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Abstract

Accelerating cancer research is expected to require new types of clinical trials. This report
describes the Intensive Trial of OMics in Cancer (ITOMIC) and a participant with triple-negative
breast cancer metastatic to bone, who had markedly elevated circulating tumor cells (CTCs) that
were monitored 48 times over 9 months. A total of 32 researchers from 14 institutions were
engaged in the patient’s evaluation; 20 researchers had no prior involvement in patient care and 18
were recruited specifically for this patient. Whole-exome sequencing of 3 bone marrow samples
demonstrated a novel ROSI variant that was estimated to be present in most or all tumor cells.
After an initial response to cisplatin, a hypothesis of crizotinib sensitivity was disproven.
Leukapheresis followed by partial CTC enrichment allowed for the development of a differential
high-throughput drug screen and demonstrated sensitivity to investigational BH3-mimetic
inhibitors of BCL-2 that could not be tested in the patient because requests to the pharmaceutical
sponsors were denied. The number and size of CTC clusters correlated with clinical status and
eventually death. Focusing the expertise of a distributed network of investigators on an intensively
monitored patient with cancer can generate high-resolution views of the natural history of cancer
and suggest new opportunities for therapy. Optimization requires access to investigational drugs.

Background

In 2014, cancer in the United States claimed approximately 586,000 lives and cost $86
billion; however, efforts to reduce these costs confront enormous inefficiencies.!
Conventional trials often require hundreds or thousands of patients to evaluate a single
intervention, and many cancer treatments fail because the contextual requirements for
success are not understood.? Next-generation sequencing demonstrates that each individual’s
tumor contains a distinct complement of mutations, and that genomic heterogeneity extends
to differences between tumor cells within each patient,3-14 motivating the development of
new types of clinical trials.2 To complement the increasing number of retrospective
investigations of “exceptional responders” from conventional trials, 1518 this article
describes the first prospective investigation of a patient through the Intensive Trial of OMics
in Cancer (ITOMIC). The ITOMIC design characterizes the molecular features of a cancer,
deploys a distributed network to analyze results and predict drug susceptibilities, allows for
treatment in accordance with these predictions, and aims to learn from individual patient
experiences to iterate and improve over time.2 The first of these trials (ITOMIC-001) enrolls
patients with metastatic triple-negative breast cancer (TNBC) (ClinicalTrials.gov identifier:
NCT01957514). Results from the first patient reported from this trial exemplify the
approach.

Methods

Study Design

Patients eligible for ITOMIC-001 have metastatic TNBC, are platinum-naive, and are
scheduled to receive cisplatin, which has been associated with a response rate of
approximately 33% in metastatic TNBC.19 This trial design places patients on a common
therapeutic path while uncoupling initial therapy (which is typically required urgently) from
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the analysis of their tumors. Study participants are enrolled from either an academic site (the
Seattle Cancer Care Alliance) or a private oncology practice (Northwest Medical Specialties,
Tacoma and Puyallup, WA). Multiple tumor samplings are performed before treatment with
cisplatin, following completion of cisplatin treatment, and following subsequent therapies.
Samples are selected for whole-exome sequencing (WES), RNA-sequencing (RNA-Seq),
and deep sequencing of a panel of approximately 200 cancer-associated genes (UW-
OncoPlex). Oversight is provided by a Data Safety and Monitoring Board.

Analysis by a Distributed Network of Investigators

Sequencing is performed at the University of Washington (UW) in the Departments of
Pathology (WES and RNA-Seq) and Laboratory Medicine (UW-OncoPlex). WES and UW-
OncoPlex are performed in accordance with Clinical Laboratory Improvement Amendments
(CLIA) standards. De-identified results from WES and RNA-Seq are placed on a Web-based
server (DNAnexus, Mountain View, CA) to enable rapid analysis by a distributed network of
investigators. Initial evaluation is focused on identifying somatic variants that may predict
responsiveness to a drug, and results are intended to be available by the time the patient has
completed cisplatin (due to either treatment toxicity or disease resistance). Somatic variants
are identified by scientists at the University of California Santa Cruz, UW, Data4Cure (La
Jolla, CA), and Trialomics (Seattle, WA). Results across platforms and across laboratories
are compared during a conference call before a meeting of the ITOMIC Tumor Board.

The ITOMIC Tumor Board comprises clinicians and scientists from multiple different
institutions attending in person or remotely. Attendance is open; experts with domain
knowledge relevant to a given subject’s findings are recruited ad hoc. A report describing
results and potential therapies is provided to the patient’s oncologist. Potential therapies are
prioritized according to their conceptual appeal and accessibility. Upon request, the UW
Center for Cancer Innovation offers assistance to access the recommended treatments.

Circulating Tumor Cell Assays

Assessments of circulating tumor cells (CTCs) were performed as described.20

Differential High-Throughput Drug Screen

The drug sensitivity profiles of CTC-enriched and CTC-depleted cells from CliniMACS
processing were compared in a high-throughput screen of 160 approved and investigational
oncology drugs currently being tested in acute myeloid leukemia at UW (ClinicalTrials.gov
identifier: NCT01872819). CTC-enriched and CTC-depleted cell fractions were seeded into
non-tissue culture-treated 384-well plates. Compounds were added 12 hours later, and after
72 hours viability was assessed. Resulting dose curves were fitted using IDBS’s XLfit and to
a 4-parameter logistic dose response model. For high-content imaging, cells were incubated
for 28 hours with compounds, fixed with paraformaldehyde, and stained with M30
CytoDEATH (Roche, Nacka, Sweden). Imaging was performed using an IN Cell Analyzer
2000 (GE). High-throughput drug screening was also performed in 20 TNBC cell lines.
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Case Presentation

The patient was a 56-year-old woman with metastatic TNBC. In the summer of 2007 she
noted a lump in her right breast. Biopsy revealed an infiltrating carcinoma, estrogen receptor
(ER) 3+, progesterone receptor (PR) 1+, HER2-, and the following month she underwent a
right mastectomy with axillary lymph node dissection. Pathology revealed a 5.5-cm
infiltrating carcinoma with lobular features, lymphovascular invasion with negative margins,
and metastatic involvement in 20 of 25 lymph nodes (stage pT3pN3MO0). She received 6
cycles of docetaxel, doxorubicin, and cyclophosphamide followed by radiation, bilateral
oophorectomies, and anastrozole. Routine follow-up in the summer of 2013 detected an
elevated CA 15-3 (110 U/mL, normal range <30 U/mL) and a low platelet count (84,000 per
mcL, normal >140,000 per mcL). Imaging revealed lesions in the spine, pelvis, and sacrum
consistent with metastatic disease. Anastrazole was changed to letrozole and fulvestrant.
Results of a bone marrow biopsy showed breast cancer cells that lacked ER, PR, and HER2.
To confirm an apparent change in the tumor’s biomarker status,21:22 2 subsequent bone
marrow examinations were performed and both demonstrated extensive infiltration with ER
—-/PR-/HER2- breast cancer cells. The patient’s condition worsened; letrozole and
fulvestrant were discontinued and capecitabine and weekly paclitaxel were begun. The
patient’s clinical status continued to decline, with progressive shortness of breath and
fatigue. A CT angiogram was negative and a 5-day course of prednisone (60 mg daily) was
ineffective. In the fall of 2013 she provided informed consent for enrollment in
ITOMIC-001.

Over the course of the patient’s participation in the study, we sought the expertise of 32
researchers from 14 different institutions (Figure 1). Among the researchers, 20 had no
involvement in clinical care and 18 were recruited specifically for their expertise regarding
findings from this patient. Prestudy bone marrow biopsy results (Figure 2A), declining
platelet count (Figure 2B), normal coagulation profile (data not shown), and
leukoerythroblastic blood smear results (Figure 2C) were compatible with tumor
replacement of the marrow. Multiple tumor samplings were performed to reduce the risk of
inadequate specimen collection and to assess the validity and frequency of mutations across
tumor cells taken from different disease sites. Following a platelet transfusion for
thrombocytopenia, 5 core bone marrow biopsies were performed under conscious sedation
(Figure 2D-F). Core samples were minced to generate cell suspensions and the 3 most
abundant (B1-B3) (Figure 2F) were analyzed. Estimated tumor contents ranged from 21%
to 40%; each sample was used to perform WES, RNA-Seq, and deep sequencing of a panel
of approximately 200 cancer-associated genes,23 and peripheral blood was used for germline
WES and to enumerate CTCs that were found to be markedly elevated (=1500/mL). The
following day, weekly infusions of cisplatin were begun.

Low tumor purities and contamination of the peripheral blood germline sequence by CTCs
complicated the detection of tumor-associated mutations (data not shown). To encompass all
potentially actionable variants, we leveraged multiple samples, capture platforms, and
computational algorithms (Figure 2G). All 3 mutations identified by UW-Oncoplex were
validated by WES (data not shown). The validity of mutations was also assessed by their
repeated detection across independent samples, and their attractiveness as potential
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therapeutic targets was assessed by their presence in most or all tumor cells as inferred from
variant allele frequencies. A total of 67 single nucleotide variants and indels (including a
TP53 nonsense mutation) were found in 2 of 3 samples, of which 45 (67%) were detected in
the spatially proximate B1 and B2 samples (Figure 2F, G), consistent with regional spread of
tumor sub-clones within the marrow. A total of 125 variants were present in all 3 bone
marrow samples, and 44 missense, splice-site, and nonsense mutations were estimated to be
present in most tumor cells based on their relatively high frequencies across marrow samples
(Figure 2). Successful targeting of cells bearing these mutations would be expected to have a
significant therapeutic benefit. Among these genes was a novel missense variant (Y2092C)
of the receptor tyrosine kinase, ROS1. Other potentially actionable findings included a
deletion within AV/FZ and a copy gain of FGFR1.24-26

Response to Cisplatin

Assessing the response to therapy in breast cancer metastatic to bone is challenging?’;
however, CTCs provided a sensitive and dynamic marker of the therapeutic response (Figure
3A). Seven days after the first dose of cisplatin, CTCs increased nearly 4-fold (Figure 3A),
whereas CTC fragments (CD45-/EpCAM+/CK+ events lacking nuclei) increased more than
100-fold (Figure 3B), with the ratio of CTC fragments to CTCs increasing from 0.05 to 1.5;
thereafter, both CTCs and CTC fragments decreased markedly (>650-fold and >3500-fold,
respectively), mirrored by a more gradual decline in cancer antigen (CA15-3) levels (Figure
3D) and by a normalization of platelet counts (Figure 3E). These findings were consistent
with a significant therapeutic effect of cisplatin, the killing and dislodgement of tumor cells
in the marrow, and recovery of thrombopoiesis. Clustering increases the metastatic potential
of CTCs,28-31 and cisplatin treatment was also associated with a decline in numbers of
CTCs per cluster (Figure 3C).

Surveying Expert Opinions Regarding a Rare ROS1 Variant and Treatment With Crizotinib

During our analysis, attention was directed to the ROS1(Y2092C) variant, because
oncogenic fusions containing the 3’ end of ROSZ occur in approximately 2% of non-small
cell lung cancers and are associated with susceptibility to crizotinib.32 Y2092C affects a
conserved residue within the ROS1 kinase domain, and a search of publicly available
databases showed that ROS1(Y2092C) had been detected once previously in a 60-year-old
man with non—small cell lung cancer. After a PubMed search, we contacted individuals with
relevant expertise (Figure 4). All were willing to share unpublished results, and although
none had tested the Y2092C variant, several theorized that it might increase ROS1 kinase
activity. When the patient’s case was presented at a dedicated meeting of the ITOMIC
Tumor Board, members suggested consideration of crizotinib or a fibroblast growth factor
receptor inhibitor.

Cisplatin was discontinued after 21 weeks because of neuropathy (Figure 3). The patient
also developed headaches, and a dural biopsy demonstrated metastatic involvement with ER
—-/PR-/HER2- cells. She was treated with steroids, intrathecal methotrexate, and whole-
brain radiation. Restaging revealed minimal disease elsewhere, and as CTCs began to
increase, we amended our protocol to allow for their collection using leukapheresis, and the
leukapheresis product was used to optimize methods for CTC enrichment. The patient’s

J Natl Compr Canc Netw. Author manuscript; available in PMC 2016 August 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Blau et al.

Page 6

oncologist elected to treat her with crizotinib, which was made available without cost
through Pfizer’s patient assistance program. CTCs increased sharply following the initiation
of crizotinib, accompanied by a decline in platelet count and worsening performance status,
and the drug was stopped after 3.5 weeks (Figure 3A). A second leukapheresis was
performed followed by empiric treatment with the approved drug, eribulin.

Leukapheresis, CTC Enrichment, and Development of a Differential High-Throughput Drug

Screen

The second leukapheresis yielded approximately 11 billion leukocytes and approximately 70
million CTCs. Following partial CTC enrichment to an estimated purity of 12%, cells were
used to perform a high-throughput drug screen. To interrogate a heterogeneous CTC-
enriched mixture, we developed a differential drug screen, in which both cell pools obtained
after magnetic bead separation—the CTC-enriched and CTC-depleted fractions—were
tested and compared (Figure 5A). Among 160 drugs, only 2 exhibited preferential toxicity
against the CTC-enriched population: ABT-263 and ABT-737, both BH3-mimetic inhibitors
of BCL-2 (Figure 5B). In contrast, a third BCL-2 inhibitor, obatoclax, lacked preferential
antitumor activity. High-content imaging confirmed the presence of apoptotic breast cancer
cells in response to ABT-263 and ABT-737 (Figure 5B), but not to obatoclax. ABT-263,
ABT-737, and obatoclax were further compared across 20 TNBC lines, and although
responses to ABT-263 and ABT-737 were highly correlated (r=0.89), there was no
correlation between either drug versus obatoclax (Figure 5C, D). These findings are
consistent with the similarities in structure and high-level affinity for BCL-2 family
members for ABT-263 and ABT-737 relative to obatoclax, and with off-target effects
associated with obatoclax.33

ABT-263 and ABT-737 are both investigational compounds; ABT-263 and its synthetic
derivative (ABT-199) are undergoing evaluation in a number of clinical trials
(ClinicalTrials.gov). Because our patient was not eligible for any of these trials, we sought to
obtain access through a single-patient investigational new drug application; however, the
pharmaceutical sponsors for these compounds denied our requests.

Later Disease Course

CTCs decreased sharply but only transiently in response to eribulin (Figure 3A). Repeat
leukapheresis and differential high-throughput drug screening again indicated sensitivity to
BH-3 mimetic inhibitors of BCL-2 (data not shown). The following day the patient became
hypoxic and her oxygenation worsened until her death 5 days later. An autopsy revealed
widely disseminated intravascular carcinoma involving the lungs, epicardium, and brain,
with diffuse occlusion of the arteriolar vasculature (Figure 6). Notably, although CTC levels
increased moderately in concert with her clinical deterioration, a marked increase in CTC
clusters was observed in the days preceding her death (Figures 6A, 3C).

Discussion

ITOMIC presents an alternative type of clinical trial that links the distributed analysis of an
individual patient with cancer with interventions aimed at generating therapeutic benefit
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coupled with monitoring of disease response, thereby establishing a learning loop that may
enable the development of more effective therapies. Contrasting the prespecified end points
and outcomes inherent in most clinical trials, ITOMIC studies are flexible, leveraging
opportunities presented by each patient to generate leads for future studies. Efforts to
understand the significance of our patient’s ROS1(Y2092C) variant exemplify several
features of the approach: (1) it involves a global solicitation of expert opinion, (2) it allows
these opinions to be provided back to clinicians and patients, (3) it permits predictions to be
tested, (4) it provides transparency in acknowledging that predictions will frequently be
proven wrong, and (5) it facilitates the reporting of outcomes. Although the clinical
management of rare tumor-associated variants of uncertain significance, like
ROS1(Y2092C), is controversial,234-38 the contexts of an incurable disease and a carefully
conducted clinical trial create a setting in which informed patients can access the latest
advice and technologies, while allowing their experiences to contribute to an ever-expanding
body of captured knowledge. With its prospective orientation, ITOMIC can be regarded as
the opposite bookend to retrospective examinations of exceptional responders from
conventional trials.15-18

Results from our patient provide the most granular view of CTC dynamics yet described,
integrating relationships between total CTCs, CTC fragments, and CTC clusters in the
context of clinical status and response to therapy. The high CTC levels in our patient also
provided an opportunity to couple leukapheresis with the ad hoc development of a
differential high-throughput drug sensitivity screen. In contrast to drug sensitivity screens
that rely on comparing responses across different patient samples,37:38 differential drug
sensitivity profiling compares effects between targeted and nontargeted cell types within a
single patient, providing an individualized in vitro assessment of therapeutic index. The
differential sensitivity of CTCs to BH3-mimetic inhibitors of BCL-2 is noteworthy because
the same class of drugs also sensitizes TNBC xenografts to chemotherapy.3? In contrast, the
third BCL-2 inhibitor in our panel, obatoclax, is not an authentic-BH3 mimetic and exerts a
range of off-target effects.33 Concordant responses to the BH3-mimetics (ABT-263 and
ABT-737) across a panel of 20 TNBC cell lines and discordance between either drug versus
obatoclax demonstrates the generalizability of this single-patient finding. Our requests to
access a BH3-mimetic via a single-patient clinical trial were denied, and although such
efforts may not have helped our patient and could not have generated definitive findings,
results would have nonetheless contributed significantly to the knowledge gathered from our
patient, and may have helped inform the design of future trials for this class of drugs in
patients with TNBC.

Broadening the applicability of differential drug sensitivity screening will require methods to
significantly reduce the requisite number of CTC-enriched cells. For suitable patients,
differential drug sensitivity profiling has theoretical advantages compared with drug
sensitivity screens using ex vivo expanded CTCs, because it is faster and may be less subject
to perturbations introduced by prolonged cell culture.40

By making the experiences of individual patients with cancer more informative, we aim to
create a more efficient platform for learning. Realizing this goal will require further trials
that bring researchers and patients together, the transfer of tissues and information rather
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than patients between different organizations,? and a regulatory framework that encourages
thoughtful, patient-centered exploration.
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ITOMIC-001 are shown in black. Components added specifically for the patient presented
here are shown in red. Arrow indicates timeline of the study from day 0 to the time of the

patient’s death on day 276.
Abbreviation: CTC, circulating tumor cell.
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Figure 2.
Clinical status at time of enrollment, bone marrow biopsies, and mutation profiles. (A)

Extensive tumor involvement in a prestudy bone marrow biopsy (box). (B) Progressive
decline in platelet counts in the weeks before study enrollment. (C) Nucleated red blood
cells (closed arrowheads) and tear drop cells (open arrowheads), consistent with a
myelophthisic process. (D) Presence of tumor cells in touch preparations from bone marrow
cores obtained at study entry. (E) Representative flow cytometry profile of hematopoietic
cells (green) versus tumor cells (red) in a baseline bone marrow sample. (F) Schematic
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depiction of biopsy sites (circles) from the left (L) and right (R) posterior iliac crest. Filled
circles (designated B1, B2, and B3) indicate samples that were analyzed. (G) Schematic
depiction of the mutational profile of bone marrow samples B1-B3 as determined by
MuTect. Select genes are noted. Colors denote variant allele frequencies (VAF).
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Figure 3.

Dynamic changes in circulating tumor cells (CTCs) in response to therapeutic interventions.
(A) CTCs; (B) CTC fragments, and (C) CTC clusters over the study period in the context of
CA15-3 (D), platelet counts (E), and ECOG performance status (F). Solid arrows denote
weekly cisplatin treatment. Open arrows denote cisplatin treatment every 3 weeks. L refers
to leukapheresis procedures. Crizotinib treatment is noted by an open rectangle. Eribulin
treatments are denoted by check marks.
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Figure5.
Development of a differential high throughput drug screen. (A) Following leukapheresis,

circulating tumor cells (CTCs) were partially enriched using lineage depletion, and both the
CTC-enriched and CTC-depleted cells were tested in a high-throughput screen of 160
investigational and approved oncology drugs. (B) Responses to BCL-2 inhibitors (ABT-263,
ABT-737, obatoclax) and mitoxantrone (used as a positive control). Left columns show
responses among CTC-enriched cells (blue lines) and CTC-depleted cells (red lines). Left
middle column depicts summation of effects on CTC-enriched versus CTC-depleted cells. A
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declining slope indicates relatively greater potency against neoplastic cells, a rising slope
indicates relatively greater potency against normal hematopoietic cells, whereas a flat line
indicates similar potencies against neoplastic and hematopoietic cells. Right middle column
depicts FITC-labeled, apoptotic cells detected using an antibody (M30), and the far right
column depicts the corresponding bright field images. (C) Responses (indicated by area
under the curve [AUC]) to ABT-263, ABT-737, and obatoclax across 20 triple-negative
breast cancer (TNBC) cell lines (designated 1-20). (D) All correlations among all 160 drugs
in the screen across the 20 TNBC cell lines. Open arrow shows that the correlation between
ABT-263 and ABT-737 ranks in the top 3% approximately, whereas neither drug correlates
with obatoclax (gray and black arrows).
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Figure 6.
Circulating tumor cell (CTC) cluster late in the study and extensive tumor occlusion of the

pulmonary arteriolar vasculature. (A) A CTC cluster from study day 271. Left panel shows a
merged image; middle panel shows cytokeratin staining; right panel shows EpCAM staining
(original magnification x40). The blue color indicates DAPI (4’,6-diamidino-2-
phenylindole)-stained nuclei. (B) A low-power view of lung tissue in which multiple vessels
contain clusters of dark-staining cells (arrowheads) (hematoxylin-eosin [H&E], original
magnification x4). (C) Image shows no identified involvement of pulmonary lymphatics
(H&E, original magnification x10). (D) Images shows a pulmonary infarct (H&E, original
magnification x2). (E) Magnified view of Figure 6B (H&E, original magnification x10). (F)
In many of these arteries, there is near occlusion of the lumen by breast carcinoma cells, and
intimal expansion by smooth muscle cells, myofibroblasts, and extracellular material (H&E,
original magnification x40). (G) A Movat stain revealing that the vessels are arteries
(containing both internal and external elastic laminae) (H&E, original magnification x40).
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