDX tumors are also profiled by
RNA-seq and VIPER to confirm fidelity to the patient-derived tumor (OncoMatch; see Methods). Il, High-throughput drug screens have been completed

in cognate cell lines with high fidelity to distinct cohorts of patient tumors based on recapitulation of MR protein activity (Bonferroni P < 10-1 by
OncoMatch), collectively comprising the PanACEA database. Cells were perturbed at sublethal drug concentrations, and VIPER analysis of postpertur-
bation RNA-seq allows for de novo mechanism inference for each drug in each cellular context. Ill, VIPER analysis of the patient tumor identifies top

MR proteins and drugs are predicted by two methods. First, individual activated druggable MR proteins, e.g, protein kinases and epigenetic regulatory
enzymes, are identified (Bonferroni P < 10-* by OncoTarget). Second, using the best matched cell line(s) in PanACEA, drugs are ranked based on their
inverting effect on the top MR proteins, i.e, TCM-inverting drugs (Bonferroni P < 10°5 by OncoTreat). IV, Up to six predicted drugs are selected for experi-
mental validation, based on OncoTarget or Oncolreat P-value and a number of practical selection criteria. Mice from early PDX passages (usually P1) are
randomized into candidate drug arms, negative control drug arms, and a vehicle control arm.
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Fimepinostat (CUDC-907) in patients with relapsed/refractory
diffuse large B cell and high-grade B-cell lymphoma: report of
a phase 2 trial and exploratory biomarker analyses
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Summary

Fimepinostat (CUDC-907), a first-in-class oral small-molecule inhibitor of
histone deacetylase and phosphatidylinositol 3-kinase, demonstrated effi-
cacy in a phase 1 study of patients with relapsed/refractory (R/R) diffuse
large and high-grade B-cell lymphomas (DLBCL/HGBL), particularly those
with increased MYC protein expression and/or MYC gene rearrange-
ment/copy number gain (MYC-altered disease). Therefore, a phase 2 study
of fimepinostat was conducted in this patient population with 66 eligible
patients treated. The primary end-point of overall response (OR) rate for
patients with MYC-IHC >40% (n = 46) was 15%. Subsequently, explora-
tory pooled analyses were performed including patients treated on both the
phase 1 and 2 studies based upon the presence of MYC-altered disease as
well as a biomarker identified by Virtual Inference of Protein activity by
Enriched Regulon analysis (VIPER). For these patients with MYC-altered
disease (n = 63), the overall response (OR) rate was 22% with seven
responding patients remaining on treatment for approximately two years or
longer, and VIPER yielded a three-protein biomarker classification with
positive and negative predictive values of >85%. Prolonged durations of
response were achieved by patients with MYC-altered R/R DLBCL/HGBL
treated with single-agent fimepinostat. Combination therapies and/or
biomarker-based patient selection strategies may lead to higher response

rates in future clinical trials.

Keywords: diffuse large B-cell lymphoma, MYC, histone deacetylase inhibi-

tor, phosphatidylinositol 3-kinase inhibitor, biomarker.

included THC staining of MYC (rabbit clone Y69) and BCL2
(mouse clone 124) as well as FISH with MYC (8q24) and
BCL6 (3q27) break-apart probes and BCL2 [t(1418)] fusion
probe performed by NeoGenomics Laboratories, Inc (Fort
Myers, FL, USA), with positive cut-off values for MYC rear-
rangement (>10%), MYC copy number gain (>20%), BCL2
rearrangement (20-5%) and BCL6 rearrangement (>10%) as
defined per laboratory standard. Cell of origin was defined as
per Hans algorithm®' by local testing.

Patients were prospectively classified into three categories
based upon the presence or absence of MYC alterations.
Group A was characterized by the presence of MYC-R or
MYC-CN without MYC-THC, Group B as MYC-THC with or
without MYC-R and/or MYC-CN and Group C as no MYC
alterations identified by central testing or central testing
unable to be performed due to lack of adequate tissue.

The primary objective was to determine the OR rate for
Group B patients as per central radiographic review. Key sec-
ondary objectives were to determine the OR rate by local
(CR)
progression-free survival (PFS), overall survival (OS), disease
control (DC) rate and duration of response (DOR) for
Group B patients, determine the OR rate for Groups A and
C and to evaluate the incidence and severity of adverse
events (AE). Radiographic responses to treatment were made
according to the Revised Response Criteria for Malignant
Lymphoma.® Disease progression could also be defined by
the investigator after consideration of clinical or laboratory
features in the absence of diagnostic imaging. Survival times
were estimated via the Kaplan-Meier method and 95% confi-
(cn
method. All statistical analyses were performed using Stata
version 13 (StataCorp, College Station, TX, USA). A clini-
cally meaningful OR rate was determined to be 30% with a
sample size of 100 patients enrolled in Group B. An interim
analysis was planned to occur when 50 patients had been
enrolled in Group B, of which at least 25 patients were con-
sidered evaluable per protocol, with the lower bound of the
95% CI for OR to exceed 10% in evaluable Group B patients
for the study to continue enrolment.

radiographic  review, complete response rate,

dence intervals calculated via the binomial exact

For the exploratory analysis of patients with MYC-altered
disease, included patients were those from the evaluable popu-
lation of the phase 1 protocol and the ITT population of the
phase 2 protocols with MYC alterations as defined by central
testing, or local testing in cases for which central testing for all
of the following MYC alterations was not performed.

Fimepinostat for R/R DLBCL/HGBL

reproducible, and this methodology (DarwinOncoTarget algo-
rithm) has been approved by the NYS Department of Health
CLIA/CLEP Validation Unit as an offering in the category of
“Molecular and Cellular Tumour Markers for Oncology”**
and shown to be effective for biomarker discovery.”® The
activity of 6 213 regulatory proteins annotated as Transcrip-
tion Factors (GO:0003700, or GO:0004677 and GO:0030528
or GO:0045449) or co-Transcription Factors (GO:0003712 or
GO:0030528 or  GO:0045449) or signaling proteins
(GO:0007165 and GO:0005622 or GO:0005886) in the Gene
Ontology®® was inferred by metaVIPER,” using transcrip-
tional regulatory networks (interactomes) inferred by analysis
of a DLBCL and an acute myeloid leukemia (AML) cohorts
using the ARACNe algorithm.”® MetaVIPER is an extension
of the VIPER algorithm supporting integration of multiple
regulatory networks. A fimepinostat-sensitivity classifier was
generated by training a Neural Network® using the top
k=1, ..., 10 most differentially active proteins between
responders and non-responders samples. The data set is
available in Gene Expression Omnibus accession GSE171806.

Results

Seventy patients were enrolled on the phase 2 protocol, with
four patients excluded from analysis due to never having
been dosed with fimepinostat (2) or lacking confirmation of
receipt of 2-4 lines of prior therapy (2), resulting in 66
patients included in the ITT population.

Bascline of the ITT population
described in Table I. Response and survival outcomes are
described in Table II and are based upon local radiographic
review. The OR rate for Group B patients (1 = 46) was 15%
(95% CI 6-29%) and the OR rate for all patients (n = 66)
was 12% (95% CI 5-22%). Of note, seven out of eight
responding patients were in Group B. Additionally, two
ded to

characteristics are

T ding patients

plantation. For all patients, the median time to response was
2:6 months.

Treatment-emergent adverse events (TEAE) occurring per
patient by highest grade experienced with a frequency of
>10% are listed in Table IIl. Three patients experienced a
grade 5 TEAE: Guillain-Barré syndrome deemed unlikely
related to treatment in one patient, sepsis deemed not related

1 stem cell trans-

to treatment in one patient and tracheal obstruction deemed
not related to treatment in one patient. One patient discon-
tinued treatment due to grade 2 vomiting deemed related to
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Fig 2. Leave-one-outcross-validation (LOO-CV) analysis for fimepinostat response biomarkers. (A) Heatmap showing the Virtual Inference of
Protein-activity by Enriched Regulon analysis (VIPER)-inferred activity for the three fimepinostat response Master Regulator (MR) proteins used
by the biomarkers (rows) for all samples. The clinical samples included in the analysis (columns) were rank-sorted based on the predicted likeli-
hood of response by the NN-biomarker (barplot above the heatmap), estimated using LOO-CV. Patients that responded to fimepinostat [com-
plete response (CR) and partial response (PR)] and patients that did not respond for fimepinostat [progressive disease (PD)] are shown in black
and white, respectively (Clinical benefit row). Patients with MYC-altered disease are indicated in black in the MYC-altered row. (B, C) receiver
operating characteristic (ROC) analysis for the LOO-CV performed on all samples (n = 22; B) and only on the MYC-altered samples (n = 16;
C). Area under the ROC curve (AUC) and its 95% confidence interval (CI) is shown inside each plot.
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